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1.0 INTRODUCTION

Many missiles have a spherically capped blunt nose. For missiles designed for high
angle of attack, a blunt nose is sometimes preferred for the purpose of increasing stability.
Therefore. a hemisphere-cylinder can be selected as a first step toward understanding the
flow field over blunt-nose bodies. The rcasons for selecting a hemisphere-cylinder are as
follows: (1) a hemisphere-cylinder is simple in shape and can be used in the approximation
of the flow field at the nose for spherically capped bodies, (2) a hemisphere nose retains
its identity when the body is at an angle of attack, and (3) the hemisphere-cylinder itself
has many engineering applications such as the well-known use of a flow probe or sensing
device shape. In this re'port, the flow field about a hemisphere-cylinder at zero incidence
is presented, and extension to an angle of attack will be reported separately. Understanding
the flow field about a hemisphere-cylinder is particularly difficult for such a blunt shape
when the free-stream Mach number is in the transonic and low supersonic flow range.
As a first step toward understanding the flow phenomena about a hemisphere-cylinder,
a fundamental and systematic study of the flow field about a hemisphere cylinder at
zero incidence is presented in this report. Both theoretical and experimental results are
presented for the Mach number range from 0.7 to 2.0.

As shown in Fig. 1, the flow past a hemisphere-cylinder may be described for two
different cases, M_> 1 and M_ < 1. For M_ > |, the flow field influenced by introducing the

e.\‘\"c"'~

M=, SONIC LINE

—

\M’" NORMAL SHOCK

FLOW

b. M <1
Figure 1. Description of flow field about hemisphere cylinder.
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hemisphere-cylinder is restricted to the space enclosed by the bow shock and the body
as shown in Fig. la. Behind the bow shock, the flow is divided by a sonic line into
a subsonic region at the nose portion and a supersonic region downstream. On the other
hand, for M_ < 1, the influence of the body covers all the flow space. As Mach number
increases, two flow phenomena appear: a supersonic pocket and a normal shock extending
from the body as shown in Fig. 1b. As M_ — | subsonically. the supersonic region increases
and the normal shock moves downstream. In principle, the bow shock moves upstream
to infinity if M_ = 1 is approached supersonically, and the normal shock moves to infinity
downstream (provided the cylinder is infinitely long) as M_ = 1 is approached subsonically.
Consequently, therc is no shock in the flow field at M_ = 1. However, in reality, the
cylinder is finite. viscous effects exist, and shock systems will exist at M_ = 1. It is the
purpose of this report to study how well these flow phenomena can be predicted by
inviscid theory and to evaluate the accuracy of inviscid theory by comparison with
experimental data.

Numerous theoretical studies of inviscid supersonic flow past blunt-nose bodies are
reported in the literature (Refs. | through 6); however, the Mach numbers considered
are generally greater than 2. Only a few studies (Refs. 2, 3, 5, and 6) for spherical nose
shapes have been carried to Mach number 1.5 or 1.2, and the computations were limited
to just a portion of the hemisphere. Among the various calculation techniques used, many
investigators (Refs. 1 through 4) prefer the direct method of a time-dependent,
finite-difference solution to the unsteady Euler's equations. The steady solution is obtained
asymptotically as time advances. Even though this scheme has shown satisfactory resuits
for a spherical nose for M_ 2 1.5, the applicability of the method has not been investigated
for M_ < 1.5. In this report, the numerical methods of Refs. 2 (modified and referred
to as Code A) and 4* (referred to as Code B), based on the time-dependent finite-difference
solution. were examined to check the validity of the solution at supersonic Mach numbers
as low as 1.048 for the hemispherical nose portion. For the afterbody, the time-dependent
scheme as described in Refs. 2 and 4 is not applicable at M_ < 2; therefore. the method
of characteristics (Refs. 7 and 8) was utilized for the computation since the flow is
supersonic everywhere downstream of the tangent points.

Not many calculations have been reported for blunt-nose bodies of revolution in
subsonic, supercritical flow. To the author's knowledge, only two papers present solutions
to this type of problem. In Ref. 9, a time-asymptotic, finite-difference method for solving
the nonisentropic Euler's equations and exact boundary conditions for closed blunt bodies
is presented; in Ref. 10 a finite-difference relaxation method is presented for numerical
solution of the full potential equation and exact boundary conditions for general

*The computer program was made available to AEDC from Mr. Putz of Sandia Laboratory.
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axisymmetrical bodies (blunt or pointed nose). The method of Ref. 10 is particularly
convenicnt because it can treat bodies with an open end and is also applicable to a
supersonic frec stream. Therefore. it has been chosen for the hemisphere-cylinder study
presented in this paper and is referred to as Code C. It is well known that in subsonic,
supercritical flow, the interaction of the shock and boundary layer strongly changes the
flow as predicted by the inviscid thcory. The effects of the interaction for the
hemisphere-cylinder studied will be discussed later in the presentation of results.

Experiments of supersonic flow past a spherical nose as related to the present study
have been reported (Refs. 11 through 13). Data are available for the shock standoff distance
and bow shock shape for M_ = 1.048 to 1.82. However, surface pressure data for a
hemisphere-cylinder are available for M_ = 1.42 only. Shadowgraph and pressure data
to evaluate the theoretical calculations were obtained- at Mach numbers from 0.7 to 1.3
in the AEDC Propulsion Wind Tunnel (I1T) for a l-in.-diam, 10-in.-long hemisphere-cylinder.

2.0 THEORETICAL STUDY

Three different computational schemes have been employed in the present theoretical
study of an inviscid, compressible flow past a hemisphere-cylinder at zero incidence for
the Mach number range from 0.7 to 2.0. The reason is simply that there is not a single
method that can be effectively applied to cover the entirc flow range to be calculated.

2.1 TIME-DEPENDENT FINITE-DIFFERENCE SOLUTION TO
THE UNSTEADY EULER’S EQUATIONS

This method is applied to the hemispherical nose portion as shown in Fig. 2a for
M_ > 1. It is assumed that the sonic line is located ahead of the tangent point (this
assumption holds for M_ > 1.05. approximately: see Appendix A). and so is the line
of limiting characteristics. As a result. the flow downstrcam of the tangent point is
supersonic everywhere and has no influence on the flow upstream of the tangent point.
It is well known that the partial differential equations for the steady flow in this region
are of mixed type (i.c., elliptic in the subsonic region and hyperbolic in the supersonic
region) and are difficult to solve. One way to cope with the mixed elliptic-hyperbolic
type of differential equations is to use the unsteady flow equations, which are always
of the hyperbolic type. The steady solution is then obtained by advuncing the time.

Among the many techniques reported for applying the time-dependent method to
blunt-nose bodies, the direct method (Refs. 1 through 4) was chosen for this study. The
computer programs (Refs. 2 and 4) with necessary modifications were used in the present
calculation of the flow field about the nose portion. A brief description of the equations
and numerical scheme used in obtaining solutions is given in the following paragraphs.
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2.1.1 Differential Equations

The system of unsteady Euler equations written in a body-oriented coordinate system
(s,n) arc as follows:

x%+u%+xvg—:+%g—f=l(uv 2)
dv d dv JP

K== +ua—;+x\ra—n+%§; = -Ku? 3)
98 w95 _ 9 _ g

Kot +u6H—K\$_ *
P = Py e‘c"fcv (5)

It should be noted that Eq. (1) is singular at s = O and hence is replaced by

20P o dpw kv
ar 2 9 " on =0 . (6)

In Ref. 4, both spherical and cylindrical coordinate systems were used. In general, the
system of equations is nondimensionalized and transformed into the rectangular calculation
grid as shown in Fig. 2a.

2.1.2 Numerical Schemes

1. For the interior points in the computation grid, Ref. 2 approximates the
spatial partial derivatives by a central difference and the time-partial
derivatives by a forward difference. Stabilizing terms for artificial viscosity
are added in such a way that the effects of the terms were made negligibly
small (see Section 4.0). In Ref. 4, the interior points are computed by
the implicit predictor-corrector scheme of Ref. 14.

2. The bow shock boundary conditions in both schemes are represented as
a discontinuity, with the iteration scheme suggested in Ref. 1.

3. The body boundary conditions in Ref. 2 are represented by backward
difference in the normal coordinates where v = 0 on the body surface (the
other differences remain the same as for the interior points), whereas in
Ref. 4 the body streamline conditions are satisfied by the same iteration
scheme used in th¢ shock boundary conditions.
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In both Codes A and B the time interval that satisfies the stability requirement is
automatically built in; therefore, one needs only to specify the nodal points and the number
of advances in time. The steady condition is reached when the computed bow shock
velocity, Ws, on the axis is sufficiently small (on the order of 10-4 to 10-5 of the free-stream
sound speed).

2.2 METHOD OF CHARACTERISTICS

The flow field about the cylinder portion was computed by the method of
characteristics. The General Applied Science Laboratories (GASL) three-dimensional
method-of-characteristics code (Ref. 7) and the Lockheed axial symmetric internal flow
code (Ref. 8) were used in the present study.

The characteristic equations in both codes were derived in detail in Refs. 8 and 15
‘and hence are not given here. The calculation proceeds from the initial station toward
the downstream stations at each point as shown in Fig. 2b. It should be mentioned that
in applying the method of Ref. 8, which was developed for nozzle flow, a cylindrical
wall is artificially put in with a radius equal to the bow shock distance at the initial
station, i.e., the tangent point (see Fig. 2b). As a result, as M_ increases, the bow shock
moves closer and closer to the body, and the application of the Lockheed code deteriorates
as calculation proceeds downstream. Therefore, in the present study, the Lockheed code
was used only for M_ < 1.3 (where the artificial wall is sufficiently far from the body
and has insignificant effects). The results obtained for the same initial data provide a
comparison of the different computational schemes used by these two codes.

