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ABSTRACT

Shock shapes and detachment distances for a group of spherical-
nosed bodies are presented and analyzed in terms of their dependence on
several of the flow parameters. The experimental data were obtained by
testing the models in an arc-driven shock tube facility which produces a
high enthalpy supersonic flow behind the traveling normal shock. With
the models mounted in this shock-generated supersonic flow, the free-
stream conditions with respect to the model were such that the equilib-
rium density ratio across the bow shock and the free-stream Mach number
vary as 3.1 k 5 7.2 and 2.1 < M 3 3.54, respectively. The stagnation
enthalpy range for the tests (2,O0-3l,000 BTU/lbm) allowed for free-
stream dissociation and ionization levels of up to 88.0 per cent and 25.0
per cent, respectively. These free-stream conditions are not what is
typically experienced in wind tunnels and free flight; thus, the handling
of the data is somewhat different than usual in the type of quantities
needed in the correlation procedure. It is demonstrated that the density
ratio across the bow shock is the important parameter for correlating the
nose region shock shapes since this produces agreement between the real
gas data and perfect gas data. It is also demonstrated that detachment
distance may be dependent on the level of free-stream dissociation while
the nose region shock shape shows no dependence whatsoever on the degree
of gas dissociation or ionization ahead of or behind the bow shock.

This Technical Documentary Report has been reviewed and is approved.

OV04P. ANTOA
Chief, Flight Mechanics Division
AF Flight Dynamics Laboratory
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I. INTRODUCTION

In recent years there has been an increased interest in the shock
shapes about blunt bodies since many aerodynamic quantities of interest
depend on a knowledge of this shape. Many theoretical attempts have
been made in this direction with only limited success especially in the
nose region. The difficulty, as is generally known, is due to the
existence of both subsonic and supersonic flow in this region. Fair
success has been obtained with computer programs which use various meth-
ods to reach the sonic line, after which the method of characteristics
is applied to develop the rest of the floic field about the body.
Nevertheless, this approach is expensive in terms of computer time and
gives only limited insight to the shock shape variation for a variety
of initial conditions.

As a result, most of the published information on the nose region
shock shapes has been experimental. The general procedure followed in
most cases is to use an equation of the form indicated by blast wave
theory in handling the data. Lin's 5 equation for the bow wave profile
is

r =0.80 cD1 (x/d)l/2 ()

where r and x are the bow wave coordinates, x taken along the axis of
the body. The general form of this Cj,,tion is

r (x/n (2)

wher d n are constants used in fitting the equation to certain
regi )f the shock wave. In the nose region, this equation indicates
that tn& coordinate ratios form a straight line when plotted on a log-
log scale, which is the case for most blunt bodies. The constants, A
and n, are then correlated in some manner with the hope of writing a
single expression for a range of initial conditions.

The parameter used most extensively for correlating A and n has
been that of free-stream Mach number, but this does not seem to lead
to any convenient expression for either constant. Recently, a new
approach was taken in reference 2 where the stagnation enthalpy was the
correlation parameter. In developing this correlation, experimental data
and some computer results were used; the data at the high stagnation

Manuscript released by author, May 1964, for publication as an RTD
Technical Documentary Report.
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enthalpies were very limited. Based on this, it was felt that shock
shapes observed in an arc-driven shock tube facility could possibly
extend the work of reference 2 since this particular facility is
capable of producing a wide range of stagnation enthalpies
(1,700-61,000 BTU/lb ). The one objection that might be raised to
this technique is th! limtted free-stream YAch numbers of the test
media (14 - 2.0-3.5), but as will be illustrated later, this does
not affect the results when handled properly.

The present work forms one part of a more extensive hypersonic
similitude study to establish Vhich flow parameters are important when
comparing various flow fields.

