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LIST OF ABBREVIATIONS AND SYMBOLS

The 1list below gives definitions for the more important symbols.
Variables that are defined and uced in only one secticn are excluded from the
list below because it is felt that the need to refer to a list of definitions
for such variables will seldom arise. 1In seversl instances where it seemed the
chances for ~onfusion were slight, a symbol is given one meaning in one sec-
tion and another meaning in another section. For example, I is used to
denote hot-wire current in Appendix T and to denote the value of an integral
in section 6. In each instance I is used imwadiately atter it is defined

and nowhere else. Thus I does not appear in the list below.

c speed of sound

el root-mean-square value of wave analyzer ocutput

El spectral energy distribution function

f longitudinal correlation coefficient

fiJ longitudinal correlation coefficient between points i and

g transverse correletion coefficient

H, normalized pressure fluctuation, see equations (6) thrcugh (10)

HﬁAx peak overpressure divided by overpressure of basic N-wave for zero
turbilence

Ir boom intcnsification factor

L turbulence integral scale

Ls signature length measured along the ground plane

M Mach number

N number of sigunatures

n frequency of turbulent fluctuations

P probability

P boom pressure signature amplitude, i =1, 2, 3, b, or 5
corresponding to times t equal to 0, 5, 10, 20, or 40 percent
tg, respectively
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P1 for basic signatures having zero turbulence intersaction,
i=1,2, 3 4 or 5 correspornding to times t equal to O, 5,
10, 20 or L0 percent t,» respectively

maximum value of boom pressure signature
radius of Cirow's paraboloid

time measured as defined in Figure 19; ¢ = 0 corresponds to =
seconds after the start of the boom disturbance wherein < 1is
defined as the time for the measuring instrument to respond to a

square wave passing by the instrument in a direction normal to the
wave front

ceritical time derived by Crow
time t corresponding tec pressure Pi or Pio
time t for peak pressure P

MAX
signature time between leading and trailing shocks
fluid velocity in the x-direction
mean value of U

fluctuating component of U
root-mean~square value of u
coordinete uxis

coordinate axis

coordinate axis

turbulent layer thickness
turbulent dissipation scale

enacmble average of Hi
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1. INTRODUCTION

The introduction of the Supersonic Transport (SST) into commercial service
promises a major technical advance as great as that provided by the advent of
the present jet transport a decade ago. The feasibility of routine SST opera=-
tions will be largely a functlon of the severity of the sonic boom problem.

This problem is compounded by interactions hetween the sonlic boom and
atmoipheric turbulence. Interactions between the sonic boom and topographical
features such as canyons or buildings are also important. Several schemes
have been proposed for studying these interactions on u model scale. The
topographical interactions are no doubt much simpler to urderstand and to model
because these interactions are the result of the reflection of weak shock and
expansion waves which are well understood. On the other hand, the turbulence
interactions are not at all well understood; in fact, the atmospheric turbulence
itself is far from being fully understood. A turbulence interaction “heory has
been pat forth by Crow {Reference 1). This theory presents a rough paysical
plcture of how the observed pressure fluctuations are connected with earlier
shock-turbulence interactions along the surface of a "paraboloid of dependence",
but the theory fails to give a finite answer for the pressure fluctuations or
the perturbed shock structure at the leading and trailing shock waves in the
distorted boom N wave. George (Reference 2) has developed a mathematical
theory of shock thickening at the leading part of the boom N wave, and he sug-
gests that his analysis can be coupled with Crow's theory to give the complete
explanation of observations. Pierce (References 3 and 4) has studied the focus-
ing and defocusing of wave fronts by turbulence using the methods of geometrical
acoustics; this leads to the consideration of caustics and mltiple fronts.

Several laboratory methods are possiktle for studying bcom-turbulence
interactions. Perhaps the most obvious one and the one that 1s reported on
here is to fire model projectiles in order to create a sharp sonic boom and
to allow the boom to pass through modeled atmospheric turbulence. A second
scheme would be to bulld a very large, low-pressure shock tube which could be
used easlly to generate the flrst half of un N wave. The wave could then
be passed through a turbulent region in the shock tube. The problem with the
shock tube is that very long tube lengths are required for a sharp front to
develop on the weak wave; %herefore, the tube must be designed to piroduce
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{a.rly clcan and sharp waves at the outset. Then wave interactions with
fturbulence will give rise to pressure fluctuations that will not be confus=:d
with irregularities in the tzzic wave.

The McDonhnell Douglas Aerophysics Laboratory Ballistic Range has been used
to tire projectiles of diameters between 0.22 inches and 1.50 inches at Mach
numbers hetween 1.3 and 3.0. The resulting sonic booms were reflected from a
"ground plane" located 15 feet from the prujectile peth. The boom overpres-
sures were measured by special high-frequency microphones. This experi-
mental setup is discussed in section 2. The results of boom interactions with
topographical models are reported in section 3 and analyzed in section L,

The results of boom interactions with turbulent jets are reported in section 5
and analyzed in section 6. The model results are related to the full-scale
problem insofar as is possible. A discussion of scaling laboratory sonic boom
work is given in section T. Conclusions are given in section 8, and refer-

ences to related work are given in section 9.

The experimentsal work was organized intc a series of four tesks. Tasks I
and II hnve been concerned with the boom interactions with turbulence, as
reported in section 5. Tasks III and IV have been concerned with the boom
interactions with topographical models, as reported in section 3. Tasks I
and III were carried out in October 196v' for the purpose of demonstrating
the validity of the testing techniques; these were followed by the rmuch more
extensive Tasks II and IV in February and March 1970. Most of the data used
to obtain the conclusions reported in section 8 were taken during the course
of Tasks II and IV.

14




2. EXPERIMENTAL ARRANGEMENT

The experiments were performed in the ballistic range at the McDonnell
Douglas Aeorphysics Laboratory at E1 Segundo. The ballistic range was modified
by erecting a barricade at the end of the range. The purpose of the barricade
was for housing the pressure sensors, the topographical models, and the turbue
lence ieneration equipment at a distance of approximately 15 feet from the
projectile path. This distance was chosen so that the N-wave overpressures
generated by the projectiles would not be too large. £ significantly larger
distance was not avoilable without extensive range modirications, and a shorter
distance would have increased the overpressure. For the 15 foot distance the
ground plane reflected overpressures ranged from about 0.12 to 0.50 nsi, which
are much larger than the 0.02 psi typical for the SST. The scaling of this

data is discussed further in section 6.

A, Baliistic Range, Barricade, ard Projectile Descriptions.

Figure 1 is a plan view showing a portion of the ballistic range tank
and the barricade. The inside dimensions of the barricade room are 22 by
23 feel with a ceiling heicht of more than 10 feet. The projectile path is
5 feet from the floor. A plywood diagonal wall was built and hinged about the

point O so that the angle f; could be varied. In the test progrsm @B, was
set at the angle sin-l (l/M), where M was the projectile Mach number, so
that the projectile shock cones would be approximately perpendicular to the
wall. However, since it was determined that the observed sonic boom signatures
were not significantly affected by the angle ﬁw, for the later testing ﬁw

was mointained at about 23°, corresponding to M = 2.5.

Along the north wall a vertical flat surface, hereafter called the
"ground plane", was ccnstricted for the purpose of holding the microphone and
aspirating probe sensors. The sonic boom from the projectile was reflected
from the ground plane, which corresponded to the reflection of a full-scale
zonic boom over the ground surface. The ground plane was 15 feet from the
projectile path, and 18 possible sensor locaticns were provided. Virtually
all of the testing wus performed using microphones located at points I, II,
and IIT in figure 1. These were located at the same height above the floor,
5 feet, as the preojectile path; the ground plane extended from 3 feet to

T feet above the floor. Location II is 90 inches from the barricade east wall

15

——




T T 2ol B | I Y VO W T T e T

SOYTH
EAST WEST

NORTH
BALLISTIC
BARRICADE WALL RANGE
i /_ TANK
% 7
— - ¢
N
15 FT.
Y —DIAGONAL
¢

‘DOOR
=V

DUCT FLOW | et

[ \-GROUND PLANE
MICROPHONE LOCATIONS

Figure 1 Plan view of barricade.
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and T8 inches from the end of the blower duct. Locations I and III were
6 inches and 2 inches from location II, respectively.

The ground plane was constructed of l/h-inch aluminum plate backed by
2-inch by UY-inch wood braces for rigidity. This assembly was screwed to short
projections from the vertical wall of the barricade. This produced a smooth

and rigid surface for the reflection of boom waves.

Shadowgraph pictures were taken by wsing a spark light source located
T2 inches above the microphone locations, & the coordinate station 2z = T2 in.,
and at the coordinates %,y as shown on fig."e 1. The plane of the photo-
graphic film was 26 inches bYelow the microphone locations, or 2z = -26 inches.
Therefore, flow-field features at the height of the micrephones were magnified
by a factor of 98/72 by the light rays. The conical sonic boom wave fronts
which appear on the shadowgraphs are, of course, only those portions of the
wave approximately tangent to the spark light rays. These tangency points were
approximately 5 feet above the floor for wave fronts undistorted by turbulence.

The barricade was sufficiently dark and light-tight for taking shadowgraph
pictures. The barricade was built with double plywood walls filled with sand
for safety against any stray projectile which failed to hit the target area.
The target area was built of plastic foem, plywood, and mild steel sheets for
the purpose of catching and holding the projectiles.

The various projectiles used are shown in figure 2. The A projectiles
were fabricated from a Fansteel tungsten alloy having a specific gravity of
17, and from lexan plastic in such a manner as to keep the projectile center
of gravity as far forward as possiple for aerodyncmic stability. These pro-
Jectiles had a mass of about 365 grams. When fired from the ballistic range
light gas gun, the projectiles proved to have remarkable armor-piercing ability.
Some difficulty was experienced at first in getting the lexan to retain its
shape during the gun launch, but this was overcome. The remaining projectiles
shown in figure 2 were rifle launched without difficulty. The projectile Mach

numbers were controlled by varying the powder charges appropriately.
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B. Topographical Model Description.

The topographical models uced in the Task IV testing are shown in figures
3, 4, and 5. For Task III testing models essentially the same as shown in
figure 3a and in figure b for o = 9c® were built. The Task III models were
built of wood. Later, when the Task IV models of figures 3 and 4 were built,
aluminum was used, which brought about a significant gain in quality. The
aluminum models had sharp corners and smooth flat surfaces to within about
0.002 inches of perfection. The canyon model shown in figure % was built from
wood and plaster of paris covered with several coats of grey lacquer; this
model was shaped to within about 1/32 inch of perfection except for corners
which were somewhct rounded.

The models of figure 3 were essentially two-dimensional with a length of
18 inches normal to the figure. They were mounted one at a time on the ground
plane (see figure 1) sc that they extended 9 inches above and’ 9 inches below
the center of the ground plane at 2z = 0. For shadowgraph pictures, which were
meaningful only with the two-dimensional models, the spark source was aligaed
‘with the corner marked V. Because of the divergence of the spark light rays,
the other corners of the models appeared as lines rather than points on the
shadowgraph film. The dots IV, V, and VI denote microphone locations which
were also at the center of the 18-inch model length. On the overhang model,
the overhang 4 could be changed to 1, 2, 3, or 4 inches.

Figure 4 shows the corner models and microphone locations. Cne corner
model hed the angle O equal to 90°; the other had 6, = 45°,

The canyon model, figure 5, was shaped by hollowing out the ioterior of
the rectangular shape to the surface defined by

1,2 2
% =g o+ )

where all lengths are measured in inches. This equation defines a paraboloid
of revolution. The microphone locations VII, VIII, and IX had the Xor Voo
z, coordinates in inches of (8, o, -8), (3.125, 0, -5), and (1.125, 0, -3),
respectively. The X, XI, and XII locations were (1, 0, O), (2, O, 0), and
(3, 0, 0), respectively.

15
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C. Turbulence und Thermal Generators.

Figure 1 shows the blower duct which was used to generate a turbulent Jet.
The duct cross section is 2 feet hy 2 feet and hence the jet cross section was
somewhat larger as given in section 5. ‘he height of the duct and jet center-
line above the floor was 5 feet, which correspornds to z = O. Hence the sonic
boom N wave was forced to travel through the turbulent strear before reaching
the microphone locations.

The west end of the blower duct extended one fout inside the barricade.
The other end of the 18-foot duct was attached to the output side of a large
blower, which was driven by a 40-horsepower electric motor. Since the motor
and blower speeds were constant, whereas the duct and jet velocities were
intended to be variable, the duct was fitted with a large bypass valve so that
only a fractional part, contimucusly variable from O to 1, of the blower air
was used to form the jet. This arrangement was used throughout Task I. After
Tagk I, Dr. John Laufer suggested that perhaps the bypass valve could contribute
to flow nomuniformity and large-scele, low-frequency velocity fluctuations.
He further suggested that the jet speed be regulated by constricting the air
inlet to the blower. This was done for the Task II tests by a large constrictor
plate just ahead of the blower inlet. The platz hole diameter was 2U inches;
this plate was replaced as needed by one of three other plates having hole
diameters of 20 inches, 16 inches, and 12 inches, respectively. The resulting
duct. velocities were 79, 66, 43, and 25 feet/sec, respectively, over all but
the boundary-layer portions of the duct cross section. These speeds could be
varied contimuously by placing a s0lid plate over all or any part of the inlet
plates. When the inlet plates were entirely removed the duct speed was
103 feet/sec. The blower evidently served as a turbilence generator in
addition to the turbulence which arose naturally in the duct and the Jet shear
layers.

For the experiments this duct configuration wus termed the "2h-inch
nozzle.® Four other nozzles configurations were also used in the Task IL
program. Each of the additional configurations was obtained by adding an
extension onto the basic duct or 24-inch nozzle. These additions are sketched
in figure 6.

23

beacaancca b con b at o bt IR TR Y. " bl gt it s Y O N LT T Ty Ty 1




R T —

e 49 a-‘
4
BASIC q
DUCT c:
q
q

d) 4 INCH NOZZLE

{ |
BASIC e————
DUCT : _____
FESEETRE
|
b) 6 INCH NOZZLE
g 62 o=
BASIC
DucT TANGENT7 |-a--
\
20 R.
C) HI—-SPEED NOZZLE NO. |
o — /‘> 62 g
90 R
BASIC
DUCT

TANGENT ~ I-a-

d) HI-SPEED NOZZLE NO. 2

GRID MADE UP FROM
3/4 IN. DOWELS ON

4 IN. CENTERS

HONEYCOMB GRID
WITH 6 IN. CELLS

6 IN.

6 IN.

Figure 6 Duct extensions used in the task II program.

ah



gy APy Ml o pi TR R DT AT mns co R i L T Y v o o atie e Bl

The 4-inch nozzle was so-called because of the grid of 3/4-inch dowels
on 4-inch centers at the nozzle exit. The exit came within 38 inches of the

plane x = 0 of figure 1.

The 6-inch nozzle was Sc-called because of the 6-inch grid honeycomb as
shown in figure 6b. The honeycomb extended 24 inches upstream into the nozzle.
The nozzle exit plane was 16 inches from the plane x = O.

With the 4-inch and with the 6-inch nozzles the jet flow velocities were
mach the same as for the 24-inch nozzle. This was largely a result of the
constant 2-foot by 2-foot cross section used in these nozzles. In contrest,
the two nozzles shown in figures 6¢c and in 6d were designed with a 4-tc-1
contraction ratio; at the exit plane these nozzies have a 2-foot by 0.5-fcot
cross section. At this cross section the flow speeds were 204 feet/sec.using
the 2l-inch inlet on the blower and 82 feet/sec.using the 12-inch inlet on
the blower. Actually, only one high-speed nozzle was built; the two different
configurations shown in figure 6 were obtained by orienting the one nozzle as
shown betfore attaching it to the basic duct. The high-speed nozzle exit plane
was located 16 inches from the plane x = O.

The essential difference between the high-speed nozzle 1 and nozzle 2 is
that in nozzle 1 the jet 1is separated from the ground plane and in
nozzle 2 the jet flows as a wall Jet along the ground plane. Originally plans
were made for a third high-speed nozzle with a geometry intermediate between
those of nozzles 1 and 2. This would have generated a Jet closer to the wall
than in the case of nozzle 1, tui it would not have been a wall jet. As
pointed out by Dr. lLeufer, the jet from such a nozzle would not scatter a sonic
boom differently than would the jet from nozzle 1. Therefore, the third
nozzle was not built.

The characteristics of the various turbulent Jets were measured and are
reported in section 5. The various nozzles were designed, after consultation
with Dr. John Laufer, to obtain several different turbulent scales and at the
same time to generate a high turbulent intensity in relation to the Jjet speed.
Since most of the literature on turbulent flows is concerned with homogeneous
turbulence which is best obtained at a large distance downstream from a grid
placed in the airstream, the turbulent intensity for most of the carefully
recorded data is rather small compared to the stream speed. Therefore, not much
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irv"ormetion cn flows with a large turbulent intensity is available. This fact
was somewhat of a hindrance to the nozzle designs, but the turbulence charac-
teristics of the nozzles tested turned out to be essentially what was desired.

The design of the thermal generators also presented a unique challenge.
In the proposal for this work the thermal generators are shown simply as an
electrical heater surrounded by a box-like dquct for channeling the heated air
upward. As soon as design calculations for such a generator were started,
the results showed that if the goal of alr heated 200°F above ambient were
reached, then the upward velocity of natural convection would be so large
that the Jet diameter would be necessarily small compared to the dimensions
of the boom signature scale. This was done under the assumption of limiting
the heat input to less than one kilowatt. As a result, the bzated jet would
rapidly mix with the suriounding cold air and the jet column would be cooled
so that not much interaction would be obtained between the warmed air ard the
toom. A large upward velocity was also undesirable from the point of view of
possibly acting as a shear layer interaction rather than a thermal interaction
with the sonic boom. The final solution to these problems was to design the
generators as illustrated in figure 7.

The box illustrated in figure T is used to house the electrical heater
whose output is variable tetween O and 750 watts. A commercial lamoratory
hot plate was used and ten large aluminum fins were added to the hot plate
for good trensfer of the heat to the air inside the box. The box exterior was
insulated to minimize heat loss. At the top of the box was placed a stack of
52 parallel aluminum tubes each with an inside diameter of O.444 inches, an
outside diameter of 0.500 inches, anda length of 12 inches. The stack was
welded together to form an approximately hexagonal cross section as shown.
This size of tubing was calculated sc that the upward mean speed of the convec~-
tion currents through the tubes would be only about 3 feet/sec.with a T50 watt
input.

Above the stack natural convection results in an increased thermal
velocity, but the total heat flux in the thermal should remein constant at
any height. Measurements showed that when the generator was turned up full the
temperature of the air at the top of the stack was uniform at about 216°F
above ambient. At ten inches above the center of the stack the temperature
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wee sbout 200°F above ambient; at 20 inches it was about 104°F above ambient.
Atove 8 or so inches the temperatures were difficult to measure with a ther-
mometer; when a hot-film sensor was used the reason for the difficulty was
found to he some unsteadiness in the thermal locatlion which resulted in fluc-
tuations in the temperature measured at any given point.

Two such thermal generators were built and used in the experiments.

Experiments related to the thermal work were performed vsing a rising
column of helium instead of heated air. The helium was injected vertically
upward from a nozzle with a 0.03l-inch inside diameter and a 0.50-inch length
attached to a small plernum chamber. The chamber pressure was maintained at
10 psig. The low molecular welght of the helium was exptected to alter the
boom i nuch the same way as the hot alr. The advantage of the helium setup
was in the small size of the nozzle as compared to the large size of the thermal
generator. This permitted the hellum nozzle to be placed directly above the

shadowgraph plate without loss of a significant portion of the shadowgraph
plicture.

D. Instrumentation.

The projectile flights were detected by two lightscreen photocell devices
located ten feet apart near the east end of the ballistic range tank. These
were used to trigger a counter which measured the time of flight between light-
screens so that the projectile speeds and Mach numbers could be calculated.
The lightscreen devices were also us2d for triggering both horizontal view and
vertical view photographs of the projectile flight sttitudes. At one light-
screen station a shadowgraph system was used to observe the projectile and the
associated shock wave and wake features. At the other station radiogram
pictures of the projectile were taken. In general the projectile flights were
at zero angle of attack; projectile stability was a problem only for flight
speeds less than Mach 1.35 with the 0.46 caliber shots and less than Mach 1.9
with the 0.22 caliber shots. Each time that the projectile size or speed was
changed a series of pictures were taken to check the projectile stability;
when the stability was satisfactory for several flights no more pictures of
the flight were taken.

28




T AT R

= ——

F S I Y T O, Sy e

o ——— T Y E—ERTI oo, Py T WS YT

The sonic boom signetures were recorded on the ground plane and on the
topographical models through the use ~f B and K model 4138 microphones.
These microphones are 1/8 inch in diameter and were mounted either flush with
the surrounding surface or up to an estimated 0.007 inch below the surrounding
surface. This distance had to be estimated with the aid of a magnifying glass
as the microphone diaphragm was too delicate to be touched by any measuring
instrument. At the start of Task I a microphone failed to operate after a
short length of time. Inspection of the diaphragm under the microscope
revealed what appeared to be slight indentations which may have been caused
by an occasional sand grain entrained by the blower airflow and blown across
the microphone face. For this reason the remaining microphones were mounted
several thousandths of an inch below the surrounding surface whenever the
blower was used.

For the topographical models the microphones were not exposed to the blower
airflow and could be mount2d flush with the surface. Whenever a microphone
was mounted along a corner such as those shown in figures 3 and 4, the diaphragm
center was located along the line defining the corner, and a small volume of
the model wvas cut away so that the dlaphragm could be fully exposed.

The microphones were each connected to a B and K model 2615 cathode
follower by means of a B and K adapter. The model 215 power was obtained
from a B and K model 2801 power supply. The cathode follower has an output
impedance of T50 ohms; this ocutput was first fed into the 200 foot long csbles
which led to the oscilloscopes in the ballistic range control room. The cable
capacltance resulted in a slight distortion of the signal because of the
2 microsecond time constant of the system. This problem was overcome by using
an amplifier, a Thermo-Systems, Inc., model 1057, to amplify the signal by a
factor of 10 before putting the signal into the 200 foot cable. Since the
output impedance of this amplifier is only 20 ohms, the system time constant
was quite small, and the system operated without any apparent difficulty.

The microphone signals were fed to Tektronix oscilloscopes and were
photographed by polaroid cameras. Model 502, 555, and 556 oscilloscopes were
used., Because of the better quality of the model 556 oscilloscopes, this
model was used for most pf the data recording in Tasks II and IV. The oscillo-
scopes were triggered by using the signal obtained from a B and K model 4136
microphone system. The model 4136 microphone was loceted on or near the
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ground plane. Time delay circuits were used as required to delay the start
of each oscilloscope trace by the time needed so that the boom signature would
be displayed properly.

Four different molel 4138 microphones were used. Since there exist some
differences in sensitivity and frequency response from one microphone to
another, the varicus boom signatures are labeled A, B, C, or D according to

the micro;ione used.

The shadowgraph spark located at z = T2 inches also was triggered by the
signal from the model 4136 microphone. The film, located in the plane Z = -26
inches, was 16 inches by 20 iaches in size, extending 16 inches outward from
the ground plane, y = O. This outward edge was sufficiently far removed from
the microphones at 2z = y = 0 that shock waves reflected from the film plane
were sufficiently delayed so as not to interfere with the boom signature.

The various jet turbulence characteristics were measured using two Thermo-
Systems, Inc. (TSI) hot film cylindrical gages of 0.002 inches diameter. TSI
1050 and 1050A anemometers and power supplies were used to drive the film gages.
The anemcmeter outputs were linearized using TSI 1055 linearizer modules. This
system was calibrated using a Hewlett Packard digital voltmeter, a TSI 1125
calibration unit, and a sensitive manometer. The manometer wes also used with
a pitot=-static tube to measure mean velocities in the jet flows.

The linearized anerometer outputs were fed into a TSI 1015C correlator
and a TSI 1060 true RMS voltmeter for measurements of correlation coefficients
and turbulence microscales based on the differentlated film ocutput. The
turbulent energy spectra were measured using a Hewlett Packard 302A wave
analyzer and 297A sweep drive; the measurements were recorded using the RMS
voltmeter and a Mosely TOOSE X-Y plotter.

A few of the sonic boom signatures were recorded by using the.asbove TSI
anemometer units, a vacuum pump, and &n aspirating-probe type of sensor.
This system offered a higher frequency response capasbility tharn the B and K
microphones at the expense of a smaller signel-to-noise ratio. The aspirating
probe system also suffered because of the fragility of the probe wire and
because of dust contaminatiocn of the wire. For these reasons, the aspirating
probes were used for only a very few signature measurementS. Since the develop-
nent of these prcbes was quite detailed, this development is presented in

Appendix D. 30
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3. EXPERIMENTAL RESULTS FOR TOPOGRAPHICAL MODEL AND
SONIC BOOM INTERACTIONS

Experimental sonic boom signature me~surements are tabulated in Appendix A,
and shadowgraph pictures of the interactions are shown in Appendix B. In
Appendix A, figure Al shows the "bu:ic" N-wave signature shapes obtained during
the course of Tasks I and III. The word basic is usea to dencte the N-wave
shape obtained in the absence of any turbulent or topographical interactions.
Basic N-wave shapes obtained during the course of Tasks II and IV are shown
in figures A2 through A5. Signature shapes with topographical interactions
are shown in fig'res A8 and A9 as obtained from the pilot shots of Task III
and in figures A59 through A65 for the shots of Task IV. The figures show
"2e microphone locations, the particular microphone used for each signature,
the sensitivity of that microphone in psi per division of the oscilloscope
scale, and the horizontal sweep speed in microseccnds per division. The shot
number is placed at the uvottom of each plcture.

For Task IV the various shots were nmumbered from 101 through 157. Some
of the shots duplicated the signatures obtained for the same conditions on
earlier shots; but these duplicate shots were not wasted. The auplicaie shots
served two purposes: (1) they proved that confidence could be placed in the
results from the earlier shots, and (2) they made it possible to obtain shadow-
graph histories at several difrerent times during the boom-topographical model
interaction. Figures Bll through Bl> of Appendix B show three successive
moments in the N-wave and step model interaction. Other interactions are
shown in figures BlL through B19. Duplicate pictures were eliminated in pre-
senting the Task IV interaction data.

For shots 101 through 157 only the B projectiles were used since it was
decided that the basic N-wave amplitude and duration variations obtainable
through the other projectiles would not significantly affect the results.

This consistency in projectile size simplifies the comparison of results from
the several different topographical models. The maximum overpressure measure-
ments come from the microphones placed at location IV on the two corner models.
Since the peak overpressures were obtained immediately after the first shock
of the N-wave touched the corner, the N-wave duration had very little to do
with these overpressures. Also, since souic hoom waves sverpressures are very
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weak compared to an atmosphere, the corner interaction overpressures would

be expected to be linear with the basic N-wave amplitude. Hence vcriations

in either the amplitude or the duration of the basic N-waves should not affect
the peak boom intensification factors measured at the corner locations.

A. Comments on Boom Signature Measurenents.

The horizontal time scale shown on figures AS0 and A6l for the overhang
models was 200 microseconds/division. Notice that shot 115 on figure AS9 is
a duplicate of shot 116 on figure A60 except that the timing on shot 115 was
delayed by an additional 300 microseconds. The other time scales on figures
A%9 through A65 were 100 microseconds/division except for shot 130 on figure
A62. Note that shot 130 is a duplicate of shot 122 except for the time scale
difference.

B. Problem Areas in Using Ballistic Range Facilities for Studies of Boom
and Topographical Model Interactions.

In general not many problem areas existed. The undisturbed booms gener-
ated by the projectiles were quite clean, as shown by the shocks viewed on the
shadowgraph pictures. The pictures also demonstrate that the shocks reflected
quite cleanly from the surfaces of the topographical models. The main problem
was the frequency response limit of the microphones, but this could be over-
come by using larger topographical models located at a much greater distance
from the projectile path. Then the microphone time scale would be much smaller
in comparison to the time for the N-wave to traverse a given porticn of the
topographical model. The main limit on placing the models at a greater distance
from the projectile path is the cost of the room or barricade to house the
experiment. The barricade is not really essential since one could run the
experiment in open air if one were willing to walt the length of time required
to obtain a day wherein the surrounding atmosphere were sufficiently quiet to
not interfere with the test. From a cost point of view, it is probably better
to build the barricade than to wait for a calm day. The barricade will also
improve the quality of the data. Furthermore, shadowgraph plctures cannot be
taken without the varricade, which serves as a darkroom.
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4., ANALYSIS OF TOPOGRAPHICAL MODEL RESULTS

The incidence of sonic boom N-waves on structures has been studied by
Ting and Pan (Reference 5). Ting has developed a procedure for the determina-
tion of transient pressure distributions on two-dimensional structures, but
the general thiree~dimensional problem is much more complicated and has not
been solved. Ting does give a few result:s for corner regions on three-

dimensional models.

Shadowgraph figures Bll through Bl5 show patterns of diffracted waves
similar to those shown by Ting and Pan's figure 1. In fact, on the 16-inch
by 20-inch original of figure Bll the half-circle shape of the diffracted wave
given by the interaction of the incident wave with the first model corner can
be viewed faintly; on figure Bll only the stronger portions of this wave are
visible. Figures Bll, B12, and Bl3 are at successive instants in time for M
equal to 2.55. Figures Bl4 and Bl5 show the same thing for M equal to about
1.4.. Figures B16 and Bl7 show similar results wilh the added feature of an
overhang roof. In figures B18 and BlY the added feature is a second wall
parallel to the first.

Figures A59 throwh A62 show pressure time histories at locations IV, V,
and VI on the two-dimensional models. The results for the corner, locetion V,
show the approximate N-wave shape and intensification facter "IF" as calculated
by Ting and shown in his figure 5. The figures show a rather complicated series
of wave interactions; such interactions are discussed by Ting.

Figures A62 through A65 show pressure time histories on three-dimensional
models. The corner models had large overpressures, but the canyon overpres-
sures were much smaller until the paraboloidal canyon was rotated through
argle ac with respect to the ground plane in an attempt to focus the waves.
For aé such that the canyon X, axis was perpendicular to the waves, the

canyol overpressure peaks were larger than given by the two-dimensional models.

A. Data Analysis

The peak overpressures yere judged to be the most critical signature
factors and are given in Tables 1 and 2 in terms of the intensiiication
fector IF, where IF 1is defined as the ratio of the peak overpressure to the
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TAEBLE 1. = BOOM INTENSIFICATION FACTORS PROTCUCED BY TOPOGRAPHICAL MODELS

Intensification Factors Measured
at Station
Shot Projec=-

Task | No. Model tile M Iv \') VI

ITT |1-3 | Step D 2.5 | -- 3,70 1.72

IIT |3-3 |Step D 1.4 | -- 3.04 1.56(-1.66)
IIT |7-3 |Step B 2.6 | -- 3.22 1.78

IIT |4A-3 {90° Cor. D 2.5 | -- b1y 2.80

IIT |5-3 |90° Cor. D 1.h | -- 4,78 2.76

IIT | 6B-3 | 90° Cor. B 2.6 | -- 3.18 3.00

v 104 | Step B 2.56 | 1.78 3.78 2,00

v 111 |Step B 1.40 | 1.86 3.68 1.70

IV |123 |90° Cor. B 2.57 | 1.80(-2.%0) | h4.24 4,16

v 137 |90° Cor. B 1.46 | 2.84(-3.06) | 7.54 3.48

IV |138 |L45° Cor. B 2.57 2.56§-2.7h) 5. 62 5.2k

v 142 | 450 Cor. B 1.40 | 3.60(-3.9%) | 10.52 8.08

IV |122 |1 in.O.H. B 2.56 { 1.94 2.86 1.48(-1.80)
v 12. |2 in.0.H. B 2.56 [ 1.86 2.62 1.24(-1.58)
v 127 |3 in.0.H. B 2,56 | 1.4l 2.75 1.44

v 124 {4 in.0.H. B 2.57T | 1.3 1.80(-1.92)| 1.02(-1.04)
v 123 |1 in.0.H. B 1.39 | 1.80 378 1.36(-2.42)
v 116 {2 in.0.H. B 1.40 | 1.86 3.28 1.02(-1.51)
v 126 |3 in.0.H. B 1.%0 | 1.86 2.34 2.22(-2.34)
w |25 |4 in.0.H. B 1.36 | 2.06 1.86(-1.88){ 1.96

v 128 | Parallel B 2.56 | 1.10(-1.16) | 3.88 1.30

v 131 | Parallel B 1.4711.18 2.42 1.82

TABLE 2. — BOOM INTENSJFICATION FACTORS FRODUCED BY CANYON MODEL

o Intensification Factors Measured at Station
Shot c

Numbers M |(Degrees)| VII VIII X x X1 XII
144, 146, | 2.57 0 2.68 | 3.70 2.14 1.04| 1.04 | 1.1k
149, 150

145, 147, 1.0 0 2,32 13.18 1.96(-2.42) | 1.10| 1.1% | 1.18
148, 151

152, 14 | 2.56 66 2.28(-2.98) | 3.48(-3.82) 13.8

156 1.40 45 2.58(-3.18) | 3.08(-3.88) 12.8
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pressure rise Plo of the incident wave. The appropriate values of PlO were
measured from the basic N-waves given in figures Al and A2. Since these waves
were reflected from the ground plane, the amplitudes of the waves as showm were
divided by 2. This assumes a perfect reflection frcm the ground plane. The
plane surface was 1/4-inch aluminum plate supported well bty 2-inch by b-inch
wooden beams; the shadowgraph pictures indicate that the waves reflected from
the ground plane with apparently undiminished amplitude. In some cases the
amplitudes of the negative peaks were larger than the amplitudes of the positive
peak overpressures. These negative peak IF values are placed in parenthesis in

the tables.