2.3 RELAXATION SOLUTION TO THE STEADY FULL POTENTIAL EQUATION

For M_ < 1, the partial differential equations are elliptic in nature; therefore, the
entire flow field from the hemispherical cylinder to infinite space must be computed.
When M_ < 1, the assumption of irrotational flow is approximately valid. Hence a solution
to the steady full potential equation will describe the flow field. It is given as follows

(Ref. 10):
A L O NP U i A O i
- 22/x ds \k ds Kal dsdn a2/ 9n2

2 .
K u cos B | 3y of Kuv sin
+[:(";§)+ r]a—n+(,<a2+ )

0 @)

10
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The relation between Y and the velocity components is

1 4

u = cosf + ~ ,';—lf (8a)
. oy

v = =sind + _6%‘ . (8b)

Along the axis, Eq. (7) reduces to its limiting form,

2 9% v2\ 9%y K 9y
—a(*);rz‘a—" - O
The boundary conditions to be satisfied are
Y - 0asn » oo (10a)
and
v =20 or ad = sin @ on the body surface
- dn / (10b)

As described in Ref. 10, sheared cylindrical coordinates are used for the afterbody. For
the hemisphere-cylinder, Eqs. (7) through (10b) remain the same for the sheared cylindrical
coordinates. As shown in Fig. 2¢c, by coordinate transformation the flow field was mapped
into a rectangular computation plane (¢n), where the relaxation schemes were carried
out. For M_ > 1, infinity is located about one body length behond the body end station,
whereas for M_ > 1, the end station is used because the flow is supersonic there.

3.0 EXPERIMENTAL INVESTIGATION

Experiments were carried out for the purpose of evaluating the theoretical
computations. As shown in Fig. 3. a hemisphere-cylinder 1 in. in diameter and 10 in.
long was sting mounted in the AEDC Transonic Wind Tunnel (1T). A description of the
wind tunnel may be found in Ref. 16. Pressure data were taken for Mach numbers from
0.7 to 1.3. Shadowgraphs were taken for M_ = 0.8, 0.9, 0.95, 1.0, 1.05, 1.1, 1.2, and
1.3. The shock standoff distance and shock shape for M_ > 1 and the normal shock
on the cylinder for M_ < 1 were obtained from the shadowgraphs.

[n addition to the experimental data described above, the experimental results of
Refs. 11 through 13 were also used to evaluate the theoretical results.
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4.0 DISCUSSION OF RESULTS

In the following paragraphs, the theoretical results are compared with other theoretical
calculations reported. in the literature and with experimental data available. The validity
of each method of calculation is discussed and evaluated. To facilitate presentation, results
are described in two parts, M_ > 1 and M_ < 1.

4.1 LOW SUPERSONIC MACH NUMBER RANGE, 2 > M_ > 1
4.1.1 Accuracy of Computation and Computer Time

For M_ > 1, the flow about the hemispherical nose portion was calculated mainly
by Code A. Computation with Code B was also made for comparison. Since stabilizing
terms are added in Code A and Code A results were used as initial values for the continuing
computation of the cylinder portion by the method of characteristics, the accuracy of
Code A must be evaluated first. The accuracy is judged by two quantities, the stagnation

12 -
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pressure and the total enthalpy. For all cases computed, the stagnation pressure was off
by no more than 1.5 percent and the deviation of total enthalpy was no more than 1
percent; this is considered to be safisfactory. The values of pressure, P, and the u and
v components at the end station of the hemispherical nose are tabulated in Appendix
A. These values were used as the intial conditions in the computer program for the method
of characteristics.

For the IBM 370-155 computer, with which all the computations were performed,
the computation time required about 3 x 103 sec per nodal point per time step. As
Mach number decreases, the nodal points and the time steps required for good results
increase rapidly. The approach to steady state is judged by the ratio of the shock speed,
W, to the free-stream sound speed. A list of the mesh size, time steps, and shock speed
for some typical Mach number values is given in Table 1.

Table 1. Hemisphere Nose Computational Data

Shock Speed, Wsl\/pjﬂ,,°
M Nodal Points Time Steps

At Axis At Shoulder
1.82 12 x 12 1,610 0.1 x 104 0.7 x 10-3
1.60 12 x 12 2,531 0.1 x 104 0.8 x 103
1.50 13 x 13 3,500 0.7 x 105 0.6 x 10-3
142 16 x 16 4451 0.1 x 104 09 x 103
1.30 16 x 16 8,000 02 x 104 0.1 x 102
1.20 24 x 24 12,000 0.7 x 104 0.6 x 10-2
1.10 - 30 x 30 22,000 04 x 103 0.3 x 101
1.05 30 x 30 30,000% 0.14 x 102 0.6 x 101

*Discontinued because of too-slow convergence,

For example, at M_ = 1.5, a mesh of 13 x 13 and 3500 time steps gives good results;
- however, for M_ = 1.2, one needs 24 x 24 mesh and 12,000 time steps. It is important

to point out that the surface pressure approaches steady state in much fewer time steps
than does the shock standoff distance. For example, at M_ = 1.1 with 2000 time steps
the pressure reaches its final value within 1 percent at the nosetip and 6 percent at the
tangent point, and with 4000 time steps the corresponding values reduce to 0.5 and 4
percent, respectively. In contrast, the shock standoff distance at the nose is 34 and 14
percent of the steady-state value with time steps of 2000 and 4000, respectively. Figure
4 shows the asymptotical approach to the steady-state shock standoff distance for M_
= 1.2, 1.1, and 1.05. It should be noted that for M_ = 1.05, the computation stops at
30,000 time steps because of too slow a convergence, and the steady-state A/R value
was obtained by extrapolation.

13
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'Figure 4. Shock standoff distance versus time steps.

4.1.2 Shock Standoff Distance

In Fig. 5, the bow shock standoff distance A/R is plotted as a function of free-stream
Mach number, M_ > 1. The curves and the solid symbols are from various theoretical
results, and the open symbols are experimental data from various sources. It should be
noted that the experimental data (Refs. 11 and 13) are for sbheres. Since the flow becomes
supersonic before it reaches the tangent point for all data presented in Fig. 3 (see Appendix
A), the standoff distance and the bow shock shape for the hemispherical nose should
be valid for comparison with the sphere. (Note that the influence of limiting characteristics
at 1.0 < M_ < 1.1 remains to be investigated.) Two values of v = 1.4 and 1.13 are
shown in the figure to compare with the available data. The agreement for different
theoretical predictions is excellent except for Ref. 6, which predicts a smaller standoff
distance as the Mach number decreases, and Code C (Ref. 10), which consistently predicts
a larger value. The comparison of the present theoretical results with experiments is also
satisfactory except in the very low Mach number range, 1.05 < M_ < 1.13, where the
experimental data (Ref. 11) are lower than the theory. The AEDC experimental data for
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air, ¥ = 1.4, are consistently less. This remains to be investigated.* Generally speaking, the
shock standoff distance for a hemisphere-cylinder can be predicted by inviscid theory at low

supersonic Mach numbers.

EXPERIMENT THEORY
() AEDC, PRESENT —.—— NASA TR-RI, REF. 8
o 7= 1.4 CODE A, ¥ = 1.4
A 7s I.IB}STILF. REF. Il — —— CODE A.; = |.|:}"'E" 2), PRESENT
fe) P ANE ) A GILINSKII AND LEBEDEV, REF. S
0 NACA TN-2000, REF. 13 4 CODE C (REF. 10}, PRESENT
O  WNPL, REF. 12 v CODE 8 (REF. 4), PRESENT
T T
SHOCK
20} p BOOY |
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3 e
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osr -
oA, ¥,
oD Fay A
(e} A \B
™Mo
o M~A_ A
1.0 1.5 2.0 2.5

MACH NUMBER, M,

Figure 5. IComparison of shock standoff distance between
calculation and experiment.

*See Appendix B.
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4.1.3 Shock Characteristics

Different methods of predicting the bow shock are shown in Fig. 6. The agreement
is satisfactory. Reference 6 gives a smaller shock layer than the other methods as Mach
number decreases. Code A predicts a shock shape with less curvature than Code B for
all cases studied. Figurc 7 shows a comparison between the thcoretical calculation and
available experimental data. The agreement between the present calculations and the data

7 T T
M
a 1.2
Y/R o .3
[ 1.5
6k & 20
CODE A (REF. 2), PRESENT
———— NASA TR-R], REF 6
———— CODE B (REF. 4), PRESENT
OPEN SYMBOLS-GILINSKII AND LEBEDEY,
REF $
sl CLOSED SYMBOLS - MORRETTI, REF §
4+
3 -
2
| -
1
-3.0 -2.0

Figure 6. Comparison of theoretical shock position.
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of Ref. 9 is surprisingly good to a Mach number as low as M_ = 1.17. Again the AEDC data
show a thinner shock layer (see Fig. B-3 for new data).

THEORY CODE A (REF 2), PRESENT
Moo Me
° 117 e 105
o 130 ¢ LI10
EXPERIMENT{ ¢  1.62 [ NACA TN-2000, - |.zo] AEDC, PRESENT
B a 130
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7 T T T T
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6
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2]
e
i 2
4- T~
3— [
2+ o
| [ ]
0 . J -1y y 4 //A
-4.0 -3.0 -20 -1.0 . 20

Z/R
Figure 7. Comparison of theoretical shock position with experiment, ¥ = 1.4.