II. TEST FACILITY

The experimental data in this report were obtained in The Ohio
State University arc-driven shock tube facility, which is capable of
producing simulated flight velocities up to 50,000 ft/sec and simulated
altitudes up to 200,000 ft, based on conditions in the stagnation region
of a blunt model placed in the shock-generated flow. The energy used in
driving this shock tube is supplied by a capacitor bank which has an
energy capacity of 200,000 joules at its maximum voltage of 6000
(FiK. 1). The tube itself is conventional in the sense that both the
driver and driven section have the same inside diameter--four inches.
The driver section is separated from the driven section by a metal
diaphragm prior to the start of a run. The driver is initially pres-
surized with helium to around 100 lb per square inch, while the driven
section contains air to form the test media and is evacuated to some
low pressure. The electrical energy stored in the capacitors is used
to heat the helium to a high temperature and pressure thus causing the
diaphragm to rupture. When the diaphragm breaks, a compression imve
or shock wave is generated and moves into the low-pressure driven
section, while an expansion wave propagates into the driver section in
the opposite direction. A typical wave pattern is shown in Fig. la.
Detailslrn2nhe performance of thia facility have been reported pre-
viously ,  and will not be repeated here.

Two different tube configurations were used, one having a driven
section 38 feet long; the second was 28 feet long. The longer driven
section was coupled to the larger of two arc chambers, which has a
volume of 0.116 cubic feet; the shorter tube was used in conjunction
with the smaller arc chamber, which has a volume of 0.058 cubic feet.
The configuration consisting of the shorter tube coupled to the small
are chamber supplied the higher shock speeds because of the higher
pressures and temperatures produced in the driver gas. The shock Mach
number range for the present tests was 5.9 -5 Ms 5 25.5, while the
initial driven tube pressure ranged from 1.0 - 10.0 mm Hg.

III. TESTING TECHNIQUE

As indicated in Fig. 1, the driven section of the tube is ter-
minated in a "dump tank", which serves two purposes:
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1. To weaken the normal shock and prevent it from reflecting
back up the tube to interfere with an experiment there.

2. To allow a model to be mounted in the free-Jet supersonic
flow of very high enthalpy.

These principles were utilized, with three different types of blunt
bodies being mounted at the end of the driven section: A sphere; a
hemisphere cylinder; and a 9 degree half-angle, spherically blunted
cone. Actually, two 9 degree cone models of different bluntness ratios,
nose diameter to base diameter of 0.250 and 0.660, were employed to
facilitate the studies of the nose and cone regions.

A sample flow pattern is illustrated in Fig. 2. The normal shock
moves past the model, followed by the shock-generated supersonic flow.
The model itself must be mounted fairly close to the tube exit so as to
minimize the effect of the disturbances which are created by the ter-
minating tube and propagate out into the flow field at the Mach angle g 2'
Therefore, the useful testing core is cone-shaped with the height of
the cone varying from 4-7 inches for the present tests. It is obvious
from this consideration that the physical size of the models must be
fairly small so that the flow pattern over the region of interest re-
mains within the testing core.

A single-pass Z-type schlieren system with a capacitor-powered
spark light source was used to photograph the shock pattern about the
models. A schematic of the system is given in Fig. 3. Actually, two
somewhat different configurations were employed throughout the testing
program. The first configuration did not, include the Kerr Cell; and,
as a result, the proper time resolution was obtained by adjusting the
spark light bource until it had a 1-2 microsecond duration. This was
accomplished by using a 6000 volt, 0.1 microfarad capacitor of low
inductance.

The two ionization probes, ahead of the dump tank in Fig. 3, which
detect the passage of the traveling normal shock, were used to measure
shock velocity for later data reduction and to furnish a trigger pulse
which initiated the light source. By properly adjusting the variable
time delay between the second ionization probe and the light source, the
flow pattern about the model was established prior to taking the data
photograph.

A problem in flow of this nature which must be considered is that
when the traveling normal shock first strikes the model, a portion of it
is reflected and starts to form the bow shock. Since the process is
initially an unsteady one, the newly formed bow shock tends to oscillate
about its steady-state position until damping takes over and steady-state
flow is obtained. Also, there is some finite time involved following the
passage of the normal shock until the shocked gas reaches a state of
equilibrium. Both of these processes are usually completed in about 10
microseconds from the time the normal shock first strikes the model.
Following thiz interval, usable data may be obtained at any point prior
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to the arrival of the contact region. The question of equilibrium of
the shocked gas ahead of and behind the bow shock will be discussed
further in the next section.

