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Prepared by: 
Frank P. Baltakis 

ABSTRACT: Transient pressures, induced by wind-tunnel simulated head­on blast wave interactions, have been measured on a hemisphere and on cones of 9-, 15- and JO-degree semivertex angles. Blast wave Mach numbers of 1.6 to 2.2, 2.2 to 5.85 and 2.7 to 4.4 were simulated at the free-stream Mach number of 3.1, 5.1 and 7, respectively. Measured pressure-time histories for the hemisphere were compared and found in agreement with histories predicted by McNamara's FLAME code. Peak overpressure& for the cones were found to be in agreement with values predicted by a simple theoretical method in which an assumption is made that the blast wave forms a Mach stem moving along the surface at a velocity whoae axjal component equals the velocity of the main blast wave. The effeccs of angle of attack and of nose blunting wer~ also investigated with the nine-degree cone at a free-stream Mach number of 5.1. 
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INTRODUCTION 

Shock inte.raction studies were undertaken in anticipation that large magnitude, shock-induced pressures might occur on the surface .of a re-entry vehicle. Such pressures were consider,ed potentially detrimental to the guidance system and to the structural integrity of the vehicle. Reference (1) contains a thoro gh review of the analytical methods of the shock-on-shock inter.action studie.s. The numerical techniques which ,evolved subsequently are reviewed in Reference (2). Experimental data, suitable for a quantitative 
verification of he analytical methods, were not previously avail­able. Difficulties in environmental simulation and in instrumentation have severely limited the experimental studies both in sco,?e and in quality of the obtainable data. 

This report describes .an expP.rimental study of pressures induced by head-on blast wave interactions on hemi.spheric.sl and conical bodies. The objective of the study was to provide experimental data of peak overpressure& on cones of different vertex angles and 
detailed pre.ssure-time hi•stories on the surface of a hemi.apher,e. 
Environmental simulation, encompassing free-.stream Mach numbers of 
3, 5 and 7 at blast wave Mach numbers ranging from l. to S .. 8 (see Table 1 for the test matrix), was achieved in a wind-tu nel-
shocktube facility. 

Pinitial' Pi 

pp 

a 

SYMBOLS 

free-stream Mach number 

blast wave Mach number 

model surface pressure 

model surface pressure prior to shock interaction 

shock interaction induced peak pressure 

angle of incidence, degrees 

cone semivertex angle, degree.a 

peripheral (or model roll) angle, degrees 

TEST APPARATUS 

TEST FLOW CONDITIONS 
Tests .were performed in the Naval Ordnance Laboratory's 

Supersonic Tunnel No. l. This tunnel operates on air which is drawn in at the atmospheric pressure and temperatur.e and is discharged into a 52-foot-diameter vacuum sphere. For this experiment the tunnel was fitted with three conical nozzles, a matched diffuser and a shocktube. 'fhe shocktube (a LS-inch I.D. by 12-foot-long steel 
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tub) was installed in the settling clamber and aligned coaxially 
with the nozzl,e . The discharge ,end of the driven tub~ was poaiti,oned 
about four inches upstream of th~ main nozzle throat and was always 
open. The driver section contained air or helium. Pre·&BUl'.ie differ­
ential was provided by aluminum dia;?hragrns, ranging from 10. en to 
0.07 inc;h in thicknes.s. To facilitate reloading of the ahoc:ktube, 
the diaphragm section was positioned outsid of the tu.,..mel r ieaervc-ir 
by making a 70-degree bend over a 34·-inch radius into the driven 
section. Figure l illustrates the test setup sch~matically. 

Free-stream flow conditi,ons, to which the model 1s wer,e exposed 
prior to blast wave impingement, are giv,en in Tabl.e .2.. The tablie 
lists Mach number values at the nozzle exit and, since the nozzles 
were coni,cal, the measured axial .Mach number gradients for the test 
section. The ,air .supply pressure and t ,e·mperat11re for all three 
nozzles were 14. 6 psia and 70°.F (±S°F). The ,air dew t.emperature 
ranged from -25°F to -5O°F. 

Table J lists the preblast surf,ace pre,s :sure coefficients for 
the test model,s. Fo.r the h .:mispher,e and f ,or the, 15- and JO-de Jr-ee 
cones these coefficients were obtaiBed .from IReterenoe,s (,4) and (5) ,, 
respectivel . For the nine-degree cone ,at various angles of attac·k 
t'he pressure coefficients •.ier;e de<t:ermined experimentally ,at. t.he 
free-stream conditi,ons of the shock interaction tests. 