Notice that the above definition of IF gives a factor of 2 for a sonic
boom reflection from a rigid, flat surface such as flat portions of the earth's

surface.

The IF values recorded during the Task III test program are somewhat
smaller than corresponding values from Task IV. This is attributed to the fact #
that the Task III models were wcoden vather than aluminum, and to the fact that
the wooden models were less perfectly constructed. The wooden models were
lacquered; the corners were somewhat rounded; and the models were slightly warped
so that about 0.020-inch clearance existed between the models and the ground
plane. This clearance was helpful in preventing microphone damage during the
model installetions. For Task III, microphones were in short supply; this is
the reason that a microphone was not placed at location IV.

Ting and Pan predict a peak IF of 4 at the corner location V on a step
model. Shots 104 and 111 gave IF's of 3.78 and 3.68 at the cormner.

The overhang and parallel wall models also show the largest IF's at this
corner. The measured IF was 3.88 for the parallel wall model and M = 2.56;
this IF decreased to 2.42 when M was reduced to 1.47. From the geometry
it is clear that the second wall would be better able to shield location V from
an incident wave at M = 1.47 than the more nearly-horizontal wave at M = 2.56.
On the other hand, the overhang configurations do the better job of protecting
location V when the incident wave is at M = 2,56, In this case the M = 2.56
or more-nearly horizontal wave is evidently refracted to a greater degree by
the overhang than is the M ='l.4 wave; the location V IF is 2.86 for the
former case and 3.78 for the latter. These are for overhangs of only one inch.
As the overhang distance is increased, these IF wvalues decrease.
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Ting and Pan calculate an IF of 8 for a corner model with Oc = 90° and
a solid angle of m/2. Table 1 shows an IF of 7.54 for M = l.46; this
falls off to IF = 4.24 for M = 2.57. When 6, = 45° the Ting and Pan
results would give IF = 16. Table I shows corresponding values of 10.52 and

5.62 at M= 1L.40 and 2.57, respectively. The reason for these differences
is not understood.

The canyon model is in the form of a paraboloid of revolution with a focal
point at X, = 2.00 in., Vo =2, 0, which is location XI. With the canyon
in its normal position at ac = 0% the largest IF was at location VIII;
this IF was about the same as obtained at location V of the step model. When
the canyon was rctated through angle @, 8o as to make the incident waves
perpendicular to the Xq axis of the paraboloid, measurements at the focal
point, station XI, showed IF's of 13.8 and 12.8 for M = 2.56 and 1.40,
respectively. These pressure peaks, shown on figure 465, are quite sharp and
show a tendency for two peaks to appear close together. These results show that

the proper combination of canyon shapes and orientation can dramatically increase
the IF.

B. Derived Guidelines on Topecgraphical Features Which Could Result in Boom
Focusing

With the aid of the above results, several statements can be made about
sonic boom focusing:

1. The IF for a plane, rigid surface is 2. This serves as a standard
for evaluating other shapes.

1 2. The maximum IF on a two-dimensional structure with right-angled
cornerz is b,

3. Additions such as parallel or overhanging walls reduce the maximum
IF cn a structure.

£ b, Corner structures having a solid angle of ﬂ/2 can have an IF as

large as 8; larger IF's can occur with smeller solid angles.

5. Large IF's can be obtained from concave topographical shapes such

as a paraboloid of revolution. These IF's may be of the order of
i 12 or greater and are high’ dependent on the orientation of the
shape with respect to the incident wave.
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Imperfections in the above strmiclaral or topographical shapes will
reduce the IF.

Because of wave reflections, the topcgraphical models usually increase
the duration of the boom disturbances by a factor of two or more as

compared to that heard on a plane, rigid surface.

The peak IF 1is found at the inside corner of models such as the
step or overhang models; as one goes away from this corner ithe
maximum IF falls off somewhat if the signature length is long
compared to the distance from the corner. When the signature length
is of the same order as the distance from the corner, the maximum
IF tends to be greatly reduced.
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D«  EXPERIMENTAL RESULTS, TURBULENCE AND SONIC BOOM INTERACTIONS

All the experiments were carried out in the barricade shown in figure 1.
Measurements first were made of the varicus turbuicnt jet configurations; then
boom N-wave measurements were made in the absence of turbulence. Finally, a

large number of boom signatures were obtained with the turbulent jets operating.

A, Turbulence Measurements

Measurements of the jet mean velocity U and of the turbulent intensity
u' are given in figures 8 through 13. Also given are values of the turbulent
dissipetion scale kf calculated from u', ﬁ; and measurements of the velocity
derivative (dU/dt)2; this was done using the Taylor hypothesis and the
assumption of homogenous turbulence as discussed in Reference 6. Figures 8,
9, and 10 are for the Y4-inch, 6-inch, and 2l-inch nozzles using the 24-inch inlet
on the blower to regulate the maximum U to about 80 ft/sec. For all three
nozzles u' 1is near 5 ft/sec.across the interior of the jet, but in the inter-
mittent zone at the edges of the jet u' rises to more than 10 ft/sec. Notice
that the 6-inch nozzle flow dividers appear in figure 9 as reductions in U
and u' at 6-inch intervals. The results for the 24-inch nozzle in figure 10
are closely related to those in figures 11 and 12 for the same nozzle but with
the bypass configuration on the blower duct used instead of the 2k-inch inlet
restriction to regulate the jet speed. The bypass arrangement was used through-
out Task I, whereas the inlet restriction was used for Task II measurements.
Figure 12 shows the near uniform-flow conditions which exist 3 inches from the
nozzle; in contrast, at the plane x = 0, 78 inches from the nozzle exit
plane, the jet as shown in figure 11 has developed rounded U and u' profiles
because of the turbulent mixing of the jet and the ambient air. Figure 1l3a
shows results for the high-speed nozzle 1j again u' is only about 5 ft/sec.
at the jet center at y =23 in., but u' 1increases greatly at the jet edges.
Figure 13b is like figure 8 except that the mean velocities U have been
reduced by s factor of about C.27 by changing the blower inlet diameter from
24 inches to 12 inches. The result is a reduction in u' by the same factor
within the ac uracy of the measurements; A, 1s reduced by a factor of about

f
0.6k,
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These turbulent jet experimenis were on such & scale that u'/ﬁ was not
expected to vary significantly as U was varied; figures 8 and 13b confirm
this expectation. For the same reason it was expected that the turbulence
integral scale L would be independent of ﬁ; whereas the dissipation scale

A which depends on the turbulent Reynolds number, would vary with (i

f’

The jet turbulence characteristics wecre studied in greater detail by
measuring the energy spectra shown in figures 14 and 15 for the various nozzlew.
The spectra weve taken at x =0, y =12 in., and 2 =0, which is essen-
tially along the jet centerlines. The bandwidth fb of the spectrum analyzer
wag 6.0 hertz; and the analyzer output e is Lased on the hot-film gage ontput
U, which had a scale factor H of 30 ft/sem/%olt. Bince the energy distribu-

1
tion function El(n) must satisfy the integral

[N

w? = | £ (n)an (1)
1
[

we must have

® ef(n)a2

%y

2

u'c = dn (2)

where

f—b e (n) (3)

El(n) =
The spectrum anulyzer vandwidth fb was determined through equation (2) and
measurements of u', el(n), and H. This w~s first done for the 6-inch nozzle
which had a constant ey from n = 20 hertz to about 100 hertz. Since the
analyzer does not cover the range 0 to 20 hertz, el(n) was extrapolated to
n =0 so that the integral (2) could be carried out. As shownr on pages 55
through 61 of Relerence 6, e, or El
low frequencies. Also, the integral scale is

is generally constant for sufficiently

U

L =— lim E (0) (%)
w2 nso !
so that L is determined by nl(o).
i
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Two-point correlation measurements were made in the jets in an attempt to
determine L. When this was done the correlation function g(r) was well-
behaved for small values of r, but g refused tc go to less than 0.2 for
values of r as large as 20 inches. Even ror small r, g was difficult to
measure with good accuracy. Because of these difficulties and because it is
clear that the jet turbulence is not homogeneous, I was determined from the
energy spectra.

For tne 6=inch nozzle, L was O.T4 inch. For the 4-inch and 2k-inch
nozzles el(n) was extrapolated from n =20 to n = O hertz on the hasis
of the 6.0 hertz bandwidth and the requirement that equation (2) be satisfied.
These extrapolations are shown on figure 14 in dotted lines. In both cases e
was assumed to be constant for n smaller than 10 hertz. With this work
L = 2.7 in. for the U4-inch nozzle, and I = 8.9 in. for the 24-inch nozzle.

1

2
1
versus n is somewhat steeper than the 5/3 power spectrum law of Kolmogoroff

Figures 14 and 15 show at the higher frequencies that the slépe of e

(see Reference 6). Hence, the spectra are in this sense well-hehaved. Also,
notice for these high frequencies that the 6-inch nozzle has the largest ampli-
tude, the 4-inch nozzle is second, and the 2k-inch nozzle has the smallest

amplitude. Thus, in this region e2 is largest for the nozzle with the smallest

1
L and vice versa. This is in spite of the fact that u' is almost the same

for these nozzles. As scon as this e2 change without a corresponding change

1
in u'2 was found experimentally, the results were checked by carefully repeating
the measuremcnts. The repeated measurements confirmed the earller ones. Since
the integral over n as given in equation (2) must be setisfied, the spectra

.

with the largest ei at the high frequencies would tend to have the lowest ei
at the low frequencies, which is just what figures 14 and 15 show. This reason-

ing and the measurement checks add confidence to validity of the integral scales.

As shown by Reference 6, the correlation function £(x) and the energy

spectrum are Fourier transforms. The transform

U

f(x) = Lz/ El(n) cos 2r-r-nx dn (5)
u' 3
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was used to caleculate f(x) for the three nozzles, as shown in figure 16.
These may be compared with the two point correlation measurements g(y) and
g(z) shown in figure 17. In general, f(x) and g(y) or g(z) should be
related between the three nczzles so that the nozzle with the largest integral
scale L has the largest f or g at a given value of X or y or 2z and
vice versa. In figures 16 and 17 such is the case. Therefore, the two-point

correlation measurements ere in general agreement with the f(x) calculated
from the spectral measurements.

B. Boom Signature Measurements without Turbulence

As already discussed in section 3, "basic" boom signatures, signatures
without turbulent or topographical interactions, are presented in figures Al
through A5 of Appendix A. The signatures on figure Al were taken first during
the performance of Tasks I and III of Reference 5. Figures A2 through A5 were

obtained during the Task II and IV test programs. These signatures are dis-
cussed in more detail in section €C..

C. Boom Signature Measurements with Turbulence

The boom signature measurements with turbulence are of two bazic types,

those generated by jet interactions and those generated by thermal interactions.

1. Boom Signature Measurements with Turbulent Jet Interactions

Figure A6 shows turbulent signatures taken for various projectiles during
the Task I program. These records first demonstrated the feasibility of obtain-
ing distorted bcom signatures with features similar to those obtained from
full-scale flight.

During the Task II program a large mumber of turbulent signatures were
obtained. Figures Al0 through A54 show over 600 such signatures displayed on
more than 300 photographs. Each photograph contains an upper and a lower signa-
ture; the upper oune was taken with microphone B at location I; the lower one
was taken with microphone D at location II, just 6 inches from location I.
Although these microphones were only 6 inches apart, no readily apparent cor-
relation exists between signatures at the two locations.
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These signatures are classified into 22 different groups according to the
projectile size, the Mach number, the nozzle, and the blower inlet constrictor
size. Esch group is identified by three digits. This group code is defined as
follows:

First digit:

1 means M = 1.40 and a B projectile.

(Sometimes M 1is significantly different from 1.40 and is so noted.)

2 means M= 2.55 and a B projectile.
%> means M = 3.0 and an 0.22 caliber bullet.
4 means M = 2.15 and an 0.46 caliber bullet.

Second digit:

1 means the 4-inch nozzle.
2 means the 6-inch nozzle.
3 means the 24k-inch nozzle.
4 means the high-speed nozzle No. 1.
5 means the high-speed nozzle No. 2.

Third digit:

1 means the 12-inch blower inlet size.
2 means the 16-inch blower inlet size.
3 means the 20-inch blower inlet size.
4 means the 2hk-inch blower inlet size.
5 means no restrictor on the inlet blower.

Thus, the group 314 signifies a M = 3.0, 0.22 caliber bullet, the k-inch
nozzle, and the 2h-inch inlet constrictor. For this group over 100 shots were
fired with the otject of obtaining good quality statistical data.

The large number of shots was carried out on the recommendation of the
consultants, Professors John Laufer, Anatol Roshko, and Bradford Sturtevant,
who arrived at this conclusion independently. The large number of smaller
projectiles were fired rather than a smaller number of the large A sized
projectiles (which were much more difficult to fire) so as to obtain a large
mumber of signature data points. The A projectiles also had the disadvantages
of a large overpressure of the basic wave (see figures Al and A€), which was

many times larger than the full-scale value, and apparently a rather low
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sensitivity to turbulence. The A projectiles also were much more dangercis

to t'ire than the small projectiles.

The projectile signature length LS may be defined as the distance between
the N-wave leading and trailing shocks as measured on the ground plane. Then the
ratio LQ/L may be tabulated for the several different groups of data as given
below inutable 3.

TABLE 3. - RATIOS OF LS/L FOR BOOM TURBULENCE INTERACTIONS

Group Group I
First Second [ L
Digit Digit (in.) (in.) LS/L
1 1 5. 84 2.7 2.2
1 2 5.8l 0. T4 7.9
| 1 3 5.84 8.9 0.65
' 2 1 9.01 2.7 3.3
2 2 9.01 0.Th 12.2
2 3 9.01 8.9 1.0
3 1 6.41 2.7 2.4
3 2 6.41 0. Tk 8.7
3 3 6.41 8.9 0.T2
4 1 8.80 a. T 3.3
4 2 8.80 0.7k 11.9
4 3 8.80 8.9 1.0

Hence, the ratios LS/L for the shots in Appendix A cover the range 0.65
to 12.2.

Figures Bl through B8 are shadowgraph pictures of turbulence shots. These
pictures show that the conical shock fronts are greatly distorted so that a
number of lines appear instead of single shock lines as illustrated in figures
Bll through B18. The following table correlates the shadowgraphs and the boom
traces in Appendix A.
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TABLE 4. — CORRELATION OF SHADOWGR/FH PICTURES AND BOOM SIGNATURES

Shadowgraph Group Shot Signatures on
Number Number Number Figure Number

El 212 226 AL

B2 21k 199 A16

B3 L5 218 None

B4 222 294 A18

B5 22k 239 Al9

B6 222 229 A22

BT 3L 17k A2k

B8 3Lk 347 A28

2. Boom Signature Measurements with Thermal Interactions

The boom signature measurements with thermal interactions are shown in
figure AT and in figures A55 through A58. The tops of the stacks of the thermal
generators were located in the plane 2z = =20 in.

Figure .18 is a view of the tops of two thermal generators and the ground
plane as seen by one looking in the +z direction. This is the same type of
view presented in the shadowgraph figures B9 and BlO. Notice that the two
lines passing through the center of the two generators at an angle normal to the
shock direction intersect the ground plane. These two locations are designated
by y=0 and by x = Xn1 and x = Xpot Since the shocks travel in a direction
normal to themselves, the po!tion of the shocks perturbed by the thermals will
intersect the ground plane in the vicinity of Xpy and Xpoe

In table 5 below is listed the shot numbers, figure numbers. x and y
coordinates of the thermal generators, the thermal strengths, and the X and
Xyo coordinates for all the thermal generator shots. The shots shown on figure
AT were made during Task I using a D projectile at M = 2.5. The shots on
tigures A55 through A58 were made during Task II using O.46 caliber bullets at
M= 2.16.
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Figure 18 Relationship between che thermal generators, the shock waves, and

the ground plane looking in the +z direction.
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TABLE 5. -- CONFIGURATIONS USED FOR THERMAL GENERATOR SHOTS

b Fh b s il

X Y X Yy
Generator|Generator|Generator| Generator| Thermal
Shot |Figure| No. 1 No. 1 No. 2 No. 2 |Strength| *n1 | *n2
No. No. (in.) (in.) (in.) (in. ) (oF) |{in.)|(in.)
LA AT 4.0 9.0 10.0 23,0 200 .1y 0
LAl AT 4,0 9.0 10.0 23.0 200 c.1] ©
4B AT 1..0 9.0 20.0 23.0 200 10.1| 10.0
4e AT -6.0 9.C 0 23.0 200 -9.9{-10.0
4D AT 8.u 18.9 23.0 18.¢C 200 (o
250 A55 4.0 8.0 19.2 8.0 100 -0.2] 15.0
251 A55 4,0 8.0 139.2 8.0 100 -0.2{ 15.0
252 A55 4.0 8.0 19.2 8.0 100 -0.2] 15.0
253 A55 1.0 8.0 16.2 8.0 100 -3.2] 12.0
254 A55 -2.0 8.0 13.2 8.0 100 -6.2|] 9.0
255 A55 -5.0 8.0 10.2 8.0 100 -9.2| 6.0
256 A55 -17.0 8.0 -1.8 8.0 200 -21.2| -6.0
257 A58 -1k4.0 8.0 1.2 8.0 200 -18.2| -3.0
258 A56 -11.0 8.0 4,2 8.0 200 -15.2( ©
259 A6 -8.0 8.0 7.2 8.0 200 -12.2] 3.0
260 A56 -5.0 8.0 10.2 8.0 200 -9.27 6.0
261 A56 -2.0 8.C 13.2 8.0 200 -6.2]1 9.0
262 A56 1.0 8.0 16.2 8.0 200 -3.2] 12.0
263 A56 h.0 8.0 19.2 8.0 200 -0.2| 15.0
264 A56 6.0 12.0 21.2 12.0 200 -0.3| 15.0
265 A56 3.0 12.0 18.2 12.0 200 =3.3| 12.9
266 A5T 0 12.0 15.2 12.0 200 -6.3] 9.0
267 AS5T «3.0 12.0 12.2 12,0 200 -9.3| 6.0
268-2T72! A5T None None 5.l 10.2 200 None 0
273 AR5 None None 9.1 17.3 200 None 0
274-275| A58 None Ncne 0.1 17.3 200 None 0
276-278| A58 None None 5.4 10.2 Helium [None C
279-281| A58 None None 9.1 17.3 Helium |None 0

Notice that shots viich are reneated, such as 268 through <72, 4o not
produce identiral signature shapes. This indicetes the somewhat turbtulent
nature of the thermals. Figures B% and BlC are shadowgraphs of shots 270
and 275. In B9 the turtulent nature of the thermsls is indicated. The
thermals cause the shock front to accelerate in the werm sir; thereafter there
exist a series of bulzes in the shock front. In B9 the first shock of the
N-wave has gone some 6 inches from the center of the generator; in B1C the
distance is about 19 inches. At the larger distance the perturbed portion of
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the shock is somewhalL longer, but the amplitude of the bulge is abcut the

same as for the shorter distance.

For shots 276 through 281 the helium nozzle located at 2z = =25 in. wus
substituted for the thermal generators. This produced an effect similar to the
thermal generator effect but with a much smaller amplitude. Shadowgraphs of
this effect showed shock bulges with an amplitude of about 0.08 inches.

D. Droblem Areas in Using Ballistic Range Facilitiesi for Studies of Boom and

Turbulence Interactions

The main problem in using the ballistic range facility for these studies
has been the limitation in frequency response of the microphones. The micro-
phone response time to a scquare wave cor shock input has been about 5 mlcroseconds
to 2/3 of the full amplitude and 9 microseconds to essentially full amplitude.
The microphone mamufacturer quotes an upper limit of 140 kilohertz for the
response. This limitation could be overcome by conducting the boom measure-
ments atv a larger distance from the projectile path and by an appropriate
incresse in the turbulence scales. Then the microphone response would give

greater detail in the boom signatures.

The microphone response limitation affects the data quantitatively by
clipping off the sharrer peaks of the signatures. Such peaks may be of prime
interest because such peaks may be psychologically more annoying thean the lower
frequency wave components. A few such peaks have evidently been clipped from
the data presented in this report. This prcblem is discussed in mnre detail in

the second puaragrarh of section 6C.
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6. ANALYSIS OF TURBULEN. INTERACTION RESULTS

An anslysis of the boom-turbul»nce interaction is not easy because of the
great complexity of the phenomena. Turbulence itself is far from heing fully
understood even though it has been studied in detall for more thar 30 yecars.
Nevertheless, some overall ~onments can be made through a study of the statis-
tical character of the boom signatures when these signatures are segregated
into the several groups discussed earlier. This euables one to develop some

implications for full-scale flight.

A. Preliminary Comments on Shadowgraphs and Signature Shapes

A brief study demonstrates that the signatiure shapes are quite varied. For
example, group 214, figures Al5 and Al6, begins with signature 190-1 (location I
trace of shot 19C) being peaked whereas 190-2 is not significantly peaked or
rounded. Signature 193-1 is rounded while 193-2 has a small peak. The pesk in
200-1 is very large. Similar comments can be made for all the signstures.

Signature 347-1 in figure A28 shows a very large peak whereas 347-2 is
quite rounded. Yet when the shadowgraph of shot 347 is viewed (figure B3) there
is no great contrast between the shock lines approaching location I and those

approaching location II.

One feature that the signatures show in common with full-scale flight
results is the sameness of the pressure perturbations added to the leading
shock as compared to the perturbations at the trailing shock. This phenomenon

has been discussed by Crow (Reference 1).

There are several significant points to be seen on the shadowgraphs:

(1) The features appearing on the pictures are all remarkably parallel.
Thus, they are probably disturbances that propagate with essentially
the same path length as the undisturbed waves and are probably wrinkles

on the original wave fronts.

(2) 1In almost every picture two sharp features identifiable as the front
and rear shocks are visible. These features are separated by a
distance corr;sponding to that indicated by the pressure history.

In some cases they don't seem to be the leeding disturbance on the

5T
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N-wave but this spurious effect can always be attributed to a) curva-
ture of the conical wave front and/mr b) diiergence of the light rays

in the optical system.

(3) The fuzzier features on the shadowgraphs have evidently been
amplified more (and therefore are further fron the film plane) tian
the sharper ones. They also tend to occur farther away from the
ground plane than the sharper features; note that this is consistent
with their being further from tlie film plane and on the conical wave

fronts-

(4) There is a remarkable correspondence between features near the front
shock and those near the rear shock. For example, the curved feature
on the front shock of figure BT can also be seen on the rear shock.
The separation of these features (measured from the picture) corpared
to the known length of the N-wave gives the amplification factor, and
therefore the distance of the feature (and presumably the disturbance

that caused it) from the film plane.

Thus it is concluded that most of the features observed on the shadowgraphs

are wrinkles on the original conical wave fronts.

B. Comments on Signatures with Thermal Interactions

In shots 250 through 252 in figure A55 the x, (refer to figure 18) from
thermal generator 1 is at microphone location II. This can be seen as a round-
ing in the lower traces of shots 251 and 252, whereas the lower traze of shot
250 1s slightly peaked and then rounded. Meanwhile, the upper traces are not
greatly affected because neither Xp: BOT X, is near location I. By shot

255 Xpo becomes 6.0 inches and the upper signature responds with a peak.

For the series of shots 256 through 263 the thermal generators are turned
on full so that the signature perturbations become larger. This is fully evi-
dent in shot 258 as the lower signature responds by rounding in correlation with
X = 0. By shot 26C the lower signature has regained its basic N-wave shape,
but the upper signature is somewhat rounded in response to Xpo = 6.0 inches.
Signsture 263-2 is scmewhat rounded in response to X1 T 0.2 inch. The same
can be said for 264-2. The next signature that is so rounded is 267-1. In
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shots 268 through 272 we see five variations in the lower sigrature in response
to X = 0, whereas the upper signature is not grea:ly affected. BShots 273
through 275 again show rounding of the lower signature becsuse Xpo is Q.
Shots 276 through 281 show little effect from the helium injection.

The above results are not nearly so clear cut as was obtained in shots 44,

LAl, 4B, and L4C of figure AT wherein the xh's of hoth generators were the

sume; when the xh's were near O a large rounding of the signature occurred,
whereas Tor the xh's at +10 inches or -10 inches the effects were very

slight.

C. Turbulent Signature Data Reduction Process

In order to cbtain statistical information on the sigratures, a procedure
was established for reading the signatures at the stations illustrated in
figure 19. The figure illustrates a basic signature; the microphone rise time
to full amplitude T 1is 9 microseconds. The signature length is defined as
time ts’ and amplitudes PiO through P5O have been read at times corres-
ponding to 0, 5, 10, 20, and 40 percent ts, respectively. For the turhbulent
signatures the amplitudes Pi thirough P5 were read at the corresponding

times. The beginning station was always defined at time 1 after the corner
defining the start of the signature.

A few of the turbulent signatures had a very fast rise; the lower signature
of shot 438, figure A38, is a good example of this. Apparently this is the
result of an extremely large pressure peak which derays before the microphone
can give an output that is more than some fraction of the peak value. This
would result in a recorded first peak which inight appear to the left of the
line t =0 in figure 19. Hence, in this case lack of microphone response
probably prevents us from seeing some extremely large overpressures. In estab-
lishing a P1 value for such situations, P1 was always taken to be either
as shown in figure 19 or as the amplitude of the first peak; the larger of

these values was used.

9
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Figure 19 Sketch showing measurement stations and amplitudes for a basic
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From these definitions five nondimensional

each signature:

ir. Appendix C these

i

H,'s and »,'s

il 2 AT St et Dt itk

amplitudes were established for

(6)

(1)

(8)

(9)

(10)

1 are listed under the appropriate
group and shot number, but the camputer cutput does not lower the subscripts

1, 2, 3, 4, and 5. A 1 or a 2 follows each shot number of signify either the
upper signature, from microphone B, or the lower signature, from microphone D,

respectively. Table 6 below gives the values of Pio through PBO

The values of P 0 through P

1

%0

that were
used together with the Pi's in equations (6) through (10) to compute the Hi's.

werc taken from the appropriate basic shots.

All the P's here and in the appendix were measured in terms of the divisions
which represented centimeters on the oscilloscope screen.

TABLE 6. — PARAMETERS RIAD FROM BASIC SIGNATURE SHOTS

Mach tg

Mumber| Projectile | Microphone| (sec.x 106) Po | B PBO Byo Pﬁo
1.4 B B 317 0.95{0.85{0.68 | 0.43 |-0.02
1.4 B D 317 0.88 [0.81 [0.65]|0.45 | 0.0"
2.55 | B B 268 1.1% {1.00 {0.86 | 0.64 | 0.15
2.55 | B D 268 1.02 |0.92 |0.7910.58 | 0.09
3.0 |0.22 mullet| B 162 1.8511.62 | 1.%0 | 0.96 | 0.23
3.0 0.22 bullet D 162 1.50 |1.35|1.20 | 0.78 | 0.12
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On each signaiure the peak amplitude PMAx and the time at which this
peak occurred in tcrms of percent of ty were tabulated. These are also listed
in Appendix C as PMAX and TPK. Also listed is the quantity
HMAX = PMAX/PlO' The computer was used to compute root-mean-square values of
HMAX and Hl through H5 for each group of data shots. These are listed as

HRMS in the appropriate column.

Correlation coefficients Fl2, Fl3, Fl4, Fi5, F23, F2i, F25, F34, F35, and
F45 for the signature fluctuations between the various stations were calculated

from the formula

=N
HikH:;jk
k=1

= ————— (11)

1 n Bipvstlires

where n 1is the number of signatures in the group and Hik and Hﬁk are
simply the k-th values of Hi and Hﬁ. HiRMB and HﬁRMS are the root-
mean-square values of the n Hi's and the n Hﬁ's, respectively. These

correlation coefficients can range only from perfect correlation at +1.0 +to

a perfect negative correlation at -1.0.

For each group of signatures the computer was also used to list the
variables TFK, HMAX’ Hl’ Hé, H5’ Hh’ and H5 in columns sta:ting with the
largest number of each variable of the group and then proceeding to the next
largest value and repeating this until all n values of each variable were
listed. This tabulation was then used to calculate the probability P of

exceeding each of these particular variable values through the formuila

n, + n,/2
P = _l_E__g__ (12)

where n, is the number of signatures in the group wherein the variable was
larger than the particular value in question, and where n, is the number of

signatures having the variable equal to the particular value in question.

An examination of Appendix C shows that a large number of statistical data

points are available. Some of these are plotted and presented in section 6E..
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Appendix C does not contain information for groups 114, 124, and 1Lk,
These were omitted because the variability of the Mach numbers obtained within

these groups was so great that the above procedure could not be used.
19 other groups of shots are presented in the appendix.

D. Comments on the Number of Shots Required for Reliable Data

Crow, in Reference T, has stated that for N sonic boom signatures the

probable fractional error in the experimental value of a parameter such as

B will be about (2/M)/2. hen the probable error in Hyyg WLLL be about
(1/2N)1/2. It is interesting to examine a few values of HéRMB as a function
of N starting with N =1 for the first signature in the group and proceed-

ing in the order that the shots were fired.

we obtain:

Grou

e RS R C R -
5
'—l
W
@

10 0.176
16 0.159
22 0.178

234

fract.error

% 1
23% 11
% 20
84 2l
1%

129

0%

Group 21U

HorMs

0.123
0.180
0.1k42
0.148

fract.error
17%

22%

he

o%

N

1

T
2l
b1
61
81
101
121
141
161
181
207

The above errors were calculated on the assumption that the

correct.
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For example, from several groups

Group 134

Borus

0.141
0.280
0.236
0.225
0.220
0.21k
0.219
0.212
0.217
0.210
0.213
0.20%

fract.error

last HéRMS is

£ Lotal of




Accord’ng to Crow, the HEMAX fractional error should be about:

N Fractional Error
10 224,
20 16%
100 %
200 b

The above grcup tubulations appear to svpport this order of fractional

error.

E. Data Presentation

Log normal probability distributions of the signature pressure peaks are
shown in figures 20 and 21. These show that the lowest pecaks come with the
6-inch nozzle, which has the smallest intergral scale, L = O.T4 in. The
highest peaks were found for the 2k-inch nozzle which has the largest integral
scale, L = 8.9 in. The intermediate nozzle or Loinch nozule with L = 2.7 in.
gave intermediate results in figure 21 and close to the largest peaks in
figure 20.

Figure 20 is drawn for B projectiles at M = 2.55 and Ls = 9.01 in.,
whereas figure 21 is for 0.22 caliber bullets at M = 3.0 and L = 6.41 in.
Since figure 20 has the larger normalized pressure peaks, this implies that
HMAX tends to increase with Ls' Thus figures 20 and 21 imply that HMAX
incresses with the parameter LS/L; these figures cover an Ls/L range of
0.72 to 12.2.

Somewhat smaller values of Ls/L are associated with group 124, shown in
figure All, but these data shots are difficult to evaliate because M was not
sufficiently close to l.4 to make the data useful.

The slopes on figures 20 and 21 are generally less negative than shown in
the corresponding data at M = 1.6 for full-scale flight results as shown in
figure 9 of Reference 8. This means that the experimental turbulence intensity
was such as to create somewhat larger perturbations on the model scale than for
the full scale results. Of course, the model scale perturbations were reduced

as U was reduced, and the Dull scale results depend on the weather.

&
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Normal probability distributions of tMAx/ts
22 and 235. These shcw that the time to peak amplitude,

= TPK are given in figures
tMAx’ increases as

L decreases so that ¢ increases as LS/L increases for a fixed Ls.

MAX/ts
On the other hand, a comparison of figures 22 and 23 indicates that increasing

L, for a fixed L causes tMAx/ts

vary with L. Therefore, tMAX/'ts cannot be correlated with only LS/L.

{0 decrease. Apparently tMAX does not

In figures 2&, 25, and 26 the most proable values of Hl through H5 are
plotted with respect to a normalized N-wave pressare Gistribution. This gives
the most probable shape of the turbulent signature. The figures show that a
change in nozzle such that l/L is increased causes an increase in the rounding

of the leading part of the N wave.

This rounding is compensated for later when the most probable shape rises
above the N-wave; again the departure from the N-wave increases as l/L

increases.

These departures from the basic N-wave shape are larger in figure 2% than
in figure 24; therefore, these departures do not correlate with the parameter

LS/L.

Figures 24 and 26 document the expected result that the departures decrease

as U and u' are decreased.