It must be noted at this point that the schlieren configuration
without the Kerr Cell has certain limitations due to the radiant
light from the high-temperature test gas. For this configuration,
the film slide was removed prior to the start of a run and was not re-
placed until the run was completed. Depending on the particular test
conditions, the slug of shock-generated test gas that flows over the
model andpast the dump tank window is from 20-100 microseconds in
duration Hence, since the test gas is at some elevated temperature,
it gives off radiant light, part of which feeds through the optical
portion of the system to the film. This means that the film is exposed
to radiation from the test gas for 20-100 microseconds and to the spark
light source for 1-2 microseconds. As a result, the increased gas
radiation at the higher temperatures, corresponding to the higher shock
Mach numbers, overrides the light source and blanks out the film.
Using the standard knife edge ahead of the film, the upper limit of this
system occurs at about a shock Mach number of 12.0 for an initial
pressure of 1 mm Hg in the driven section. It was found that this limit
could be extended to M. = 16.0 for PI - 1.0 mm Hg by using a pinhole in
place of the knife edge without significantly affecting the quality of
the photographs. In doing this, all random radiation that originally
might pass over the top of the knife edge is eliminated, and only that
radiation which is being given off parallel will be passed on to the
film.

To remove this limit and obtain data at higher shock velocities,
Ms > 16.0, it was decided to reverse the schlieren configuration and
use a high-speed optical shutter in front of the film such that the
film was exposed to all radiation, test gas and light source, 2 1or some
limited amount of time, around 2 microseconds. The Kerr Cell satis-
fied the requirements for the optical shutter and was thus included in
the system. Its main components consist of two crossed polaroids
separated by a cell containing nitrobenzene in which two slanted high-
voltage electrodes plates are immersed. In the closed position, the
crossed polaroids prevent the light from passing through the cell. The
open position is obtained by applying a pulse of 35,000 volts to the
immersed electrodes, thus aligning the nitrobenzene molecules so that
light rays passing' through the first polaroid are rotated through 90
degrees and will then pass through the second polaroid. The passage of
light continues as long as the high voltage remains on the electrodes;
hence, the high-speed shutter action is obtained by controlling the
duration of the high-voltage pulse.

One problem with the Kerr Cell exists in that it transmits only
about 25 per cent of the light it receives, thus increasing the power
requirements of the spark light source. The previously mentioned light
source did not prove to be compatible with the Kerr Cell and it was
necessary to obtain a commercially built source (manufactured by
Unilectron of Boston, Massachusetts), which discharged 10 joules through
an air gap in about one microsecond. DUe to the one microsecond light
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source duration and two microsecond Kerr Cell operation, the syn-
chronization problem of the two was solved by firing the Kerr Cell
directly from a pulse obtained upon the firing of the light source.
With this tyqpe of synchronization, the operation of the system was
the same as before, with the one time delay establishing the point
where the photograph was to be taken. This configuration produced
good results and eliminated all the test gas radiation problems.

One point of interest is that for sharp schlieren photographs,
the lens equation must be applied in setting up the basic optical
portion of the system. For the present arrangement, it can be stated
as

+1
s q f (3)

where s is the distance from the model to mirror No. 2, q is the dis-
tance from mirror No. 2 to the film, and f is the focal length of
mirror No. 2.

In reduction of the data, the photographs were enlarged and pro-
jected on a grid from which the coordinates of the shock wave were
established. These coordinate values were non-dimensionalized by the
nose diameter of the models before plotting them on a log-log scale.
Since the non-dimensionalized coordinates for certeim portions of the
shock wave fall along a straight line, it was possible to write an
expression for the shock in these regions in the form indicated earlier,

r M A(x/d))& (4)

and to determine the constants, A and n, for later use in correlating
against one of the flow parameters. Several typical data pictures are
shown in Fig. 4. It is noted that the deviation in the curvature of
the shock wave towards the edge of the photograph indicates the limit
of the useful test core.