17



AEDC-TR-75-114

414 Sonic Lines

The sonic lines calculated by different methods are compared in Fig. 8. Calculations
from .Codes A and B compare well with each other and with results of Refs. 3 and 5
for M_ = 1.5. For M_ < 1.3, the sonic line predicted by each method starts to deviate
Meo
:g} CODE C (REF 10), PRESENT

1.5
|_3} GILINSKIl AND LEBEDEV, REF. 5
1.2

1.5 MORRETTI, REF. 3
——— CODE A (REF. 2), PRESENT
— — CODE B (REF. 4), PRESENT

THEORY

®mDOO BO

5.0

¥Y/R

-2.0 -1.0 [+) . 1.0
Z/R

Figure 8. Comparison of sonic lines.
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as the distance away from the body increases. The relaxation method predicts a too-large
subsonic region with the bow shock front too far away from the nose. However, in the
region close to the body, the sonic lines predicted by each method converge. At M_ =
1.2, Code B gives irregular numbers for all the flow variables in the region close to the
body (see Fig. 9 also). Nevertheless, the shock shapes are still good, and the part of the
sonic line close to the shock can still be sketched as shown in Fig. 8. Significant differences
in the sonic line location are shown between the present calculation and Ref. 5 for M_
= ].2. At the present time, no experimental data are available for comparison of the
sonic line location and hence no evaluation can be made of the prediction methods.

l.o T T T 1 T T T T T
p/pg
——— CODE A (REF. 2), PRESENT
oe OPEN SYMBOLS - GILINSKII AND LEBEDEV, REF. 5
THEORY { CLOSED SYMBOLS - MORETTI, REF. 3
FLAGGED SYMBOLS-CODE B (REF. 4), PRESENT
SEMI-CLOSED SYMBOLS - CODE C { REF. [0), PRESENT
o6 | Mo 4
0.4 |
0.2 |
0 ] 1 1 1 L 1 1 1 L
0 0.2 0.4 0.6 0.8 0 -
Z/R
Figure 9. Comparison of theoretical pressure over the hemisphere nose.
4.1.5 Surface Pressure ®

Figure 9 shows the calculated pressure distribution on the hemisphere part from
various sources. The agreement is quite satisfactory. As described previously, at M_=12
the results from Code B start to oscillate about Z/R > 0.4 (the same mesh number was
used as the Code A, and it was also found that increasing the nodal points would not
help to improve the result), and it will not run for M_ < 1.2. Thus, for M_ < 1.2, Code
A is the only satisfactory code. '

The favorable comparison of Fig. 9 for the nose portion gives some confidence to
use the data obtained from Code A at the end station of the hemispherical nose to start
the computation of the flow about the cylindrical portion by the method of characteristics.
The initial data of P,u,v used in the present calculations are shown in Fig. 10 for (Y-1)/R
< 3.8. A test run was carried out for M_ = 1.2 with both the GASL code and the Lockheed
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Figure 10. Initial data for MOC calculation.

code with the same initial data. It was found that the GASL code requires twice the
initial nodal points (initial data were linearly interpolated for the additional nodal points)
as the Lockheed code to obtain the same accuracy as shown in Fig. 11. On the other
hand, the Lockheed code is unsatisfactory for the downstream surface pressure when M
> 1.3 (sce Section 2.0 for explanation). For the low supersonic Mach numbers, the GASL
code was used for M_ = 1.1 (it would not run for M_ = 1.05). and the Lockheed code
was used for M_ = 1.05 to 1.3. The overlapping Mach number range (M_ = 1.1, 1.2,
and 1.3) provided a comparison of results. Figure 11 shows that the comparison is
satistactory. In Fig. 12, the calculated surface pressures are compared with experimental
data. It is seen that for all cases calculated, the time-dependent method plus the method

of characteristics gives very good agreement with experiment. It should be noted that
for M_ = 1.05 the calculation broke down in the cylinder portion at Z/R = 2.5 because
of too-low Mach number. Calculations were also carried out for Mach numbers up to
142 by using the relaxation method of Ref. 10 (with IBM 370-155, a complete case
using a mesh halving scheme of 25 x 25, 49 x 49, and 97 x 97 requires approximately
35 minutes of computer time). Surprisingly enough, the agreement between the relaxation
method and the experiments is good up to M_ = 1.3, particularly for the minimum pressure
at the tangent point. For M_ = 1.42, the pressure predicted by the relaxation method
is not satisfactory and hence is not shown.
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Figure 11. Comparison of MOC calculations.

4.1.6 Oblique Shock

The shadowgraphs (Fig. 13) show that systems of weak oblique shocks exist
downstream of the tangent point; these indicate an overexpansion of the flow for most
Mach numbers. The major or first oblique shocks each have nearly the same shock angle
(ie., about 40 to 50 deg for the range of Mach number shown). It is interesting to note
that in plotting the characteristic lines obtained from the Lockheed code, a coalescing
of the characteristic lines indeed indicates the appearance of an oblique shock as shown
in Fig. 14 for M_ = 1.2. If the results of Fig. 13 are compared with those of Fig. 14
for M_ = 1.2, the slope and location of the major oblique shock are roughly predicted
by inviscid theory.

4.1.7 Flow Characteristics in the Shock Layer

To describe the entire flow within the shock layer, a mapping of the pressure and
Mach number distribution obtained by Code A and GASL code for M_ = 1.1, 1.122,
1.2, 1.3, and 1.42 is shown in Figs. 15 and 16, respectively.
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Figure 12. Comparison of the theoretical pressure distribution with experiments.
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Figure 13. Shadowgraphs of flow past hemisphere-cylinder.
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Figure 15. Mapping of pressure distribution in the shock layer.
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Figure 15. Concluded.
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Figure 16. Concluded.

42 TRANSONIC MACH NUMBER RANGE, 0.7 < M_ < 1
421 Supersonic Pocket and Normal Shock

In Fig. 17, a comparison is presented of the location of the supersonic pocket and
shock calculated by the relaxation method of Ref. 10 (note that the method of Ref.
10 does not use the conscrvative differencing with a "shock point" operator as does Ref.
17) and obtained from the shadowgraphs of Fig. 13. It is seen that the shape of the
shock for the cases shown is predicted correctly, but the location is shifted. The
experimental results show the shock occurred some distance downstream.

4.2.2 Surface Pressure

In Fig. 18 the surface pressure calculated by the relaxation method is compared with
the experimental data for M_ < 1. It is seen that the theory satisfactorily predicts the
pressure distribution up to the location where the shock seems to appear. For M_ = 0.8
there is stronger disagreement in the theoretical and experimental pressure distribution.
The corresponding shadowgraph given in Fig. 10 does indicate a pronounced boundary-layer
separatation for M_ = 0.8. The same phénomenon occurs to a lesser degree at other Mach
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Figure 17. Comparison of supersonic pocket and normal shock.

numbers. Therefore, it is assumed that the difference in experimental and theoretical
pressure distribution for 0.7 < M_ < 1.0 is caused by the interaction of the shock and
the boundary layer.

4.2.3 Sonic Flow, M_ = 1

Sonic flow presents a fascinating case in both theory and experiment. One is pleased
to see the good agreement between prediction and data in the surface pressure. It would
be interesting to point out that the disturbances (not shocks) upstream of the cylinder
as shown in Fig. 13 for M_ = 1 have the counterpart in the numerical computation (Fig.
19). The theory indeed predicts a supersonic pocket which extends to infinity. Also, the
sonic line moves beyond the plane of the shoulder. With finite length of the cylinder,
the shock is located near the end of the cylinder as predicted by the theory. Unfortunately,
the shadowgraph for M_ = | does not cover the tail end of the cylinder to offer a
comparison.
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Figure 18. Comparison of calculated pressure with experiment.
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Figure 19. Calculated sonic line for M_ = 1 by method of Ref. 10.

5.0 CONCLUSIONS

From the above study of the flow field about a hemisphere-cylinder at zero incidence
in the transonic and low supersonic Mach number range, the following conclusions can

be drawn:

1. The inviscid theory can satisfactorily predict the flow field for 2 > M_
2 1.05. The method used is a combination of time-dependent solution for
the hemispherical nose portion and the method of characteristics for the

cylindrical portion.

2. The relaxation method of Ref. 10 can satisfactorily predict the surface
pressure for Mach numbers from 0.95 to 1.3, but the external flow field
predicted is not as good as the surface pressure. For Mach numbers near
0.8, experimental results show an interaction of the shock and boundary

layer; hence the inviscid theory fails to give satisfactory results.

32



10.

1.

AEDC-TR-75-114

REFERECES

Moretti, G. and Abbett, M. "A Time-Dependent Computational Method for Blunt
Body Flows." AIAA Journal, Vol. 4, No. 12, December 1966, pp. 2136-2141.

Aungier, R. H. "A Computational Method for Exact, Direct and Unified Solutions
for Axisymmetric Flow over Blunt Bodies of Arbitrary Shape (Program Blunt)."
AFWL-TR-70-16, July 1970.

Moretti, G. "Inviscid Blunt Body Shock Layers." PIBAL 68-15, June 1968.

Abbett, M. J. "Finite Difference Solution of the Subsonic/Supersonic Inviscid Flow
Field about a Supersonic, Axisymmetric Blunt Body at Aero Incidence-Analysis
and User's Manual." SC-CR-71 5165, November 1971.

Gilinskii, S. M. and Lebedev, M. G. "Investigation of a Flow at Low Supersonic
Speeds—Past Plane and Axisymmetric Bodies with a Separated Shock Wave."
Akademiia Nauk SSSR, Izvestiia Mekhanika, January - February 1965.

Van Dyke, M. D. and Gordon, H. D. "Supersonic Flow Past a Family of
Blunt-Axisymmetric Bodies." NASA TR R-1, 1959.

Weilerstein, G. "The Addition of Secondary Shock Capability and Modifications to
the GASL Three-Dimensional Characteristics Program, Part IlI. User's and
Programmer's Manual." GASL-TR-653, August 1967.