F. Comparison of Experimental Results and Crow Theory

In Reference 1 Crow predicts *hat under the assumption of homogeneous
turbulence the ensemble average of the normalized and squared boom pressure
fluctuations should follow a 7/6 power law in the form

A (-})7/ ° (13)

In the absence of thermal effects, Crow's expression for the time tC is

] w/rf @ s/ 19
t == L d (14)
c c lV? 172 f c2 y

0
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For the turbulent jets of figures 8, 9, and 10, we can take a jet thickness
of 2.5 ft and a mean turbulent intensity of T ft/sec. Then we can roughly
approximate the above integral by

2.5 ft.
I=1.33 / sl (e oy (15)

(1100 ft/ sec)®

so that

W T

-;F_——_]J-e— x 10 ~ sec. (16)
(" = 1)

Figures 27, 28, and 29 show experimental values of (wz(t)) compared with
calculations of (t c/t)l 6 based on the above t . The results cn figures 27

t, = G.50

and 28 show rough agreement for t/ts equal to 0.05 and 0.10. Agreement is
best for the 4-inch nozzle where the ensemble average was done for a greater
number of shots. Of course, the above calculation of I is quite rough so that
good agreement is not really expected. The calculation of I does not apply
to the high-speed nozzle, so that agreement for groups 241 and 341 is not
expected.

In figure 29 the agreement is not gosd probably because the small values
of U and u' lead to large errcrs in the calculation of factors ?l
through H5'

G. Correlation of Turhulence Spectra Data and Boom Signatures

As shown by Reference 6, the turbulence spectral function El(n) and
the correlation function f(x) are Fourier transforms. This fact is useful
because it infers that the correlation runction is equivalent to the spectral
function and vice versa. For the present purposes it is more convenient to
use the correlation functions as shown in figure 16.

Figures 30 and 31 show the two-point correlation coefficient for varicus
pertions of the boom signatures as computed from equation (11). These fij
msy be compared to figure 16. For example, in figure 16 for the 6-inch nozzle
av x =1 inch, f is 0.30; for the 4-inch nozzle f = 0.52, and for the
24 .inch nozzle f = 0.79. 1n figure 30 for i at 5 percent L, fij is
equal to 0.38, 0.50, and 0.63 for the three above nozzles at J = 9 percent L.

13
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These three fij's correspond roughly to the above three f's for the same
three nozzles. These fij's correspond to 4 percent Ls in distance from 1i;
4 percent L, is 0.36 inches. Hence, a length of 0.36 inch on the fij

corresponds roughly to 1 inch on the f curves. The corresponding length of

curves

time is 10.7 microseconds. In this length of time Crow's paraboloid of

dependence changes radius R between values Ri and Rj’ where RJ minus
Ri is given approximately by
o= 1/2,,1/2 _ .1/2
RJ R, = (2cxn) (t-,j ty ) (17

where ¢, and ti are 24,1 and 13.4 microseconds, respectively. Hence

J
Ry R, = o.eooxy2 (18)

80 that at a location X, = 16 in. along the axis of the paraboloid from the
microphone we we1ld have Rd = Ri = 0.80 in. This says that fo- such a change
in the paraboloid of dependence for the three nozzles the three correlation
coefficients have been determined from the ensemble of experimental signatures
to be 0.38, 0.50, and 0.63. Corresponding lengths x in figure 16 are approx-
imately one inch. These lengths should correspond, if we are to accept the
Crow theory, to some average value of RJ = Ri' Since Rj —-Ri is Just one
inch at X, = 25 in., the measurements all seem to fit the paraboloid of
dependence idea. Actually X, varies from O to about 3% inches before leaving
the turbulent jet field, and the greatest turbulent intensities arve near

X, = 28 in.

The above argument takes into account the fact that f is defined
(Reference 6) as the longitudinal correlation coefficient. The lateral
coefficlent g would be lnappropriate, since according to the Crow theory
only the radial component of the gradient of u' or (u'/dR) contributes
to the scattering.

The above arguments imply that the fij's in figures 30 and 31 should
be largest for the nozzle with the largest integral scale L and vice versa,
at least for i and J close together 8o that the correlations are positive.
This ordering appears only for the middle portion of figure 31. The upper
portions of figures 30 and 31 can probably be excused on the basis that the

correletion of data at any point with that at 1 = O depends on conditions




where the paraboloid is only a straight line and the Crow theory breuaks
down.

Another question is the reason for the negetive values of the fij's at
sufficiently lerge distances between 1 and J. Tis is unlike £(x), which
? is alway:c positive. However, we have already seen in figures 24 and 25 that

the turbulent fluctuations near O percent LB and L0 percent LB tend to be
1 negatively correlated.

H. Discussion of Interaction Models

It 1s possible to synthesize the mechanisms put forth by various authcrs
into a model for the sequence of evepts that occurs after an undisturbed
N-wave enters a turbulent boundary layer:

] (1) Wave fronts wrinkle due to refraction (Pierce, Reference 3), and
scattered waves are emitted into the regions behind the shocks
(Crow, Reference 1).

(2) Focusing and defocusing of the wave fronts leads to formation of
caustics and mltiple fronts (Pierce, Reference 3). The shock wave
decays due to scattering and formation of multiple fronts.

(3) The shock wave decays to zero strength, while the subsequent system
of compression waves steepens or disperses depending on unbalance
between nonlirearity and dispersion:

E (a) Nonlinear steepening. The compressive front steepens in a
\ distance

)
o

L= ) (19)

where 80 = initial thickness of compression wave and Ap/b is
its strength.

(b) Dispersion. If a wave front refracts through a typical angle ¢
with a typical free path A between refractions, then the extra
propagation distance A¢ = & , 1.e., the thickness, will be

o
' 5 = e?\\/z =€ \/1_7\ (20)
i ) A
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The trensients discussed in (1) through (3) die out.
(4) The disturbance propagates with an equilibrium thickness (George,
Reference 2) given by a balance between equations (19) and (20),

8, = " Np/tp (21)

Scattnred waves in the regions behind the fronts (Crow, Reference 1)
do not pile up to infinite amplitude because of the thickness of the
front (George, Reference 2).

The time scales of these processes determine at what stage the sonic boom
is when it reaches the ground. For example, the path length required for stage
(3) is given by equations (19) and (21).

2 2
£ = €“M(sp/p) (22)
The "accepted values" for the full-scale atmosphere are

Full scale:
M
€~ 0.01

A ~ 100 ft.

2p/p ~ 107
L

80 £ ~10 ft. Thus, it 1s unlikely that any sort of equilibrium structure,
as discussed by George, is achieved in the full-scale case. Furthermore, for

experiments,
Experiments:
€ ~0.1
A~ 1 ft.
tpfp ~ 1072

80 4 ~ 100 ft, and it 1s seen that the experiments are even further from equil-
ibrium. If 4 1s scaled with the boundary=-layeci thickness 8, then (2/6)
full scale = 3, while (#/8) exp.= 50. 1In this sense the experiments do not
scale, but this is somewhat gcademic since equilibrium is not reached either

on the full or on the model scales. More work needs to be done to really

understand these interactions.
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L. Scaling Parameters

The above results lead tc the tentative conclusion that the linear Crow

D

theory is for the most part correct, but that a better explanation is needed
for the phenomena in the neighborhood of the lcading shock.

The significant parameter in the Crow formulation is the critical time tc.

This time is given approximately by

Pt %(y')lzﬁ (23)

vhere .8 1s the thickness of the turbulent layer and u' 1is a representative
value of the turbulent intensity. Then

AR (%—)2 (%)7/6 (24)

Since the theory is a linear one, we should not worry much about how u', 3§,

or t compare individually between the model scale and the full scale experi-
ments; only the product u'2(8/t)7/6 is important since the speed of sound ¢

is essentially the same in both cases. Also, since we are free to choose any
length of time t +that is convenient, the product u'257/6 is not too important
except for experimental convenience. Of ccurse, these products should be limited
so that interesting values of (vz) will appear in times t greater than

hT/c, where hT is the Taylor shock thickness, and less than ts. Hence the
signature length Ls is of importance only insofar as the second N-wave shock
will interfere with the observation of the fluctuation caused by the first

N-wave shock.

For the model signatures to appear geometrically similar to the full-scale
results, it is necessary that the ratio ts/tc be preserved. Crow estimates
that tc is on the order of 1 millisecond whereas ts is about 250 milli-
seconds, so that a ratio of 250 may be typical of an average SST on an average
day. For the present experiments with the 2k-inch blower inlet and the 4-inch,
6-inch, or 2hk-inch nozzles, tc is about 0.6 microseconds. Therefore, for the
200 groups ts/tc is 450, and for the 300 groups ts/tc is 270. Hence the
model scale should give a signature that is geometrically like the full-scale

results.
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In the discussion of the peak pressure parameters in figures 20 and 21
it was noticed that the pressure peaks increased with an increase in Lg.
This may have been only the result of a nonlinearity in the results. This
nonlinearity is illustrated in figures 24 and 25 as a difference between the
most probable shape o a turbulent signature and the shape of the basic N-wave
signature. This phenomenon is not understood; if it is a true nonlinearity
it would seem that it should appear with greater strength on figure 24 where
the basic N-wave amplitude is about BO-percent larger than on figure 25.

Instead, the reverse is true.

T™e turbulence integral scale L has been shown to affect the spectrum
of the boom signature; the frequency of the signature fluectuations is increased

with decreasing L and vice versa.

Je Implications for Full-Scale Boom Phenomena

From the above scaling parameter discussion it is clear that two parameters
of importance are & and u'. These are both natural atmospheric parameters
over which man has 1little c.»trol. About all that can be done is to design
aircraft so uiat the basic N-wave is as small in amplitude as possible. Then
the atmospheric turbulence effects will also be reduced in amplitude.

The shock wave breakup at the front of the boom is not yet understood and

hence deserves more attention.
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7. DISCUSSION OF ALTERNATE FACILITIES

The present study was limited by the microphone frequency response being
limited to 140 kilohertz or less. In any future work one would like to over-
come this problem so that sharper spikes migiat be recorded with the boom

signatures.

Equation (24) shows that

P 2 (%_)2(% )7/6

This means that the product u'257/6
so that a longer time t 1is available in which to measure a gilven amplitude
of (wa(t)). The unfortunate problem here is that increasing either u' or

mist be increased in future experiments

d means an increased power input into the turbulent Jet.

For a longer measurement time t a lunger sighature length Ls is also
required to preserve the factor ts/tc and to enable the measurements %o be
made well before the arrival of the trailing shock. Since many shots are
required to obtain meaningful data, the gun or other mechanism used to produce

the long Ls mst be economical to operate.
Hence, the problems in alternate methods of performing the Task IT work
on a scale more nearly full scale are two-fold:

(1) The turbulence generator must be greatly enlarged with a resulting

increase in cost.

(2) A larger gun or other mechanism must be used to generate the booms.

The logical extension of this line of reasoning is to use the natural

turbulence in the atmosphere, but this then requires a rather large super-
sonic projectile or airplane. Also, the atmospheric wvariability is not conducive
to this approach. Therefore, a suitable facility compromise between size and

cost is discussed below.
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A. Alternate Facility for Obtaining Data for Task II and IV Problem Areas

The facility layout is sketched in figure 32. This would give a four-
fold or better increase available in the product u'2 7/6; the boom signature
length would be a factor of 2 larger than with the present B projectiles.
The increase in u'287/6 would mean approximately a four-fold increase in
microphone resolution. The facility ~ould also be used for topographical

model experiments.

The greater microphone resolution available with the above facllity would
enable the spiky structure of the turbulent booms to be recorded with better
fidelity. The apparently nonlinear mechanism illustrated in figures 24 and 25
would also be studied.

B. Suggestions for QOther Types of Sonic Boom Generation Facilities

Two novel techniques for sonic boom generation have recently been suggested
and are illustrated in figure 33. These techniques are so new that a thorough
study of their feasibility has not yet been made. They are addzd here for
completeness. The first of these techniques, the vented shock tube, had its
origin from a Douglas Aircraft Company sponsored study on means of simulating
the sonic boom generated by maneuvering aircraft. The second technique, the

hammer-driven shock tube, originated from the present contract study on alternate
facilities.

1.  Vented Shock Tube Facility

The vented shock tube is composed of a long tube containing a driver section
and a vented section as shown in figure 33%a. The vented section containc a long
51lit open to the atmosphere. As the shock passes the vented section, gas is
ejected througnh the slit. This gas acts as a finite-length line source which
is effectively a body moving at supersonic speed so that the usual bow shock
is formed. This facility has the advantages of economical operation and an
effective body diameter that can easily be nvch larger then the projectiles
used to date. These advantages are combined with the lack of danger from fly-
ing projectiles; this means that such a facility may be constructured on as

large a scale as Gesired without the disac.antages of a location remcte from
population centers.
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Figure 32 Plan view of an alternate facility for sonic boom testing on a larger
scale for improvad high-frequency fidelity.
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Figure 33 Novel techniques for sonic boom generation.
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2. ilammer-Driven Shock Tube

The flow inside a conventional shock tube may be used for boom research,
but the chief problem in this technique is the difficulty of generation of the
required low-amplitude N-waves. The fucility envisioned in figure 33b is
intended to overcome this problem through the use of a large piston driven by
a hammer. The hammer is released from an elevated position and gravity is
utilized to accelerate the hammer into the piston so as to meke thz piston
motion as impulsive as possible. This impulse would generate thre leading
compression wave. The spring then gradually decelerates the piston and returns
it to the stop. This motion generates the expansion portion of the N-wave.
The stop is probably in the form of a heavy mass designed to impulsively
decelerate the piston and to produce the trailing compression wave.

Such a facility could be constructed on a fairly large scale, say a cross-
section of 8 feet by 8 feet. Since the overpressures would be low, conventional
tuilding methods might be used to build the tube walls. The facility could be

designed to produce N-waves having the same amplitude and length as full-scale
sonic booms.
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8. CONCLUSIONS

A sonic boom modeling investigation of topographical and atmospheric

efferts has been carried out and the following conclusions have been reached:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Boom focusing will usually occur in structural shapes having interior
corners, but almost any sort of shielding of the corners will reduce

the focusing effect.

Boom focusing effects depend on the direction of the incident wave

with respect to the structure or topographical shape.

Large canyons and similar shapes can cause strong focusing of booms,
but large focusing effects will occur only for rather specialized

shopes and particular directions of thz booms.

The theory of Crow explains the essentials of boom signature fluctu-
ations in a turbulent atmosphere, but the mechanisms of the shock

front breakup and of certain nonlinear features are not yet understood.

The boom signature fluctuations depend primarily on the height &

of the atmospheric boundary layer, the distribution of turhulence
intensities u', and the turbulent spectral energy distribution

and related integral scale L. Mean velocity and temperature gradients
will also affect the fluctuations.

Atmospheric shear layers cannot be studied alone for theiz-gffect on
boom signatures because such shear layers always generate turbulence
waich affects the signatures.

The boom signature fluctuations can be better understood by obtainiug
a iarger mumber of data shots and by a more detailed study of the
statistical data. The fine scale spiky stitircture can be studied on
a larger scale by increasing the turbulence intensities wu' and by
increasing the turbulent layer thickness &. This larger scale is
needed so that no fine structure might be overlooked because of

limitations in microphone response to high frequencies.
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The experiments clearly show that the sigmature perturbations observed
near the leading N-wave shock are repeated near the trailing N-wave
shock: this result agrees with full-scale observavions and is
explained in the Crow theory by the "freezing" of the turbulence

during *“he short passage time of the N-wave.
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APPENDIX A
BOOM SIGNATURE TRACES

Presented here are the boom overpressure time histories as recorded by
photographing the microphone outputs displayed on an oscilloscope screcen. On
each picture the abscissa is the time scale and the ordinate is the pressure
scale. The time scale in microseconds rper division is given below each
picture or group of pictures. Tue pressure scale in pounds per square inch
per divisionis shown to the right or left of each picture; when two pictures
are side by side and have the same pressure scale, it is shown to the left of
the two pictures. The numbe:s in the lower left-hand corner of each picture
is the shot number. Since it is sometimes of interest to distinguish the
sensitivity factors and the high frequency response characteristics of the
various microphones, the microphones have been labeled A, 3, C, or D and one
of these 1s specified ne»t to each signature trace. The microphone location is
also called out for each trace by Roman numeral. The group numbers are
explained in the title of the figures; see section 5C for a fuller discussion
of the group numbers.

Figures Al through A% are "basic" signatures in the sense that no turbu-
lence or topcgraphical interactions are contained in the figures. Figures A6
and AT show signatures with turbulent interactions obtained in the course of
Task I. Figures A8 and A9 are the topographical results obtained during
Task III; figures Al0 through A58 are the turbulence results obtained during
Task II; and figures A59 through 265 are topographical results obtained during
Trsk IV,
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Figure A1 Basic signatures recorded during tasks I and III using projectile

sizes A, B, C, and D. Upper two signatures are D shots at M = 2.5 and 1.4,

reading from right to left. Middle two signatures are C and B shots at ¥ =

}.8 and 2.6, respectively. Lower two signatures are A shots at M = 1.95 and
.55.
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Figure A2 Basic signatures recorded during tasks II and IV. Upper two
pictures are 0.46 caliber bullet shots at M = 2.16. Other pictures are B
shots at M = 2.56.
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Figure A3 Basic signatures recorded during tasks II and IV using B
projectiles. The first four pictures are at M = 1.40; and the last two
are at M = 1,26 and M = 1,24 respectively.
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Figure A4 Basic signatures recorded during tasks II and IV using 0.22 caliber
projectiles at M = 3.0.
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projectiles at M = 3.0,
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was used with U = 80 ft/sec.

Figure A6 Turbulent signatures recorded during task I.
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The 24 inch nozzle
Upper four signatures are with D projectile at

M = 2.5. The next three signatures are, reading from right to left, C, B,
and A projectiles at M = 1.8, 2.6, and 2.2, respectively.
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at = L] [ ]

99




T S S -y Y, -~
: L —— e St s . v o R TR F I T S Y T R T T Ty

PSI ML ML PSI
TIT 10 10 DIV
ccC ¢cc
cv D VI
g B % ﬁ%g bt
'g' “ 3
0.1400
0.14c0
0.0559

BSEC
100 DIV

Figure A8 Signatures recorded during task III at locations V and VI on
topographical models using D projectiles. Upper two pictures are on the step
model at M = 2.5. Middle two pictures are on the 90° corner model at M =
2.5. Bottom two pictures are on the step model at M = 1.4,
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Figure A9 Signatures recorded during task III at locations V and VI on
topographical models. Upper two pictures are for the 90° corner model,
D projectiles, and M - 1.4, Middle two pictures are for the step model,
B projectiles, and M = 2,6, Bottom two pictures are for the 90° corner
model, B projectiles, and M = 2,6.
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Figure A10 Boom signatures for group 114 -- B projectiles, M as noted, 4 in.
nozzle, and 24 in. inlet.
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Figure A11 Boom signatures for group 124 -- B projectiles, M as noted, 6 in.
nozzle, and 24 in. inlet.
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Figure A12 Boom signatures for group 134 -- B projectiles, M = 1.4, 24 in,

nozzle, and 24 in. inlet.
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Figure A13 Boom signatures for group 144 -- B projectiles, M as noted, high-
speed nozzle no. 1, and 24 in. inlet.

105



(=}
4
QH X
QO

amry: PR NTRERS BET IR ’*;
3 e 3! et : II l " ) .
0.1603 [=eufd ™ = {f 4t
0.1785 |we - S5 i bl D T1
raa 4. =2
ol i tag ;ﬁ ¥

0.1603 1 T s ] R i B

D I1

BI

DII

TR (A R ; ..... ;S t 5 :-_ B R %F ; i ) ‘|
50 pSEC 50 RSEC
DIV DIV

Figure A14 Boom signatures for group 212 -- B projectiles, M = 2.56, 4 in.
nozzle, and 16 in. inlet.
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Figure A15 Boom sfgnatures for group 214 -- B projectiles, M = 2,56, 4 in.
nozzle, and 24 in. inlet.
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Figure A16 Boom s1gnatures for group 214 -- B projectiles, M = 2.56, 4 in.

nozzle, and 24 in. inlet.
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Figure A17 Boom signatures for group 215 -- B projectiles, M = 2.56, 4 inch
nozzle, and open inlet.
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Figure A18 Boom signatures for group 222 -- B projectiles, M = 2,56, 6 inch
nozzle, and 16 inch inlet.
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Figure A19 Boom signatures for group 224 -- B projectiles, M = 2.25, 6

nozzle, and 24 inch inlet.
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Figure A20 Boom signatures for group 224 -- B projectiles, M= 2.56, 6 inch
nozzle, and 24 inch inlet.
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Figure A21 Boom signatures for group 225 -- B projectiles, M = 2.56, 6 inch
nozzle, and open-inlet.
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Figure AZZ Boom signatures for group 232 -- B projectiles, M = 2.56, 24 inch
nozzle, and i6 inch inlet.
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Figure A23 Boom sigratures for group 234 -- B projectiles, M = 2.56, 24 inch
no:-le, and 24 inch inlet.
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Figure A24 Boom signatures for group 234 -- B projectiles, M = 2.56, 24 inch
nozzle, and 24 inch inlet.
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Figure A26 Boom signatures for group
speed nozzle no. 1, and i2 inch inlet.
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241 -- B projectiles, M = 2.56, high-
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Figure A27 [oom signatures for ?roup 244 -- B projectiles, M = 2,56, high-
speed nozzie no. 1, and 24 inch inlet.
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Figure A28 Boom signatures for group 314 -- 0.22 caliber projectiles,
M= 3.0, 4 inch nozzle, and 24 inch inlet.
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Figure A29 Boom signatures for group 314 -- 0.22 caliber projectiles,
M = 3.0, 4 inch nozzle, and 24 inch inlet.
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Figure A30 Boom signatures for group 314 -- 0.22 caliber projectiles,
M =3.0, 4 inch nozzle, and 24 inch inlet.
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Figure A31 Boom signatures for group 314 -- 0.22 caliber projectiles,
M = 3,0, 4 inch nozzle, and 24 inch inlet.
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Figure A32 Boom signatures for group 314 -- 0.22 caliber projectiles,
M = 3.0, 4-inch nozzle, and 24-inch inlet.
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Figure A33 Boom signatures for group 314 -~ 0.22 caliber projectiles,
M= 3.0, 4-inch nozzle, and 24-inch inlet.
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Figure A34 Boom signatures for group 314 -- 0.22 caliber projectiles,
M = 3.0, 4-inch nozzle, and 24-inch inlet.
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Figure A356 Boom signatures for group 314 -- 0.22 caliber prcjectiles,

M = 3,0, 4-inch nozzle, and 24-inch inlet.
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Figure A36 Boom signatures for group 314 -- 0.22 caiiber projectiles,
M = 3.0, 4 inch nozzle, and 24 inch inlet.
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Figure A37 Boom signatures for group 314 -- 0.22 caliber projectiles,

M = 3.0, 4 inch nozzle, and 24 inch inlet.

129



PSIT

hoinyg
]

0.0642

32,0714

0. 0642

0.0714

0.0642

0.071h4

Q. 0642

E 2.071Lh
;
1

Ty R gy ——" il S S i " 9 TN L o — v R RTPITE . NPT IUE T R ey, T . S g

BI

« D IT

TS TN L
I o e 7
Az ol P e Bt
. | o
50 wSEC/DIV 50 pSE2/DIV

Figure A38 Boom signatures for group 314 -- 0.22 caliber projectiles,
M = 3.0, 4 inch nozzle, and 24 inch inlet.
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Figure A39 Boom signatures for group 314 -~ 0.22 caliber projectiles,
M = 3.0, 4 inch nozzle, and 24 inch inlet.
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Figure A40 Boom signatures for group 314 -- 0.22 caliber projectiles,
M=3.0, 4 inch nozz’e, and 24 inch inlet.
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Figure A41 Boom signatures for group 324 -- 0.22 caliber projectiles,
M=3.0, 6 inch nozzle, and 24 inch inlet.
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Figure A42 Boom signatures for group 324 -- 0.22 caliber projectiles,
M= 3.0, 6 inch nozzle, and 24 inch inlet.
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Figure A43 Boom signatlres for group 324 -- 0.22 caiiber projectiles,
M= 3.0, 6 inch nozzle, and 24 inch inlet.

135

OoOH=
QO

NSy | TRREEE R R

1T

II

1I

II

7o) WA N CUET A BN,




1
0. 0042

G.0'1h

_: \
i- + f\ AR NS saRas n g s +HH+ e

B W A
fred '“‘"‘p saaaa nanay sl SERER ++ Al R
| FIR ) ],
\ 07 s / /

' I T E

‘ | _ I \ / 3 \\W
. ] - ::§= T et + ++ “-“;

,{‘ 1 ¥
| | | -
=~ ey
| / LA 5
o 3 / 3 B SRR D
3 L i

t] 3 \ //_*L i 8 o fl_!,
| A : DL % o P R
| | i | = i U S
bovs o P AN T e ane R _
B

== ' .
l < ' f- 3 E
b '
$ | 8 {5 R
v =
e 4 i -+ 44 e ’ £ i e
&
|_ y o 8 =t
agh A
N P PP PP vae TRET P = o
4
I i,
4 3 I

50 uSEC/DIV

-

50 pSEC/DIV

B

Figure A44 Boom signatures for group 334 -- 0,22 caliber projectiles,
M = 3.0, 24 inch nozzle, and 24 inch inlet.
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Figure A45 Boom signatures for group 334 -- 0.22 caliber projectiles,
M= 3.0, 24 inch nozzle, and 24 inch inlet.
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Figure A46 Boom signatures for greup 334 -- 0,22 caliber projectiles,
M = 3.0, 24 inch nozzle, and 24 inch inlet.
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Figure A47 Boom signatures for group 341 -- 0.22 caliber projectiles,
M = 3.0, high-speed nozzle no. 1, and 12 inch inlet.
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Figure A48 Boom signatures for group 341 -- 0.22 caliber projectiles,
M = 3.0, high-speed nozzle no. 1, and 12 inch inlet.
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Figure A49 Boom signatures for group 344 -- 0.22 caliber projectiles,

M = 3.0, high-speed nczzle no. 1, and 24 inch inlet.
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Figure A50 Boom signatures for group 344 -- 0.22 caliber projectiles,
M = 3.0, high-speed nozzle no. 1, and 24 “ach inlet.
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Boom signatures for group 351 -- U .22 caliber projectiles,
3.0, high-spead nozzle no. 2, and 12 inch inlet.
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Figure AS3 Boom signatures for group 354 -- 0.22 caliber projectiles,
M = 3.0, high-speed nozzle no. 2, and 24 inch inlet,
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Figure AS4 Boom signatures for group 354 -- 0.22 caliber projectiles,

M = 3.0, high-speed nozzle no. 2, and 24 inch inlet.
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Figure A55 Boom signatures with thermal generators operating. See table
and figure 18 for generator locations.
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Figure A57 Boom signatures with thermal generators operating.
and figure 18 for generator locations.
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Figure A58 Boom signatures with one thermal generator operating in top two
pictures and with helium injection in bottom six pictures. See table § and
figure 18 for generator and helium nozzle locations.
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Figure A59 Signatures at locations IV, V, and VI from B projectiles and
topographical mcdels. Upper two pictures are for the step model and

M= 1.40. Center two pictures are for the step mode' and M = 2.56. Bottom
two pictures are for the 2 inch overhang model and M = 1.40; compare this
with similar signatures on figure A60.
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Figure A60 Signatures at locations IV, V, and VI from B projectiles and
overhang models. First two pictures, M = 1.39, 1-inch overhang. Second
two pictures, M = 2,56, 1-inch overhang. Third two pictures, M = 1.4C,
2-inch overhang. Last two pictures, M = 2.56, 2-iich overhang.
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Figure A61 Signatures at locations IV, V, and VI from B projectiles and
overhang models. First two pictures, M = 1.40, 3 inch overhang. Second iwo
pictures, M = 2,56, 3 inch overhang. Third two picutres, M = 1.36, 4 inch
overhang. Last two pictures, ¥ = 2.57, 4 inch overhang.
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Figure A62 Signatures at locations IV, V, and VI from B projectiles and
parallel wall models. First two pictures are for M = 1,47, Last four pictures
pictures are for M = 2.56.
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Figure A63 Signatures at locations IV, V, and VI from B projectiles and
corner models. First two pictures, M = 1.46 and 6, = 90°. Second two
pictures, M = 2,57 and 6. = 90°. Third two pictures, M = 1.40 and o, = 45°,
Last two pictures, M = 2.57 and 6, = 45°.
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Figure A64 Signatures at locations VII, VIII, IX, X, and XI from B pro-
jectiies and paraboloidal canyon model at ac = 0°. First four pictures are
for M = 1,40, Last four pictures are for M = 2.57.
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Figure A65 Signatures at locations VII, VIII, IX, and XII from B projectiles
and paraboluidal canyon model. First two pictures are for oo = 0° and

M =1.39 and 2.58, respectively. Second two pictures are for o = 45° and
M= 1.40. Last two pictures are for o = €6° and M = 2.56.
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APPENDIX B
SHADOWGRAPH PICTURES

e T TR an G

The sketch below illustrates the geometry used to obtain the shadowgraph
pictures. The image of the leading and trailing shocks and their reflections
from the ground plane are shown on the film plate of the perspective sketch
below. In the prints mzde from the film or negative the image is reversed as
shown on the sketch of a print below. The print is shown as it appears in
Figure Bl through B19; that is, the right-hand edge AB 1is vertical and shows

the ground plane edge in all pictures.

The spark was located along the line y =0 and z = T2 in. The micro-
phones and the topographicai models (when used) were centered in the plane
180 in. The fiim
T in. and at

z = 0, which also contained the projectile path at y

plane was at z = -26 in. Two pins were located at x

x = 0 in. along the line y =0, =z = -24 in. and appeared as shadows on
the film. Trase pin shadows appear in figures Bl through B3 and BS through
B7. The third and larger pin that appears on these figures above the other
two pins should be ignored. Pin 2 only was used in figures B4 and B8 through
B10, and no pins were used in figures Bll through Bl9. The spark source was
located directly above pin 1 in figures Bl through B3 and BS through BT,
directly above pin 2 in figures BY and B8 through BlO, and in line with the
intersection of one face of the model with the ground plane in figures Bll
through B19. This model face is the one which contains the microphones, as

shown in figuare 3.

The microphone stations I, II, and III were located at x = 6 in., O in.,

and -2 in., respectively. From this one can show that the rays past micro-

phone stations I and II would appear 0.59 in. and L.14 in., respectively,
above pin 1 as measured in figures Bl through B3 and B5 through B7. Stations I
and IT would appear 0.59 in. and 4.14% in. above pin 2 in figures B4 and B8.

In figures B9 and BlO stations I and II would appear 3.55 in. and O in. below
pin 2. This information enables one to correlate the boom pressure signatures

at the microphone stations with the shadowgraphs of the turbulence-shock

interactions.
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For the topo-rriphical models in figures Bll through B19, the shadowgraph
riy divergence couses model shiadows to be distorted from the two-dimensional
form shown in fipure 3. This can be seen clearly in figure Bl8 wherein
cne end of the twe wills is umplified by a factor of 9/7 in comparison with the
opposite end. The same factors appenr in figures Bll through BLT, but are rot

15 obvious.

The group numbers rre explained in the title of the figures; see section

5C for a fuller discussion of the group numbers.
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: Figure Bl Shot 226 of group 212 -- B projectile, M = 2.52, 4 inch nozzle,
E and 16 inch inlet. '
3

161




v

bt o _ e L T Ry R R S RIS T S T MM Lot e o a A —— L

Figure B2 Shot 199
and 24 inch inlet.

of group 214 -- B projectile, M = 2.55, 4 inch nozzle,
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Figure B3 Shot 218 of group 415 -- 0.46 caliber bullet, M = 2.17, 4 inch
nozzle, and open inlet.
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Figure 84 Shot 294 of group 222 -- B projectile, M = 2.56, 6 inch nozzle,
and 16 inch inlet.
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Figure B5 Shot 239 of group 224 -- B projectile, M = 2.55, 6 inch nozzle,
and 24 inch inlet.
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Figure B6 Shot 229 of giroup 232
nozzle, and 16 inch inle:.

-- B projectile, M
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= 2.54, 24 inch




Figure B7 Shot 174 of group 234 -- B projectile, M = 2.55, 24 inch
nozzle, and 24 inch inlet.

167




Figure B8 Shot 347 of group 314 -- 0.22 caliber bullet, M = 2.99, 4 inch
nozzle, and 24 inch inlet.
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Figure B9 Shot 270 taken with a 0.46 caliber bullet and a thermal
generator located at x = 5.3 inches, y = 10.2 inches, and z = -20 inches.
M=2.16.
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Figure B10 Shot 275 taken with a 0.46 caliber bullet and a thermal

generator located at x = 9.05 inches, y = 17.3 inches, and 2
M=2.10.
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Figure B11 Step model and N waves from B projectile. M = 2.55.
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Figure B12 Step model and N waves from B pivjectile.
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M= 2.55.




Figure

B13

Step model and N waves from B projectile.
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M=1.4.

Figure B14 Step model and N waves from B projectile.
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Figure B15 Step model and N waves from B pro
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Figure B16 Two inch overhang model and N waves fiom B projectile. M = 2.55
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Figure B17 Two inch nverhang model and N waves from B projectile. M = 2.55
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Figure B18 Parallel wall model and N waves from B projectile. M = 2.55.
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Figure B1S Parallel wall model and N waves from B projectile.
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APPENDIX C
STATISTICAL DATA OBTAINED FROM BOOM AND TURBULENCE INTERACTIONS

Presented here are copies of the computer ouiput sheets tabulating the
boom signature statistical information described in section 6C.  Nineteen
independent groups of data ore given. The groups are arranged in order
starting with group 134 and ending with group 354, Each new group of data is
introduced by the heading "MACH, NOZZLE, INLET" followed by the group number.