IV. DISCUSSION OF DATA

Referring again to Fig. 2, it is noted that the properties of
region 2 form the free-stream properties with respect to the model, and
that M2 corresponds to Moo for other types of data, wind tunnels, etc.
When analyzing the present type of data, the questions that must first
be answered are: (1) is region 2 of sufficient duration to obtain data,
(2) what is the equilibrium state of the gas in region 2; and (3) how do



the flow properties in this region vary with the different test
conditions?

The first question was answered in the preceding section. The
duration of region 2 is from 20-100 microseconds over the present range
of conditions, and since only 10 microseconds is needed to establish
steady state flow, there is still adequate time to obtain data.

The second question is somewhat more involved and can be answered
only after an extensive study of the facility. Based on such a study,
Fig. 5 shows a typical photomultiplier trace of the time history of
radiation from the gas in region 2. This trace was obtained by position-
ing the photomultiplier such that observations were made through a
collimated slit system of the free-jet exhausting into the dump tank.
The actual observation point was again taken as near as possible to the
driven tube exit to eliminate expansion effects. The trace shows the
non-equilibritm overshoot behind the normal shock, followed by a region
of constant radiation, which indicates that the gas was in chemical and
thermal equilibrium. Following the region of constant radiation, there
is another increase which signifies the passage of the contact region
and the end of the useful test period. Since the schlieren photograph
was timed to be taken in the region of constant radiation, the gas ahead
of the bow wave should have been in chemical and thermal equilibrium.

The last question pertaining to the flow properties of region 2 has
been answered by references 12, 13, 14, 15, and 16. The Mach number of
the Plow (Fig. 7) was calculated using the equilibrium speed of. sound.
It is noted that the variation in the Mach number is rather limited in
that it varies from 2.0 - 3.5 for 6 - Ms - 30, and, as a result, it may
be considered as nearly constant. The variation in the equilibrium
density ratio across the bow shock of the model (Fig. 8) goes from
2.1-7.3 for 6-Ms5 -30 and remains fairly constant for Ms - 17.0. The
significance of this fact will become obvious when the shock wave con-
stants are discussed. Figure 9 shows how the per cent of ghs dissocia-
tion- and ionization in region 2 varies with shock Iach number. Since
the test conditions for the upper limit of the data obtained were
Ms = 25.5 and P1 = 1.0 mm Hg., the peak free-stream dissociation was 92.0
per cent and only a trace of ionization was exoerienced. It will be point-
ed out later that the shock wave dependence on these parameters is negli-
gible.

It should probably be noted at this point that references 1, 2, 4,
9, 10, ll, 18, and 23 are nsed only as sources of experimental data.
These data are used for comparison purposes and to help formulate the
shock wave correlation presented below.

A. DETACHMENT DISTANCE

One of the first quantities considered in analyzing the data was
that of detachment distance and how it compared with data taken in other
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facilities, perfect gas data, Since the gas being dealt with is a real
gas, the ratio of specific heats behind the bow shock, 'y, is something
less than 1.4. The dependence of detachment distance on ry is shown in
Fig. 10. It is noted that the dependence ig only slight; therefore the

-- 1.0 curve was used, along with Serbin's theory and the theory of
Li and Geiger, 7 to compare with the experimental data (Fig. 11). In
considering this plot, one observes that the real gas data compares
favorably with theory and the perfect gas data for k5 5.0, but above
this point there is an increasing separation in the results, with the
perfect gas data and theory falling below the real gas data.

The reason for this is not yet apparent. It might be rash to
think that there should be any agreement, but since there is agreement
at the lower density ratios, it seems reasonable that it should continue
at the higher. One possibility for the deviation could be a non-
equilibrium effect behind the bow shock but by considering Fig. 6
(taken from reference 17), this theory is more or less eliminated since
it indicates the region to be in non-eqilibrium for a,11 points for
which Ms 1 17.0. This means that there are only a few data points
around k a 7.0 which are in equilibrium, and the remaining points are
in non-equilibrium. Since non-equilibrium effects cause the detachment
distance to increase over the equilibrium case, this does not seem to
be the answer; there is agreement between the real and perfect gas
points at the lower values of density ratio. Therefore, the indication
is that Fig. 6 is only an extreme upper limit on the equilibrium
distance required behind the bow shock. Another possibility might be
a Reynolds number effect, but this is quickly eliminated since the
free-stream, region 2, Reynolds number is so large, 43,000-95,000/in.,
over he present range. The only other possibility is that the detach-
ment distance is a function of the free-stream dissociation level, for
which there is no conclusive indication. Further investigations are
being carried out at The Ohio State University, and until they are
completed, it is impossible to determine the reason for the deviation
between the real gas and perfect gas data. The variation of detachment
distance with stagnation enthalpy is shown in Fig. 12.