Prozen, R. J. "Solution of Non-Isoenergetic Supersonic Flows by Method of
Characteristics." HREC-7761-3-A, Lockheed Missiles and Space Co., Huntsville
Research and Engineering Center, 1971.

Lipnitskii, Iu. M. and Lifshits. Iu. B. "Analysis of Transonic Flows Past Solids of
Revolution." PMM. Vol. 34, No. 3, 1970, pp. 477-482.

South, J., Jr. and Jameson, A. Relaxation Solutions for Inviscid Axisymmetric
Transonic Flow over Blunt or Pointed Bodies." Proceedings of the AIAA
Computational Fluid Dynamics Conference, Palm Springs, California, July 19-20,
1973.

Stlip, A. Stromungsuntersuchungen an Kugeln mit transonischen und supersonischen
Geschwindigkeiten in Luft and Frigen-Luftgemischen, Bericht Nr. 10/65,
Ernst-Mach-Institut, Freiburg i. Br. Eckerstrasse 4, German, 1965.

33



AEDC-TR-75-114

12.

13.

14,

15.

16.

17.

Holder, D. W. and Chinneck, A. "The Flow Past Elliptic-nosed Cylinders and Bodies
of Revolution in Supersonic Air Streams." The Aeronautical Quarterly, Vol. 1V,
February 1954, pp. 317-340.

Heberle, J. W., Wood, G. P,, an_d Gooderum, P. B. "Data on Shape and Location
of Detached Shock Waves on Cone and Spheres." NACA TN 2000, January
1950.

MacCormack, R. "The Effect of Viscosity in Hypervelocity Impact Cratering.” AIAA
Paper 69-354, presented at the AIAA Hypervelocity Impact Conference,
Cincinnati, Ohio, April 30-May 2, 1969.

Eppright, B. R., Jr. "Theoretical Effects of Porosity and Angle of Attack on Jet
Stretcher Performance.” Ph.D. Dissertation, Texas A & M, University Microfilm,
May 1971.

Jackson, F. M. and Sloan, E. H. "Calibration of the AEDC-PWT 1-Foot Transonic
Tunnel. AEDC-TR-68-4 (AD827912), February 1968.

Murman, Earll M. "Analysis of Embedded Shock Waves Calculated by Relaxation
Methods." Proceedings of the AIAA Computational Fluid Dynamics Conference,
Palm Springs, California, July 19-20, 1973, pp. 2740.

34



AEDC-TR-75-114

APPENDIX A
TABULATION OF FLOW QUANTITIES IN THE INITIAL PLAN
AT TANGENT POINT ACROSS THE SHOCK LAYER
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1:05615E 00
1:05680E 00
1:056856 00
1.05690€ 00
1.056958 00
1:05100E 00
1:05705& 00

1.05710E 00

1.00100E 00
.

-
1.00100€ 00

100E 00

1.00100€ 00
1.00100€ 00

1.00100€ 00

-
1.01628E 00

“T.01627E 00
1.01627E 00

1.01628E 00
1:016285 00

2.50208E-02 I.03996E 00  1.05690E 00  1.00I00E 00  1.01&28E 00

1.01629E 00

00 I.0I629E 00

l.OOlOOE 00
1.001005 00
I:OOLOOE 00
I:OOIOOE 00

1.01629% 00
1.01629% 00
1.01630€ 00

1.01630E 00 _|

All M values are slightly less than one, from the hemisphere solution,

but are adjusted by slightly increasing U to fit the requirement of

MOC calculation.

PLI-GL-H1-003V



6€

R U \4 RHO P M x
I.%3541€ 01 I.19382E 00  2.20I3%- . . . . o
1.45253E 01 1.19362E 00  2.20139€-02 1.04019E 00 1.05715€ 00 1.00100E 00 1.016306 00

M_ = 1.048 (Concluded)

1.46965E 01 1.19382e 00 2. 20139€-02 1.04024E 00  1.05720F 00 1.00I00E 00  1.01630E 00

l.48677E 01 1.19382e 00 2.20139€E-02 1.04024E 00 1.05720E 00 1.00100E 00 1.01630€ 00
1.50389E 01 1.19382E 00 2, 2013%-02 1.04024E 00 1.05720E 00 1.00100E 00 1.01630E 00
l.52104E 01 1.19381E 00 2.15125E-02 1.04030€ 00 1.05725E 00 1.00100E 00 1.01629€ 00

1.55526E 01

1.57238E 01 1. 19381E

1.19381E 0C

2¢10111E-02

1.04035€ 00

1.05728€ 00

1.00100E 00

1.01628E 00
628E 00

00 2. 10111E-02 1.04033E 00  I1.05727¢ 00 1.00100E 00 1.01

1.58950E 01 1.19381€ 00 2.10111E-02 1.04020€ 00 1.05713€ 00 1.00100E 00 1.01628E 00
1.60662€ 01 1.19381E 0C 2. 10111E-02 1.04007E 00 1.05700E 00 1.00100E 00 I.01628E 00
le62374E 01 1.19378E 00 2.101056-02 1.04013E 00 1.05700E 00 1.00100E 00 1.01622E 00

- 6
1l.65798E 01

1.67510E 01 1.19375E 00 2.00073E-02  1.04020€ . . UL 61I5E 00 _|
1.69222E 01 1.19382E 00 2. 0002 5e-02 1.04004E 00 1.05675E 00 1.00110€ 00 1.01606E 00
I.7093%4€ 01  1.19390E 00 1.99978-02 1.03988E 0 1.00120E 00 T-0I598E 00

l.72646E 01

1.19375E 00

1.19410E 00

2.05086E-02

1.94997€-02

1.04020€ 00

1. 03971E 00

1.05700E 00

-
1.05625€ 00

1.00100E 00

1.00140€ 00

1.01616E 00

1.01591E 00

1.76070t 01 1< 19450 QO 1.89986E-02 1.03936E 00 1.05575€ 00 1.00180E 00 1.01577E 00
T-” IEZEOI VI‘ I9IJUE 00 1-599 g L] h - - ) 98
1.79494E 01 1. 19495E 00 1.87488E-02 1.03902€ 00 1.05525€ 00 1.00225E 00 1.01562E 00
I. BIZUBE DI TR - - - . - . -
1.82918E 01 1. 19540 00 1.84989E-02 1.03868E 00 1.05475€ 00 1.00270E 00 1.01547€ 00

1.86342E 01

1.19585E 00

1. 82487E-02

-
1.03834€ 00

1.05425E 00

1.00314E 00

1.01532E 00

m‘E DI Ie 1931'@_0'0"‘ - (e 2 . . .

1.89766E 01 1.19635E 00 le 79992E-02 1.03803E 00 1.05375€ 00 1.00365E 00 1.01515€ 00
1.91%78E 01 1.19661E 00 1. = N . . - 1.0I506E 00
1.93190E 01 1.19680E 00 1. 77486E-02 1.03769E 00 1.05325€ 00 1.00409E 00 1.01500€ 00

1.96614€ 01
1.98326E 01
2.00038E 01

2.01750E 01 I

2.03463E 01
2.06887E 01

1.19720E 00
1.19765E 00
1.19795E 00

1.19807e 0C

2.0859%E 01  I.19

1.75031E-02

1.72522E-02

1.67473E-02

- L+ 62458E-02

1.03734E 00

1.05275€ 00

1.00449E 00

1.01486E 00

1.03717€ 00 1.05251E 00 1.00470E 00  1.01479% 0O

1.03700€ 00

1.05225€E 00

1.00494E 00

1.01471€ 00

00 1.05200E 00 I.00519E 00 I.01462E 00

1.03685E 00

1.03691E 00

1.05200€ 00

1.05201E 00

1.00524E 00

«59951E-02 1.03694E 00 1.05203E 00  1.00

1.00535€ 00
541E 00

1.01461E 00
1.01457€ 00

1.0I455E 00

*M values are slightly less than one, from the hemisphere solution,
but are adjusted by slightly increasing U to fit the requirement
of MOC calculation.

PLL-GL-H1-003V



0}

R U

1.00000F 00 1.78576E CO
T.10595F 00  "T.56892BE 00

1.21189% 00 1.59763E 10
T.31784F 00 1.50905€E 00
1.42379€ 00 1.42245€E 00
1.52374F 00 =~ 1.39563E 00

1.63568E 00 1.36894E 00
T. 73163F 00 I.3%234E 00
1.84758 00 1.31580€E 00

1.95353 00 1.29805¢ 00
2.05947F 00 1.28036E 00
2.16542% 00 1.26272% 00
2.27137 00 1. 24513€ 00
Z.3TT32F 00 1.243%8F 00

2.48326C 00 1.24177€ 00
2.58921IF 00 = 1.24001E OC
2.69516E 00 1.23818E 00
2.80111F 00 1.23223% 00
2.90705F 00 1.22628E 00
I. 3¢ 09

3.11895¢ 00 1.21438F 00

3.22490¢F 00 1.21498 00
3.33084 09 1.21557¢ 0C
3.43679 00 1.21613€E 00
3.54274% 09 1.21667E 00
J.EABET- 00 ~ 1.21648E D0
3.75463F 00 1.21629E 00

3.86058F 00
3.96653 00
4.07248% 09
4.17842E 00

1.21609¢ 09
1.21589€ 00
1. 21443E 0C
1.21295€ 00

§.2B%437F 00  1.21147t 00
4.39032F 00 1.20997¢ 00
§.%9627T 00 1.21019€ 00
4.60221E 00 1.21940% 00
4. 70816 00  1.21060F OC
4.81411% 00 1.21081F 00
3.92006F 00 1.2I106F 00
5.02600F 00 1.21130E 00

A

o‘o

6.T78449E-02
1.28330E-01
1.81820€E-01
2.28516E-01
2.12317€-01
1.96593€-01

1.81337€6-01

1.66540€E-01
1.64407E-01
1.62279€-01
1.60154E-01
1.58032€E-01
1.49301€-01
1.40587€-01
1.31890E-01
1.23212€-01
1.21061€E~-01
1.18924E-01
1.16804€E-01
1.14698€-01
1.09901E-01
1.05098€E-01
1.00288€E-01
9.54723E-02
9.40889€E-02

9.2T056E-02 .