See section®C for u full discussion of the meaning of each group number.

Under each group are three sets of tables. The first set is arranged in
the order »{ the listed shct numbers; the tabular headings are explained in
section 6C. The second set gives the values of the correlation coefficients
F12 through Fh5' The third set is comprised of 14 columns. Seven of these
columns ure for TPK, HMAX’ Hl’ Hé, H3, Hh’ and H5 arranged in order running
Trom the largest of each of these observed variables descending in order to
the smallest at the bottom of the table. Next to each of these seven columns
is nother column giving the probability of exceeding each particular value

of the variable 2s defined by eauation (12) in section 6C.

In certain groups the number of shots was so large that several pages are
required for the tabulation; in these cases the tabulation headings are given
only at the beginning of the group tabulationjdata on subsequent pages fall

directly below the same headings.
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MACH, NDZ2ZLE,
SHOY T TPK
176 1 3.0
176 2 2.8
177 1 0.5
177 2 2.8
178 1 1.0
178 2 20.0
179 1 1.0
179 2 17.5
180 1 17.0
180 2 6.0
181 1 5.0
181 2 8.5
Fl2 F13

INLET =134
PMAX P,

1.19 0.40
1.11 0.85
1.08 1.06
0.90 0.74
0.87 0480
0.70 0465
0.96 0,90
0490 0,40
0,68 0,65
0.91 0.75
1649 0,43
0.96 0.32

Flé

=0+0841 -045137 =0.7961 =0.5159

WPK PLTPK) HMAX P(HMAX)
20.0 0042 1.568 04042
17.5 0.125 1.261 04125
17,0 0.208 1.253 0.208
845 00292 1.137 0,292
6.0 N04375 1,091 0.375
5.0 0.458 1.034 0.458
340 06542 1.023 0583
2.8 04657 14023 0.583
2.8 0667 ie011 04708
1.0 0.833 C.916 0.792
1.0 0.833% 0,795 0.875
0¢5 0.958 0.716 0,958

MACHy NOZZLE, INLEY =212
SHOY T TPK  PMAX P1

222 1 T¢5 1400 0470
222 2 640 1405 0.86
223 1 B8e5 0494 0.81
223 2 7«0 0.81 0459
224 1 0.0 1422 1.52
224 2 0.0 1409 1.09
225 1 0.5 1423 1420
225 2 0.0 0,93 0.93
226 1 1le2 1444 1.20
226 2 0.0 113 1,13
227 1 1.0 1lsl4 1.00
227 2 0.0 1415 1415

Fl2 F13 Flé

05781 ~0.3311 ~0.,2132 -0.6639

YPK
8.5
Te5
T
6.0
l.z
l.o
0.5
0.0
040
0.0
0.0
0.0

P{TPK)
0042
0.125
0,208
0,292
04375
0.458
0.542
0,792
0792
0.792
0.792
0.792

HMAX P (HMAX)

14333
1e263
1.127
1.108
1.079
1069
1029
1.000
04912
0877
0.825
0.794

04042
0.125
04208
0.292
0.375
04458
04542
04625
C.708
0.792
0.875
0,958

P2 P3 P4 PS5 HMAX H1 H2 H3
0695 0476 0458 0415 14253 =0,579 0.:05 0,084
Ne94 088 0471 =008 14261 =0,034 0.148 0,261
083 0Ne84 0.67 0410 1.137 0.116 =0,021 0.168
De88 068 0.58 0e1R 1.023 =0,159 0,080 0,034
0476 0.52 0051 0.21 0916 =U.158 =0,095 =N.168
0eb6 Deb4 0,70 0.07 04795 ~0s26]1 =0.170 =0,011
0.69 0463 0455 0416 l¢011 -0,053 -0.168 =N,053
0s61 0.70 0Ne.82 0.08 1.023 =0N.545 -0.227 0.057
Oebh 0452 0NenD 0el6 0716 =04316°=Ne211 =-0,168
0.89 0.69 0646 0.16 12034 =0,148 04091 0.0u5
1449 1,07 0.69 0,08 1.568 =06547 0674 0411
0e65 0695 075 0,04 1.091 <0.636 =0.182 0341

HRMS = 1.090 00365 0241 0.195

F15 F23 F24 F25 F34 F35 F&5
Ne5589 =0,0257 =0s0448 05965 ~0,0732 0.4272
H1 P{H1) H2 P{H2) H3 P{H3} H& P{H&4)

Oel16 0.042 04674 0,042 O.411 0,042 0,420 ND.ND&2
-0.034 0.,12% 0s148 0,125 0341 0,125 (341 0,125
=0,053 0,208 0.105 0.208 0+261 0,208 ~e297 0,208
-0.148 0,292 0,091 0.292 0.168 0,292 04284 0.292
=0.158 0.375 2,080 0.375 0.084 0,375 06274 0.37%
=0e159 0+458 =0,021 0,458 0,057 0,458 0.253 04458
=0s26]1 04542 <0 095 0.542 0,045 0,542 04179 0,542
=0e316 0.625 =0.168 0,625 0.034 0,625 04158 D,625
=0:545 0.708 =0,170 0.708 =0.011 0,708 0.148 0,708
=0e547 0.792 =0.182 0.792 =0.053 0.792 0e126 D792
=0:579 0,875 =0.211 0.875 =0.168 0,917 0084 0.8/5
=0:s636 04958 =0.227 04958 =0.168 0,917 CeD1l D958

P2 P3 Py P5 HMAX H1 H2 H3

096 0.94 0.82 0.23 0877 ~0.386 =~0,035 0,070

1404 0490 0454 0614 1.029 ~0.157 04118 04108
V.93 093 0467 0.23 04825 =~0e289 ~0.0¢: 04061

0,75 0.76 063 0,20 0794 =0.422 =~0.1¢6 =0,029

iel7 0484 0471 0412 14333 00333 04149 =-0,018

0490 0477 0.63 0,19 1069 00059 ~0.020 ~0,020

le04 0497 0470 0,20 14079 0,053 04035 0,096

0.88 0.80 0.52 0008 0s912 =0.088 ~0.039 0,010

1622 0.92 0.70 0418 14263 04053 0,193 0,053
0492 0485 0471 0611l 1,108 0.108 0.0 0,059
0698 0087 0068 0.20 1.000 =0.123 ~0.018 0,009

0492 0,72 0456 0,08 14127 04127 0.0 ~0.069

HRMS = 1,047 06225 0.096 0.059

F15 F23 F24 +25 F34 F3s Fas

063250 00236 =0,2833 044160 044321 0.5641
Hl PiH1) H2 P{H2) H3 P{H3) Hé PiH4)
00333 0,042 04193 n,042 04108 0,042 04158 04042
0127 0,125 0e149 0,125 0096 0,125 04127 0,125

0.108 0.208 0.118 0,208 0,070 0.208 0.061 0,208

0.069 04292 0.035 04292 0.061 00292 0,053 0,333

04053 04417 0.0 0.417 0.059 0.375 0.053 0,333

0,053 0,417 0.6 0,417 0.053 0.458 G049 0,500

=0.088 04542 =0401& 0,542 0010 00542 0.049 0,500
=04123 04625 =0.020 0.625 0.009 00325 0.035 04625
=0s157 0,708 =0.035 0,708 =0,018 0,708 0.026 0.708
=04269 0792 =0¢039 0,792 =0,020 0.792 =0.020 0.792
=0e386 04875 =0.061 04875 =0e029 0.875 =0,039 0,875
=06422 06958 =0e167 0,958 =0.069 0.958 =0.059 0,958

181

Ha HS
0.158 0.179
Ne295 -0.136
0.253 0.l26
0,148 0.159
0.GB4 04242
0.284 Qo034
0.126 0,189
04420 0,045
0.179 0,189
Oe.ull 0Nel36
0274 0.105
0.341 0.0

04242 04146

H5 P{H5)
0,242 0.042
Ne189 0,167
0,189 0.167
04179 0,292
04159 0.375
0.136 0,458
0.126 0542
Ne105 0.625
0,045 0,708
0,034 0,792
0.0 0.875

=0s136 0,958

H4 H5
0.158 0,070
~0.039 04049
0,026 0,070
0.049 0.108
0.061 ~0.026
0,049 0,098
0,053 04044
~0.,059 =0.,010
0,023 0.026
0.127 0.020
0.035 0,044
=~0,020 =-0,010

0,072 04057

H5 PIH5)
04108 04042
0098 04125
04070 04250
0,070 0,250
0,049 0,375
0.044 0.500
04244 04,500
0.026 04625
0.020 0,708

=0.0i0 0.833
=0+010 0.833
=0.026 0,958




MACH, NitZ e s INLET =00«

Shat g Thm  FMAY ¥l po P ba PY HMAX Hl H2 N3 Hé HS
a1 1.2 15l le26 leolu 0e20 0461 0Oel¢ 16237 0,088 0,123 =0.053 -0.026 -0.,026
a2 o0 lelb 100 1606 (1492 0,067 =0,01 1.137 =0,020 0,118 0,127 0,039 =-0,098
Pl 1 1e?  1ew?2 120 (494 DaR&  0,%% 10,09 14246 0,053 =0,053 0,018 =N,079 0,053
L1 2 12400 0 an0 0 06 048R 0,12 0,71 0,18 0e784 =0,275 =04235 «0.,L69 0,127 0,069
12 1 2600 0442 0440 Oena  NgHD NebT D67 VeR0T7 =0,298 =0,140 0,053 0,026 0,281
tor 2 Seld DeHY NGHD 0,82 0,057 N5 0,424 N0eA14 =0,216 =0,098 =0,216 =0,049 0,147
194 1 Tell  1a02 Nalb 0490 N,90 0,92 0430 0,695 -0,333 -0.,0R8 0,035 0,246 0,132
194 0 Lev 1ol OedM 0497 D60 04,56 0,21 1020 -0.627 0,049 =-0,186 =-C.020 0,118
19s ) Ne™  lesl Lo 1a37 1,06 0,R0 0,04 16237 04219 04325 0.175 Col4C ~0.096
tue 0 Va0 1el7 Del3 Ne96 DeH1 0468 0,21 1147 =0.,’R% 0,039 0,029 0,098 0.118
19 1 Lelh  1et5  1e37 1640 0499 0,7% 0,09 16272 0,202 06351 06114 0,096 -0,053
195 2 2e)  ledn N,K0 1407 0,75 0652 0420 16324 =0e412 04147 =-0,639 -0.059 0,108
196 1 Teh 1626 1623 D97 0,80 0455 0416 1105 0,079 «J.026 =-0.,053 -0.079 0,009
Laas 2 Fell 14112 06481 1493 (472 0,672 0,20 1,000 ~0,108 0,010 -0,069 0,039 0,108
197 1 Det) 1430 1420 1403 0480 0470 0,26 14140 0,140 0,026 =0,053 0,053 0,096
1ar 2 Gell LelO 083 1,00 0693 0463 0,08 1,078 -0.,186 0,078 0,137 0.049 -0,010
P 1 Hen  lelé 0469 1405 1613 €Co70 0,21 1. 000 =0,649 0,044 0,237 0,053 0,053
1ud 7 Nefl D gH NGHY  (OHO 078 0456 0,0 0,873 =0,127 -04118 «N,010 -0.020 0.0
199 1 Bt 1e02 a7l 0,99 NRH 0465 0,25 0.89% =0,377 =N.009 -0.,009 0,009 0,088
Law 2 0s0 lele 1eld D,R7 0,70 0,53 0,04 1118 0,118 =0.049 -0,0RB =0.049 -0.049
200 ] 1e0 2403 1eBT 1,38 0,R0 0,65% 0.0 1781 0,640 0,333 =0,053 0,909 0,132
200 2 Deh NeBRE DA DgBS 047h 0463 0414 0¢843 =0,333 =0,069 =0,029 0,049 0,049
011 1o 1630 1621 "evl 0490 0,78 0,12 1140 0,061 =0.079 0,035 0.123 =-0.026
SO 20 1hell DR 0490 0,92 D HE6 0.R? 0,22 0.961 -0.118 0.0 0,067 0,235 0,127

HRMS = 1,098 0,308 0,148 0,104 0,096 0,104

17 F13 Fle k15 F?23 F24 F2% F34 F3s F&S

0630937 0,0607 =042060 =0,7200 04,3R4T 00973 =0,4229 0.423]1 -0.3435 0,2868

YPK 2(TPK)  HMEX P{HMAX) H1 P{H]) H2 PiH2) H3 P{H3) He PiHG) HS PIHS }
1o 40 DN2Y 1e7A1 04021 Netsl( 0,021 0.351 0,021 0.237 0,021 0,246 0,021 0,281 0.021
1260 064061 16424 0,063 G214 NeNBHA 06333 0,063 0175 0,063 04235 0.063 0+147 0,063
Heh NelD4 16272 DolDG 02002 D106 0432% N,104 0s137 0,104 Ne140 0,104 00132 0,104
Te Dolab 16266 04146 Ne 140 04146 Nel47 0,146 04127 0,146 04127 04146 0,127 0,146
o NglRA 16237 0,208 0Del 18 0418R N.123 0,18A 0s114 0,188 0,123 0.188 N.11k 0.20R
o) Ng22% 1237 0,208 0e OMR (1,729 0s118 0,229 0.069 0,229 0,098 0,229 0.118 0,208
5 Ne271 lel&7 0,271 Ne074 064271 NeNTR 0,271 0,035 0,292 0,096 0.271 04108 0.292
oV 04317 1140 0,333 0,061 06113 N.049 0,313 0,035 0,292 0,053 0,333 0.108 0.292
5 0e1h4 lelal 0,333 0053 Ny3ha 0,044 0,354 0,020 0,354 0.053 0,333 0,096 0.354
0 0,417 16137 0,396  =0,020 0,396 0,039 0,396 =0.009 0,396 0.049 0,417 0.088 0,396
0 0,617 16118 04438 =0s108 0e&3H Ne026 0,438 =0,010 0,438 0049 0,417 0,069 0,438
0 0,521 16105 D79 =04118 D479 0,010 0,479 =0,01R 0,479 0,039 0,500 0,053 0.479
0 0521 1.07R 0,521 =06127 0,521 0.0 0521 =0,029 0.521 0.039 0.500 0,049 0,521
0 N,%21 16020 0563 =0.186 0,563 =0.009 0,563 =0,039 0,563 0.026 0,563 0,009 0.563
2 0ah2% 1,000 04625 =~0421h Dot =0,026 0,606 =0,053 0,6AA 0,009 0,625 0.0 04604
2 Deh2% 14000 0625 =0e275 Oebl6 =0,042 0,646 =0,053 0,688 0,009 04625 <=0,010 0,646
) 06729 DeG6] D.6BR  =0,286 DebABR  =0,053 0,68R =0,053 0,688 <=0,020 N0.708 =0,026 0.708
o) 04729 0eRIY 04750 =0e2Y8 04729 =0,069 0,729 =0,057 0,688 =0,020 0,708 =0.026 0,708
1.0 0,727 DeBAS 04750 «Ne323 04771 =0e079 0,771 =0.053 0,688 =0+026 0,771 =0,049 0771
Deh 04R12 NeR73 DALY =Ne233 N4R13  =NeNARR 0,A13  =0,069 048353 ~0s0%9 NA33 =0,053 0.A33
044% 0 4R32 OeR&3 0,85 =0e3T77 D h54 =0s09R 0,R54 =0,069 0.,R33 ~0,049 N.,B33 =-0,053 0.A33
Vel 048R Oe'ls NeRYA =046 NeByuis =0,11R N,R96 =0N,088 0,896 =-0+059 0.396 -0.,096 0,896
Neld D3R NeR0T D938 «0,627 0,93R <=04140 0,938 =0,186 0,938 ~0,079 0,953 -0.,098 0,938
0e0) D ,94R 0eTRG 04970  =0e649 N4 =0e235 0,979 =0e216 0,979 =0.079 0.958 =0,132 0,979
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MACH, NOZZLE, INLET 2215
SHOT T TPK  PMAX Pl P2 v3 P4 PS HMAX M1 H2
211 1 640 1435 125 1e34 0o74 0467 0,25 1.184 0.i 'o 04298
211 2 0e0 0,76 0.76 0,68 066 Det7 0425 0745 =0,255 =0.235
212 1 146 1467 1420 1438 0,90 0,71 0,20 14465 0,053 0.333
212 2 040 0494 0s94 0,82 0e90 0¢65% Del5 0,922 -0.,078 -0.,098
213 1 1.0 1495 1.90 1431 0.91 0,70 0,06 1+711 0.667 0,272
213 2 17,5 1,19 0.61 0471 0,91 1,00 0,20 1,167 ~G,402 =04206
219 1 4.5 0,92 0.63 0.91 063 068 0.60 0,807 =0.447 -0.079
219 2 645 0,86 0,73 0,79 0,80 0,53 0,23 0,843 -0,284 =0,127
220 1 0.5 1,00 0.97 0,90 1.00 0,70 (.22 04877 =0,149 =-0.088
220 2 545 1405 0434 1404 0,77 0449 (417 1,029 -0.667 0118
221 1 1e2 1448 1430 1,00 0.70 0.46 0.23 14298 04140 040
221 2 045 1402 1400 0483 0467 0449 0411 1,000 0,020 -0.088
HRMS = 1,122 04348 04190
F12 £13 Fle F15 F23 F24 F25 F34 Fas
064858 01356 =041247 ~0.6799 ~0.0024 -0+0845 =0.2953 045585 =0.5114 0
WPK P(TPK) HMAX PIHMAX) H1  P{H1) H2  PUH2) H3  P(H3) Ha
1745 04042 14711 04042 0667 04042 04333 0,042 04123 04042 0412
665 00125 1,465 04125 04140 ©,125 0¢298 04125 04118 0,125 0,069
640 0,208 14298 0,208 0,096 0,208 0,272 0,208 0.108 0,208 0.061
545 0e292 14186 0,292 04053 0,292 0,118 0,292 0.044 © 292 0,053
45 04375 14167 04375 =0.020 0375 0s0 0o375 04035 0,375 0,053
146 0,458 1,029 0445  =04078 04458 =0.G79 0.458 0.010 0,458 04035
142 0,542  1.000 0542 =04149 0.542 =0,088 0,542 =0.020 0.542 0.026
1¢0 04625 04922 0,625 =0.255 04625 =0¢088 0,625 =0,105 0,625 =0.049
0e¢5 00750 04877 0,708 =0.284 0,708 =0,098 0,708 =0.118 0,708 =0.088
0e¢5 04750 04843 04792 =0.402 04792 =0.127 04792 ~0.127 0.792 =-0.088
060 04917 04807 0¢875 =0e447 04875 =0.206 0,875 =0.140 0,875 =-0,108
040 0,917 0:765 0958 =0466T 06958 =0.235 0,958 =-0+702 0,958 =0.158
MACHy NOZILE, INLET =222
SHOT T TPK PMAX Pl Pz P3 P& PS HMAX M1 H2
294 1 7.0 1411 0.90 1,02 0497 0466 0,22 0,974 =0,211 0,018
294 2 342 0490 0455 0486 0482 0,66 0409 0882 =0s461 =0,059
295 ' 6.5 1416 0460 le14 1,07 0,79 0,18 14018 =0,474 04123
295 2 2.5 0488 0.68 0,87 0,81 0,62 0.1% 04863 -0,333 -0,049
296 1 2.5 1400 088 0495 049 0,72 0,20 0,877 =0,228 =0+044
296 2 645 0482 U058 0,80 0¢74 0462 Dolb 0,804 -0,431 -0,118
297 1 1¢0 1415 1,00 1,10 0,89 0.70 0.l) 1,009 =0.123 0.088
297 2 2.5 0495 0,80 0.94 0,79 0.73 0,03 04931 =0.216 0.020
298 1 645 1419 0472 1,10 1,01 0,83 0,20 14064 =0,368 0.0H8
298 2 6.0 0492 0e82 0.90 D.82 0066 0411 0+902 =0,196 =0,020
299 1 0e7 1440 1430 1423 1,00 0,70 0,06 14228 0,140 04202
299 2 7.0 0486 0.5¢ 0,85 0.80 0,58 0,13 04863 =0,471 =0.069
HRMS = 0,954 0.330 0,091
F12 F13 Fle F15 F23 F24 F25 F36 F35
01657 =0.4996 =0.7340 ~0+5926 0+6705 043495 =0,5205 C.7177 0.1535 0
¥PK PITPK) HMAX P(HMAX) H1  P(H1) H2  PIH2) H3  P(N3) Ho
7.0 0:083 14228 0,042 0s140 0,042 0¢202 0,042 0,184 0,062 0,167
740 0083  1.044 04125 04123 04125 04123 00125 04132 04123 04147
65e¢5 06292 1.018 0,208 =0¢196 0,208 0,088 0,250 0,123 0,208 0,132
6¢5 04292 14009 04292 =0,211 0,292 0.088 0,250 0,096 0,292 0,078
65 04292 0¢974 04375 =0+216 04375 04020 0,375 0,070 0,375 0,078
660 06458 0,931 0,458 =0,228 0,458 0,018 0,458 0.029 0,500 0,070
342 06542 04902 0,542 =0,333 0,542 =0,020 0,542 0,029 0,500 04953
245 04708 04882 04625 =-0¢368 0,625 =0,064 0,625 0s026 0.625 0,053
2.5 0,708 0.877 0,708 =-0.431 0,708 =0,049 0,708 0,020 0.708 0,039
245 04708 04863 04792 =0.s461 04792 =04059 04792 0,010 0,792  0.039
140 04875 04843 04875 =0¢471 0.875 =0.069 04875 040 0.87> 0.018
0e7 04958 0,804 0,958 =0,474 0,958 =0,118 044358 =0.049 0.958 0.0

183

H3
-0 105
-0.127
0.035%

0e108
04044
0.118
=-0es202
0010
0.123
-0.020
=0elu0
~0.118

0.110

F45
0906

P{H&)
0,042
0.125
0,208
0,333
04333
0458
0,542
04629
0.750
0,750
0,875
0.958

H3
0.096
0.029
0,184
0.020
0.070

=0.049
D.026
0.0
0.132
0.029
0123
0.011

0.08%

F4S
01254

P (H&4)
Ne042
0.125
0.208
04333
04333
0458
0583
04583
0750
0.750
0.875
0.958

AT TS

Hé H5
0.0?76 0,088
«0.108 0,157
0.051 0e064
7,069 0,059
0,053 ~0.096
0,412 0,108
0.035 0,39
“0.049 0,127
0,053 0.061
-0.088 0.078
«0.158 0,070
-0.088 0,020

Oal4]l 0oléd

HS P{HS)
04395 0,042
06157 0,125
0,137 0.,20%
Vo108 0.292
0088 04375
0,078 0.458
04070 04542
0.061 0.625
0.,0%9 0,708
0044 0,792
04020 04475

-0.096 0,958

H4 H5
0.018 0,061
0,078 0.0
0¢132 0.026
Je039 04049
06370 0,044
0.039 0.069
04053 -0.03%
0,147 =0.059
0e16T 04064
0.078 0,020
£.053 =0,079
0.0 0,039

0,088 0,049

HS P{H5)
0eNb9 04042
0.061 0,125
0,049 0.208
0.0%44 04333
0044 0,333
0039 0,453
0.026 04542
0.020 04625
0.0 0.708

=0.035 0.792
~Ne059 0.875
~0.079 0,958
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MACH, NOZ2ZLte INLET =224
SHOT ¢ TPK  PMAX Pl P2
23 0e% 1e25% 1419 0.99
23 2 A0t 0,95 0,78 0,89
236 1 Le2 0693 0,80 0,74
236 2 S50 De9% 04b7  0.5%
231 1 1.9 1e¢16 1,0% 1,C0
237 2 T+ 0,86 0,65 0.78
23K 1 0.0 1.1% 1415 0461
23 2 0.5 0474 0472 0467
239 1 13.5 0,92 0.7 77
239 2 640 0DB6 0 12 0485
29 1 11.5 1428 0.wu 0,86
240 2 6.5 0.86 0.86 0,84
282 1 160 0475 0471 0464
2R 2 12,0 0.8h 0,52 0,71
283 1 1040 0494 0464 0,80
2ty 2 640 0e7B 0,56 0,75
284 | 120 1,09 0,80 0,92
286 2 11.5 0.86 0,70 0.79
2as ] lel 1e12 1060 146G/
28% 2 13,0 070 0546 0,59
286 1 1745 1404 0.70 0,88
286 2 6.5 1402 0,80 0,90
287 1 S5¢0 1413 0,60 .13
287 2 0.7 0491 0,87 0,78
F12 F13 Fle Fis
04726 <~0.3012 -0.6687 =0.7480
PR P{TPK} HMHMAX PIHMAX) H1
17.5 0.021 1.12% 0.021 00044
13e5 0,063 1,096 0,063 0,009
14.0 04100 1.018 0,106 <«0.079
12,0 0.167 1.009 Q.16 =0.123
12.0 0.167 1.000 OC.188 =0,147
11.. 0.250 0991 0,229 =0.176
115 0,250 £.982 0.271 =0.216
16,0 0,313 Ce356 04313 =04235
Te5 0435 04931 04273 =0.2%4
6.5 0e2l? 06931 04375 =0.294
had 0ebl? 06912 0,438 =0,293
640 04500 © R92 0,479 -0.298
640 04500 ; B63 0,604 =0.314
5.0 0,583 . .B843 0,504 =06302
Se) 04583 VaRe3 0.h04  -0.363
Te0 Deb4b Os843 0,606 =0,37"
1«9 0,684 0.843 0,604 =0.386
1.2 0,729 G.82% 0,729 =0.639
11 0,771 0816 0,771 =0,441
1.0 CaR1 04807 04813 «0,45]
D¢l e.A%B% 04765 (08546 =0,671
0,% 0.7 04725 0,896 =0t 74
0.5 0.917 0.t 36 04938 «0,490
0,0 0,a79 0,658 0,979 =0e549

P3
1.0%
0,93
Ca?5
0,92
1.05%
0.82
0,75
0.63
0,80
0.71
1.25
0.74
072
0.84
0.94
Ce7%
1.00
0.84
0,95
0,58
0.82
0,93
1.06
0.,8%

F23
0.229

PIH]1)
0.021
0.063
04106
0.165
0.18R8
0.229
0s271
0.313
0.375
04375
0.458
0,458
0.521
0563
0606
Oevbhb
N.688
0.729
0,771
0.813
04854
0.896
0,938
0,979

P4 [ HMAX M1 H2 H3
0,79 0,19 1796 0,044 =0.,009 0,167
0.57 0.08 04931 =0.,235 -0,079 0,137
0,75 .31 0,816 =0,298 04?8 =0,096
0.51 0,06 0,931 =0.441 0eLe9 0,127
0,51 0412 1.016 =0.079 0.0 0.167
059 0,17 04343 =0,363 =0.137 0,029
0.70 0,16 1,009 0,009 ~0.167 =0,096
0,54 0,20 04725 =0.294 -0¢245 =04157
0,75 0,23 0.:807 =0,342 =0,202 =-0,053
0,59 0.1% 04843 =0,294 =0,069 =04078
0086 0,25 10123 =0.649 =04125 04342
0.69 0.11 0.843 =0.176 =0.078 =0.049
0.68 0.24 04658 =0.377 =04316 =0,123
0465 0411 04843 =0,490 =0,206 0,049
G.76 0.36 0,835 =0,439 =0,175 0,070
D466 0,19 0,765 =04451 =04167 0,039
0,81 0.17 0,956 =0,298 =0,070 0,123
0.69  G.N6 0.842 =0.314 =0.127 0049
0.86 0,18 0,982 =04123 04061 9.279
0.60 022 04685 =0,471 =0.324 =0,108
0,93 0.31 0.912 =3.386 =04105 =04035
0.64 0,08 1.000 =0,216 =0.020 04137
Gel6 0421 00991 =0,47¢ O0.ll14 0,175
0.56 .10 04892 =0.147 =0.137 0,059
HRHS = 0,897 0,345 0,158 0,125

F24 F25 F36 F35 F45

8 =0.4004 =0,7607 0.,4409 =0.0803 0.5610
H2  PM2} H3  P(H3) H6  PLH&)
0,114 0.02% 0,342 0,021 0,254 0,021
0,061 G.063 0,175 0,063 0:175 0,033
0.029 0,106 9,167 2,125 5,175 0.083
0.0 0ul46 04167 0,125 0149 0,167
04009 0,188 0,137 0,208 €149 0167
=0.020 0,229 0.137 04208 0,132 04229
=04029 2,271 0,127 0,271 0,108 G292
-0.069 04313  0.123 0,313 0,108 0,292
=0.070 0,354 0,079 0.354 0.105 0,354
-0,078 0,396 0,070 0,396 0,096 04417
=04105 0,438 0,059 0,438 04096 04417
=04123 0.479 0,049 0.500 0,088 0,479
~0e127 04521 04049 0,500 0.078 0.521
~0.137 0,583  C.029 0,563 04069 0,563
«C.137 0,583 =N,035 0,604 (059 0,604
=0¢137 00646 =04039 0.646 0.053 Oebbb
=0.177 0,688 =0.049 0.688 0,035 0.688
= 2.5 0,729 =9,053 0:729 €_N29 0,729
~0.762 04771 =0.078 6,771 04020 0.771
<04200 DeB13  =0.094 0,833 0,010 0,833
-04228 0,854 =0,096 0,833  N,010 0,833
~0.245 0,896 =0.108 0,896 =0.010 0.896
~Cu316 7,038 =0,123 0,938 =0.039 0.358
=0e326 €.979 =0.157 0,979 =0.039 0.958

18l

He

0.132
-0.010
0.096
0.029
04149
0.010
0.053
-0.039
0.096
0.010
0.175
Gsl08
0.035
0,069
0.105
0,078
04149
d.108
0,175
2020
0.254
0,059
0,088
=-0.039

0.106

H5

0,184
0.140
0.140
0.127
0.100
0.698
0,086
0.079
6.078
0.070
0,059
0,053
0,035
0.026
0.020
0.020
0.018
0.010
0,009
=0.010
=0.010
-0.026
=0.029
=-0.029

HS
0.,03%
=C.010
04140
-0.029
=0s026
0,078
0.009
o.108
0.070
0.059
0.088
2,020
G 07¢
0,020
04184
0,098
0.018
=0.029
0.026
04127
04140
=-0,010
0.053
0.010

0.078

P(H5)
0,021
0.083
04083
Oslub
0.188
0.229
0,271
0.313
0e354
0.396
0.438
04479
0.521
0.563
04625
0.625
0,688
0.729
0,771
0.833
0.832
0.87%6
0.958
0,958