B. SHOCK SHAPE

As for the dependence of the shock wave profile on real gas effects,
Fig. 13 shows two wave profiles at approximately the same free-stream
Mach number, one perfect gas and one real gas taken from the present
data. The author realizes that one does not normally think of real gas
effects occurring at such a low Mach number as indicated on the plot;
but because of the low free-stream Mach number of the shock tube flow,
it was necessary to make the comparison in this range. The reason for
presenting the plot is to demonstrate that the shock wave profile
depends on something other than free-streamn Mach number, since it is
noted that the real gas profile lies closer to the body than the perfect
gas profile. The cause of the deviation in th e two profiles is that
the density ratio across the normal portion of the bow shock is higher
in the real gas case than in the co=,isponding perfect gas case, thus
causing the shock wave to move in toward the body.
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This portion of the investigation was divided into two sections,
one considering only the nose region profile usiA3 sphere, hemisphere
cylinder, and a 9 degree half-angle, spherically lunted cone; and the
other considering the profile over the cone region of the 9 degree
blunted cone. The shock coordinates were treated &z indicated earlier,
with A1 and n1 being the wave constants for the nose region an. A2 and
n2 being the wave constants for the cone region.

In searching for a convenient correlation parameter for the A1 and
n1 constants, they were first plotted as functions of stagnation
enthalpy, since this was the parameter indicated in reference 2 and was
the flow parameter of greatest variation for the shock tube facility
employed (Fig. 15). In considering this plot and comparing 1.Ith the
data of reference 2, it is noted that the deviation between the two
sets of A1 and n1 values is such that they both have the same trend,
the real gas data being displaced some finite amount. It must be
remembered that the real gas free-stream Mach number is about 3.0 while
that for the other data is 2.0 5 Moo & 19.25. With this in mind. it
was concluded that the deviation wr a Mach number effect; and, as a
result, the quantities A1 - 2.3/M2 and n1  l /2 2 were used in
order to bring the two sets of data together (Fig. 16). Tbis still did
not produce a convenient correlation for the A1 constant; nevertheless,
it did indicate the correct expression for nl, with the quantity
n1 - 1/2M2 2 remaining relatively constant throughout the enthalpy range.

The wave constants were finally plotted against the equilibrium
density ratio across the normal portion of the bow shock, using the
quantities A1 - 1/M22 and nI - 1/2m22 to coordinate all the data
(Fig. 17). This is in accordance with the handling of detachment
distance and seems to be the correct correlation parameter since the
real gas values of A show good agreement with values taken from wind
tunnel tests for k 6.0. The deviation in the real gas values of
A1 for k > 6.0 can be explained, based on the characteristics of the
shock tube flow, in that the density ratio has stabilized at some value
while the flow Mach number, M2, is still increasing slightly. Since all
the nose region profile data above a shock Mach number of 16.2 was taken
at an initial pressure of 1-2 mm Hg in the driven section, the equilibrium
density ratio stabilizes at about k - 7,0 for Ms ? 17.0, while the flow
Mach number keeps increasing until Ms - 22.0. This means that with the
shock shape being a function of the density ratio, A1 and n1 should be
relatively constant for Ms  17.0. Considering the present high enthalpy
data in Fig. 15, it is noted that this is exactly the sit~ation. Hence,
with a constant shock shape, the decreasing value of 1/12  causes the
deviation observed in Fig. 17. The significance of A1 and n] being
constant above Ms a 17.0 is also noted by the fact that the nose region
shock shape shows no dependence on the gas dissociation or ionization
level ahead of or behind the bow shock, since these quantities increase
in magnitude with increasing stagnation enthalpy.