9.13225€-02
8.99396€E-02
8.69128E-02
8.38937E-02
8.08798E-02
7.78738F-02
7.67803€-02
7.568605-92
T.45914€-02
T.34961E-02
7.16848€-02
6.98736€E-02

M =11

RHO

5.47090E-01
6.33118E-01
T.14T06E-01
7.92T733E-01
8.67808E-01
8.95377c-01
9.226135-01
9.49537€-01
9.76161E-01
9.93030€-01
1.00979€ 00
1.02643E 00
1.04298E 00
1.04568F 00
1.04838E 00
1.05107€ 00
1.05376€ 00
1.05960E 00
1.06542E 00
1.07122E 00
1.07702€ 00
1.07707€ 00
1.07713E 00
1.07719E 20
1.07725€ 00
1.07771E 00
1.07818E 00
1.07865€ 00
1.07911E 00
1.08084E 00
1.08256E 00
1.08429E 00
1.08601E 00
1.08606E 00
1.08611E 00
1.08617€ 00
1.08622€ 00
1.08627E 00
1.08632€ 00

P

4.30000E-01
5.27505€-01
6.25010E-01
7.22515€E-01
8.20020€E-01
8.56645E-01
8.93270€E-01
9.29895E-01
9.66520E-01
9.89899€E-01
1.01328E 0C
1.03666E 00
1.06004E 00
1.06379E 00
1.06755E 00
1.07131E 00
1.07507€ oC
1.08332E 00
1.09157€ 0C
1.09983E 00
1.10808E 00
1.10808E 00

1.10808E 00"

1.10808E 00
1.10808E 00
1.10867E 00
1.10926E 00
1.10986E 00
1.11045€E 00
1.11286E 00
1.11527€E 00
1.11768E 00
1.12009€ 00
1.12009€E 00
1.12009€ 00
1.12009€ 00
1.12009€ 00
1.12009€ 00
1.12009€ 00

1.70237€
1.56537E
1+44854E
1.34558E
1.25258E
1.21977E
L.18785E
1.15682E
1.12650E
1.10756E
1.08888E
1.07043E
1.05220€
1.04943E
1.04666E
1.04391E
1.04115€
1.03492E
1.02870E
1.02252€
1.01635€
1.01651E
1.01667E
1.01683E
1.01698E
1.01669E
1.01639€
1.01608E
1.01578E
1.01409€E
1.01240E
1.01071E
1.00902E
1.0C916E
1.00930€
1. 00945E
1.00958E
1.00972€
1.00986E

00
00
Qo
00
00
oc
00
00
Q0
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
0ocC
Q0
00
00

x

7.85S7T7E-01
8.33185e-01
8.T4499E-01
9.11423E-01
$.44932E-01
9.56743€E-01
9.68195€E-01
9.79314E-01L
$.90124E-01
9.9684TE-01
1.00346€ 00
1.00S96E CC
1.01636E 00
1.01L732€ 00
1.01829€ 0C
1.01526E 00
1.02022€ 00
1.0223%9E 00
1.02455€E 00
1.02670E 00

1.02884E 00

1.02879€ 00
1.02873€E 00
1.02868E 0OC
1.02862E 00
1.02872E 0OC
1.02883E 00
1.02893E 00
1.02504E 00
1.02562E 0C
1.03021€E 00
1.03079€ 0OC
1.03138€ 00
1.03133E 00
1.03128€ 00
1.03123€ 00
1.03118€E 00
1.03114E 0C
1.031C9€ 0¢C

*Mach numbers are slightly less than one, from the hemisphere solution,
but are adjusted by slightly increasing U to fit the requirement of

MOC calculation.

PLL-GL-H1-003V



Iy

R U
5.13195F 00 1.21153€E 00
5.23790E 00 1.21177€ 00
5.34385F D0 ~ 1.21195€ oO¢C
5.44979€ 00 1.21212€ 00
5.55574F 00  1.21230F 79
5.66169E 00 1.21247€ 00
5. T6T64E 00 1.21316F 00
5.87358E 00 1.21384E 20
5.97953% 00 1.21452F 00
6.08548E 00 1.21520€ 00
T.I9143% 00  '1.214%85E 00
6.29737E 00 1.21450€ 00
6.40332E 00 1.21415E 00
6.50927E 00 1.21380F 00

6.61522¢ 00
6,T2116F 00

6.82711F 00
62933065 00
7.03901F 00
T.14495% 00

7.250906 00

7.35685% 00

T.%6280F 00  1.21502¢t 00

T7.56874% 00

T.6T469E 00

T. 7T8064E 00

7.88659¢F 00

7.99253 00

.
8.20443F 90

8.31038 00

8.41632F 00

8.52227F 00

8.62822¢ 00

8. T3%217E 00 T.21859F 00
8.84011% 00
+606F 00

8.9%
9.05201F 00

9.15796F 00

1.21395€ 00
1.21410€ 00
1.21424€E 00
1.214385 00

T 1<21451€ 00

1.21464E 00

"1.214T7E 00

1.21490¢ 00

1.21514€ 00
1.21526€ 00
1.215386 00
1.21599¢ 00
1.21660€ 0C
1.21721F 00
1.21781E 00

1.21799¢ 00

1.21815E 00
1.21832¢ 00
l.21849¢€ 00

1.21868E 00
1.21877¢ OC
1.21886E 00
1.21933¢ 09

A

6.80603E-02
6.62473F-02
6.53628E-02
6.44788E-02
6.35935F£-02
6.27090€E-02
6.15313€E-02
6.03521€E-02
5.91714£-02
5.79892E-02
5.72377E-02
5.64865E-02
5.57356€E-02
5.49850E-02
5.41724€E-02
5,33595€E-02
5.25462E-02
5.17326E-02

5.11249E-02

5.05170E-02
4.,99088E-02
4.93005€-02
4.87186E-02
4.81378E-02
4.75555€E-02
4.69T744E-02

4.64934E-02

4.60119€-02

4.55297€-02

4.50470E~-02
4.46173E-02
4.41886€-02
4,37586E-02
4.33295€-02
- 4,29150€E-02
4.25015€E-02
4.20866E-02
4.16729€E-02
4.13498E-02

Mm=

RHO

1.08636€
1.08641E
1.08646F
1.08651E
1.08655€
1.08660E
1.J8619€E
1.08578E
1.08536E
1.08495€
1.08545E
1.08595E
1.08645¢€
1.08695E
1.08699E
1.08703€
1.08707E
1.08711E
1.08715€
1.08719€E
1.08722E
1.08726E

T 1.08730E

© 1.08613F

1.08733E
1.08737E
1.08740€E
1.08698E
1.08656E

1.08571E
1.08567E
1.08565E
1.08561E
1.08558€

“T1.08561E

1.08564E
1.08567€
1.08569E
1.08538E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
oo

1.1 (Continued)

P

1.12009€ 00
1.12009€ 00
1.12009€ 00
1.12009E 00
1.12009E 00
1.12009€ 00
1.11943€E 00
1.11877€ 00
1.11811E 00
1.11745€ 0C
1.11811E 00
1.11877E 00
1.11943€ 00
1.12009€ 00
TeT2009€ 00
" 1212009E QQ
1.12009€ 0

1.12009€ 00
"1.12009E 00
1.12009€ 00
1.12009€ 00
1.12009E 00
1.12009€ 00
1.12009€ 00
1.12009€E 00
1.12009€E 00
1.11943E 00
1.11877€ 00

"l1.11811E 00

1.11745E 00
1.11736E 00
1.11727E 00
1.11718€E 00
1.11709E 00

“1.11709E 00

1.11709€ 00
1.11709€ 00
1.11709€ 0C
1.11659€ 00

M

1.00999€
1.01012E
1.01026€
1.01038€
1.01051€
1.01064E
1.01126E
1.01189€
1.01251E
1.01313E
1.01275€
1.01237€
l.01198E
1.01159E
1.01171€

_-.1e01182E

1.01193E
1.01203E

1.01214€
1.01225€
1.01235E
1.01245E
1.01255€E
1.01265E
1.01274E
1.01284E
1.01344E
1.01403E
1.01462E
1.01521E
1.01537€
1.01552E
1.01568E
1.01583E
1.01591E
1.01599E
1.01607€
1.01614E
1.01660€

00
00
00
00
0e
00
00
20
00
00
00
oc
00
00
00
00
00
00
00
00
00
00

00’

00
00
00
00
00

00

00
00
00
00
00

R

00
00
00
00

3

1.03104E
1.03100€
1.03C95€
1.03091E
1.03086E
1.03C82E
1.03C60E
1.03C39¢E
1.03017€
1.02S95€
1.03CCSE
1.03022E
1.03C35€
1.03C4SE
1.03045E
1.03041E
1.03037€E
1.03034E
1.03030E
1.03026E

" 1.03023E

1.03019E
1.03016E
1.03012€
1.03C0SE
1.03006E

"1.02985E

1.02965E

~ 1.02944E

1.02924E
1.02S18E
1.02913E
1.02S08E
1.02902€

T T.02900E

1.02897E
1.02894E
1.02891E
1.02876E

*Mach numbers are slightly less than one, from the hemisphere solution,
but are adjusted by slightly increasing U to fit the requirement of
MOC calculation.

ocC
00

00.