Py




MACH, NOZZLE, INLET =225
SHOT T TPK  PMAX P1 P2 P3 P4 PS5 HMAX H1 H2 H3
288 1 9¢5 094 0660 06764 0,93 0.66 0.20 04825 =0,474 =0,228 0,061
288 2 6¢7 0073 051 0066 0,70 0454 0,22 0.716 =0,500 =0.255 =0,088
289 1 640 1e0& 0459 0.99 0.90 0.91 0.26 0e912 =0,482 =0.009 0,035
289 2 6¢5 0673 0.59 0,69 0,68 0s62 Col5 Ce/16 =04422 =0.225 =0,108
290 1 11.5 094 0.56 0489 0492 0.82 0436 04825 «0.509 =0.,095 0,053
290 2 3.0 0485 0045 0.84 0,77 0.67 0.25 0833 =0,559 -0,078 =0.020
291 1 1540 0492 0434 0.84 0,85 0.88 0430 0,807 =0.702 -04140 ~0.009
291 2 65 1402 078 0499 0.90 0.6 0,09 1,000 =0.235 0.069 0,108
e?2 1 1¢5 0095 0.79 0.42 0,81 0,78 0.30 0833 =0,307 =~0.070 ~0.044
292 2 9,5 0675 0429 0473 074 0,70 0,18 06735 -04716 ~0.186 =0.049
293 1 23.5 102 0.55 0.68 0.85 0.85 0,31 0.895 =0.518 =0,281 -~N,009
293 2 643 0,88 0460 080 0.81 0467 0416 0863 ~0.412 =0.118 0,020
HRMS = 0.834 0.504 0,168 0,061
F12 F13 Fléa F15 F23 F24 Fés5 F34 F35 F&45
0.8434 0 1461 -0.8286 -0.9186 044081 =0,5250 =-0.7734 0.1318 =0.1931 0.8150
®PK F{TPK) HMAX P{HMAX) H1 P{H1) H2 P{H2) H3 P{H3) Hé P {H&)
2345 000642 1,000 0,042 =N,235 0,042 0.069 0,042 0.108 0.042 N¢237 0,062
15.0 0.125 06912 04125 =0e307 04125 =0.009 0,125 0.061 0,125 0.211 0,125
11.5 0,208 0.895 0,208 =0.412 0,208 =0,070 0,208 0.053 0,208 0,184 0,208
9.5 04333 04863 04292 =04422 04792 =0.078 0.292 0.035 0,292 04158 0.292
9,5 0333 00833 04375 =0.474 0,375 =0.096 0,375 0020 04375 0.123 04375
607 0,458 00833 00458 =0,482 0,458 =0.118 0.458 =-0,009 0,500 0.118 0,4%8
6¢5 04625 0825 0,583 =0+500 0,542 =0.140 0,542 ~0.009 0,500 04098 0.542
605 04625 0825 04583 =0.50° 04625 =~0.186 0,625 =0.020 0.625 0.088 0.667
645 04625 0¢B07 0,708 =0+518 0,708 =0¢225 0,708 -0.044 0,708 0,088 0,667
6.0 0,792 0e735 00792 =00559 0792 =0.228 0,792 =0,049 0.792 0039 0,792
3.0 04875 0e716 04917 =702 0.875 =0,255 0,375 =0,088 0,875 0.018 0,875
1.5 0.958 0e716 0¢917 =~0e4716 04958 =0.281 0.958 =0.108 0,958 =0.039 0.958
MACHy NOZZLE, INLET =232
SHOT T TPK  PMAX P1 P2 P3 P4 PS HMAX H1 H2 H3
229 1 1¢5 1409 094 1.05 096 0.67 0,20 04956 =0,3175 04044 0,088
229 2 2¢3 110 1403 1,03 0,90 0459 0,06 1,078 0.010 0.)08 0.108
z230 1 1e3 1406 0.92 0498 0.86 0.74 0,23 0.930 -0.,193 =-0.018 -0.018
230 2 0e5 1404 1,03 0498 0,70 0.52 0.20 1.020 0,010 0.059 -0.088
231 1 0e8 1409 1.00 1.00 0486 0464 0.20 04956 =0.123 0.0 0.0
231 2 2.8 1405 1400 0495 0471 0459 0406 1029 =0,020 0.029 =-0.078
232 1 0e¢7 1402 0497 0.97 0,91 0,71 0,19 06895 =0e149 ~0.026 0,044
232 2 245 1404 100 0493 0.74 0464 0.13 1.020 =0.020 0.010 =0.049
233 1 07 1420 1413 1,06 0088 0.73 0,21 1.053 =0,009 0.053 0.018
233 2 2.5 091 0:.85 0,90 0,79 0.56 0.12 04892 ~04167 ~0.,020 0.0
234 1 1¢0 1429 118 1.14 093 065 0020 1¢132 0,035 0.123 0,061
234 2 545 0695 092 0494 0480 0.65 O0.11 0.931 =-0,098 0.020 0,010
HRMS = 0.994 0,110 0.056 0.059
F12 F13 Fla F15 k23 F24 F25 F34 F35 F&45
0.,0768 =0.1897 ~0.5454 =0,5537 0.3850 0.1008 043061 0.,2409 -0,1205 0.3303
¥PK P{TPK) HMAX P{HMAX) H1 P{H}i} H2 PiH2) H3 P(H3) Ha P{H&4)
5¢5 0.062 14132 0,042 04035 0.042 0¢123 04042 0108 0,042 0,088 0,042
2.8 0.125 1.078 0.125 0,010 0,167 0,108 Go.125 0,088 0,125 0,079 0,125
2¢5 04250 1.¢53 0 208 0.010 0.167 0059 (.208 0.061 0,208 0,069 0,208
25 04ch0 1,029 0.292 =0.009 V.292 0.053 0.292 0.044 D.292 0.061 0,292
2¢3 0437 1:020 Go4l7 =0.,020 Q.417 Ge044 0,375 0.018 0,375 0.059 0,375
1.5 0.458 1,020 0.417 ~0.,02C 0.417 029 0,458 0,010 0.458 0.026 0,458
13 0,542 0e956 0.583 =0,098 0542 0.C20 0.542 0.0 0.583 0.010 0,583
1.0 0.625 G956 04583 ~00123 0,625 0.010 0,625 Cev 0.5R3 0.010 N.5R3
0.8 0.708 0.231 0,708 =-C.l49 C.708 0.0 5,708 =0.018 0.708 0,009 0,708
0.7 04833 06950 04792 =0¢167 0¢792 =~0,018 0,792 =0.049 0.792 0.0 0,792
0e7 04733 06895 04875 =~=0s175 04875 =0.020 0875 =0.078 0,875 =0,029 0.R75
045 0,958 06892 0¢¥58 =0.193 04958 =0.026 0.958 =0.088 0,958 -0.0%9 0,958

H&4 H5
0.018 0,044
=-0,039 0.127
0.237 0,096
0039 0,059
0.158 0,184
0,088 0.157
0.211 0,132

0.098 0.0
0.123 0.132
0,118 G.088
0.184 0,140
0.088 0,069
0.134 0,114
H5 P{HS5}
0.184 U,042
04157 04125
0.140 0,208
0.132 0.333
04132 04253
0,127 C,458
0.096 Je¢542
0,088 0.625

0,069 0.708
0.059 0,792
0,044 0,875
0.0 0,958

Hé H5
0.026 04064
0.010 =0.029
0,088 0.070

=0.059 0,108
0.0 04044
0,010 -0,029
0.061 0.035
0,059 0.039
0.079 0,053

=0.020 0.029
0.009 0.044
0.069 0.020

0.051 0.051

H5 P{HS)
0.108 0.042
0.070 0,125
0.053 0.208
0.044 0,375
0.044 V375
0.044 0,375
04039 04542
0035 0.625
0.025 0,708
0.020 0,792

=0.02vY 0,917
=0.029 0.917
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MACH, NOZZ7LE,

SHOT
164
Lhs
165
165
166
166
167
167
168
168
169
169
170
170
171
17N
173
173
174
176
175
175

Fl2
003892 -0,0303 ~0.3260 -0,7216

uPK
14,0
11.0
10.5
8.0
Te5

TPK
3.3
10.5
1.5
Teb
14,0
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F13

S{TFK)
0.023
0.068
O.llé
0.159
0.205
0250
04295
0,361
0.386
0.432
0,477
0.523
0,591
0,591
0.682
0.682
0,750
0.886
0.886
0,886
0.886
0.886

INLET

PMAX
0490
0.90
Y )
l1e26
1.00
1.20
1.15
1.94
157
1.00
0.86
0499
l.14
0,90
1.11
0¢%4
1.65
0495
1.33
1455
1e11
1.02

F

HMAX P{HMAX)

1.902
1.520
le447
1.377
1.281
1.216
1.176
1.167
1,709
1.000
1.000
0.980
0974
0.974
0,971
0.931
04922
0,882
0.882
0.877
0.789
04754

2346

Pl
0.59
0460
1.00
0.92
0.58
1.05
0.80
1.94
1.4%
1.00
0.32
0.91
1.00
0.90
056
056
1.30
0,95
1.25
0.79
1.10
1.02

14

0.023
0.068
Osllé
0.159
0,205
0.250
0.295
0.341
0.386
04455
04455
0.523
G.591
0.591
0.659
0.705
0,750
0.818
0.818
0.886
0.932
0,977

Py P3
0,80 0,77
0.80 0.89
1.13 0.99
1.20 1.00
0.75 0.80
0.20 0.80
149 1,08
1,25 0.86
1.11 1.04
1.00 0.80
085 0677
090 0,89
1.10 0.82
0,69 0.70
1.10 1.02
0,80 0.90
lell 1419
0,80 0.80
lele O0.80
1.2 0,91
0.58 0475
0,79 0460

K15 F23

H1 P{H1)
0,902 0,023
0.272 0,068
0.140 0.114
0.096 0.159
0.029 0.205
0.0 04250

-0.020 0.295
=0.035 0.341
~0.069 0.386
=0.098 0,432
=0.106 D.677
-0.118 0.523
=0¢123 04591
=0¢123 0,591
=04225 0,659
=0.298 0.705
~0+451 Co750
=0.482 0.795
=0.491 0.841
=0.509 0.886
=0.608 0,932
~0.719 0.977

106

P4 PS HMA X H1 H2 M3
0¢63 0419 0,789 ~0,482 -04175 =0,079
0.60 0,21 0,882 ~0,608 -0.118 0,098
0.64 0,11 10281 =0.123 0.114 0O.l14
0.55 0013 16216 =0,098 04275 0,206
076 0427 0877 =0e49]1 =0.219 =0,053
0,77 0,13 lel76 0,029 -0.020 0.010
0.71 0.15 1,009 «0,298 04079 0,193
0e62 -0.05 1.902 0,902 0.324 0,069
0s66 0,04 14377 0,272 0.096 00158
Ce63 0,19 0,980 =0,020 0,078 0,010
0.66 0020 0.754 ~0,719 =0.132 =0,079
0.81 0.21 0,971 =0,108 =0.020 0,098
0.86 0.20 1.000 ~0.123 0,088 =-0.,025
0.65 O0.1é 0.882 =04118 ~0.225 =N,088
0497 0.26 0¢974 -0.509 0.0RB 0,140
0.67 0,18 0.922 ~04451 =0.118 0,108
0.54 0.10 le447 0,140 0096 0.289
0e54 0.l 0,931 0,069 =0.118 0.010
0¢60 0013 1l.167 0,096 04105 =0.053
0.51 0.0 14520 =04225 04490 0.118
0469 0416 0.974 =0,035 =0.018 ~0.096
0.67 0.11 1.000 0.0 =0127 =0.147

HRMS = 1,125 0,366 0,178 0.122

F24 F25 F34 F35 F&45
05452 -0.1356 =0,5506 0.0689 =-0.0819 0.5827

H2 PiH2) H3 FUH3) Hé P {H4)
0,490 0,023 0.289 0,023 0,289 0,022
0.32% 0,068 0,206 0,068 0.225 0,068
04275 0.114 0.193 0.114 0,186 0.114
0s114 0.159 0,158 0.159 04175 0.159
00105 0,205 0.140 0.205 0,105 0,205
0.096 0.273 0.118 0.250 0,088 0,273
0096 0,273 0.114 0.295 0.088 0,273
(14088 0.364 0,108 0+34] 0,069 0.341
0.088 0.364 0.0SE 0.409 0.061 0,386
04079 0.432 0.098 0,409 04049 0,432
0,078 0.477 0,069 0.477 0.044 0477
=0.018 0,523 0,010 0.568 0,039 04523
«0.020 0,591 0,010 0,568 0020 0.568
=0,020 0,591 0,010 0.568 04018 04636
=0+118 0,705 =0.,035 0,659 0.018 0,636
=0e¢118 0,705 =0.053 0,727 0.0 0,705
=0s118 0,705 =0.,053 0,727 =0.009 0.750
=00127 06795 =0.079 04818 <0.029 N.795
=0.122 0,841 =0,079 0,818 =0,035 0,841
=0.175 0.,A8¢ =0,088 0,886 =0.039 0.886
~0+219 0,932 =0.096 0,932 =0,069 0,932
=0.225 0977 =0.147 0,977 =0.088 0.977

He H5
=0,009 ¢.035
0,020 0.118
0.0 =0.035
=0.029 0,039
0.105 04105
0.186 0,039
0.061 0.0
0.039 =0,137
0,018 =0,096
0.049 0.098
0,018 0,044
0.225 0,118
0s175 0,044
0.069 0.049
0,289 0,096
0,088 0,088
=0.088 =0.044
=0+039 0,049
=0,035 =0.018
=0.069 -0,088
0,044 0.009
0.088 0,020

0.108 0,073

H5 P(HS5)
0.118 0.045
04118 0,045
04105 04114
0,098 0,159
0,096 0,205
0,088 0.250
0,049 0,318
0.049 0,318
04044 0,409
0,044 04409
0,039 0.500
0.039 0,500
0.035 0,568
04020 0.614
0.009 0,659
0.0 0,705

=0.018 0750
=0+035 0.795
=0.0%% 0,841
=0.088 0.886
=0.096 0.932
=0.137 0.977
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MACHy NNZZLEy INLET =235
SHOT T TPK  PMAX Pl P2 P3 P4 PS HMA X H1l H2 H3
182 1 240 1435 14,00 1.00 0.70 0.61 0.1% 14184 =0,123 0.0 =0.140
182 2 150 0488 0,20 0,82 0.,P0 0,78 014 0.863 =0.804 =0.,098 0.010
18¢ 1 1e5 1442 1420 097 0.80 0,57 0,24 1e248 0,053 =0.026 -N.053
184 2 165 1692 1e15 1435 0,90 0.44 0.0 1.882 04,127 0.422 0,108
185 1 TeS5 0496 0489 0439 0485 0466 0,20 0.842 =0.219 =0.096 =0.009
185 2 100 0485 0.49 0,73 0485 0.7¢ 0.2} 0+833 =0,520 -0.186 0,059
186 1 8.2 0471 0036 0.60 0466 0.60 0445 0e623 =0.684 -0.35%1 =-0,175
186 2 3¢5 1432 0448 1426 1415 0e44 0,02 1294 -0.529 04333 0,353
187 1 95 1,20 0,44 0,80 1.19 0.81 0,29 14053 =N0.614 =0.175 0.289
188 1 05 1elT 1,16 0471 0465 0,56 0,46 1,026 0,018 =0.25% =0.186
168 2 6.5 0483 0.66 0.66 0.68 0.56¢ 0.18 O.814 =04353 -0.255 -0.108
189 1 le 1e25 1409 1.20 1.06 0.72 0,10 1.096 =0.064 0,175 0.175
189 2 940 0479 0431 0448 0479 0,60 0,29 0e775 =046%0 =Je431 0.0
HRMS = 1,086 0,459 04255 0,165
Fl12 F13 Flé4 F15 F23 F2é4 F25 F34 F35 F&5
045257 =0.2297 =0:4147 =0.6082 0.4934 =0.3731 =0,8627 0.1630 =0.3668 0,1513
TPK PITPK} HMAX P(HMAX} H1 P(H1} H2 PiH2) H3 P{H3) He P{H&4)
15.0 0.038 1.882 0.038 0.127 0,033 0.422 0.038 0.353 0,038 0.195 0,038
10.0 0,115 1.294 0.115 0.053 0,115 0.333 0,115 0.289 0.115 0.157 0,115
9.5 04192 14246 04192 0.018 0.192 04175 0.192 0.175 0.192 0.149 0.192
9.0 04269 14184 0,269 =0.044 0,269 0.0 0,269 0,108 0,269 0.070 0.269
Be2 04346 14096 0,346 =0,123 0,346 -0,026 0,346 0.059 0,346 0.020 04346
Te5 0.023 1.053 04423 =0.219°0.423 =0.096 0.423 0.010 0,423 0.018 0,423
645 0.500 14026 0,500 =04353 0,500 =0.098 0.500 0.0 0,500 =0.026 0,500
3.5 0.577 04863 0,577 =04520 0577 =0.175 0.577 =0.009 0,577 =0,035 0,577
2.0 0,654 0842 04654 ~04529 04654 =041806 0,654 =0.053 0,654 =0.039 0.654
145 04769 00833 04731 =0.614 04731 =0.254 0,731 =0.108 0731 =0,061 0,731
1e5 0,769 04814 0808 <0684 0,808 =0.255 0,808 =0.140 0.R08 =0.088 0,808
le4 04885 04775 04885 =-04696 0.885 ~0.351 0,885 =0.175 0.885 =0.137 0,923
05 0.962 0623 0962 =0¢806 04962 =0,431 0,962 =0.184 0.962 =0.137 0.923
MACHy NDZZLEy INLET 22641
SHOT T TPK  PMAX P1 P2 P3 P4 PS5 HMAX H1 H2 H3
304 1 0¢6 1486 1.80 1.53 134 0.81 -0.01 16632 04579 044653 04421
306 2 145 1635 1610 1el4 0474 0.47 0419 1,324 0.078 0.2)% =0.049
305 1 3.0 147 0498 1,25 1.18 0.68 0.20 14269 =0.140 0,219 0,081
305 2 1¢5 0486 0483 0478 0462 0.54 0018 0,843 =0.186 =0.137 -0,167
306 1 28 152 1413 1.38 1.10 0475 0:10 1333 =0.009 0.333 0.211
306 2 1040 078 0419 0064 0.78 0475 0.30 0,765 -0.814 -0.275 =0.010
307 1 12.0 1.12 0.3% 0495 1,03 0.77 0.32 0,982 =0,702 =0.044 0,149
307 2 248 1419 0465 1416 0.88 0.75 0.21 1,167 =04363 0.235 0,088
308 1 1.8 1455 1,10 1418 0478 0455 0419 1,360 -0.035 0.158 =0.070
308 ¢ 0.0 160 1.60 1,07 0,82 0.52 =0.10 14569 0,569 0.147 0.029
309 1 8e7 1413 0450 0.73 1.05 0.65 0.32 0991 =0.561 =0+237 04167
309 2 040 168 1468 1407 0.71 0.48 0.0 16647 0,647 0.147 =0.078
HRMS = 1,274 0,478 0.241 0.{83
Fl2 F13 Fla F15 F23 F24 F25 F34 F35 F45
045446 =0,0230 =0,4882 «0,9241 0¢5656 0.13R0 =0,4637 0.6384 ~0,0774 0.3264
MPK PITPK) HMAX P{HMAX) H1 PiH1) H2 P(H2) H3 Pi{H3} Hy P (H& )
1240 0.042 14647 0.042 04647 04042 04465 0,042 04421 0,042 04167 0,083
10.0 04125 1.632 0.125 0.579 0.125 0.333 0.125 0.281 0.125 0.167 04,083
8.7 0.208 1.569 0.208 0,569 0.208 0.23% 0.208 0.211 0,208 0.149 0.208
3.0 04292 1.360 0.252 0,078 0.292 0.219 0.292 0.167 04292 Oel14 04292
2.8 04417 14333 04375 =0.009 0.375 04216 04375 04149 04375 0,096 0.375
248 04417 16324 0.458 =0.035 04458 0.158 0.458 0.088 0.458 0.035 0,458
1.8 0,542 14289 04542 =0.140 0,542 0.147 0.583 0.029 0.542 04009 0.542
15 04057 1e167 04625 =0.186 04625 04147 04583 =0.010 0625 =0.039 04625
1.5 04667 04991 0,708 =04363 0,708 =~0.044 0.708 =04049 0,708 =-0.059 0,708
040 00792 04982 04792 =0,561 0,792 =0+137 04792 =0.070 0.792 =0.079 0,792
060 04917 06843 04875 ~=0.702 04875 =0.237 0.875 =0.078 0.875 =0,098 0.875
0.0 0.917 00765 04958 =0s814 0.958 =0.275 0.958 =0,167 0,958 =0.108 0.958
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Ho
=0.026
0.196
=0.061
=0,137
0.,018
0.157
-0.035
-0.137
0.149
-0.088
=C.039
0,070
0.020

0,105

HS
0.272
0263
0.196
0.123
0.118
0.088
0.079
0.049
0.044

=0.009
=0.004
=0.069
=0.088

Hoe
0.149
=0.10H4
0.035
-0.039
0.096
04167
0.114
0.167
«0.,079
=0,059
0.009
~G.098

0.10¢

HS
0.206
0,149
N.149
0.118
0,098
0.088
0,044
0.035

=0.0644
-0.088
=0.140
=0,18¢&

HS
=0.009
04049
0,079
-0.0RH
04044
0.118
Ne263
=0.06Y
0.123
0.272
0.088
=0.064
0.196

04137

P{H5)
0.038
0.115
0.192
04269
0366
0.423
0.500
0.577
0.654
0.731
0.808
0.885
0.962

HS
=0.140
0.098
04044
0.088
=0. 044
04206
0.149
0,118
0.035
=0.186
0.149
=-0.088

0.124

P(HS)
04042
04167
0.167
0.292
04375
0.458
Ce542
0.625
04708
0.792
00”15
0,958



g

MACH, NOJILEs INLET =244
SHOT T TPK  PMAX Pl

300 1 Yed 2420 04,75
300 2 5«0 1425 1.00
01 3 6.0 1.05 0,33
ot 2 1¢5 1le14 1.00
102 1 1142 1.1 0.32
32 2 2¢2 0,82 0,48
103 1 23.0 1424 0,15
303y 2 beb Debb 0,31
ils 1 6.0 1.03 0,13
116 2 12,5 0,95 0,10
M7 1 12.5 157 0.11
317 2 0e7 126 1al15

F12 F13 Fla

0.4326 ~-0.01

TPK PLIPK)
23.0 0.042
12.% 0.167
125 0.167
11.2 0,292

feD 0,617

640 Oe4l7

S0 0,542

45 04625

3.5 0,708

2.2 0.792
C.HT5
0,948

72 9.1494 -0.8509

HMAX PIHMAX)
1930 0,062
1,377 n,125
1.225 0.208
1,216 0,292
16118 0,375
1.088 0,458
1.000 04,542
0.931 0,625
0,921 0.708
0.904 0.792
0,804 D.875
0,647 0,958

MACH, NOZZLE, INLET =314

SHOT T TPK
3«7 1 LeD
347 2 12.0
348 1 6.5
348 2 17.0
347 1 16..
349 2 1.0
350 1 5.0
0 2 B.0
151 1 1.0
351 2 1245
3%2 1 A,0
352 2 5.0
353 1 7%
353 2 2.5
35 1 12.9
3G 2 0.0
355 1 1.8
385 2?2 6.0
1% 1 1.5
36 2 2e5
st o1 le4
187 2 1640
358 1 0.0
sha 2 1.5
159 1 S0
36¢ 2 1.2
60 1 1265
A0 2 11,0
3s1 1 10.0
361 2 7.0
362 1 10.0
362 2 0el)

PMAX Pl

2.47 2,40
1.01 0.565
1.99 1.%0
1432 55
1.24 0480
1.05 1.,03
1.60 1,00
1.30 0.98
1662 1,40
1.09 0.8
1.80 1.47
1.49 1424
1.15 1.05
1466 1456
1,10 0.92
1.7 1.75
1.09 0.89
1.9 1,62
137 1.17
113 1410
1,30 1,27
1625 0494
1.69 1,69
Be?¢ 1e27
132 1.15%
1.22 1.13
1.36 0,92
1.33 1.°28
1.3R 0.B81
1e36 D69
1632 1425

1.90 1.90

P2 Pz P4 Py HMAX  H1 H2 H3
1.95 0,92 0,86 0,27 1,930 =0.242 04833 0,053
1.25 1.0% 0,63 0.5 1:225 =0,020 0+324 0255
1604 0,92 0,56 0,40 0,921 -0.711 0,035 0,053
0,81 0,65 0,55 0,12 1,118 =0,020 -0.108 =0,137
1,00 1,12 0.51 0,33 1.000 =0.719 Q.0 0,228
CeT0 0,61 0.45 0,08 0,806 =0.529 =0.216 =0,176
0,66 0,73 0.9 0_wo 1,088 =0,Bbl =0,49] =0,061
CebS 0,65 0.53 0,55 0,647 =0,696 0,265 -0.137
1,00 0,51 0,65 0.6é 0,904 -0,886 040 =0.,307
0,53 0,68 .57 0,31 0,931 =0,902 -0.382 -0,108
0438 1.385 0.50 0,32 16377 =0.904 =0,544 0,439
0.87 0,63 0.6% 0,08 1.216 04137 =0,049 =0,157
HRMS = 1,141 0.651 0,367 0,208

F15 F23 F24 £25 F34 £35 F&5

00633 =0,0563 =0,2395 -0.3033 -0,0924 =-0.0999
H1 PLH1) H2  P(H2) H3  P(H3) H4 P'HG)
04137 0,042 0.R833 0,042 0,439 0,062 0,228 0.062
~0.020 0,167 04324 0,125 0,255 0,125 0.018 0.125
=0.020 0,167 0,035 0,208 0,228 0,208 0.009 0.208
=04342 04292 0.0 0,333 0,053 0,333 =0.010 04292
=04529 0.°75 0,0 0,333 0,053 0.333 =0.029 0,375
=0s696 0,450 =(,067 0,458 =0.061 0,458 =0,049 0,458
=0.711 04542 =0¢108 0,562 =0.108 0,562 =0.070 0,542
“0.719 04h°S =0e216 0,625 =0,137 0,667 =0>114 0,625
=C.B65 D,7DR  =0,265 0,708 =0,137 0,667 =0.,123 0.708
“0.886 04792 =0e382 (4792 =-04157 0,792 =0,127 0.833
00902 0,875 =0,4%1 0,875 =0.176 0875 =0.127 0,833
=0,904 0,958 =0,544 0,958 -0,307 0,958 =0,147 0,958

P2 P3 Po Ps HMAX  H1 H2 13
1.88 1,25 0,62 0.0 16335 0,297 04141 =0.081
D.85 0,94 N,85 0.61 0e673 =0.567 =06333 =0,173
185 1476 0494 0,24 1,076 =0.297 0.124 0,195
0675 1426 1415 0,30 0.7°80 ~0,633 =0,400 0,027
0.86 1413 1,02 0,43 0,670 =0.568 =0s411 =0.146
0e94 0.95 0,78 0,10 0,700 =04313 =04273 =0,167
1460 1,50 1.09 0,29 0,865 =04459 =0.011 04054
1420 1.22 0468 0,33 0.867 =0.413 ~0,100 0,013
1640 1.2R 0480 0,36 0.876 =0e243 =0,119 =0,065
0.93 1.05 0,80 0,14 0.727 =0+407 =0+280 =0,100
1.70 1477 1412 =0.02 0-973 =0,205 0,043 0.200
1.49 1.18 0.83 0,25 0.993 =0,173 0,093 -1,013
1,06 1,12 0,96 0,71 06622 -0,432 -04314 =0,151
1657 1429 0,65 0,18 1.107 0,040 0,147 0,06C
0693 1,07 0487 0465 04595 =0.503 =0.373 =0,178
1,28 1613 0447 0,0 1167 0e167 =04047 =0,047
1.01 14046 0,95 0455 0589 =0,519 =0.330 =0.195

1447 1420 0.86 0,07 1,033 =0,053 0,080 0.0
lse™ 1e13 0,71 0411 0,741 =0,368 =04200 =041%6
1.11 1.06 0,80 0,07 06753 -Ce267 =0,160 =0,107
V.14 1422 1.26 0,33 0,703 =0.314 =0+259 =0.097
1,07 1425 0,80 0,42 04833 -0.273 -0.187 0.033
1623 1412 0462 0.24 0.914 =0,086 =04211 =0.15)
1.72 1417 0468 0.26 1.193 =0.153 0.247 =0.,020
132 1631 0,99 0,60 0.714 -0s378 =04162 =0,049
.07 1415 0455 0,27 0e813 -0.247 =0.187 =-0,033
1624 14346 1,01 045 04735 =0.503 =0.205 =0,032
1629 1430 €472 0,26 0eABT =0,147 -0,040 0.067
1.06 130 096 0,42 0e746 04562 =04303 =0,011
1e146 ie31 0,91 0,20 0.907 =0,540 =0.,140 0,073
1,28 1432 0,98 0,31 0714 =0.324 -0,184 =0,043
1663 1426 0.68 0.24 16267 04267 0,187 0,027

188

Hb HS
0.018 0,105
=0.147 0,157
-0.070 0,395
=0.029 0,029
=-0.114 0,158

=0,127 -0.010

0.22% (0,298
~0.049 0.353
0,009 0,430
=0.010 0.216
=0.123 0,149
=0.127 -0,0}0
0.109 0,239

HS P(HS)

0430 0,042
04395 0.125
0,353 0,208
04298 0,292
04216 0,375
0.158 0,458
04137 0,542
0,149 0,625
04105 0,708
0.029 0.792
=0.010 0,917
-0.010 0,917

Ha H5
=0.184 =04124
0,047 0.193
-0.011 0,005
0,247 0.120
0.032 0.108
0.0 =0.013
0.070 0,032
=3.067 04140
=0.086 0,070
0.013 0.013
0.0R6 =0.135
1.033 0,037
-0.011 04259
=0,087 04,040
-0.049 0.119

-0.207 -0.080
-0.005 0.173
0.040 =0.033
=0.135 =0.065
0.013 =0,033

0.151 04054
0,013 0,200
-0.18¢ 0.005
=0.067 0,093
0.016 0.200
=0.153 04100
0,027 04119
=0.040 04,093

0.0 0.103

0.087 0,053
J.011 0.043
=0.067 0,080




363
363
364
364

365
365

366
366
367
367
368
368
369
369
370
370
37
371

372
372

373
3713
374
374
375
375

376
376
377
377
378
378
379
379
380
380
381
381

382
382

383
383

384
384
385
385
386
386
387
387

388
388
339
389
390
390
391
391

392
392

393
393
394
394
395
395
396
396
397
397
398
398
399
399
400
%00
401
401
402
402

N st N gt N 0t PO gt N gt N et N gt N 0o N 0 N s NI et NS et NG g PN s BN 0t N et NI gt NG 3t TN 0t PN gt TN 0t PN 4t 5 00 N gt IND 00 N s ND 08 BN 0t ND 3t N 4t IND gt PO 0t ND 0 N gt N e D 00 PSS gt N gt D e ND o

245
0.0
5.0
13.0
15.0
12-0
13.0
3.5
3'5
2340
345
3.5
1.0
8.0
10.5
3.0
13.9
4.0
1.5
12.5

12.0
10.5

10.0
12.5
5.0
0.0
2.5
0.0
4.5
9.0
5.0
0'0
545
845

0.0
1.4
5.0
10.0
4.0
1.5
2.0
12.0
5.0
1245
17.0
245
0.0
17.0
0.0
0.0
0.0
5.0

13.5

15.0

12-5
10-5
8.0
4.0
0.0

N0
6.0
3.0
11.0
0.0
2840
4.0
0'5
0.0
7.0
6.0

1.87
0.92
2420
1.48
1.53
1.25
1462
1.68
1.86
l1.14
1.95
1.35
1.60
1l.34
1.49
1.39
112
1.%6
221
1.15
1.85
1.15
1.59
1.71
2,06
1.53
1.09
1.31
1.71
1.63
1.15
1.36
1.73
1466
1.89
1.30
0491
1.03
186
1.60
1.16
l.14
1.82
1.24
179
1466
1454
1.11
2.03
1.82
1.50
161
2,05
1430
1.27
1642
143
1.15
1455
1.57
1.68
1.22
1.75
1.19
1.07
0,90
1.03
1.20
1.59
1.50
1.84
1.09
1e34
1.90
1.46
1.70
1+46
1.80
1.66
0.94

1.67
0492
1.65
0.55
0.67
0.84
1431
1.07
1a74
0485
1465
1.19
1.50
G.80
1.10
1417
0,67
1,45
1.87
0.80
1.83
0.64
0.85
1.10
190
0.32
0475
l.al
1435
1.63
0.89
1.20
1.11
1466
1.54
0.98
0e74
1.03
1.80
1.30
0490
1.13
1440
1.10
1.30
0497
0.85
0464
1.60
1.82
0.63
1461
2405
1.30
0.89
0.54
1,40
0468
1.53
1.57
1.21
0.98
l.14
100‘
0.4%
0.81
0.91
1.20
1.50
1.50
1.09
0.88
0.76
1.90
0.95
l.zo
1,40
1.80
1.05
0.93

1.73
0.86
220
1.05
0495
1.06
1.27
1.58
1.75
0.78
1.93
1.33
1.48
1.31
1.20
1.)8
074
1.52
1.88
1.08
1.50
1.03
1435
1.74
1.98
0.93
1.09
1.18
1.64
1.30
lelé
1.16
1.73
1.38
1.88
1.04
0.90
0.95
1.74
1.60
l1.11
113
1.53
l.11
1448
1.66
l.14
0.84
1.82
1.29
1.05
1.50
1.40
1.22
1.27
0.87
1.09
0.91
1.29
1.46
1.68
1.00
1.75
112
0466
0.85
1.02
0.91
1452
1.31
1.80
1.02
1.18
1.40
0.96
1.66
1.36
1.46
1.54
0.93

1.35
0.75
1.80
le24
1.45
1.08
1.48
1.54
1.48
0.91
1.69
1.27
1.37
1.32
l.48
l.18
l.02
1.30
1,76
1.13
1455
1.29
1.58
1.57
2.06
1.12
0.54
0.97
1.32
1.63
0.99
1.32
1.51
1.29
1.67
1.29
0.87
0.97
1,45
!.05
lel16
1.08
1.12
1.03
1.65
1432
1440
1.10
160
1404
1e 26
1. 26
1.52
1.18
1.10
lll’o
1.19
1.06
le 24
le2s
1.62
1.20
1.51
1.17
1.04
0.78
[P 1Y
0.91
1.58
1.07
1.28
C.92
:.33
1.20
1le16
1.39
1423
1e24
1445
0.92

0.77
0458
1.29
1.30
1.33
0.80
1.23
0.85
1.23
1.12
147
1.13
0.90
0.86
1.22
0.80
0497
071
1.10
0.98
0.91
1.09
le44
1.28
1.06
1.05
1.00
0.69
1435
0.92
0.72
0.85
0.99
0.89
l1.11
111
0.80
0.68
0.87
0467
1.05
0.70
0465
0.78
1.33
1.00
1.09
1.00
0.85
0,64
1.31
0,77
0.98
0.83
0.83
0487
0479
0.95
1426
0.85
1.03
1.08
1.00
0e95
0.95
0.71
0eb4
0.72
0.94
0.71
0465
0.08
1.10
0.54
1436
1.02
0.94
0.78
1.05
0.75

Ne0)d
042
0,07
0,21
0424
0,38
D48
0.16
0.30
0.64
0463
0.53
027
0.09
04 44
0,03
060
0,22
=0.06
0,27
0.12
0.50
0.84
0.40
0.70
0440
0,49
0.09
072
0,25
0.50
0,06
0.44
0,33
0.27
0,07
0.40
017
=013
0.26
0438
0.20
0.09
0417
0.39
0.30
0.42
0.23
0.11
0405
0.60
027
0.32
037
042
0434
0635
0,35
e 03
0.0
Ce31
0442
0.25
0427
[ PR
06323
0.22
0e16
0.15
0.09
0430
0.30
0.50
0.30
0.69
0.03
0.10
0,05
0'52
0.39