The n1 - 1/2M22 values in Fig. 17 show some variation, especially
at the low values of density ratio. The reason for this is not obvious,
but it is probably due simply to experimental error, since nl is the
slope of a straight line on a log-log plot. Nevertheless, based mainly

8
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on the present data, the indicated empirical expression for n1 would be

nl - o.5 + 1 for 2 k 15 (5)

Also, the indicated empirical expressions for Al are

Al - 1.5-0.0784k + 1 for 2 < k ,< 6 (6)
M2

and

A1 =l.-0.0o67k+. , for 6 5k<15 • (7)
1422

The complete shock wave shape over the 9 degree blunted cone can
be expressed as two straight lines on a log-log scale as shown in Fig. 14.
The constants for the cone region are determined in the usual manner,
after which they are plotted against the previously established
correlation parameter of density ratio (Fig. 18). It is observed that
the scatter in the n2 - 1/2M2 value is much greater than for the
equivalent 2quantity in the nose region; and that the trend for 2
n2 - 1/2M2 is a decrease, with increasing k, while n1 - 1/2Y42 remains
cbnstant. There are practically no wind tunnel data available for
9 degree blunted cones in the present range of density ratio; hence, it
is difficult to draw any conclusions as to the correlation of this data.
Also, there does not seem to be any convenient expression for the
shock-wave constant of A2 as there was in the case of the nose region
profile. If the scatter in n2 - l/2422 can be neglected, a straight
line could be drawn through the points; nevertheless, if any of the
cone region data are to be put to use, the values of A2 and n2 should
undoubtedly be obtained directly from Fig. 18.

V. CONCLUSIONS

The real gas detachment distance data show agreement with theory
and with perfect gas data at the low equilibrium density ratios, while
it disagrees at the high ratios. The reason for this is not readily
apparent, but it could poLsibly be an effect due to the free-stream
level of gas dissociation. It was found that the real gas as well as
the perfect gas shock wave profile could be represented by an equation
of the form

9



r/d- A( X)n (8)

The constants in this equation, A, and nl, for the nose region portion
of the shock profile do not correlate against the parameter of stag-
nation enthalpy indicated in reference 2, but they do correlate very
well against the equilibrium density ratio across the normal portion of
the bow shock. As was demonstrated, the nwom region shock-wave profile
for the real gas situation does not depend in any manner on the level
of gas dissociation or ionization ahead of or behind the bow shock. The
shock wave constant of A1 becomes strictly a function of density ratio
for Moo >15.0, while n1 assumes the constant value of 0.445; thus the
shock profile in the nose region of a body in flight becomes solely a
function of density ratio beyond the above-stated free-stream Mach
number limit. The cone region shock ave constants show a somewhat 2
different variation from that of the nose region in that n2 - 1/2M2
decreases with increasing equilibrium density ratio, while nI - 1/212
remains constant. No convenient expressions can be written for the
cone region shock wave constants; also, no statement can be made as to
whether or not the correlation has general application until further
perfect gas data are obtained for comparison.
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TABLE I. DETACJ.IEIT DISTANCE DATA

h x i0 -3

RUNk W L /lbm &/Rb ms P1mm Hg

SPHERE
1658 4.6 3.62 0.191 8.8 3.0
1659 4.15 2.77 0.219 7.8 5.0
2332 5.81 8.30 0.158 13.2 2.0
2333 6.13 10.50 0.151 14.8 2.0
2335 6.74 13.00 0.145 16.6 2.0
2336 7.22 19.10 0.137 19.9 2.0
2345 7.00 22.90 0.126 21.8 2.0
2354 6.81 27.70 o.142 24.1 1.0
2359 6.83 26.35 0.129 23.5 1.5
2360 7.10 21.7o o.144 21.2 2.0
2362 4.87 5.90 0.183 11.2 5.0
2376 5.50 8.30 0.163 13.2 5.0
2378 6.05 10.92 0.157 15.1 5.0
2379 4.20 3.05 0.222 8.1 10.0