00
00
oc
00
00
0e
[+]¢)
00
00
00
00
00
00
00
00
00
00
00
00
00
00
+]+}
00
00
00
00
00
ocC
00
00
00
00
00
00
00
c0

PLL-SL-H1-0Q3V



(47

R
9.26390F 00

9.47580¢ 00
3.58175F 00

9.68769¢ 00

9.79364% 00

9. 89959 00

1.01115¢ 01

JOZITaE 01

1.03234F 01
I.04293F 191
1.05353% 01

U
1.21979€ 00

OESE 00"

1.22971F 00
1.22097¢ 00
1.22124% 0C
1.22151€ 09
1.22177¢ 0C

«222T2E 00

1.22366F 00
1.22460F 00
1.22554€ 00

T1.22437E 00

1.22320% 00

¥
4.10276E-02

4.03810€-02
4.00297€-02
3.96782E-02
3.93265€-02
3.89745€E-02

T 3.87419E-02

3.85086E-02
3.82750E-02
3.80408E-02
3.76923E-02
3. T73444E-02

T.06412F 01 T1.22203F OC ~ 3.69970E-02

1.07472F 01
T1.08531F 01
1.09591E 01

T. 108650 OI

1.11710¢ 01

1.22986E 09

" 1.21858E 00

1.21629E 00

"1.21401E 00

1.21172€ 00

T. 12769 01 T.2I%42E 00

1.13829¢ 01

1.21713F 00

T. 14888 0I  1.21983E 00

1.15947¢ 01
1.17007" 01
1.18066€ 01

1.19126F 01 T1.237T96E 00

1.20185¢ 01
T.21245¢ 01
1.223045 01

1.23364F 01

1.24423€ 01

1.22253€ 00
1.22767€ 00
1.23282€ 00

1.24311% 00

"1.23616E 00

1.22921€ 00
1.22227¢ 00
1.21532€ 00

T.25%83% 01 — T.2IT8IE 00

1. 26542E 01

1.27602% 01

1.28661% 01
1.29721F 01
1.30780E 01

1. 32900F 01

1.22029€ 00
1.22278€ 00
1.22526E 00

"~ 1.22812€ 00
1.23098E 00
[.318%0F 01 T.23384F 00

1.23669E 00

3.66502E-02
3.63684E-02
3.60873E-02

"~ 3.58071E-02

3.55275€E-02

o

%.07039€E-02

RHO

1.08506E
 1.08473E
1.08441E
1.08427E
1.08412F
1.08397E
1.08382E

"""" “1.08303€E

1.08225€E
" 1.08147E
1.08069E
1.08184E
1.08300€
1.08416E
1.08531E
1.08748E
1.08965€E

~ 1.09182E

-109399E

" 3,53300E-02 I.09157E

3.51323€-02
3.49322€-02
3.47320E-02
3.47088E-02
3.46853E-02

3.46329E-02
3.41736E-02
3.37172€-02
3.32640€E-02
3.28136E-02

T 3,465928-02

1.0891%E
1.08672E
1.08429E
1.07960E
1.07489E
1.07019€
1.06547E
1.07195€
1.07842E
1.0B8487E
1.09131€

3.27553E-02 "~ 1.08906E

3.26978E-02
3.26383E-02
3.25796E-02

3.237945-02

3.21778€E-02

3.19748E-02

3.17706E-02

1.08680E
1.08455E
1.08229E
1.07968E
1.07707E

TTIL0TA4SE

1.07183E

1.1 (Concluded)

P

1.1160SE
1.11559E
1.11509€E
1.11484E
1.11459E
1.11434E
1.11409€E

T 1.11293E

1.11177E
1.11062€
1.10946E
1.11109€
1.11273€E

" 1.11436E

1.11600E
1.11910E
1.12220E
1.12530E
l.12841E
1.1248SE
1.12137E
1.11785€E
1.11434E
1.10757€
1.10081E

" 1.09404E

1.08728E
1.09654€E
1.10579E
1.11505E
1.12431E
1.12105E
1.11779E
1.11453E
1.11127E
1.10751E
1.10375E

“1.10000E

1.09624E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
Q0
00
00
00
00
00
00
00
00
00
00
00
Q0
00
00
00
00
00
00
00
00
00
00
00
00

M

1.01705€
1.01750E
1.01795E
1.01821E
1.01847E
1.01872E
1.01898E
1.01992E
1.02087E
1.02180E

1.02274E"

1.02155€
1.02037E
1.01918E
1.01799€
1.01568€
1.01338E
1.01108€
1.00878E
1.01149€
1.01419€
1.01690E
1.01961E
1.02479€
1.02999€
1.03520€
1.04043€
1.03336€
1.02632E
1.01931E
1.01231E
1.01481E
1.01731€
1.01980€
1.02230€
1.02518E
1.02806€
1.03095E
1.03384€

Vi
1.02860E

- 1.02844E

1.02829¢
1.02820€
1.02811E
1.028G2E
1.02793€
1.02760E
1.02728€
1.02695E
1.02662E
1.02704E
1.02745€E

- 1.02786E

1.02827€
1.02907E
1.02987E
1.03C67€
1.03146E
1.03053€
1.02959¢€
1.02865€
1.02771E
1.025S1E
1.02411€
1.02229€¢
1.02047€
1.02293E
1.02538E
1.02782E
1.03024€
1.02638E
1.02851€E
1.02765E
1.02678E
1.02578€
1.02478E
1.02377€E
1.02277€

PLL-SL-H1-003V
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M =12

oo

R U ; 4 RHO P M T
1.00709¢ 90 1.82907E 00 0.0 5.76547E-01 4.63900E-01 1.72334E 00 8.04618E-01
I[.05941F 00 I.T759%0E 00 T.357T82F-02 5.545451E-01 2.%9295E~-0U1 I.62%%9E 00  B8.39322E-01
1.11883€ 00 1.684195 00 1.4086TE-01 7.26166E-01 6.34690E-01 1.52784E 00 8.74028E-01

1.17824F 10 I.63203F 00  I1.7&098E-D1 T.912Z78E-01 T.09845E-01 1.%6455E 00U  B.9TCBT7E-OI
1.23765 00 1.57T779€ 00 2.04659E-01 8.53126€E-01 7.85000€-01 1.40178€ 00 $.20145E-01
1.29796% 00 1.54038F 00 Z.14520E=01  B8.76798E-0I  8.207B0E-01  1.35854E 00  9.356110E-01
1.35648% 00 1.502105 00 2.23537E-01 8.99676E-01 8.56560E-01 1.31540E 00 $.52076E-01

1. 475306 00 1.66876é 00 2.19570E-01 9.54178E-01 9.30000E-01 1.25440€ 00 S.T74661E-01
1.53472F 00 I.42880F 00 2.17328E-01 9.T4999E-01  9.58375E-01 1.23199€E 00 9. 82949E-01
1.59413 00 1.40856E 00 2.15023E-01 9.95472E-01 9.86750€E-01 1.20956E 00 S.91238E-01

1.65354% 00 1.39385F 00 2.1T181E-01  T1.0I108E 00  1.00B37E 00 ~ TI.I9306F 00  9.97323E-01
1. 712965 00 1.37897€ 00 2.07348E-01 1.02650E Q0 1.03000€E 00 1.17654E 00 1.00341E 00

T. 77237 00  I.36737E 00  Z.0%207IE-0I  I.038B79E OU  I.0%722E 00  I.I6373E OU  1.00BIIE 00
1.83178 00 1.35567€ 00 2.00805€E-01 1.05096E 00 1.06444E 00 1.15090€ 00 1.01282E 00
1.89119F 00 1.34656F 00 [.97437E-01 1.06071E 00 I.07822E 00  1.1%08B%t 00U  I.0I&5IE 00
1.95061F 00 1.33737¢ 00 1.94086E-01 1.07038€ Q0 1.09200E 00 1.13077€ 00 1.02019€ 00
2.01002F 00 1.32944F 00 1.90658E-01 1.07892E 00 T.I04I5E 00  1.12203E 00  1.02338E 00

2.06943FE 00 1.3214%E 00 1.87249€E-01 1.08741E 00 1.11631E 00 1.11328E 00 1.02658E 00
2.18826E 00 1.30807€ 00 1.80387E-01 1.10182E 00 1.13700E 00 1.09858E 00 1.03192E 00

2.24767F 00  1.30232E 00  1.76937E-01  T1.I08I0E 00  T.I4603E 00  I.0922%F 00  1.03%22t 00
2.30709 00 1.29654F 00 1. 73506E-01 1.11436E 00 1.15506E 00 1.08589€ 00 1.03653E 00
2.36650% 00 1.29186E 00 I.70209E-01 I.TI953E 00 I.16253E 00 I.0B070E 00 1.03841E 00
2.42591% 00 1.28715¢ 00 1.66928E-01 1.12469E 00 1.17000€ 00 1.07550€ 00 1.04C29E 00
2.544T4F 00 1.28054E 00 1.60988E-01 1.13216€ 00  1.18081E 00 1.066065 00 1.04297€E 00
2.60415F 00  T.27TT76F 00  1.5B292E-01  I.1I3533E 00  1.I8540F 00  1.06493E 00  1.04%I1E 00
2. 663565 00 1.27497T¢ 00 1.55606E-01 1.13850€ 00 1.19000€ 00 1.06179E 00 1.064524E 00
2.72298% 00 1.27164E 00 I.53241E-01 1.14215E 00 I.T9531E 00 I.05816t 00 I.0%&54E 00