189

1.011
0.613
1.1R9
0.987
0.827
Ne833
J.876
1.120
1.005
0. 760
1.054
0.900
D865
0.893
0.805
0,927
04605
1,040
1.195
0.767
1.000
04767
0.859
1.140
1.114
1.020
0.589
0.873
0.924
1.087
0.622
0.907
0.935
1.107
1.022
0,867
0.492
0,607
1.0035
1.067
0,627
04760
0.984
0.827
0968
1.107
0,832
0,740
1.097
1.213
0.811
1.073
1.108
0.867
0,686
0.947
0,773
0.767
0.838
1.047
0.908
0.813
0.946
0,753
0.578
0,600
04557
0.800
0.859
1.000
0.995
0727
0,724
1.267
0.789
14133
0.739
1.200
0.897
0.627

=0,097
-0.387
-0.168
=0.633
-0.638
~0.4%40
~04292
-0.287
=0.059
~0e433
-0.108
=0.707
=0.189
~0.467
~0.405
=0.220
-0.638
-0.,033
Ve011
~0e467
~0.011
=0.573
=0.541
~0.267
0.027
=0.787
-0+595
=0.127
=0.270
0.087
=0.519
~-0.200
=0+400
0.107
=0.168
=0.347
=0,600
-0.313
-0.027
-0.133
=0.514
~0s247
=0,243
=0.267
=0.297
=0.353
=C.541
=0.573
=0.135
0.213
~0.632
0,073
0.108
-0-133
=0.519
=04 640
=0.243
~0s547
~0.173
0247
=04346
~0e347
=0.384
~0+307
=0.762
=0+460
-0.508
=0+ 200
-0.189
0.0
~0.411
=0.413
~0.589
06267
~0.486
=0.200
=0.243
04200
~0,432
~0.380

0.059
-0,327
04314
-0.,200
-04362
-0.193
-0.189
0,153
0.070
-0+380
0.168
-0.013
-0.076
-0.027
-0.227
-0.113
=0.476
04113
0.141
-0.180
=0.065
-0.213
=0.146
04240
0.195
=0.280
-0.286
-0.113
0.011
-0.033
=0+259
-04127
0.059
0.020
0.141
~0.207
-0.389
-04267
0065
04167
=0.276
=0,147
=0.049
=0.+160
=0.076
0.207
-0+259
=04340
0.108
«0.040
=0+308
0.100
-0s119
~0.087
-0-139
=0.320
=0.286
=0+293
~0.178
0.073
04032
=0.233
0.070
-0.153
=0+519
=0+333
=D¢324
=0+293
=0.054
=0.027
04097
~0.220
-0.238
0,033
=04357
04207
=Us141
0.073
=0.043
=0.280

~0.027 =04103 =0.097

=0.+300
0.216
0.027
0,027
=0.080
0.043
0.227
0.043
~04193
0.157
0.047
-0.016
0.080
0.0643
-0.0)3
-0.205
04067
0.195
=0.047
0.081
0.060
0,097
04247
04357
-0.,053
=0.249
-0.153
-0.043
0287
=0.222
0.080
0.059
0.060
0.146
0.060
-0e286
~04153
0,027
=0.100
=0.130
-0.080
=0.151
-0.113
0.135
0,030
0.0
=0.067
0.108
=0.107
=0.076
0,040
04065
~0.,013
~0.162
0,133
=0.114
=0.093
=0086
0,093
0.119
0.0
0,059
=0.020
=0.195
~0.213
=0e269
=Ne193
04097
-N.087
~0.065
~0.187
-0.038
0.0
=0.13C
04127
=0.092
0.027
0.027
~0.187

~0.067
04178
0.347
0.200
0.013
Telbb
0,047
0.146
0,227
0.276
0.233
-0.032
0.053
0.141
0.013
0.005
=0.047
0,076
0.133
=0.027
0.207
0.259
0.333
0.054
C.180
0.022
=0.060
0.211
0.093
~0.120
04067
0.016
0.073
0.081
0.220
=0.0868
~0.067
=0.049
=-0.,073
0,049
=0.053
-0.1%8
0.0
0,200
04147
0.070
04147
=0.,059
~0,093
0.189
~0.007
0.011
0.033
=0.070
04060
~0.092
0.113
0e162
0047
0.038
0.200
0.C22
0.113
~0.005
~0.0647
~0.173
=0.040
~0.,011
=0.047
~0.168
~0.C67
040768
~0+160
0.216
0.160
=0.011
0.0
0.049
-0.020

0,200
-0,086
0.127
0.005
0.173
0.135
0.027
0.038
0.3047
04,216
0.273
0,022
-0.020
0.114
=0+060
0,200
0.067
-0.157
0.100
-0.,059
0.253
0.330
0.187
04254
0.187
0,141
=0.,020
04265
0,087
0.146
=0.040
0.114
04140
0,022
=0.033
0.092
0,033
=0.195
0.080
0,081
0,53
=0.076
0.033
C.086
0.120
0,103
0.073
~0.065
=0.,047
0,200
0.100
0.049
04167
0.103
04147
0,065
04153
~0.108
=0.080
0.043
0,200
0.011
0.067
0.103
0.140
0,049
0,027
=0.0643
~0.,020
0.038
0.120
04146
0.120
0.249
~0.,060
~0+070
~0.067
0.157
0.i80
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1.50
1.280
146
1.90
1.15
1.75
1.20
1.59
1.87
1466
1.65
1.54
1.76
1.32
1.06
2445
1.16
1.07
1.55
2,44
1.58
1.80
1.09
1.20
1.93
1.45
1.08
1.54
1.2
1.35
1.37
1.89
1.3C
1.50
1.641
1.55
1.78
2.30
1.53
1.19
1.31
2.15
1.60
1.67
1.07
2.13
1.32
1.34
1.25
2.24
1.55
136
1031
1.51
1445
1.52
3.00
1.46
1.05
1.49
1.8%
1.8n
1.09
1.23
lel6
2436
1.79
1.53
1.2/
1.71
1.58
1 %)
1.51
142
1.58
1.00
1.10
1.76
lola

1.17
1.50
0.84
1.31
1.15
N.53
0.95
1.40
1.87
0.8
1.29
1.27
1.57
1.20
1.03
1.30
0.87
0e55
0.5¢
0 .90
1.53
1.38
0.-8
1.20
1.30
165
1.02
149
1.15
0.73
1.37
1.87
1.15
0.8F
0.96
1.33
1431
2.08
1e62
0.86
le16
0.98
1.06
lel®
0.96
1.90
0.9
0.92
i.01
1.78
0.86
1.08
0.76
N.72
NeB89
1412
0.84
096
0,72
1.08
1.85
0465
0.76
N.70
1.05
2.08
1.79
N.6R
1.09
1e67
1.68
125
1.10
1.27
1.20
Ce?1
1eNQ
0.69
006

1426
170
1e62
1.89
NP6
1e74
1.17
1.65
1.30
0.76
1.55
1.53
1.70
1.29
1,06
2443
1.07
0.93
1.18
1.92
1.09
1.40
0,97
0,96
1.72
1463
0.68
1.49
1.10
1.22
0.98
1.75
1.23
1.38
1.18
le.46
1.76
1.78
1.32
1.15
1.22
1.70
1eb1l
1.51

1.03
1.95
1.32
1.26
1.10
2.10
0.96
132
1.02
1.27
1letd
1.40
274
0.99
1.01

1.39
1.58
1.32

0.96
121

lelé
2.00
145
1.30
1.19
1ebb
1.19
1.51

1.50
1.32
1.55
0.RA

1J08
1e40
1.95

1.49
1.54
1.36
1ebb
1.15
1.73
1.15
1434
1.40C
1.07
1e67
1.29
1.31
1.18
0.99
1.64
1.15
1.06
1.45
2.30
0.99
1.80
1.03
1.08
1.25
1.30
0.92
1 "0
0.96
1.30
1.09
165
1.27
1.32
l.61
1.30
1.29
173
1.06
1.09
1.07
1.92
1.54
1.08
1.62
1.50
1.30
1.33
1,20
2.12
1.55
1.09
1430
1.5C
l.26
1.48
1.84
1.36
1.0¢
1.49
1.35
1.56
1.06
1.13
1.01
1.70
1.66
1.53
104
1.55
N.8%
1.51
1.30
1.20
1.55
n,.99
N.98
1.73
1.12

1.01
0,73
0.9%
0.80
0.98
1.09
1.00
0,82
0,79
1448
0.77
1.12
N.89
1.01
0.946
0.71
0.75
0.92
1ef
0,98
Jeb65
V.17
0.87
1420
0.85
0.83
0.92
0.53
0.67
0.94
0.82
0.69
0.73
1.15
0.86
1.15
0.75
1.08
0,65
0.88
0.77
.15
1.10
0.67
1.00

0.97
1.00
0.76
1.18
1.26
0.85
0.91
1.13
0.80
0.81
0466
1.33
0.86
1.33
0.85
1.37
0,97
1.00
0.61
1.12
N84
0.73
0.72
1.20
0.58
1.03
1.05
0404
0.85
062
N.71
1.11
1.00

0463
0.02
0.08
Na24
013
0,31
0,33
0.35
=0.08
0.53
0e26
n.30
0.19
0.3
0.39
0.29
0+29
0.46
0.52
0.27
010
0.39
[ T
0469
0434
0434
0.26
(e 10
0430
0eb4
0,17
0.09
0.26
0.27
0.20
0.30
0.0
0,26
0.38
0.21
0.07
0.07
Ne34
0,32
0.33
0422
0.23
0434
0.56
0032
0450
0026
0.28
0 36
0.29
0.39
0.13
0447
0.39
0.21
0.07
0040
N.68
0,50
0e26
0.31
0445
D.48
2.30
0.20
0.20
0.58
0.32
N30
Ne3y
Ve 26
N.17
0+24
0.21

10

0.811
0,973
0,960
1.027
0.767
0.946
0,800
0.838
1.267
0.886
1.100
0,832
1.173
0.714
0,707
1.324
0.773
0,578
1.033
1.319
1.053
0,973
0.727
0.F49
1.287
0.784
0,720
2,832
0.827
0.730
0,913
1.022
0.867
0,811
0,940
0.838
1.187
1,243
1.020
0. 643
0.873
1.162
1,067
0,903
0.713
1.151
0,887
0,724
0,833
1.211
1,033
0.724
C.873
0.816
0.967
0.822
2.000
0.739
S.700
0,805
1.233
1.005
0.727
0. 665
0,773
1.276
1.193
0.827
0,800
0.924
1.120
0.827
1.007
0.768
1.053
0.541
0,733
0.951
0.760

=0s368
=0.189
=0.440
=0,292
=0,233
=0.714
=0,367
=0,243

0,247
=-0,795
=0.167
=0.314

0.047
=0,331
~0.313
=-0.297
=0.420
=-0.703
=0.627
=0,514

0,053
=0.254
=0.680
=0.351
-0.133
=0.216
=0.,320
0,195
=0,233
=0.605
=-0,087

0,031
=-0.233
=0.524
=0,360
-0.281
-0.127

0.124
=0,053
=0.535
=0.227
=0,470
=-0.293
=0.373
=0.373

0,027
-0.367
=-0,503
=-0.327
=-0.038
=0.,427
=0.416
=0,493
=0.611
=0.407
=-0.395
=0.440
=0.492
=0.520
=0.416

0.233
=0.649
-0.493
=0,622
=-0,300

0.126

0.193
=0.632
=0.273
=0.205

0.120
=0.326
=J.267
=0.314
=0.200
=0sb616
=0,273
-0.627
=0.560

=0.205
0.063
0,047
0.146
=0.327
0.+065
=0.,120
=-0.092
=-0,033
=0.465
0,133
=0.049
0,233
-0.178
=0.207
0,438
~0.1387
-0.373
=0.113
0.162
-0.173
=-0.119
=0,253
=-0.357
04247
=0.103
-0.313
=0.079
=0+167
=0.216
=0.267
0.070
-0.080
-0,.130
=0.11)
=0,086
0,273
0.086
=-0.020
=04254
=-0.,087
04043
04,040
=-0.059
=0.213
0.178
=0.020
=0.195
=0.167
0.259
=0.260
=0.162
=0220
~0.189
C.060
-0.119
0927
=0.341
=-0.227
=0.124
0.153
=0.162
=0+260
=0.222
=0e140
0.205
0.067
-0.173
=0.107
0,011
=0.107
=0.059
0,100
=0.162
0.133
=0.400
=-0.18C
=0.119
=0.200

0.049
0,076
0.093
0,032
=0.033
0.178
=-0.033
=0.032
0,133
-00178
0,180
-0.059
0,073
~0.119
=0s140
0,130
=-0,033
=0+184
0.167
N.486
=0s140
0.216
-0.113
-0.173
0,033
=-0,054
-0.187
-0.108
=0.160
=-0,05¢4
=0.073
0.027
0.047
=0.043
04140
=0+,054
0.060
0.178
=0.107
=0.168
-0.087
0.281
0,227
=0.173
=-0.120
0.054
0.067
-C.,03¢
0.0
0.389
0,233
=0.,168
0,067
0.054
0.027
0,043
04627
-0,022
=0.107
0.049
0.100
0.086
=0,093
“0elb6
=0.127
0.162
0.307
0.070
=-0.107
0.081
=-N.233
0.059
0,067
-0.108
04233
~0.222
=0e147
0.178
=0.053

0.027
=0.124
0.113
=-0.,086
0,133
0.070
0,147
=0.076
0,007
0.281
=0,007
0,086
0,073
0,027
0,107
=0.135
-0.020
=-0.,022
0,173
0.011
-0,087
0.114
0,060
0.130
0,047
=-0.,070
0,093
=-0.232
=0.073
-0.011
0.027
-0.,038
-0.033
0.103
0.040
0.103
=-0,020
0.065
-0.,087
=0.,043
-0.007
0,663
0.213
=-0.157
0,147
0+043
G127
0,022
=-0.013
0.119
0.320
-0,059
0.087
0.092
0.013
-0.081
=-0.080
0.200
0,040
0.200
0,067
0.222
0.127
0.022
-0.113
0.086
0.040
=0.124
=0.040
0.130
=-0.133
0.038
0,180
~0.065
0,067
-0.184
~0.067
0.081
04147

0.216
=0.114
-C.027

0.005

0,007

0,043

0.140

0,065
-0,113

0.162

0.089

0.038

0,047

0,070

0,180

0,022

0.113

0.124

0.267

0,022
-0,013

0.086

G.213

0slbl

0.147

0,059

5,080
=-0.070

0.120

0,222

0,033
-0.,076

0,093

0,022

0,053

0,038
-N.080

0,016

0.173
=0.011
=-0.033
=-0.086

0.147

0,049

0+140
=-0,005

0,073

0,059

0,280

0,049

0,253

0.016

0.107

0.070

0.113

0,086

0,007

0.130

0.180
=0.011
=-0.033

0,092

0.373

0.146

0,107

0.063

0.220

0.135

0.12C
-0.016

0.053

0..89

0,133

0086

0.127

0005

0.033

0.005%

0.100




463 1 25 2413 1490 1,91
448 2 1+2 175 1e40 1.43
449 1 5.0 135 1425 1435
W69 2 605 1letb 1e62 1.38
450 1 0.8 1.93 1.86 1.66
450 2 TeO 1022 1.07 1420
451 1 2.0 1.30 111 1lel6
451 2 0.0 1e237 1425 1.03
52 1 18e5 1lell 102 0076
452 2 8.0 1.10 0,85 0.94
453 1 4.0 1le26 1.00 1.23
453 2 0e0 2400 2,00 1466
456 1 11.7 24186 1426 1.58
4564 2 5.0 1.62 1.10 1,42
455 1 13,0 1.66 0,80 1.32
455 2 1s0 1e65 1.62 1.50
456 1 2.5 1leT46 1450 1.72
456 2 50 1.05 0.86 1.05
F12 F13 Fléa F15
046656 041940 =0.3931 =-0.6721
TPK PITPK) HMAX P/HMAX] H1
28,0 0.002 2.000 0.002 04333
23,0 0.007 1.335% 0.007 0.297
20.0 0,012 10333 0.012 0.267
18.5 0.017 1324 0.017 0267
17.0 0.029 1.319 0.022 0,247
17.0 0.029 1.287 0.026 0.233
17.0 0.029 1.276 0,031 0.213
17.0 0.029 1,267 0.038 0200
1€.5 04061 1.267 0.038 0.193
15.0 04948 1.247 0.045 0.167
15,0 0.048 1+243 0.050 0e124
14,0 0.055 1,233 0.055 0.124
13,5 0,060 1.213 0,060 0.120
13.0 0,077 1211 0.065 0.108
13,0 0.077 1200 04069 0.107
13.0 0.077 1.195 0.074 0.087
13,0 0.077 1.193 0,081 0.080
13.0 0,077 1193 0.081 0.073
13.0 ¢.077 1.189 0.089 0,053
12.5 0.105 1187 0,093 0,047
12.5 04105 1.173 0,098 0.047
12.5 0.105 1.168 0.103 04040
12.5 04103 1.167 0.110 0.027
12,5 0,105 1.167 0.110 0.027
12,5 0.105 1.162 04117 0.027
12,0 0.139 1.151 0.124 0.011
12.0 0.139 1.151 0,124 0.011
12,0 0.139 1140 04132 0.005
12,0 0.139 1.133 0.136 0.0
12.0 0.139 1.120 0el%4e <=0.,011
12.0 0.139 1.120 0.144 =0.027
12.0 04139 le114 04151 <=0.033
12,0 0.139 1108 0.156 <=0.,038
11.7 04160 14107 Gol65 =0,953
11.5 0.165 1.107 0165 =0.053
11,0 0,175 1,107 04163 «0.053
11.0 0.17S 1100 0.177 =2.,059
11,0 0.175 1.100 04177 «0.067
10.5 0.189 1.097 0.1864 =0.086
10,5 0.189 1.087 0,189 =-0.087
10.5 0.189 1.076 0,194 <=0.097
10.0 0.220 1.073 0,199 =0.108
10.0 0.220 1.067 0,206 =0.108
10,0 0.220 1,067 04206 <=0.127
10.0 0.220 1,054 0.213 =0.127
10.0 0.220 14053 0.220 <0.133
10.0 0.220 1.053 0,220 =0.133
10.0 0.220 1:047 04227 =0.133
10.0 0.220 1.043 0,232 =0.135
10.0 0.220 1.0%40 0,237 =0.147
10.0 0,220 1.033 04246 <=0.153
945 04246 1.033 04246 =0.167
9.0 0.256 1.033 04266 =0.167
9.0 0.256 1.027 0.256 <=0.168

1455 1425 0,23 1.151 0,027 0.157 0,081
112 092 0020 14167 =0,067 0.053 =0,053
127 1400 0.28 0730 =0,324 =0.196 =0.070
1.34 0082 0.32 0,973 =0,053 0.020 0.0°3
1.54 0.91 0.24 1e063 0,005 0.022 0,076
115 0.864 0,32 0.813 0,287 =0.100 =0.023
0,95 0.86 0.20 00703 =0.400 =0,249 =0.243
110 Neb& 0,07 0.833 =0,167 =0.180 =-0.067
0.96 1406 0.50 0.600 =0,449 =0,465 =0,238
1.03 0.90 0.32 00733 =0,473 =04273 =0,113
1,07 1.13 (.32 0 570 =0.459 =0.211 -D.178
1e15 0466 -0.08 1333 00333 0.073 ~0.033
2410 1ls686 0,28 1.168 =0,319 -0.022 0,373
1e26 0476 0.29 0.947 -0,267 04047 0,040
155 1le26 0.20 0897 =0.568 =0.162 0,081
ls64 076 0.02 1.100 0.080 04100 0,293
lel6 0.72 0.27 0.94]1 =0.189 0.054 -0.130
1.02 0.98 0.27 0.700 -0.427 -0+200 -0.120
HRMS = 0.925 O0.380 0.214 0,141
F23 F264 F25 F36 F35 F&S
046129 -0.1886 =Ce5095 043362 =-0.1352 03916
P{H]) T4 P{H2) H3 PLH3) Hé& PiHe)
0.002 0927 0.002 0.486 Ul.002 04643 0.002
0.007 00438 0,607 0.427 0,007 04347 0.007
0.014 0,314 0,012 0.389 0.012 0.333 0.012
0.016 0.273 0,017 04378 0,017 0.320 0.017
0.022 0+259 0.022 0.357 0,022 0.281 0,022
0,026 0.2647 0,029 04307 0,026 0.275 0,026
0.031 00247 0,029 00293 0,031 0,270 0.031
06036 00240 0,036 04287 0,036 04259 0,036
0s061 04233 0,041 0.281 0,041 04247 04061
00045 04207 0.048 0247 0,045 04233 0,045
0.053 04207 0,048 00233 0,053 0,227 1.050
0,053 0.205 04055 0.233 0,053 00222 0,055
0,060 04i95 0.060 0.227 0,062 04220 0.060
0.065 04187 04065 00227 0,062 04216 0.065
00069 0.178 0.069 0.216 0.072 0.213 0,069
0.074 0s168 0,074 04216 0,072 0,211 V.074
0.079 0.167 0.079 0,200 0.079 04207 0,079
0,084 00162 0,084 0.195 0,086 0,200 0.091
0.089 0e157 0,089 00195 0,086 0,200 0,091
00096 0.153 0,096 0.180 0,093 0.200 0.091
0,096 0.153 0,096 0,178 0,103 04200 0.091
0.103 0s147 0,103 00178 0.103 04200 0,103
0esl2 Os146 0,100 0.178 0,103 0.189 0.108
0.112 0s141 0.117 0.167 0,112 0.180 92,115
Ge112 0e141 0.117 0162 0,117 04180 0,115
0.124 0e141 0.117 00157 0.122 0.178 0.122
0.124 04133 0.129 Os146 0.127 04173 0,127
0.122 0.133 0.129 0.140 0.132 00162 04134
0,136 Oes124 0.136 00135 0.136 04162 04134
Oel4l 0.113 0.141 04133 0.144 0.160 0,141
Qs 146 0,108 0,146 04133 0.144 0.157 0.166
00151 0.100 0,156 0.130 0.151 0.151 0.151
0.156 04100 0,156 04127 0.156 00147 00165
00165 0.100 0.156 0.119 0.160 0s147 0,165
00165 0.097 0.165 0.108 0.16% 0s147 04105
04165 Ne093 0.170 0.100 0.170 0.147 0,165
0.175 0,086 0,175 €.097 0.177 0,147 0.165
0.:79 0.080 C.179 Ce097 0.177 0.146 0,132
0.184 0,073 N. 189 0,093 0,189 O.146 Ca182
0.189 0.073 0.189 0.093 0.189 Oel41 00189
0.194 0,073 0,189 0.093 0.189 04133 0.199
0.201 0.070 0,203 0.086 n.199 00133 0199
0.201 0.070 0.203 0.081 0.211 04133 nL189
0.211 04070 0,203 0.081 0.211 00130 0.211
0.211 0.067 0,213 0.081 0.211 Ge130 0.211
0.222 0.065 00220 0.081 0.211 0.127 0,220
0.222 0.055 0.220 0.080 0.227 0.127 0.220
00222 0.060 0,227 0.089 0,227 0,119 0.227
0.232 0.059 0.234 0,080 0.227 Oetléd 04232
0.237 0.059 0.234 0.076 0,239 0.113 0,242
0.2642 0.0564 0,242 0.076 0.239 00113 0,242
04,249 0053 0.26% 0.073 0.249 Vell3 0,262
00269 0,067 0.254 0073 0e2649 0.107 0.251
0.256 0,047 0.254 0070 04256 0.103 0,258
191

0.157
0.093
0.022
0.033
=0.,027
0.040
=0.065
=0.,093
0.054
0.080
0.092
=0.080
0.270
=0.013
04162
-0.013
=0.130
0.133

00125

H5
0,373
04367

0.0
0,053
0.027
0,133
0.005
0133
=0.016
=0.033
0e146
0.133
0,069
-0.133
0.027
0.113
~0.016
-0.067
0.022
0.100

0.123

P{HS)
0,002
0007

0330 0,012
0,280 0.017

0.273
0.267
04265

0.022
0.026
0.031

0259 0.03¢

00254

0.041

0253 0,048

04253

0,048

04249 0.055

04222
0.220
0.216
0.216
0,213
0.200
0,200
0.200
0.200
0.200
04200
0,193
7.189
1.187
Je.187
0.180
0.180
0,180
0.173
0s173
0.173
0.167
0.162
0,157
0,153
O.147
0e147
0.147
0.146
0.146
0146
0el4b
0elél
0.161
0.140
0,140
0s140
0140
0.140
0.135
be135
0.133

0,060
0.065
0.072
0.072
0,079
0,089
0.089
0.089
0.102
0,103
0.103
G.l12
0.117
0.124
0.1264
0.136
0.136
0.136
0el48
0.148
0.156
0.160
00165
0.170
0.175
0.184
00184
0.1864
0,201
04201
0020,

0.201
0.215
0.215
0.232
00232
0.232
0.232
Ne.232
04249
0249
0.263
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5.0
50
5.0

ne5

0,256
0.273
Ne2713
0,273
0,273
0.301
0+.301
0.301
0,301
0,301
0.301
Dei01
0,301
0335
04335
0,335
0,335
0,335
0,335
0,354
0,354
0,371
04371
Ne371
0371
0.371
0.392
0,392
0,392
0,192
(O eb04
0,409
NJa26
0,426
Qebs26
0,426
0,426
0,426
0,650
0,650
0,450
0,650
04,493
0,493
0493
0,493
0,493
0,453
0,491
0.493
0493
0,492
0,493
0,491
0,493
0.493
Neb&1
N.541
D.541
0,561
0,561
04541
0,574
0.579
N.579
N,n70
0.579
SIS -L)
579
N.ST9
0,579
0.579
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0,027
0.027
0,027
0.022
0.022
0.022
0,022
0.022
0016
0,016
0.013
0.011
0,007
0.007
0.005
0,005
0.005
0,005
0.005
0.006
0.005
0.0
=0.005
=0.011
=0.011
-0.013
=0.013
=0.016
=0.016
=0.015
=0.020
=0.020
=0.020
=0.,027
=0.,033
=0.033
=0,033
=0.,033
=0.033
=0.,033
=0.040
=0,043
=0,047
=0,047
=0.059
=0.,060
=0.,060
=0.065
~0.065
=G.067
=0.070
=0,070
=0.076
=0.,076
~0.080
=0.080
-0.080
=0.086
~0.086
=0.,097
=0.:08
=0.112
=0.114
=0.124
=0.133
=0.3135
=0.157
=0.195

0,632
0.632
04651
0651
0.651
0.6%51
0.665
0.665
04675
0.675
0.684
0,684
0.701
0.701
0,701
0.701
0.701
0.71b
0.718
0.725
0.730
0,737
0737
0.758
0.758
0.758
0.758
0,758
0.758
0758
0.778
0.782
0,749
0.789
0.799
0.799
0.811
0.811
0.811
0.825
0.825
0.825
0,835
0,852
0.852
0.852
0.852
0.852
0.852
0.868
0.873
0.880
0.880
0.888
0.895
0.895%
0.904
0.904
0.911
0,919
0.919
0.928
0.928
0,940
0940
0.940
0.952
0.952
0.959
0964
04969
0974
0.978
04983
0,988
0.993
0.998




MACH, NOZZLE, INLET 3204

SHOT T Tew PMA X P P2 p3 Pa P5 HMAX
I8 1 10,0 1439 04068 103 1435 101 0,46 0.730
439 2 1640 1415 Deh9 1407 1413 0,85 0430 0.767
LR | Vel 132 1606 1e06 130 0,70 0,39 0714
LR LI 2.0 1,00 099 0,93 0.93 075 0,42 0.667
337 1 1060 1425 108 1410 1425 1ell 0440 0.676
137 2 1540 1402 0.60 0,75 0,92 0.83 0,38 0.680
ERL I feh 1469 0490 1e63 150 1420 0414 0.914
s 2 beh  1e25 D470 1422 111 0479 0436 0.833
LI De 2406 206 1.50 1e3& 0e73 0425 1.116
339 2 16,0 0,9% 0.73 0.82 0,83 0.89 0,32 Cet27
160 1 1340 1423 04487 0694 1415 117 0651 0.665
360 2 Aeh 1407 0DR9 0,98 1,05 0672 0e41 0.713
36l 1 224% 1622 0DB5 0,76 0,96 1420 0,52 04659
el 2 2e% 1408 097 0696 0,93 0,72 0,32 0.720
142 1 11.0 1430 102 112 1429 0,92 04,27 0.703
el 2 5S¢0 1421 0693 1,21 1,09 0469 0611 0.807
3«y 1 Se0 1035 090 1635 1,06 1e26 0.6% 0.730
143 2 1040 1el3 0469 098 1e13 0695 0465 0.753
1aa 1 11e% 1425 0,68 0684 1420 1410 0,50 0.676
Yauw 2 beb  1e37 1633 1035 1.32 0,84 0614 04913
365 1 1b6eh  1e6d AR 1,00 130 1629 0445 0.778
Yeh 2 Te0 1403 0451 098 1,00 0485 0456 0.687
346 1 18e0 1415 DAB 1el2 1lele 1ele 0.52 0.622
346 2 1IN0 0.99 0638 093 0,99 0,86 0,28 0+6%0
8271 1 302 1e79 1ebD 1e74 152 D95 Oobé 0.968
K27 2 16eh 1432 0656 105 1629 1610 0646 0.880
LR | 25 2016 172 2416 170 1le26 0456 1.168
w2/ 2 “eh 1410 DRSS 1,09 1,00 093 0,48 04733
520 1 1240 1420 091 0495 1e15 0.91 0064 04 649
530 1 130 1ol 0,RR 0,98 1,10 1,064 0,38 04627
530 2 6e0 127 0480 1.26 1426 0691 0,26 0867
531 1 100 1el5 0eR6 0De9¢ 1415 1613 0425 0622
531 2 5S¢0 0e9% 0D.b6 0696 0.5 0,86 0,36 0.627
5312 1 100 1415 069¢ 1,00 1135 0484 0,60 0.622
532 2 TS5 1603 086 0,99 1400 0485 0,58 0.687
533y 1 TeD 1,86 1456 176 1478 1410 0.21 0,995
53y 2 3e0 1429 1619 1419 1lel6 0.80 028 0.860
534 1 1eB 1438 1e31 1431 1633 0662 0041 0,766
516 2 2650 1401 0eb0 0471 082 0496 0055 0,673
535 1 105 l1elé 1,01 086 1413 0,97 0.21 0.616
53% 2 beb 1e3l 0eB& 1.26 1626 0487 0.2C 0.R873
536 1 11e0 151 0695 1el6 1645 1615 0425 0.816
538 2 Lol 1465 131 163 1429 0076 D35 0967
517 1 Ae? 1eH55 1410 1466 132 0491 0643 0.838
537 2 1040 1.35 0,71 106 1435 0497 0,45 04900
5313 1 A0 231 136 1AB 2429 1e67 0457 10269
538 2 14,0 126 0.92 1ela 122 110 0663 0840
HRMS = 0,793

F12 F13 Fla F1% F23 F24 F25 F3

H1
«0s632
=0.540
=0.433
=0.340
“0.416
=0.600
=0,%14
=0.,533

Osl14
«0.513
~0.638
«0,407
=0.541
=0.353
=0, 449
=04 380
~0.514
<0e673
=0.632
=0.113
=0.524
=0s660
=0.524
=0.747
=0.135
=0.6%0
=0.070
=0.633
=0.508
=0.524
=0e467
=0.535
=04560
=0+492
=0,427
~0.157
=0.207
=0.292
=04 600
=0.456
=0.440
=0.486
=0.113
=0.405
~0.527
=0.265
-0.387

0.675%

4

H2
=0.319
=0.1R7
=0.314
=0.280
-0.281
=0+400

0,005
=0.087
=0.065
=0.353
~de368
=0e267
=0.46%
=0.260
-0.270
=0.C93
=0.166
=0e247
=0.422

0.0
=04335
=0e247
=0+270
=0+280

0065
=0+200

0.281
=0.s173
=0.362
=0+348
~0.060
=0.368R
=0e273
«0.335
=0.240

0.076
-0.107
«0..68
=0.427
=0.411
-0.060
=04+249

0.u33
=0.086
-0.193

0.161

=0+140

0260

F35

O RAGLG  Neh1T76 =0,5267 =0,A1A9 0.7515 =0.292]1 -0.6837 041078 -0.3969 0

APK P{TPK)  HMAY P (HMMAX) M1 P(M]1) 2 P{H2) H3

26,0 0,011 1.269 0,011 Delle 04011 0.281 0,011 0,481
22.5% 0.0132 1.168 0.032 =0.070 0,032 0.161 0,032 0.205
19,0 0,053 1oll14 04053 =Del13 Ge0bS NeDTH 0.053 0.162
16,0 D076 N0e39% 0,074 =0,113 0.064 0,065 0,074 0.100
15,0 0,094 N4968 0,006 =04135 0,096 N.0653 0,096 0,080
16,5 0,129 0.7 04117 =0,157 0,117 0.005 0D.117 2.065
16,5 0412R (14916 (o138  =0,207 Gol3D 0.0 N.138 0.0565
1440 0,170 0.913 D140 =0,255 0,160 =0,060 04170 De0L..
14,0 04170 043900 0elR1 =0e2492 Nel181  =~0060 0,170 0,060
1Ve0 2,21) NeAAD Ne2N? =04360 0,202 ~N065 NG202 0.054
13.0 042113 0,73 04272 =043%3 04223 =~0.0R6 1,223 0.043
120 04265 DeRBO V2648  =04380 14265 =~Ny0DRT 0,245 0.060
1145 Ne2bn QeRGT (1 g26K =043IRT N,266 -),092 0,266 0.027
11.0 0,248 NeR0 DGZR7  =0.60% DAY 0,107 0,287 0.013
1led (g2a% DeHIA NI =0e607 NyINT  =04140 04309 =0,027