HEMISPHERE CYLINDER

1606 6.04 8.70 0.143 13.5 1.0
1611 4.84 4.50 0.179 10.2 1.0
1612 5.18 5.80 o.166 11.1 1.0
1615 5.72 7.4o 0.156 12.5 1.0
1627 4.7 4.50 0.176 9.8 2.0
1635 4.57 3.30 0.192 8.4 2.0
2339 6.82 14.00 0.138 17.1 2.0
2341 6.85 15.90 o.144 18.2 2.0
2351 6.67 12.55 o.141 16.2 2.0
2352 6.6 12.10 0.147 15.9 2.0
2355 6.8 31.00 0.140 25.5 1.0
2380 5.92 8.7o 0.154 13.5 2.o
2384 5.1 6.70 0.174 11.9 5.0
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TABLE I. (continued)

hT x 10-3
RUN k BTU/Ibm A/R b  Mr Pmnm hg d/b

SPHERICAL IyOSED CONE
1692 6.31 9.80 0.139 14.3 1.0 o.660
1693 6.52 1o.8o 0.140 15.0 1.0 0.660
1695 6.81 12.25 0.142 16.o 1.0 O.660
1698 5.03 5.70 0.170 11.0 2.0 0.660
1699 4.92 5.40 o.168 10.7 2.o 0.660
1700 4.67 4.40 0.187 9.7 2.0 0.660
1702 4.31 3.10 0.207 8.2 5.0 0.66O
1703 5.64 7.20 0o151 12.3 1.0 0.660
2342 6.94 17.40 0.137 19.0 2.0 0.660
234y 7.06 18.30 0.14o 19.5 2.0 0.660
2347 7.24 19.90 0.132 2o.3 2.0 0.66o
2348 6.96 24.05 0.143 22.4 1.5 0.66o
2357 6.80 29.55 o.142 24.9 1.0 o.66o
2385 4.45 3.75 0.190 9.0 10.0 0.66o
2387 6.58 11.95 o.149 17.8 2.0 o;66o
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TAMI II. SROCX WAVE PROFI DATA

hTxlo-3
RUN 42  k BMJ/1ai A1  n P1 = g

SPHEIRE
1654 2.77 5.66 7.55 1.170 0.495 12, 2.01656 2.74 5.21 6.47 1.210 0.501 11. .01658 2.52 4.6o 3.62 .28) .541 8.8 3.0
1659 2.3o 4.15 2.77 1.350 0.538 7.8 5.02128 2.13 3.60 2.11 1.4lo 0.551 6.8 o.o2129 2.04 5.10 1.59 1.510 0.560 5.9 o.o2131 2.28 4.10 2.87 1.365 0.545 7.9 10.02198 3.05 6.27 12.5o 1.140 0.505 16.2 5.02332 2.82 5.81 8.30 1.185 0.513 13.2 2.02333 3.00 6.31 io.5o l16o 0.508 14.8 2.02336 3.44 7.22 19.10 1.135 0.488 19.9 2.02344 3.49 7.19 20.70 1.120 0.494 20.7 2.02346 3.53 7.00 22.90 1.125 0.488 21.8 2.02350 3.55 6.97 23.8o 1.120 0.489 22.3 1.52353 3.49 6.77 29.55 1.140 0.491 24.9 1.52354 3.54 6.81 27.7o 1.130 0.486 24.1 1.02359 3.54 6.83 26.35 1.135 0.486 23.5 1.52360 3.51 7.10 21.70 1.115 0.486 21.2 2.02362 2.75 4.87 5.90 1.235 0.512 11.2 5.02379 2.32 4.20 3.05 1.370 0.546 8.1 10.0Sdpersonlc 2.02 2.70 L1.128 1.550 0.567