2.78239% 00 1.26830¢ 00 1.50886E-01 1.14580€ 00 1.20063E 00 1.05453€ 00 1.04785€ 00
2.84180% 00  1.2553T1F 00  I.&B190E-0I  I.1%4902E 00  [.2053T€ U0  I.05I35E 00  1.0%899E 00

2.90121F 00 1.26244E 00 1.46703E-01 1.15224E 00 1.21000E 00 1.04818E 0C 1.05013E 00

2.96063F 00  1.26066E 00  I.44838E-01  1.I15428E 00 ~ 1.ZI297E 00  1.04620F O .
3.02004€ 00 1.25889€ 00 1.42978E-01 1.15633E 00 1.21594€ 00 1.04422E 00 1.05155€ 00
3.07945E 00 I.257748 00  T.%2I298E-0I  1.I5773E 00  I1.2I797F 00  1.0428BBE 00  I1.05203E 00

3.13887E 00 1.25659€ 00 1.39621€-01 1.15913E 00 1.22000€E 00 1.04155E 00 1.05251E 00

3.25769€E 00 1.25511E 00 1.36570€E-01 1.16109€ 00 1.22281E 00 1.03974E 00 1.05315€ 00

vLL-SL-H1-003V



14%

R

3.37652F 00
3.49534E 00
3.6141TE 00
3.73300¢ 00
CT9241F
3.85182F 00

3.97065¢ 00

4.0894TF 00
3 00

4.20830E 00
4,26771c 00
4.32713€ 00

U

1.25403¢ 00
1.25250¢ 00
1.25141€ 00
1.25186E 00
1.25230F 00
1.252706 00
1.25307€ 00
1.25345¢ 00

1.25363E 00
1.25380€ 00

M~

¥

1.33683E-01

1.30859€E-01

1. 27939E-01

1.24616E-01

1.2 (Continued)

RHO P

M

I86E 00  1.22390E 00 I.0

1.16262E 00 1.22500€ 00

. 0
1.16458E 00 1.22781€ 00
1.23000€ 00

1.23000€ 00

1.16611E 00

1.16615€E 00

1.03836E 00

1.03517E 00
1.03528€ 00

T

1.05365E 00

1.226%0F 00 1.037%6E 00  1.05397E 00
1.03655E 00 -

1.05430€ 00

1.05479€ 00
- 0.
1. 05475 00

9E-01 I.1681TE 00 ~ 1.23000F 00 T.03533E 00 1.05&73E 00

1.21223€-01

-

1.18204E-01

1.15283E-01
S5E-01

4,38654F 00
4. 44595€ 00

1.25396E 00
1.25412€ 20

4.50536F 00
4.56478E 00

4.68360E 00
4. T4302F
4.80243% 00

1.254
1.25441E 00

1.2546TE 00
«254
1.25491E 00

1.16627€ 00

1.16619€E 00 1.23000E 00

1.23000€ 00

1.23000E 00

1.16623E 00

1.03539€ 00
1.03549E 00
1.03559E 00

1.05471E 00

1.05468E 00

— I.US%6BE 00

1.05464E 00

T.16829E 00 " 1.23000E 00 ~ ~ 1.03565E 00  I.US&S6Z2E 00

1.12246E-01 1.16631E 00 1.23000E 00 1.03570E 00 1.05460€ 00
1.10789€E-01 1.16633E 00 1.23000E 00 1.03574E 00 1.05459€E 00
1. 09331€E-01 1.16635E 00 1.23000€ 00 1.03579E 00 1.05457E Q0
1.08029E-01 1.16637E 00  1.23000FE 00 1.03584E 00 I.05455E 00
l.Ob?ZbE-Ol 1.16639E 00 1.23000€ 00 1.03589E 00 1.05454E 00

=01 1.16641E 00 1.23000E 00  T1.03593FE 00 1.05452E 00
l 0436 TE-01 1.16643E 00 1.23000€ 00 1.03598E 00 1.05450€ 00

1-022565-01

1.00393E-01

4.86184F 00
4.92126F 00
5.04008% 00
<0994 3¢
5,15891F 00

5.27773 00

5.39656¢ 00

5.51538F 00

"1.25486E 00
1. 254825 00

1.25462E 00
1254395 00
1.25423€ 00
1.25438F 00

1.25460F 00

9.87540E-02
9:73583E—02
9:63455E:02
9:53218E:02

9.37572E-02

9.21906E-02

9.95733E-02 "1.T6666E 00

l.16646E 00 1.23000€ OO

1.16649€E 00 1.23000€ 00

1.16682E 00 1.23044E 00
1.16723E 00 1.23100€ 00
«16T4%E 00 1.23

1.16764E 00 1.23156E 00

1.23022€ 00

1.03606E 00

1.03615E 00

1.05447E 00

— T.23000E 00  T1.03611FE 00  I.05%%6E 00

1. 05444E 00

- 1.03604E 00 T.05448E 00

1.03593E 00
1.03562€ 00
1.03531€ 00

1.05452E 00
1.05463E 00
1. 05474E 00

80E 00 1.23178E 00 1.03520E 00 = I1.05478E 00

l 16 796E 00 1.23200€ 00

1.16804E 00 1.23206E 00

1.16802E 00 1.23200€ 00

1.03508E 00
1.035115 00
1.03522€ 00

1.05482E 00
1.05481E 00

1.05477€ 00

PLLI-GL-H1-003V



St

R
5.63421F 00

5.75304F 00
5. 81245¢
5.87186F 00
5.99069¢ 00
6.10951F 00
6.22834E 00
6.34717F 00
6.46599 00
545254 0F
6.58482F 00
6. 70364F 00
6.82247F 00
6.94130F 00
7.06012F 00
7.17895¢ 00
- 6~
7.29777% 00
L35T19E
7.416606 00
7.53543 00
7.65425¢ 00
7.773085 00

7.89200F 00

U
1.25470F 00

1.25487¢ 00
1.25534€ 00
1.25581F 00
1.25593€ 00
1.25604E 00
1.25615€ 00
1.25625€ 00
. 646
1.25667E 00
1.25709€ 00
1.25718F 00
1.25728E 00
1.25736E 00
1.25743€ 00
1.258186 00
1.25892€ 00
1.25968E 00
1.26043E 00
1.26118E 00

.
L. 26192E 00

M_ = 1.2 (Concluded)

A4
9.10876E-02

9.01349€E-02

8.91656E-02

8.81965E-02

8.71537E-02

8.61405€E-02

8.52183E-02

8.43833E-02

8.37505E-02

8.30721E-02

8.20250€E~02

8.09540E-02

8.01416€E-02

7.94003E-02

RHO
1.16809€ 00

1.16807E 00
1.16775E 00
1.16T43E 00
1.16745E 00
1.16747E 00
1.16749E 00
1.16751E 00
1.16718€ 00
1.16685E 00
1.16687E 00
1:16688E_00
1.16689€ 00

1.16689E 00

P
1.23206E 00

1.23200€ 00
1.23150€ 00
1.23100€ 00
1.23100€ 00
1.23100E 00
1.23100€ 00
1.23100€ 00
1.23050€ 00
1.23000€ 00
1.23000€ 00
1.23000E 00
1.23000€ 00
1.23000€ 00

M
1.03524E 00

1.03534E 00
1.03574E 00
1.03613E 00
1.03618E 00
1.03622E 00
1.03627€ 00
1.03631E 00
.1.03668E 00
1.03706E 00
1.03709 00
1.03712€ 00
1.03714E 00
1.03716€ 00

T
1.05477€ 00

l:05473E 00
1:054595 00
1:056455 00
1:054635 00
1:056§IE 00
1:056605 00
1:054385 00
. E 00
1.05425€E 00
1:054125 00
1:054105 00
1:05610E 0C
1:05609E 00

1.05408€E 00

. E-02
7.86951E-02

.
T.T79336E-02

7.70078€-02

T7.60254E-02

1.16656F 00
1.16622E 00

1.16555€E 00
1.16488E 00

1.16420€E 00

1.22950E 00
1.22900€ 00

1.22800€ 00
1.22700€ 00

1.22600E 00

. =0g - 11030600~ ] 2

T.50427E-02

T.41128€-02

1.16352E 00

1.16285€E 00

1.22500€ 00

1.22400€ 00

I.03751E 00
1.03786E 00

1:03856E 00
1:039265 00
1:039955 00
1:04064E 00

1.04133€ 00

I.U5395E 00
1.05383€E 00

1:053585 00
1:053335 00
1:053085 00
1:05283E 00

1.0525%€ 00

PLL-SL-H1-0Q3V



9y

R
1.00000 00
6"

1., 07952F 00

U
1. 891005 00

1. 791 05F 00

A
0.0

1.07142€E-01

M =13

=

RHO
5.88477€-01

e -

6.98702E-01

1.11927 00 1.73689 00 I.55854E-01 = T.49154E-01

1. 15903 00

1.68000F 00

2.01009€-01

1.19879% 00
1.23855F 00

1.318065 00

1.39758 00

1.65507F 00
1.62977% 00

1.57800F 00

.
1.53945F 00

~ 2.10133€E-01

2.18851E-01

2.35000E-01

SI¢3E—OL

2.38299E-01

T7.96840E-01

~ 8.33872€E-01

8.70023E-01
9.39799E-01
~ 9.60071E-01
9.79997E-01

P
4.80000E-01

6.05000€E-01
6.67500E-01
T.30000E-01
7.73250E-01
8.16500E-01
9.03000E-01
9.30500E-01
9.58000E-01

1.43734F 00 I.51984F 00 2.39726E-01 "9.99585E-01  9.85499E-01

1.47T09% 00
1.556615 00
1.636126 00
1. 71564F 00
1.79515F 00
1.87467F 00
1.95419€ 00
2.03370F 00
2.11322° 00
2.19273F 00
2.27225 00
3:35176F 00
2.39157%F