105 DoAY OqA3Y Ng310 =Ng6lh Ng130  =Ng14h Ng3IIC =0,027
19,0 Neals DeRTH N6 =02 D4351 ~0.168 0D3%1 =-0.032
19

P{H3)
0.011
0,032
0.053
0,074
0.096
Jel28
0.128
0.170
04170
04202
0,222
04265
04266
0.287
0.309
04330
04351

He
0.384
0.213
0,213
0.178
0.162
0.151
0,130
0.130
0.127
04120
0114
0.113
0.103
04100
0.097
0,092
0.0R7

H3
«0.027
«0.007
«0.054
-0.180
-0.081
=0.1R7

0.054
=0.060
=0.,032
=0.247
=0.135
«0.100
-0,238
«0+1R0
=0,059
=0.,073
=184
«0.067
-0.108

0.080
~0,054
=0.s133
«0.1641
=0s140

0.065%

0.060

0e162
=0.133
=0.135
=0e162

0.040
=0.135
=0.227
«0.135
«0.133

0.205
=0.027
-0.038
«0.253
:0e1bb
(e027
0.043
0.060
0.065
0.100
N.4R1
0.013

0e104

Fo5
+5610

P {HG)
0,011
0e0643
0,043
04074
0.096
0.117
Del49
0e149
0.181
0.202
0223
04265
0,266
04,287
04309
0.330
04351

HG
0.027
0,047

=0.161
=0.020
0,081
0.033
0.130
0.007
«0.124
0.073
0.11é
=0.040
0.130
=0.040
-0.022
~0.060
0.162
0,313
0.076
0040
0.178
0047
0.097
0.053
=0.005%
0,213
0.151
0.100
=0.027
0.0463
0.087
0.092
0.040
«0,0635
0.067
0.076
0.013
-0.184
0.120
0.005
0.060
0.103
-0.013
«0.027
0.127
0.384
0.213

0.111

HS
04353
0.34C
0,307
0.2R7
0.280
04240
0,227
0,227
0,222
04222
0.220
0.200
0,200
04193
04184
0.178
04160

H5
Oell4
0.120
0,086
0,200
0.092
0.160

=0.049
04160
0.011
04133
0.151
0.193
0.157
04133
=0.00%
«0.007
0.227
04353
0e146
0,013
0.119
0.280
0.157
0.107
04222
0.227
0.178
0.240
0,022
0.081
0.093
0.011
04160
0.200
0.307
=0.011
0,107
0.097
0.287
=0.011
04053
0011
0.153
0.108
0.220
0.186
04340

0.169

PiHS)
0.01"
0,022
0.0%3
0.074
04096
0117
0.138
0.160
0.19]
0.191
0,223
0.26%
0 266
ve287
04309
04330
0.372

Ty e
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10.0

0.0

MACH, NOZZLE,

SHOT
323
323
324
324
325
325
326
326
327
327
328
328
329
329
330
330
331
331
332
332
333
333
334
334
515
515
516
516
517

0415
0,415
0.415
0,415
04415
04415
Ce511
0.511
04543
0.564
0.585
0,617
0.617
0.681
2,681
0.681
0.681
0.734
0,777
0.777
0,777
0.R19
0.840
0.862
0.883
0.915
0.915
0.947
0.968
0.989

TPK
3.0
8.0
0.0
1240
20.0
2.0
0.0
4.5
2.0
0.0
2.0
745
1.0
1.5
12.0
18.5
0.0
0.0
4e5
3.5
5.0
2.0
6.0
0.0
2040
7.5
17.0
0.0
1.2

N N e N et N vt NIt N et N et N s N 0t N gt N et 70 5 N e N e

0.R07
0.778
0.767
0753
0746
04733
0.730
0.730
0.720
0e714
0.713
0.703
0+6R7
0.687
0.680
0676
04676
0.673
04667
04665
04660
04659
0e¢49
04627
0.627
04627
0622
0.622
04622
04616

0.372
0,394
04415
De%30
0,457
0es79
04511
0,511
0e545
0564
04+5R5
05606
04638
0.638
0.670
0,702
0.702
0734
04755
0777
0,798
0.819
14840
J.862
( 4894
C+R94
04947
0.947
0.947
0.989

INLET =334
PMAX P1

2.10 1.76
1.70 0.96
2.82 2.82
1.11 0.90
110 1.04
1.66 1.66
1.20 1.20
1.47 1426
z.lq 1.75
2434 2434
1.68 1,27
1.24 1417
1.87 1.720
1.53 1450
2.50 1.00
1.21 NDelh
3.70 3.70
1.71 1.71
2.13 1.10
0.90 0.85
2.55 1.10
2.46 2,33
1.33 0.52
1.58 1.53
1.95 0.89
1e47 0.96
1.89 0.82
3.!2 3.12
136 131

=0.433
=0.43R
=0e440
=0.449
=0:454%
=0e4b7
~0.486
=0.492
=0.508
=0.513
=0.514
=0.514
=0.524
=0.524
=0.52¢4
=0.527
~0e533
=0535
=0.540
=0.541
=0.560
=0.600
=0.600
=0.632
=0.632
=0.638
=0.640
=0.660
=0.673
=0.747

P2
1e93
le46
1.77
0.87
0.94
1417
1.13
1.47
1.88
1.68
1.59
le17
1.46
1.33
1.37
0.69
2434
1.33
2.08
0.80
2455
1.94
1.25
Le45
1.15
1.25
147
2422
1.24

0,372
0.394
0e415
0e436
0e0u57
0e479
0.500
0e521
0543
0564
0.596
0.596
0649
0649
eb49
0.691
0.712
0.73%
0.755
0,777
Ve 798
0.830
0.830
0.R72
0.872
0.904
0.926
0.947
0.968
0,989

P3
1.68
1.58
le44
1.04
1.07
0.85
1.05
123
1.02
1e26
1.48
1.)0
1.13
1.00
2:45
0.81
2.09
1.22
1.30
073
2413
1.68
1.07
1.14
1.32
1.38
1+60
2467
1.28

-0.173
=0.187
-0.193
=0.200
=0e240
=04247
=0e247
=0.247
=Ce249
=0.260
-0.,270
=0,270
=0,273
=0.230
«0e2R0
=0.2R81
=0.314
=0.2'"
=0.335
=0.335
=0e346
-0.353
=0e362
=0.368
~0.368
=0.400
=0.411
=0.422
=0e.427
=0s465

0,372
(re394
0,415
04436
0e4b7
0,500
0.500
0.500
0e543
0.564
0,596
0.596
0628
0660
0.660
0.691
0.713
Ne734
0.766
0.766
0.798
0.819
0.R40
0,872
0,872
0,904
0.926
0.947
0,968
0.989

P4 PS5

le42 0.
0.8 0o
0463 =0.

0
29
16

1,00 0.l4
1410 0455
0.63 0420
0e¢82 0434
063 =0.04
1,05 0.22
0.80 0.05
1.09 0,10
0.80 0.27
0.77 0433
0.80 0.09
1.70 0.10
1416 Ue45
1435 =0418
0.95 (427
Ce81 0,10

0.80 0.

11

1460 0.70
0.90 0426
1¢11 0455
0475 041A8
1.95 0.49
1.0¢ 0450
1.70 02,27
0.70 -0436
0.84 =0.,0¢

195

-0.038
=0.047
=-0.047
=0.054
~0e 054
=2.059
=0, 060
=0.073
=0. 081
=0.100
-0.108
=0.133
-0.133
=0.133
=0.135
=0.135
=0e135
=0.135
=0e)40
=0.141
=0e146
=0e162
-0.180
=-0.180
-0.184
=0.187
=0e227
-0.238
=0e247
=0.253

HMAX
1.135
1.133
1524
0,749
0.595
1.107
04649
0.980
1.184
1560
0.908
0,827
1.011
1.020
1.351
0.807
2,000
l.140
1.151
05600
1.378
1+ 640
0.719
1,053
1.054
0.980
1.022
2.080
0.735

0e372
0.404
04404
Oebd?
06447
0.479
0.500
0.521
0e543
0.564
0.585
0eh23
0+628
0,628
04702
0,702
0.702
0.702
0. 755
0,777
0.798
0.819
0.R51
0,851
0.R83
0.904%
0,926
0,967
0.968
0.989

H1
=0.049
=0.360

0524
=04400
-0.438

0.107
=0.351
=0.160
=0.054

04560
=0.259
=0.220
-0.027

0.0
=0.459
=0.507

1.000

0.140
=0.405
=0e433
=0.465

04553
=0.719

0.020
-0.519
=0e360
=0.557

1.080
=0.292

0.0R1
0.074
0.076
0.073
Ge0¢0
0.053
0067
0.047
0.047
0043
0040
0040
0.033
0.027
0.013
0.007
0.005
-0.005
=0.013
=0.020
=-0.022
=-0.027
=0.027
=0.040
=C.040
=0.060
=0.065
=0+124
=0.141
=0+1R4

H2
04168
0.073
0.08)

-0.320
=0+368
=0.170
=0e265
0.080
0el4)
0.220
~0.C16
=0.120
-0+0R6
=0.013
-0.135
=0.440
0.389
-0.013
04249
~0.367
0,503
0.393
=0.200
0.067
=0e254
=0.067
-0.061
0.5R0
=N4205

0.372
04404
0.404
D436
N.457
0479
0.521
Ne521
0.521
N,56¢
0596
01596
0628
0.649
0.670
0.691
0713
06734
04755
0.77
0.798
0.R30
0.830
0.R72
0.R72
0.904
0,926
Ne947
0,968
0,989

h3

0e151
04253
0,022
=0.107
=0.178
=0.233
=0.189
0.020
Nel”9
N.040
0.043
=0.067
=0e146
=0.133
0,568
=020
04377
D.01%
=0.,054
-0,313
04375
0.320
-0.178
=0,040
~0e043
Del20
0108
0,313
=0,065

0160
0.160
04157
04157
0.1’
Oelvl
Oelbb
04133
0,133
0.120
0.119
Oell4
04108
0.107
0.107
0.097
0.093
0092
0,086
0.081
0.053
0.013
0.011
0,011
0.011
-0.005
=0.007
=0.011
=0.011
=0.049

Hé4
0249
04060

-0.17#
0ela?
0075

=0.100
=-0.076
=-0.100
0.049
0.013
0.070
0.013

04103
0.013
0e400
0.253
0.211
0.113

=0.081
0.013
0.346
0+0R0
0.081
=0.020
0.535
0.172
04400

-0.053

=0.06%

0.372
0e372
0.426
0426
04457
0479
0,500
0,532
0,532
0.564
0.585
0.606
N.6298
0 ebb0
0.660
0.691
0,713
0734
0,755
0777
0798
0.R19
0.862
DeRE2
0.R62
0,904
0.926
04957
04957
0.989

HS
=0.124
0.113
=0.211
0.0)3
N.173
0.053
0.059
=0.107
-0 .00%
=0.047
-0.070
0.100
0,054
=N,020
=-0.070
0.220
-0.222
0.100
~0.070
0.393
0e254
0,093
0.175
0e 740
0el41
0.253
C.022
-04320
=0e108
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e

517 2 0.0 1.05 1.05 0.74
S18 1 3.5 2.36 1.75 2,22
S18 2 0.0 1,95 1495 1.34
] 519 1 3,5 1478 1,65 1.76
519 2 0.0 1l.14 1.14 .07
$20 1 10.0 1,66 1.14 1.31
520 Z 12,5 1440 0446 0,94
521 1V 2,5 1435 1427 1.34
521 2 5.0 1,33 1,00 1.33
522 ) 5.5 1432 1,12 1.30
522 2 1.8 1425 1.23 1.11
3 523 1 6.0 1.36 0,97 1.35
523 7 0.0 1.46 1466 1.32
! 524 1.2 170 1,57 1.66
1 524 1.2 1l.16 1,11 1.08
" 525 1 2.5 1456 1,24 1440
1 525 2 0.0 1443 1,43 1.11
] 526 1 1142 2.13 1.08 .81
1 526 2 9.0 2435 2429 1499
1
F12 F13 Fl4 F15
i 0,6642 0,3217 -0,3451 -0,6478
WPK PITPK) HMAY P(HMAX) M1
20,0 0,021 2,080 0,010 1,080
20.0 0.021 2.000 0.031 1.000
18.5 0,052 1,640 0,052 0,560
17.0 0,073  1.%57 0,073 0,553
12.5 0.094 o560 0,096 0,527
12.0 0.125 1.524 0,115 0,524
12.0 0,125 1,378 0.135 0,30
1142 0.156 1,351 0,156 0,140
10,0 0.177 1.300 0,177 0.107
9.0 0,198 1,276 0.198 0,020
8.0 0.219 1.184 0,219 0.0
7¢5 04250 14151 0,250 =0.,027
7.5 04250 14151 0.25C =0,027
6.0 06292 1,140 J.281 =0.047
6.0 04292 14135 0,300 =04049
545 0.323 14133 0.323 =0.,054
540 04354 1,107 0,344 =0,054
540 04354 1,054 04365 =-0,108
4,5 04396 1,053 0,385 =-0,151
445 04396  1.022 0,406 =0.160
; 3,5 0,448 1,020 0,427 =-0,180
3.5 04448 1.011 0,448 =3.,220
345 04448 0,980 0,479 -0,240
3,0 0,490 0,980 0.479 =0.259
2.5 0.521 04973 0,510 =0,260
2.5 0,521 0.962 0,531 =0,292
2.0 0.573  0.953 0,552 =0.300
2.0 0,573 0,933 0,573 =-0.314
2.0 04573 0,919 0,594 =0.330
1.8 0,615 0,908 0,615 =0.333
1.5 0,635 0,897 0,635 =0.351
1.2 0,677  0.887 0,656 =0,360
1.2 0,677 0,833 0.677 <=0.360
1.2 0,677 0,832 0,698 -0,384
1.0 0,719  ©.827 0,719 ~-0,395
0.6 0.865 0,807 0.740 =-0.400
0.0 0.865 0,773 0,760 -,405
0.0 0.R55 04760 0.78) ~0.405
0.0 0,A65 0,740 0,802 =0,416
0.0 0,865 0,735 0.833 =-0.433
0.0 0,865 0,735 0,833 =0,438
Ne0 0,865 0.730 0,865 =~0.659
0.0 0.865 0,719 D.885 =0.476
0.0 0,865 0,714 0,906 -0,507
0,0 D.865 0,700 0,927 =0.519
0.0 N.RE5 04649 0.94R =0,557
040 0,865 0,600 0,962 =0.693
040 0.R65 0.595 04990 =0.719

LI

0,77 0.86 0,30 0.700 =0.300 -0,407
1,89 .97 0.42 1,276 -0,054 0,38
1.32 0.62 0.05 1,300 0,300 =-92.007
1.68 0,90 0.0 0.962 =0.108 0.076
1.0: 0,73 0,24 0.760 ~0,240 -0.187
1.64 1.17 0.13 0.897 -0,384 =0.168
1.30 1,22 0,532 0,933 ~0.693 =0.273
1.21 0,72 0.31 0.730 =0.314 ~0.151
1.07 0,65 0,52 0.887 =-0.333 =0.013
1427 1406 04,40 0,714 =0.,395 =0,173
isl6 0,66 0426 0.833 =0,180 =0.160
132 0071 0048 0,735 =0.476 =0.146
leOs 0466 0,62 04973 =0,027 =0.020
1.1 1.00 0440 0.919 -0.151 0.022
0,97 0.64 0.45 Qe 73 =0.260 -0.180
0,90 0.80 0,35 0.832 -0,330 =0.119
l.11 0.80 0.03 00953 =0.,047 =0.160
2.00 1.62 0.58 1.151 -0.416 0,103
2433 1.00 =0,15 14567 04527 0,427
HRMS = 14092 04416 04239
F23 F24 £25 F34 F35
046976 =0,0259 =C.4514 0.4465 =0,3253 0
P(H1) H2 PIH2) H3 PH3) H4
0.010 0,580 0.010 04753 0.010 0,535
0,031 0,503 0,031 0,568 0,031 0.400
0052 0,427 0,052 04395 0.052 0400
0.073 0,393 0,073 0,373 0.073 0,357
0.094 0.389 0,094 04324 04094 0346
0.115 0.384 04115 0.320 0,115 0.293
04135 04249 0.135 0.313 0.135 0.253
0.156 00220 0.156 04265 04156 04249
0.177 0.168 0,177 0,253 0,177 0.211
0.198 0.141 0,198 0.151 0.208 0,173
0.219 0,103 0.219 0.151 0.208 04147
0¢240 0.081 0,240 0.141 0,240 0147
0,260 0,080 0,260 04120 04260 0s114
0.281 0,076 0.281 0.119 0.281 Ne113
0,302 0.073 0.302 0,108 04302 0.081
0,333 0.067 0.323 0.080 0.323 0.080
0.333 04022 0.344 0.067 04343 0,076
0.365 =0.007 0,365 0.059 0.365 0.070
0,385 =-0,013 0,406 0.043 0,385 04,060
0.406 =C.,013 0,406 0,040 V4406 G+054
0,427 -0.013 0,406 0,022 04427 0.049
0s448 <=0,016 0,248 0,020 0.448 0.022
0,669 =0,020 0,469 0013 04469 0,013
0:490 =-0,067 0,490 =-0,027 0.490 0,013
0,510 =0.,0A61 0,510 =0.038 0,510 0,013
0531 =0.086 0,531 <-0.,040 0,531 G.013
0,552 =04119 0,552 =0.,C43 0,552 04013
0,573 =04120 0,583 =0,054 0,573 0.013
0,594 =N.120 0.583 =-0.060 0.594 0.005
0,61 =04135 0,615 =0.065 0,615 =0.020
0,635 =0.146 0.635 -0,067 0,635 <=0,032
0.667 =0.151 0,656 =-0.070 0,656 =0,033
0.667 =0.160 0,688 -0.087 0,677 =-0,053
04698 -~04160 0.688 =-0.093 0.698 =0.,065
0,719 =0.168 0,719 =-0.103 0.7i9 =0.,076
0740 =0,173 0,740 =-0.10" 0.740 =-0.080
0,771 =-0.180 0.760 =0,113 N.760 =-0.030
04771 =-0.187 0.781 -0.133 0.781 -0.081
0,802 =0,200 0.802 ~-0.,146 0.P02 =0,086
0.823 -0,205 N.823 -0.153 0.823 -0.087
0eB44 =0,254 0.844 -0,178 0.854 =0,093
04865 =~0,265 0,865 0,178 0.854 =0,100
0.885 =0.,27% 0.,R85 =-0,189 0.885 -0.,100
0,906 =0e3210 0,906 +34,233 0,906 =0.,103
06927 =04367 04927 =N0,260 0,927 <~0,107
0,948 -0.368 0,948 =0,270 0.948 =0.130
0969 =0.407 0.969 =0+287 0,969 =-0,135%
04990 =0,440 7.990 =~0,313 0.970 =2,178

196

-0.287
0265
0,080
0.151
-0.113
0.141
0.067
-0,103
=0.087
=0.070
=-0.027
-0.038
=0,093
0.059
~0.153
=0,270
~0.+760
0e32%
0,753

0,222

F45
02364

PlHG)
0.010
04042
0,042
0.073
0,094
C.115
0.135
0.156
Ve177
0.198
0.229
0.229
04260
Ge28Y
0.302
0.323
0,344
04365
0.385
0,406
0,427
04448
Ne521
0.521
0.521
04321
0,521
0,521
0.594
0,615
0.635
0.656
0.677
0.698
0.719
0.750
0.750
0.781
0.802
0.823
0.844
0.875
0.875
0490(
0.927
0,348
04969
0.990

0.013
0,005
+«0.107
-0.032
-0.033
0.114
04293
-0.130
-0.037
0,054
-0.080
=0.135
-0.080
04022
=0.093
-0.086
0,013
0.357
0,147

0,171

HS
0.393
0.333
0,273
0.267
04254
0,233
0.220
0.220
0.189
0,173
0.173
04141
0.135
0.12C
0.i13
0.103
0.100
04100
0,093
0,093
0,092
0,092
0,080
0.065
0.059
0,054
0.053
0.043
0,040
6.022
0,013

~0,008
=-0.020
=0,047
=0.047
-0.05%
-0.360
=-0.070
=-0.070
=0.070
-0.107
-0,124
=0.124
-0.168
-0.180
=-0.211
=-0.222
-0.320

0.120
0,103
=0.047
“0,124
0,080
=t)..054
0,273
0,043
0.267
0,092
0.093
0.135
0,333
0.0%2
0.220
0.06%
-0.060
C.189
=-0.180

0.159

PIHS)
0.010
0.031
0.052
0,073
0,094
0,115
0.146
0.146
Cel?7
0.208
0.208
0.240
e.r%0
0.281
04302
04323
04354
0.354
0.396
04396
0.438
0.438
0.,469
0Ge490
0.510
0.531
0,532
0,573
0.5
Qo615
0635
04655
0.677¢
0,708
0.708
04740
0.760
0.802
0.802
0.802
0.B44
0.875
0,875
0.906
0.921
0.948
0,969
0.990
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MACH: NOZZLE, INLET 2341

SHOT T TPK  PMAX P1 “2 P3 P4 PS5 HMAX H1 H2 H3 Hae H5
478 1 Ceb5 1474 0466 1463 1468 0.90 0.19 0.941 =0e6%43 0,005 0,151 =0.032 =0.,022
678 2 9¢0 132 1426 1425 1430 0.88 0.18 04B80 ~C2160 =0.067 0,067 C.067 04,040
472} 0e5 24652 2.60 1470 1485 0485 0.C3 le4l6 04405 04151 0,243 =0.0%9 0,108
479 2 leb 1426 0464 1,05 1,14 1.22 2,40 04840 =0.573 =0.200 =Ds040 Co293 0,187
480 1 140 1474 1472 1430 1.30 1.27 0.10 0s741 ~0.070 -04173 ~0,054 0.}68 ~C.070
4R0 2 4s0 1436 1e12 1434 1.07 0462 u,21 04,907 -0.253 -0.€07 -0, 87 ~-0.107 0,060
48} 1 340 1455 132 1440 1415 0.79 0.30 0.838 =0e786 -GellT =04135 =0.092 0,038
«81 2 Gel 2¢00 1423 184 1493 0495 04,40 14333 =0.180 G.327 N.487 0,113 0,187
482 1 345 3,75 2.60 3.60 1.80 1,00 -0,01 2,027 04405 1,070 0.216 0.022 -0,130
482 2 Be5 1465 0453 1432 143, 0484 0467 0,957 =0.647 =0.020 0,N80 0,040 0.367
%83 1 165 2475 2450 2040 2.53 0.89 0.11 1e486 o351 0.422 0.611 -0.038 -0,065
«83 2 3¢5 1416 0497 1415 1.15 0,93 0.30 0e77) =0435% =0a133 -0.033 0,100 0.120
684 1 0.7 2472 2472 1045 1445 0497 -0.03 1.470 0.470 -0.092 0,027 0.005 =0.141
484 2 10.7' 1415 04872 1,00 1.15 1.08 0.25 04767 =04413 -0,233 =0.033 0.2(3 2.087
485 1 30 2457 2400 Zel4 1433 0.92 0.11 *«389 N,081 0.2R8]1 -0,011 =0.,02> -0.065
485 2 10.0 1433 1e31 1.21 135 0.90 0.35 0.8R7 -0.127 -0.093 0.097 0.080 0.160
486 1 240 2480 2440 2445 1.74¢ 079 =0.22 1516 04297 04449 0,184 -0.092 -04243
486 2 12,5 1la11 0473 095 1.06 0,93 0426 0e740 -0,513 =0.267 =-0.093 0.100 (.03
«87 1 9.0 1474 049C 1452 1470 1415 0eb4 0.941 -0.514 -0.054 0.162 0,103 0.11%
487 2 10.0 2,00 0470 1413 2.00 1.20 0.11 14333 ~04543 =04147 04533 0.280 -0.007
©88 1 645 1446 1,00 1428 1436 1.12 0446 0+ 789 =0.455 =04130 =0.,022 0.08~ 0.124
«88 2 0.0 1.68 1468 1,30 1.04 0.85 0.14 1120 0.120 =0.033 -0.,107 C.07% 0,013
«89 1 6e¢5 176 1416 1455 1470 1.60 0460 04951 =0,373 -0.,032 04,162 0.346 0,200
©39 2 8e5 1450 1407 1033 1.36 0.85 0437 1,000 ~0,287 =0.013 0,107 04047 0..67

HRMS = 1,139 04393 €.291 0.223 0.138 0.142

Fl12 F13 Flé F15 F23 F24 FZ5 Fi4 F35 Fa45

044925 =040636 =0¢5927 =047708 044709 =Go2701 =043862 04,2898 ©C.0303 0.5333

WPK PLTPK) HMAX P(HMAX] H1 P{H1) H2 P{H2) H3 P{H3) H4 P(H&41 H5 P{H5)
12.5 0.021 24027 0,021 0.470 0.021 1.070 0.021 0.611 0.021 04346 04021 04367 0.021
10.0 0.104 1514 0,063 0.405 0,083 04449 0.063 04533 0.063 0.293 0,063 0,200 0.063
10.0 0,106 1.486 04104 0,405 0.083 04422 0.104 0.487 04104 0.280 0.10¢ 0.187 0.125
10.0 0.104 14470 04146 0.351 0.146 04327 04146 0+243 04146 04200 04146 04187 0.125
9.0 0.229 le416 0,188 0,297 0.168 0.281 0.188 0.216 0.188 0.168 0,188 0,167 04188
9.0 0.229 1.389 0.229 0.120 0.229 0.151 0.229 0.184 0.229 Ce113 0,229 0.160 0-229
9.0 0.229 14333 04292 04081 0.271 0.005 0.271 0.162 0.292 0.103 0.271 0412% 04271
8.5 04356 1.333 04292 =0.070 0+313 <=0.007 0,313 0.162 04292 0,100 0.333 04120 0,313
845 04354 14120 0354 =0.127 04356 <=0.013 0,354 0.151 0.354 04100 04333 0.116 04354
8.5 04356 14000 0+396 <=04160 04396 <=0.020 04396 0.107 0.396 0.086 04396 0,093 04396
6.5 04679 00967 04438 =0.180 0.438 =0.032 0.438 0.087 0.438 0.080 0.438 0.087 0.438
645 04679 0951 04479 <=04253 04479 =0.,033 0,479 0.080 0.479 04073 0,479 0,060 04479
643 04479 0.941 04563 <=0.286 0,521 <=0.054 0.521 0,067 04521 0,067 0.521 0,060 0.521
6.0 0.563 04941 04563 <=0.287 0.563 ~0.067 0,563 0.027 0563 0,047 0.563 0.038 04563
3.5 04604 04901 04563 <=0e353 04604 <=0.092 0,606 <=0.011 0.606 0.040 0,606 0.013 04604
3.0 0667 00907 04646 =0e373 04646 =~0.093 0,646 =0.022 04646 04022 0.646 =0.007 04646
3.0 0.667 04887 0¢6R8 =0.413 0.688 =0,119 0.688 ~-0.033 0,708 0.005 0.6R8 =0.022 0.688
240 0.729 04880 0479 =04459 0729 =0.130 0,729 -0.033 0,708 <=0.022 0,729 <=0.065 04750
16 0771 CeB840 04771 =04513 04771 =04133 04771 =0.040 0,771 =003 0.771 =0.065 04750
1.5 0.813 04838 04813 =0.514 04813 =~0,147 0,813 =0.054 0.813 =0.,038 0,813 =0.070 0.813
1.0 0.854 06789 04856 =0e533 0.854 =0s173 0.854¢ =0,087 04854 =0.059 0.854 ~-0.108 0.854
0.5 04896 04773 04896 <=0.573 0.896 =0,200 0.896 <=0.093 0.896 <=0.092 0,917 <=0.130 0.89¢
060 04958 0¢767 04938 =0,643 04938 =0+233 0,938 =0.,:07 0,938 <=0.092 0.917 =0.141 0.938
0.0 0,958 0¢740 04979 04647 04979 =04267 04979 =0.135 04979 =-0.107 0,979 =0.,243 0.979
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MACH, NOZZLEs INLET =344
SHOT T TPK  PMAX Pl v2
4646 1 20,0 1492 0444 0480
b4 2 35,0 0.95 0.24 0,49
465 1 6.5 1le71 1,02 1465
465 2 TeO 14564 1.25 1447
466 1 A5 2.95 076 2440
466 2 3¢5 1404 D.14 0434
487 1 Be7 1lebb 0.25 0475
467 2 5.0 1.20 0.30 1.20
468 1 10.0 1.60 6,35 0,88
468 2 55 1e31 0440 1.320
469 1 18,0 1428 0678 1.23
669 2 1B.0 142 0417 0665
470 1 12.0 145 0,32 0.88
470 2 0.0 2,82 2482 1.95
471 1 16,0 1463 065 1410
w7l 2 5¢0 1462 0.52 1.62
472 1 2640 2622 0.70 1404
472 2 0.0 2.66 2466 1482
473 1 26,5 1e5%0 0466 0096
473 2 Bs0 2402 0.35 1.10
474 1 1645 1.71 0460 1.33
@74 2 11.0 0.98 0.40 0456
475 1 14.0 1443 0615 0.70
15 2 240 2462 2430 2420
Fl2 F13 Fl4 F15
0,799 0,3240 -0.4821 =C.7400
¥OK P(TPK) HMAX P({HMAX) H1
35.0 0,021 1.840 0,021 N.880
26,5 0.063 1.773 0.063 0,773
2640 0100 1,747 0,104 0,533
20.0 04146 1595 0,146 =0.167
18.0 0,208 1347 0,188 =0.449
18,0 0.208 14200 Ne2?9 -0.578
165 04271 1,080 0.271 =0.600
16.0 0,312 1.038 04313 <-0,622
14,0 04354 1,027 0,354 =-0.,642
13.0 0.396 0.967 0396 =0.649
11.0 0,438 04924 0,458 =04653
10.0 04479 0.924 0,458 =0.,676
He7 04521 0.H9T 04521 =04733
8.5 04563 0.881 0.563 -0,733
8.0 0,604 0sB7) 0ebUG =0.762
7.0 0,646 0,865 D646 =0.767
6.5 0.688 0,811 0.6 =0.800
9545 04729 0.,A00 0.729 -0.811
5.0 0.792 0,784 0,771 =0.827
5.0 0,792 06773 04813 =0,840
3,5 0,854 0,693 0.854 <=0.865
2.0 0.896 0¢692 0.896 =-0,947
0.0 0958 0,653 0,938 -0.907
0.0 0,958 0e633 0979 =0.919

S W T ST RN T A T JEAUTY R TRV SO T e T

P P& (4] HMAX H1 H2 H3
123 1492 04hé 16038 =0,762 =04443 =0.092
0e45 0,63 0o76 04633 =0.840 =04573 =0,500
1le42 0,99 0466 0.92% -0.,449 0,016 0,011
1430 0460 0670 1e027 =0.167 0,080 C(.067
276 .92 =0.26 1:59% =Ue600 04422 4735
0665 076 0485 04692 =0,907 =04673 -0,367
1.58 0465 0445 0,897 «04865 «0.470 0,097
0.86 0,65 065 0.800 ~0,800 =04+100 =0,240
1.60 106 1,04 04865 =04811 =0.400 0,108
1.26 U1 0.83 0¢R873 =0,733 -04033 1,053
104 1410 0493 0e692 =0,578 =0.211 -0.195
0.15 1e73 0,72 04947 =0.887 «04600 =0.+300
110 1.4& 0460 0784 =04827 *04400 =04162
130 0454 0430 1,820 0,880 04400 0,067
120 1.27 0.80 0881 =0.649 =0.281 =0.,108
135 1le44 0640 1,080 =0.653 0.180 04100
1e15 1433 0696 le 20U =Ne622 0214 =004135
1.48 0480 0434 1773 0,773 04313 0.137
0.86 0,98 0.66 0e311 =0e64% -04357 -04292
1le78 0.98 0,48 16347 =~04767 =04167 04387
1e33 1424 043% 04924 =0.676 -0.157 ~0.038
0.96 0490 0427 00653 -0,733 ~0,527 ~0.160
1.15 0.80 1.19 Ve773 =04919 -0.497 ~0.135
170 0487 0415 1e 7647 Ce533 0.567 04333

HRMS = 1,096 0.731 0.388 0.2¢2
23 F24 F25 Fi4 F35 F45

046855 ~0,1475 -0.6663 0,2222 -0.4346 0.1871

"{H1) H2 P(H2) H3 P{H3) H4 P (H4)