Blowdown
Tunnel

EPR,"U CYLffl
1605 2.94 6.2D 9.4N7 1.140 0.493 14.o 1.01612 2.81 5.18 ., 1.25 0.507 11.1 1.0
1615 2.78 5.72 7. ' 1.190 0.503 12.5 1.01620 3.05 6.52 10.69 1.135 0.494 15.o 1.01627 2.72 4.70 4.51 1.245 0.25 9.8 2.02339 3.22 6.82 14.00 1.130 0.501 17.1 2.02341 3.32 6.85 15.90 1.120 o.49 18.2 2.02349 3.54 6.89 25.10 1.115 0.484 22,9 1.52351 3.13 6.67 12.55 1.150 0.492 16.2 2.02355 3.46 6.80 31.00 1.120 0.487 25.5 1.02356 3.48 6.8) 29.55 1.125 o.485 24.9 1.0238) 2.86 5.92 8.70 1.185 0.506 13.5 2.02384 2.72 5.10 6.70 1.22 o.514 11.9 5.0
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TABI. II - (continued)

iix io-3
RUN M2 k BTU/lbm A1  nj Ms P1 nm Hg d/b

SPHERICAL NOSED CONE

1689 2.77 5.40 6.12 1.190 0.5)0 11.7 1.0 0.660
1690 2.87 6.04 8.48 1.150 0.505 13.4 1.0 0.660
1695 3.15 6.81 12.13 1.150 0.504 16.o 1.0 0.660
1699 2.8o 4.92 5.42 1.220 0.507 10.7 2.0 0.660
1701 2.57 4.66 3.86 1.300 0.535 9.1 3.0 o.660
1702 2.37 4.31 3.14 1.350 0.536 8.2 5.0 0.660
1703 2.77 5.64 7.06 1.175 0.506 12.3 1.0 0.660
2342 3.37 6.94 17.40 1.130 0.496 19.0 2.0 0.660
2343 3.41 7.o6 18.3o 1.125 0.484 19.5 2.0 0.66o
2347 3.46 7.24 19.90 1.115 0.483 20.3 2.0 0.66o
2348 3.55 6.96 24.05 1.130 0.492 22.4 1.5 0.66o
2357 3.48 6.80 29.55 1.130 0.491 24.9 1.o o.66o
2358 3.46 6.80 31.00 1.125 0.492 25.5 1.0 0.660
2387 3.20 6.47 15.20 1.135 0.495 17.8 2.0 0.66o

A2  n2

2113 2.79 5.10 5.90 1.170 0.635 31.2 2.0 0.660
2114 2.66 4.60 4.60 1.230 0.662 9,9 5.0 0.660
2116 2.75 4.8o 5.6o 1.200 0.654 lO.9 5.0 0.66o
217 2.75 4.91 6.00 1.195 0.643 11.3 5.0 0.660
2121 2.64 4.55 4.30 1.230 0.689 9.6 10.0 0.250
2122 2.37 4.28 3.30 1.305 0.685 8.4 10.o 0.250
M3 2.30 4.15 3.00 1.330 o.7o4 8.o 1.o 0.250
2124 2.24 3.97 2.80 1.375 0.707 7.6 10.o 0.250
2126 2.16 3.75 2.20 1.410 0.734 7.1 10.0 0.250
2132 2.28 4.07 2.90 1.350 0.722 7.9 10.0 0.250
2133 2.67 4.65 4.85 1.220 0.682 10.2 10.0 0.250
2363 2.70 4.82 6.2o 1.22o 0.676 11.5 10.0 0.250
2364 2.70 5.00 6.80 1.200 0.676 12.0 10.0 0.250
2366 2.75 5.49 8.55 1.180 0.669 13.4 8.4 0.250
2367 2.71 5.30 7.80 1.190 o.646 12.8 8.4 0.250
2368 2.82 5.70 9.65 1.175 0.662 14.2 8.X 0.250
2369 2.92 5.96 11.10 1.15o 0.675 15.2 8.4 0.250
2370 3.o1 6.2o 12.00 1.135 0.654 15.8 5.0 0.66o
2372 2.99 6.18 11.65 1.135 0.646 15.6 5.0 0.660
2373 3.15 5.40 14.2o 1.125 0.631 17.2 5.0 0.660
2374 3.30 6.64 16.60 1.1-5 o.61o 18.6 4.0 0.660
2375 3.40 7.00 19.10 1.105 0.604 19.9 3.0 0.660
2377 3.35 6.80 17.55 I.110 0,612 19.1 3.0 0.660
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