2.43128¢ 00

2.51079€ 00

1.50000% 00
1.47L76F 00
1.44300€ 00
1.42660F 00
1'4loooé 00

2.41000E-01

2.396025-01

. =01 I.05TITE 00

2+ 37999E-01

6509E-01

2.35012E-01
2.32000€-01

1.01884E 00
1.04454E 00
1.06964F 00
1.08002E 00
1.09032€ 00

1.11073€ 00

00 2.29998F-01  1.11757E 00

1.39509€ 00
1.38000F 00
1.37005¢ 00
1.36000F 00
1.35502€ 00
1.35000F 00
1.34501F 00
1.34000€ 00
1.33651E 00

2. 27997€E-01

2.24000F-01

2.18983E-01
=01
2.14000E o1

2.099915-01

2.06001E-01

2.02492E-01

1. 98999€E-01

1.95493E-01

1.12438E 00

I.I3TI%E 00 I.I7750E 00

1.13786E 00

L]
1.14908E 00

T 15465E 00

1.16021E 00
I.I64956E 00
1.16970E 00

1-11915E 00

. ZE 00 —  Te251156 U0

1.18768E 00

-19193E 00 1.256325E 00

1.19618E 00
1.20153E 00

1.01300E 00
1.05100€ 00

~T.0T000E 00

1.08900E 00
1.10325E 00
1.11750E 00
1.14600E 00
1.16700E 00
1.18800E 00
1.20450€ 00
1.22100€ 00
1.23350€ 00
1.24600E 00
1.25750E 00
1.26900E 00
1.27650€ 00

M
1.76958E 00

1.62962E 00
1.56138E 00
L.49402E 00

1.46425€ 00

1.43460E 00
1.37556E 00
1.35357E 00
1.33160€ 00
1.30964%E 00
1.28769E 00

1.25636E 00
T.2%069%E 00
1.22500€ 00

— T.Z2I600E 00

1.20699E 00
1:188965 00
1L.17268E 00
1:1563BE 00

1.165305 00

: 3
8.15665E-01

8.65892E-01
8.91005E-01
9.16119E-01
$.27300E-01
9.38481E-01
9.60844E-01
9.69199E-01
9. 77553E-01

~ $5.85908E-01

9.94264E-01

1.00618E 00
1.01214E 00
1.01810€ 00
1.02151E 00
1.02493E 00

1.03176E 00

“1.I5850E 00  I.IB808B2E 00  1.03483E 00

1.03791E 00
< 0%C99E 00
1.04406E 00

1.04823E 00

00  1.05031E 00

l 13422E 00

1.05240€ 00

“00  1.05347E 00

1. IZBSOE 00

l-lZZ?BE 00

1.05454E 00

-
1.05669E 00

T1.11998E 00  1.05774E 00

1.11719E 00

1.05878E 00

1.11%39E 00  1.05983E 00

1.11159E 00
1.10755€ 00

1.06088E 00

1.06239€ 00

PLL-GL-H1-003V



Ly

= 1.3 (Continued)

RHO P

1.20688E 00 1.28400€ 00

Mm
R U v
2.55055F 00  1.33476F 00  1.93744E-01  1.20421E 00  1.28025E 00
2.59031€ 00 1.33300F 00  1.92000F-01
2.63007F 00 1.33225E 00 1.90247E-01

2.66982E 00

2.74934E 00

2.82886F 00

1.33150F 00
1.33000F 00

1.32801€ 00

1.88497E-01

1.85000€-01

=0  1.2Z1920E 00  1.29950E 00

l 81496E-01

1.20974E 00 -~ 1.28750% 00
1.21260E€ 00 1.29100E 00

1.21832€ 00 1.29800€ 00

1.22008€ 00 1.30100€ 00

M T

" 1.10553t 00 1. 06314E 00

1.12350E 00 1.06390E 00
T 1.10250E U0  1.08%27E 00

1.10150€E 00 1. 06465E 00

-

1.09949E 00 1.06540E 00
7 1.09825E 00  1.06586E 00

1.09701E 00 1.06633E 00

2.86861F 00 I[.32700F 00 I[.79747E-01  1.22095E 00  I.30250E U0  1.09576E U0  1.065679E 00

2.90837F 00

2.98789F 00
3.02764F

1.32600F 00
1.323SOE 090

1. 77999E-01

1 75495E-01

1.22183E 00 1.30400E 00

1.22390E 00 1.30750E 00

1.09452E 00 1.06725€ 00

1.09169E 00 1.06831E 00

493E 00 - 1.30925E 00  1.09027E 00  1.06884E 00

3.06740E 00 1.32100E 00 1.72999E-01 l 22596E 00 1.31100€ 00 1.08885E 0C 1.065936E 00
. . . = . 00  1.31325E 00  1.0BB&7TE 00  1.08950E 00
3.14692F 00 1.32050E 00 _ 1.70998€E-01 1.22984E 00 1.31550€ 00 1.08809E 00 1.06964E 00
3.18668F 00 1.32025€ 00 1.69998F-01 1.23178E 00 1.31775€E 00 1.08771E 00 1.06S79E 00
3.22643F 00 1.32000F 0O 1.69000€-01 1.23373E 00 1.32000E 00 1.08733E 00 1. 06993E 00
3.26619F 00 1.32000F 00 1.6T7T750E-01 1.23412E 00 1.32050F 00 1.08718E 00  1.06999E 00
3.30595F 00 1.32000F 00 1.66500€-01 1.23452E 00 1.32100E 00 1.08702E 00 1.07C05E 00
3.34571F 00 1.32000F N0 I.65250E-01 1.23492F 00 I.32150E 00 ~ T1.08686E 00 1.07C10E 00
3.38546F 00 1.32000E 00 1.63999E-01 1.23532E 00 1.32200€ 00 1.08670E 00 1.07016E 00

-

3.46498E 00

1.31850E 20

1.61497€-01

1.23828E 00 1.32600€ 00

3.50474 00
3.54449E 00

1.31775E 00
1.31700€ 00

1.60248E-01
1.59000€-01

1.23976E 00 1.32800F 00
1.24124E 00 1.33000E 00

3.58425F 00 1.31625F 00 1.58249F-01 1.24112E 00 1.33025E 00

3.62401F 00

3.70353¢ 00
3.74328F 00
3. 78304 00

3.82280F 00

3.86256F 00

3.94207% 00

3.98183F 00  1.31125F 00  1.%9750F-01I
6.02159E 00 1.31100F 00 1.49000€-01
4,06135F 00 1.31075E 00 I.%48250F-01

1.31550€ 00

1.31400€ 09

1.31350F 00 1.54998E-01

1.313006 00

1.31250F 00 L1.52998E=01

1.31200F 00

1.31150€ 09

1.57498€-01
1.55999€-01
1.539985-01
1.52000€=01

1.50500E-01

1.24099€ 00 1.33050€E 00
1.24073E 00 1.33100€ 00
~ 1.2409%E 00  T1.33I50E 00
1.24114€ 00 1.33200E 00

“1.24134E 00 1.33250E 00
1.24154E 00 1.33300E 00

1.33400E 00
1.33450E 00
1.33500€ 00

1.24219E 00
T.24251E 00
1.24283E 00
1.24292E 00

1.33525E 00

1.08490E 00 1.07083E 00
~ 1.08400E 00 ~1.07117E 00
1.08309E 00 1.07151E 00
1.08226E 00  1.07182E 00
1.08142E 00 1.07213E 00

1.07974E 00 1.07275€ 00
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APPENDIX B
ADDITIONAL DATA FOR M_ = 1.05, 1.1, 1.2, AND 1.5

Because AEDC data were consistently lower in shock standoff distance than
predicted by theory in the low supersonic flow regime, additional shadowgraph and pressure
data were obtained with the same testing setup in the Aerodynamic Wind Tunnel (1T) for
M_=1.05, 1.1, 1.2, and 1.5 after the completion of the technical report. Therefore, the new
data are included herein as an appendix.

In the additional experiments special attention was given to the optical lineup in taking
shadowgraphs, and the area covered by the pictures was increased to 11 by 14 in. Figure B-1
shows the shadowgraphs.

A comparison of the present data with the theoretical results reported in the main text
is given in Fig. B-2 for the shock standoff distance and in Fig. B-3 for the.shock position.
Two sets of.data, one from each side of the model at different runs, were included for M =
1.2 only. It is seen that a better agreement between theory and experiment is obtained. No
significant change in the surface pressure between the more recent data and the data shown
in Fig. 2 for M_= 1.05, 1.1, and 1.2 can be found. The more recent data, therefore, provide
further evidence to confirm the conclusion presented in the main text.
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Figure B-1. Shadowgraphs of flow past hemisphere-cylinder at M_ = 1.05, 1.1, 1.2, and 1.5.
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Figure B-2. Comparison of shock standoff distance between
calculation and experiment.
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Figure B-3. Comparison of theoretical shock position
with experiment, v = 1.4.
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NOMENCLATURE
Local speed of sound
Surface pressure coefficient
Specific heat of the gas at constant pressure
Specific heat of the gas at constant volume
Curvature of the body in the meridian plane
Mach number
Body-oriented coordinate system
Pressure
Total velocity
Radius of the cylinder
Radial distance from the body axis
Entropy of the gas
Velocity components in the n and s directions, respectively
Axial distance from the nosetip |
Specific heat ratio, cp/cy
Bow shock standoff distance
Coordinatc‘es in the computation plane
Inclination angle of the body

1+Kn

Mach number

Density of the gas
Velocity potential

Subscript for free-stream conditions
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