0.021 04567 0.021 0.735 0.021 06519 040642

0.C63 0,422 0,063 04387 0,063 0,519 0.0642

0.104 04400 0104 04333 04104 04440 04104

0. 146 04313 04146 04187 0.146 04300 04146

0.188 0.180 0.188 0.108 0.183 0,259 C.188

0229 0.080 0.229 0.100 0.229 0.200 N.229

0.271 0,016 0.271 0,097 00271 04168 00271

00313 0,033 0,313 0.067 04333 0,151 0,313

00354 =0.100 0.354 0,067 0.333 04133 0.354

0e396 =0.157 0,336 0,053 04396 0.087 0.396

04638 =0,167 0,438 0,011 0.438 0.080 0.438

0:479 =0e211 0,479 «0,038 0,479 0076 0,479

00542 =0428]1 0.521 =0.,092 0,521 04060 0e5¢1

04542 =04314 0,563 =0,108 0.563 0.054 04563

0,604 =04357 0,606 =0,135 0,625 0,016 0,604

0s646 =0.400 0,667 =~04135 04625 0013 0e646

0.688 =0,6400 0.667 =-0.160 0,688 0,011 0.488

0e729 =0e443 0,729 =0s162 0,729 -0.013 0.729

0.771 =0470 0e771 =04195 0s771 ~0,086 0,771

04813 =Ce497 0,813 =0,240 0,813 =0,087 0.813

0e8546 =0.527 0,854 «0,292 0.854 =0,100 0.854

0896 =04573 0.896 =0.300 0896 =0.120 0.896

00938 =0,600 0938 =0.367 0938 =0,160 0.938

06979 =0e673 0979 =0.500 0,977 =0.168 0,979

198

v e v

Hé
0.519
=0.100
0,016
=0,120
0.519
-0,013
=Nel6d
-0.,087
0,054
0,087
0,076
0.300
04259
~0.160
0.168
0e640
(4200
0.013
0.011
C.133
0.151
0.080
=0,086
0,060

04216

HS
0,519
0,487
0,473
Leb38
04427
04400
0.395
04387
0.378
0.353
0,308
0240
0.232
0.232
0e222
0.200
0187
0.147
0el 29
0.119
G.100
0,059
0.020

=0.265

HS
0.222
0.427
04232
0.387

=0e265
0,487
0.119
04253
0.438
04673
0.378
Ce400
0,200
0,120
0e308
0.187
04395
0.147
0.232
04240
0,059
04100
0.519
0,020

0.313

P(HS}
0,02}
0,063
04104
0el46
0.188
Ce229
0.271
0.313
0.354
0.396
0.4328
04479
0,542
0.542
0,60
0ebub
0488
0.729
0.771
0.813
0,854
0.896
0.938
0,979
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MACHy NOZZLE,

SHOT
491
491
492
492
493
493
494
494
495
49%
496
496
497
497
498
498
499
499
500
500
501
501
502
502

F12

WPK
8.0
T.5
“.o
3.5
3.0
245
l.a
1.5
1.
leb
l.‘
1.3
1.2
0.8
0.8
0.5
0.5
0.0
0.0
0.1
02
Oev
040
0.0

T T°K
1 1.5
2 0.0
1 1.3
2 0.0
1 0.5
2 2.5
1 0.5
2 0.0
1 0.8
2 4.0
1 8.0
2 0.0
l 3.,
2 3.0
1 1.4
2 04¢
1 1.8
2 0.8
1 )b
2 0.0
l 102
2 Te5
1 leé
2 0.0

INLET

PMAX
1.65
2415
1.73
1.54
204
135
2406
142
2469
1.35
1.91
163
1.57
149
.14
.o 70
2.21
1.69
2415
1.61
1.57
174
1463
1.53

Fi3
0.6992 043032 0.,0022 =0.,3209

PLTPK)
0.021
0,063
04104
0,146
0.188
0.229
0,271
0,313
0.396
0.396
0.396
0,479
0.521
0.583
0.583
0.667
N,687
0.854
0.854
0.854
0.854
0,84
0.854
0,854

HMAX P {HMAX)

1454
1,433
1.195
14162
14157
10133
1.127
l.114
1.103
1.087
1.073
1.032
1.027
1.020
0993
0947
N.935
0900
0.900
0.893
U892
0.881
04549
04849

=35]

Pl
1.50
2.15
1.64
154
2.02
1.31
2.03
1.42
2440
1.33
1007
1.63
1030
1.45
2.04
1.70
2.00
1,68
2.05
1.61
147
1.28
1.56
1.53

Fl4

0.021
0.063
0.104
0146
0.188
0.229
0.271
0.313
0.354
0.396
0.438
0.479
0.521
0563
0,604
0.646
0,688
0.75%0
0.750
0.813
0.854
0,896
0.958
0,958

TR X TP Y WS

P2
1447
1447
1.62
1.36
1.56
1.31
1.69
120
2440
1.3¢
1.72
1.35
1.55
le40
1e75
1.52
1.92
1.49
1.82
1,50
1.51
1.28
leb4
1.38

F15

H1
04433
0.405
04133
0.120
0.1u8
0.103
0. 097
0.092
0,087
0.081
0.073
0,027
0.020

=0,033
=0,053
=0.,103
=0.113
-0.127
=0.147
=0.168
=0.189
=0.205
=0.20%
=0.297

T - > w

P3 24 P5 HMAX H1 H2 H3
145 1.06 0.29 0.892 =0.189 =0.,070 0,027
1¢32 0.85 =0.09 1.433 0,433 0.080 0.080
1449 1.06 0.20 04935 -0.103 0.0 04C69
1.29 0.84 0.l6 1027 0,027 0.007 0,060
1¢57 0.90 0..2 1.103 0,092 =0.032 0.092
1.20 0484 0.13 04900 =0.127 =0.027 0.0
1.55 0.84 0.0 1114 0,097 0.038 0.081
1.9 0467 0.13 0947 -0,053 =0.100 =0,073
1¢8~ 1,03 0,23 1.454 0,405 04922 64238
120 0.78 0,27 04900 =0e113 =0.007 0.0
1«81 126 0.19 1032 =0e20% 04054 Oedee
1e21 0480 0.12 1.087 0.087 0.0 00017
149 1.00 0.20 0849 =0,297 =0.N3E 0.047
1,32 0.86 0.15 00993 =0.,033 0.023 0,080
lefs&é 0450 0420 1.157 0.103 0,070 0.032
1.30 0-82 0.09 1133 0133 04113 0,067
1.80 1.28 0440 1,195 0,081 04162 0.216
1.29 0,80 0.31 1.127 0.120 04093 0,060
170 111 0429 le152 C.108 0,108 0,162
128 0.82 0.12 1.073 0,073 0.100 0,053
149 0.85 0.23 0849 =0.205 =04059 0,049
127 0490 0O.l4 04893 =0s1647 =0.047 0,047
1e34 0098 0.40 Ne881 =0.168 =0.,097 =0.032
1.22 0.86 0.10 1.020 0.0¢0 0.020 0.013

HPMS = 1,060 0.176 0.111 0.100

F23 F24 F25 Fl4 F35 Fa45
07391 0.4169 =0.,0030 0.7077 =0.0083 0.254%

P{H1) H2 P{H2) H3 P{H3) H4 P{H4)
0,021 0,422 0.021 04238 0.021 04173 0.021
0,062 0.162 0.063 0.222 0,063 0+151 04063
0.104 04113 0,104 04216 0.104 0.081 0.104
04146 0,108 0,146 04162 0.146 0.080 0,145
0.188 0.100 0.188 0.092 0.188 0.054 0.188
0.229 0,093 0.229 0,081 0,229 0.053 0,250
04271 0.080 0,271 04080 0.292 04053 0.250
0.313 0,070 0,313 0.080 0,292 0,047 0,313
0354 0,054 0,354 0.067 0,354 04043 D354
04396 0,038 0,396 04060 0.417 04040 0,417
Ce438 0.033 0,438 0,060 0417 0040 0,617
0,479 0,020 0,479 04053 0,479 0038 0,679
0.521 0,007 0.521 0+049 0,563 0.027 04542
0563 0.0 0.583 04049 0,563 0,027 0542
0,604 0.0 0.583 0,049 0.563 04022 04604
0.646 =0,007 0,646 0.047 0,646 04013 04667
0.588 =0.027 0.688 04032 0.688 Ge013 04667
0,729 =0.032 0.729 0.027 0.729 02011 0.729
0771 =0.038 0,771 {4013 0,771 0.0 0.771
0813 -N,0647 0,813 04007 04813 =0,032 0,833
0e854 =0.,059 0.854 0.0 0.875 =0.032 0.833
0917 =0.070 0.896 Oev 0.875 =0,059 0.896
0917 =06097 0,933 +02.,032 0,938 =0.065 0,938
0.979 =04100 0,979 =0.073 0,979 =0.073 0.979
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Hé
0.043
0.067
G.C54
N.040

=0.032
0.040
=0.065
=0.073
0.038
0.0
0eisl
C.013
0.022
0.053
=0.032
0.027
0.173
0,013
0.081
0.027
=-0.059
0.080
0.011
0.053

0.065

HS
0.127
0.100
0092
04092
04032
0,032
0.027
0.020
04013
0.007
0.007
0.0
0.0
0.0
0.0

=0.013
=0.016
=0.016
=0.016
=0.020
=0.122
=0.059
=0+124
=0+140

H5
0,032
=3.140
=0.Ci %
0.027
=0.059
0.007
=0s124
0.007
0.0
0.100
-Gel22
0.0
=0.016
0.020
=0.016
=0.020
0.092
0,127
0,032
0.0
0.0
0.013
0.092
=0.013

0.060

P{H5)
0,021
0.063
0.125
0.125
0.208
0,208
0.271
0.313
0.354
04417
0417
0.5642
0.5642
0,542
0e542
0.646
0.729
0.729
0.729
0.813
0.8564
0856
0938
0.979

vaw—qug
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MACH, NOZZLE, INLET =354

SHOT T TPK PMAX Pl P2 P3 P4 £S HMAX M1 H2 H3
503 1 1245 2423 0.7A 1427 1495 1,51 0.49 1,205 ~0.589 =0,189 0,297
503 2 4e5 1463 1.1V 1459 1,27 0.70 0.28 1,087 =0.267 0.160 0,047
504 1 845 1.93 1.33 1,75 1,90 1.06 0,20 10043 =0.281 0,070 G.270
504 2  B.0 1,70 1,20 1l.46 1,60 0,98 0.18 1,133 =0,200 0,073 0,267
505 1 1645 1467 1,17 1427 1.33 1,59 0,10 0,903 =0,368 =0.189 =0,038
505 2 3.0 1429 1.20 1,10 0.9 0,75 0,34 0.860 =0.200 =0+.67 =0,173
506 1 2.2 2,09 1,93 1,95 1465 0,92 0,33 1130 0,043 0,178 0,135
506 2 0.0 2.02 2,02 1.60 1,50 100 =0.10 1367 0,347 0,167 0,200
S08 1 0.5 1491 1481 1.50 1,75 1,3¢ 0,18 1.032 =0,022 =0+065 0.18%
508 2 0.0 1.65 1465 115 1426 1,00 0,27 1,100 0,100 ~0,132 0,04
509 1 1845 1.69 0472 0498 1,02 1465 0460 06914 =0,611 =0.34E =0.205

509 2 249 2.42 1482 1e91 1.20 0.98 0.34 1.613 0,213 0,373 0.0
510 1 6.5 2,22 0,70 1480 1,93 1,06 0,20 16200 =Ue622 0.0697 0.386
510 2 2.5 2436 1.85 1.94 1.23 0,60 =0.11 1573 0,233 0,393 0,920
S11 1 0.5 1,86 1484 132 1,60 1,20 0.46 1,005 =0.005 =0.162 0.108
511 2 0.7 1,86 1.81 1,50 1,18 0,87 0,20 1s227 0,207 0,100 =0,013
512 1 240 2415 1.97 1.80 1,65 1.05 0.15 1162 0,065 0,097 135
512 2 5.0 1.53 1,50 153 1,52 0.91 0..4 1020 0.0 0,120 0,213
513 1 1545 1.18 0,90 1.00 1.09 1.13 0.26 00638 0,514 =0+335 =0,168
513 2 12,5 1418 0.71 091 1.12 1,02 0,43 0,787 =0.527 =0,293 -0,053
514 1 9.5 1430 1,05 1.05 1,29 1.07 0.42 00703 -0.432 -0.308 -0,059
514 2 4s0 1492 1466 1475 1.31 .70 0.34 1.280 0,093 0.267 0,073
HRMS = 1.115 0,336 0.220 0,165

Fl12 F13 Flé F15 F23 F26 F25 F34 F35 Fas
006302 -0,0728 =0,5699 =0,4991 0.3772 ~0.4614 =0.3650 0,243« =0,1008 0.4156
TPK PITPK] HMAX P(HMAX] Wl  P(H1] H2  PiN2] H3  P(H3] He P (H&)
18.5 00023  1.613 04023 00347 0,023 0,393 0,023 0.297 0.023 0,373 0,023
16,5 0,068 1.573 0,068 0.233 0,068 0.373 0,068 0,286 0,068 0.341 0.068
1505 00114 1,347 04114 04213 0ellé  0.267 0,116  0.27C 0,114 0,297 0.ll%
12.5 0,182 1.280 0.159 0,207 0,159 0178 0,159 0.267 0,159 0,205 0,159
12.5 00182 1,227 0.205 00100 0,205 0,167 0,205 0.213 0,205 0.160 0,205
9.5 04250 1.205 0,250 04093 0,750 0.160 0250 0,200 D.250 0.147 0.273
8¢5 0,295 1,200 0,295 0,065 0,295 0,120 0,295 0,189 0,295 0.147 0,273
8.0 00341 1.162 0,341 0,043 0,341 0,100 0,341 0,135 0,566 0,133 0,364
645 00386 1.133 0,386 0.0 00386 0,097 0,409 0,135 0,364 0,133 0,364
5.0 04432 14130 0432 =0,005 0,432 0,097 0,409 0,108 0.432 0,130 0,432
445 00477 14100 04477 0,022 04477 0,073 0,477 0,073 0.477 0,092 0,477
440 0,523  1.087 0,523 =0,200 0,545 0,070 0,525 0,047 0.523  0.087 0,523
340 0,568  1.043 0.563 =0,200 0.545 =0.,065 0,568 0,040 0,568 0,060 0,568
209 04616 1,032 00614 =0,267 0s614 =0,133 0,616 0,020 0.614 0,059 0614
2¢5 04659 14020 00659 =04281 0,659 =0,162 0,659 0.0 0,659 0,054 0,682
202 0,705 1,005 0,705 =0,3%8 0,705 =0,167 0,705 =0,013 C.705 0,056 0,682
2.0 0,750 0,914 0.750 =0+432 0.750 =0,189 0,773 =0,038 0.750 0,049 0,750
0¢7 00795 04903 0,795 =0.514 0,795 =0.189 0,773 =u,053 0,795 =0.020 0,795
0.5 0,864 0,860 0,841 =0,527 O.b4l =0,293 0,841 -0,059 0,841 =-0,022 0,841
005 0,864 7,787 0,886 =0.589 0.886 =0.308 0,886 =0,165 0,886 =0.,053 0,909
040 0.955 0.703 0,932 =0.611 0,932 =-0,335 0,932 =-0,173 0,932 ~-0,053 0.909
040 0:955 0638 0,977 =0e622 0,977 =04346 0.977 =0.2C5 0,977 =0.,120 0.977

Hé

0,297
=0.053

HS
0el4l
0.107

0.054 =0,010

0.133

0,040

0.341 =-0.070

=2.020
=0.022

0.147
0.,05¢

0,147 =0.147

0.205
Oel?
0,373
0.133
0,054

=0.027

0.100
0,200
0.147

=0.,016

-0.120 -°ol53

0.130
0,060
04049
0.087
0,092
0160
0.059
=0.053

0159

HS
0,207
0,200
0.147
0.147
0.147
0,141
0.124
0.107
0.103
04100
0,054
0,053
0.040
0.016
0,013

=0.016
=0,016
=0.027
=0,643
=0.,070
=0.147
=0.153

0.124
0.053

=0,043

0.013
0.01¢
0,207
0.103
04147

0.112

P{H5]
0.023
0.068
0.159
0.159
0.159
0.250
0.295
0434)
04386
04432
04477
0.523
0.568
0.614
04659
0.727
0727
0.795
0,841
0.886
0,932
06977



APFENDIX D
DEVELOPMENT OF THE ASPIRATING PROBE SENSORS

The TSI anemometer units and a vacuum pump were used to drive several
aspirating probes which were used as described in Reference 9 in an attempt
to develop a sensor capable of measnuring the boom signature pressures with a
higher degree of fidelity than was possible using the B and X microphones.

A total of six aspirating probes were used; four were custom built by

A d

Dr. A.B. Bauer and the other two were TSI models 1440E and 14l4OF. The custom-
built probes had orifices approximately 0.024 inches in diameter; for record
keeping they were numbered 520, 521, 522, and 523. In order to obtain maxi-
mum signal to noise ratio with these probes some experimentation was done witn

wire types. The hot-wire material used was 90 percent platimum and 10 percent

rhodium. Pure platinum wire was available and theoretically would have given
a larger signal-to-noise ratio because of a higher @, the temperaturz coef-
ficient of resistance, but this was not tried because of the lesser tensile
strength of pure platinum. Wire breakage was a problem with the platinum-
rhodium wire possibly because of minute sand and/or dust particles aspirated
through the probe. The wire length was varied between 0.023 inchnes, and
0.035 inches according to the probe used. The wire diameters used were 50,
T0, and 100 microinches. The smaller wires had a lerger theoretical signal-

to-noise ratio but were also more fragile.

As discussed in Reference 9, the aspirating probe has the advantage of
frequency response up to 500 kilohertz as compared with only 140 or so kilo-
hertz for the B and K 4138 microphones. The disadvantage of the aspirating
prove, as compared to the microphone, is a low signal-to-noise ratio. For

3

example, Reference 9 predicis a noise level of 8.5 x 10 © volts rms whereas
the sicual is b2 x 1072 volts/psi. In table 1 of Reference 9 the overpres-
sure for the large or "A" projectile is 0.69 psi; if this is reflected off
a ground plane the amplitude is doubled and the signal level would be

58 x 107

too good. Furthermore, since Reference 9 was written the ground plane of the

velts for a signal-to-noise ratio NbT of only 6.8, which is none

experiments was moved to 15 feet from the projectile path so that the N-wave
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overnressure would be only about 0.27 psi instead of 0.69 psi. To make
matters worse, the smaller projectiles have been of much more interest than
the A projectiles because of their small overpressures. During November 1969,
aspirating probe tests were run using O.46 caliber bullets whose microphone
signature is shown in figure Dla. Here the reflected N-wave pressure is only
0.28 psi so that the above implies a signal level 1l.6 x 10-3 volts for an
NCT of only l.4k. This is for the leading edge of the N-wave; any perturba-
tions or other features of the wave might be much smaller so that the signal

would be almost undistinguishable from the noise.

Fortunately something can be done to greatly improve the situation. To
fully understand this one must review the underlying theory. This had been
worked out by Freymuth (References 10 and 11), but this needs to be discussed
for the specific case of the aspirating probe. The heat transfer from the
wire is

Q= TR = Trk.c(Tw - TR)Nu (p1)

where the wire resistance R 1is

R=R +OR (T -T) (p2)
and where

I = wire current

k = fluid +hermal conductivity

£ = wire length
Tw = wire temperature

TR = wire recovery temperature for an unheated wire

To = g reference temperature, usually ambient

Ro = wire resistance at temperature To

M1 = Musselt number
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Figure J1 Aspirating probe and microphone scnic boom signatures.
0.46 caliber bullets, M = 2.16. The horizontal scales are 50 pusec/div.
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Note: These figures are discussed
in detail on page 237 2 208
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also, M 1is given approximately by

Mi = a + bRi/a (D3)
where
R, = -"-“f (Dk4)
and where
o = fluid density
u = velocity past wire
d = wire diameter
p = fluid viscosity
a = constant = 0.39
b = constnt = 0.50

Freymuth defines U as the bridge voltage; hence U 1is the sum of the
wire voltage IR and the voltage across the wire series resistor IRB' The
ratio R3/R is called m. Then Freymuth gives the bridge noise output for a

constant temperature anemometer system as

3 2
o 0t ggm(l + 1/m) (%) we, (05)

N

Freymuth defines e, as the noise generated by the bridge resistances

and by the equivalent resistance of the anemometer anplifier. His w 1is the

candwidth and ¢ 1is the wire heat content, which may be written as

c=pc.al (D6)

where is the wire heat capacity per unit temperature and volume, and

P, .C
oW
a_ 1is the wire cross sectional area vda/h. Then with a little manipulation

we can write the noise level as

we P C e (D7)

wWwwt

(L+n)(1+1/m R
Ay = +21r})<1$1u+ /)<R—R)

20k
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The aspirating probe is built with a sonic orifice just downstream of

the wire so that the wire Mach number M remains constant. When a pressure

T
—

wave of smplitude Ap hits the probe, changes are transmitted with the speed

of sound past the wire and into the sonic orifice. For a sonic boom the changes

' across the shock wave are essentially isentropic so that
B:50 o
%f% = 71 (%) (D9) ,
| 52 -3 o |
|

where 7 is the gas constant Ll.4 for air, ag is the speed of sound, p is

the pressure, and T is the air temperature. Also, from Reference 12,
gﬁ = 0.76 (E) (p11) '
T 06 (7 ]
%k _ 0.8 (5) (D12)
of T
When a pressure wave passes the wire, changes occur in k, N, and Tq. Hence, j
from equation (D1)
aQ _ - ok _ aaim JlNu :
ar- = mz(Tw TR)Nu é_T; RN + rRE(T TR) ﬁ; (p13)
3
Since k 1is evaluated at the film temperature, l/.'i_’(Tw + TR), !
dk 1. 60k ‘
= (D1k4)
ofp " T + T
also
op _ _l.52u
e (p15)
R W o
and
u = Ma (p16)
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and

5 - e (?;e) (p117)
R 2Re R
QR R (T T d T )
e e[ RQ R "o R du
=== + — == (D18)
S, T \p O *3, % h o
by putting together equations (D9) through (D18 we get, for airv,
g—%— = — Tk4Nu' (p29)
R
where
T -T T =T T =T
; 1/2 |, _ w _RW_ . pv/2 |, o (v _RY_ w __R
Nu-_a+bRe 1 1.60(T+T) bR, 1.)c( 7 ) 0.76(T+T)
w R R W R
(D20)

Now, the change in bridge voltage U caused by a pressure change O&p is

daT
-— Q L] -di . .-—-R-
AUS T daQ dTR dp (D21)
and
dU _l+m
aq = o1 (p22)
mea(R = R )M 1/2
I-|—z% (p23)
o)
and Ro can be written as
hcoz
Ro = 2 (D21+)
7d

where EA is the wire resistivity.

Then by substituting equations (D23) and (D2%) into (D22), and (D8),
(p19), and (D22) into (D21), we obtain

1 =7) o 1/ 4 TR
| 1 +m 0 SN =Ina i
AUS - ( 7 /"1 ) ZR =R iNu (pr) . :

nd
W
<
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Finally, taking equations (D7) and {D25) to form the signal-to-noise ratio, we

get
gl 1/2
v o5 80 -y [FTETEIMET G \TR mp g
CT ~ Ay (1 + 1/m) R d5 P Japc e,

Ir the above equations a key parameter is Mu', which changes sign as a
function of the wire temperature Tw' In Reference 9 it was assumed that Tw
should be small so that Mi' was near its maximum positive value. Later it
was found that NCT
possible temperature so that Mi' becomes negative. A numerical example will
be helpful. Let d = 100 x 10-6 inches, £ = 0.033 inches, use 90 percent Pt
10 percent Fh wire sc that R_ = 30.5 ohms and a = 0.0017/°K, M = 0.3,

T = 300°K. Then R, = 16.8, le‘/2 = 2.07, and M = 2.k46,

could be greatly improved by increasing '1‘w to the highest

Ma' will reach a positive maximum value of about 1.25 near T = 400°K,
Ma' will pass through O near T, = 500°K, and Mu' will be -3.9 at 900°K.
For T = 900%K, R/Ro = 2.06. Let the bandwidth be 500 kilohertz and m = 3.2.
¢ can be shown to be =bout 1.4 2 10'6 volts. Then
ap c e, = 218 joules volts/°K sec. in?. Also, k=T x 107" watts/in.®K. Then
for the 0.460 caliber tullet, Ap = 0.28 psi and AUg = 23 x 1072 volts. AU

is 1.9 x 10™ volts rms so that the signal-to-nolse ratio is 12.

For a TSI 1050 anemometer e
N

Results in reasonable agreement with the above calculations are shown in
figures D1b, Dlec, and Dld where the parameter R/Ro was 1.54, 1.64, and 1.79,
respectively. In all three cases the custom-built probe 523 was used with a
100 x 10-6 inch diameter 90 percent Pt 10 percent Rh wire of resistance
R = 33 ohms. The calculated values of T, for the three cases are 618, 676,
and T64°K, respectively. A fourth case was tried with R/R = 1.17. This
resulted in a small negative N-wave shape, whereas the other three signatures
show a positive and progressively-increasing amplitude as Tw is increased.
These signature shapes are similar to those taken by microphones shown in
figures Dla and Dl1d. The vertical scale on the aspirating probe pictures cor-
3volts/division. This combination was
obtaized with a TSI model 1057 signal conditioner used in the 100X amplification
mode t¢ amplify the bridge signal. The amplified signal was fed into a Tektronix

responds to a bridge output of 14 x 10~

555 oxcilloscope set at ome volt/division and shunted with a 50 ohm resistor.
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The resistor reduced the amplification factor to Tl. As a result, the N-wave
amplitude of about 1.4 divisions on figure Dld corresponds to AUS = 20 x 10"3
volts, in reasonable agreement with the above caleulations which were done for
a somewhat different value of 4§, m, R/RO, and Tw. If the calculations are
coyrected for these parameters, we find AUS = 16 x 10-3 volts, in very good
agreement with the measured 20 x lO-5 volts. The calculations «ssume that the
flow past the wire is at M = 0.3; this, in practice, depends on the aspircting
probe nozzle gecometry. Since the nozzle cross section dimensions are very small —
of the order of 0.020 inches = and since the nozzle dimensions could not be
measured accurately during the probe constiuction, the experimental. value of

M at the wire could easily have been sufficient to result in the above differ-

ence between calculation and experiment.

The noise on figures Dlb, Dlec, and Dld has a peak-to-peak emplitude of
about 0.25 division; the corresponding rms value is estimated to be 0.07 division

3

which corresponds to a noise level of 1 x 10"~ volts rms. This is substantially
less then the calculated value of 1.9 x lO-5 volts rms; the reason is probably
because the bandwidth may have been substantially less than 500 kilohertz as
assured in the calculation. The bandwidth was not measured, but it was

inferred from the process used in trimming the anemometer for good frequency

response.

In figure Dle a somewhat ragged signature taken with probe 522 is shcwn.
In this case d was again 10C x 10-6 inches, R was 27.5 ohms, and
R/RO = 1.96. This was taken near the upper limit on R/RO, this limit is
estimated to be near 2.1 because of wire burnout. Some wires were operated at
R/Ro above 2.0, but no signatures were taken. The raggedness of the above
signature was evidently the result .f some leakage in the probe hose connec-

i tion to the vacuum pump, which resulted in the probe orifice being subsonic.

In figure D1f i§ shown, a signature mensured with probe 522 using s wire
diameter of 50 x 10" inches and an oscilloscope sensitivicy of 2 VOlts/division.
. Here R was 116 ohms and R/RO = 1.66. Apparently AU is decreased from
that giver by the larger wires. Unfortunately the wire was broken before another

shot could be made at a nore appropriate value of oscilloscope sensitivity.
According to :quations (D7), (D25), and (D26), the smaller wire should result
in a smaller noise level, a somewhat smaller signal, and a larger signal-to-
noise ratio than with the 100 x 10-6 inch diameter wire.
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The factor m in equations (D7), (D25), and (D26) varied with wire diameter
inasmich as R3 remained fixed whereas R varied with wire diameter. For the
experiments R5 was 11?6ohms. Accor?éng to equation (D25), when d was
decreased from 100 x 10 to 5 x 10 inches, AUS was decreased by about
30 percent becausz of changes in m, Nu, and Nu' which overcame the factor
of 2 increase in £/d. A comparison of figures Dlc and D1f seems to confirm
this. (Recall that figure D1f has only half the amplitude of figure Dlc for
the same bridge voltage.) On *he other hand, because of the factor (Z/dB) in
equation {D26) for Nop» the change to the smaller wire size should increase
NﬁT by a factor of about 3. In practice some of this increase may be lost
because of electrical nroise picked up from such things as nearby radio stations.
Therefore, the upper limits of the aspirating probe performanc> will require
further research.

A persistent problem ia the probe development was the lack of the capability
of the TSI 1050 anemometer to be properly trimmed for the aspirating probes.
This is illustrated in figure D2. In (a) is shown the proper anemometer response
to a square wave input. The time T is a measure of the upper limit of the
system frequency response. In (b) is shown the closest to optimum that could be
obtained using a T0 x 10'6 inch wire at R/Ro = 1.50. Part (c) shows that an
almost proper respcnse curve could be obtained with a 100 x 10 = inch wire at
R/Ro = 1,47, but when this was increased to 1.69 the overshoot again appeared
as shown in (d). Increasing R/Ro to 2.00 made the overshoot worse, whereas
decreasing R/Ro sufficiently always eliminated the problem. The difficulty
was that reducing R/Ro reduced MNi' with a resulting large decrease in

signal-to-noise ratio NﬁT'

Vhen probes 1440E and 144OF were ordered from TSI, the two TSI 1050
anemometer units were shipped to TSI for a change in the resistors R3 of
bridge 1 from 40 to 200 ohms. This resulted in a favorable increase in the
parameter m by a factor of 5. The anemometer -ias then trimmed by TSI for
proper operation at R/Ro = 1.15 as first suggested by Reference 9. Iater
the writer discovered the much greater Ny available at R/Ro = 1.% and
above, but this brought along the wershoot problem. The problem was partially
solved by the writer by decreasing R3 to 110 ohms and certain other circuit
modifications after consultation with TSI personnel. The best that could be
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ﬂ (@) PROPER RESPONSE TO THE

SQUARE WAVE TEST

(AMPLITUDE DEPENDS ON AMPLITUDE
OF SQUARE WAVE INPUT)

(b) RESPONSE CURVE USING 70 MICROINCH
W(RE ON PROBE 523 WITH R/Rg =1.50

ﬂ (C) RESPONSE CURVE USING 100 MICROINCH
WIRE ON PROBE 522 WITH R/Rg=1.47

i (d) RESPONSE CURVE USING 100 MICROINCH
WIRE ON PROBE 522 WITH R/Rg =1.€9

— U

Figure D2 Oscilloscope patterns showing the response of the anemomater system
to a square wave input.
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accomplished is shown in figure D2. However, according to Freymuth (References
1¢ and 11), it is always possible to modify the circuit parameters so as to
eliminate the overshoot problem. It is the writer's opinion that this cannct
be done without some redesign of the TSI 1050 anemometer circuits for this
specific job. Tt is pertinent to note that the standard sensors available
from TSI have a cold resistance of the order of 10 ohms or less as compared to

the 30 ohms to 120 ohms of the aspirating probes discussed here.

It may be noted that the overshoot problem is apparent in figures Dlc and
D1d and even more apparent in figure D1f. Figure Dlb, which hes the smallest
R/Ro and the large wire, does not have the overshoot problem.

The time constant T defined in figure D2 was of the order of 2 to 3
microseconds for the probes of figure D2, but about one microsecond shculd be
subtracted from these figures for the finite rise times of the square-wave
generator and the 500 kilohertz oscilloscope used for the tests. Thus, 7T was
only 1 to 2 microseconds. According to Freymuth, this corresponds to a system
frequency response of 360 to T0O kilohertz. Because of lack of precision in
the measurements, the T0OO kilohertz is viewed with suspicion. About 500 kilo-
hertz seems to be the upper limit.

The large frequency response of the aspirating probes can be confirmed
by a careful inspection of figure D1. The time Ty required for the traces
to jump to 2/3 full amplitude is only about 2 microseconds for the aspirating

probes as compared to 5 microseconds for the microphones.

FigureDlg shows a signature taken using probe 523 with the 24-inch jet
nozzle turned on to a speed of 80 feet/sec. The figure shows that the jet
interacted with the aspirating probe to produce apparent pressure fluctuations
before the arrival of the sonic boom. This interaction was ~onfirmed for
several different aspirating probes. Such an interaction phencmena was antici-

pated and was expected to have an amplitude of the order of ouly 0.5 x 1.0-3

3

Instead the rms value of the fluctuations was of the order of 10 x 10 ° volts,
or the same order as the boom N-wave signature. Because this problem could
nol be solved, and because of the much greater reliability and much lowexr noise
level of the micropho.es, the boom experiments were run using the microphones

rather than the aspirating p-robes.
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It is the writer's belief that it is posaible to develop the aspirating

probe into a useful instrument by performing the following tasks:

1. The overshoot problem should be eliminated by redesign of the

anemometer unit.

2. The jet interaction problem should be overcome by shielding the

probe with a microscovic jet of laminar air or nitrogen gas.

S The problem of wire breakege through ingestion of small particles

should be solved by using the above laminar jet.

4.  Wires smaller than 100 x 10'6 inches should be used for optimum

signal-to-noise ratio.
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