Flow quality behi ad the bl,aat wave was of particul~r inter,est 
and was investigated analytically and experimentally. In theory, 
the flow parameters depend ,on the nozzl,e geanetry and the intensity 
of the blast wave. Figure A-1-A (Appendix), for example, sh,ows the 
calculated pressure .and Mach number ·variation,a for he Mach 5 nozzle 
of this experiment .. It shows that for the blast wave intensities 1of 
this study (M S 6) the atati,c pressure decreases a a rate of less • than one percent per microsecond. The indicated decr;eaae rate for 
the flow Mach number is l ,ess than 1/10 percent per micr,osecond. (The 
method of Ref. (6) was used f ,or these calc\1lations.) 

Calibration measurement,s indi,cated that at low intensities 
(M i 2) the Pi tot and the static pre1s:sur-es were essentially constant. 

8 
At higher intensities the pressures decreased w.ith time approximately 
as predi,cted theoreti,cally. Figur,e A-1-B illustrates typical cali­
bration traces taken with a small (0 .13-inch· diameter) Pi tot_ probe .. 
(The initial peak on the phot,ographs iB due to the bLasc wave 
interaction with the bow wav,e of the .Pitot probe. Calibrati,on 
shadowgraphs showed that, .at certain flow conditions, secondary wa~es 
were close behind or were coalescin,g with the main wave in the te1st 
region. The presence of such disturbances could be detected .also on 
the pressure-time traces. These traces, together with the shadow­
graphs, were used to screer. out the test runs with disturbances close 
to the main blast wave. The .effects ,of wave curvature (some curvature 
occurced at higher wave intensities) were ■inimized by placing the 
instrumentation close to the tunnel centerline. Additional data on 
the wind-tunnel - shocktube facility and its calibration may be found 
in Reference (3). 

2 
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TEST MODELS 
The ·test models included a !hemisphere and three cones of 9-, 15-

and JO-degree semivertex angles. Te 9-degree cone was provided with 
two removable nose tip.s 1 one ·sha1"p and one sph rical.O..y blunted to 
a 3/16-inch radius. All the _models were machined of brass and bad 
a smooth surface -inish.. Use of s·mall diameter t ransducers and 
sooie transducer contouring after installation assured good surface 
continuity at the transducer ports. A photograph of the models is 
shown ri.n Figure 2. Figure 3 shows model geometry and transducer 
port 1ocation data. Flow conditJi.o."li:; and atititudes at which each 
model was tested are given in Table 1. 

INST,RUMENTATION 
Press\ilre ·trans·duoers used in this expe!I'iment were a.eveloped and 

!Produced at ~oL A small (0 .. 093-inch diameter by 0 .. 06-incb thick) 
crystal was utill.ized in these transducers to achieve a highly 
loca.O..Jized measurement and a Iiesponse time of less than one micro­
second. The crystal was suppo.rted on an acous t ically matched slender 
IiGd to en.sure a measuring period ll.,ength of approximately 20 mic!I'o­
seconds. Figu~e A-·2 (Appendix~ illustrates the transducer design: 
Figuir;e A-3 -snows typical c .alibration traces under the reflected 
and the incicient .:;hock calibration conditi ons .. Additional transducer 
design and ,performance informatio may ,be found in Reference (7) . 

Optical measurements were made with a two-spark shadowgraph 
system . This ayste.n provided shock wave ~atterns as well as wave 
~elocity data .. As shown in Figure 1 the spaxks for photography were 
generated lby two pairs of electrode·• located along a common optical 
,axis. The lig:ht fran the sparks was refil.ected firom a parabolic 
,mirror through the test section onto a large (li x 1-4 in .. ) photo­
graphic plalbe whel:ie the waVie pattern·s wetie irec:orded . A ,phototube 
and a till:ie interval meter (Berkeley counter with a 1/10-microsecond 
coun·t~ 1wer1e u.sed to imeaau1t1e the time inte!I'Val between the two sparks. 

TEST RESULT,S AND MAL'YSlS 

CONES 
!PRESSURE !DATA. Cone tests we!I'e concerned primarily ·with the 

peak v,alu s of the sb.ock-intera·ction-induced surface 1e>ver,pressures. 
'These ove pne,ssures were measured at the surface stations as indicated 
in figure .3 and a re tabulated as peak-to-preblast sbeady-sitate ratios 
in Tables 4 ·to 8. Vuiation of the measured pressure versus dif­
ferent parr,ameters is illustrated on Figuiies 4 to 9 .. 

In Tablie·11- ,4 t"" 19 the r ,atios at"e listed versu'S blast wave Mach 
number with the run number included for reference. In some instances 
the same rl\Kl number is tiepeated, indicating that the overpressure 
was ,measured with more than one transducer simultaneously. The 
,spatial l.,ocati,ons of these tran,sduceirs were not significantly 
different, a,s mar be seen in Figulie 3 .. 

3 
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The peak overpressures were obtained from pressure-time traces 
recorded with Polaroid cameras. Typical examples of these traces are 
given in the Appendix on Figures A-4 to A-8 for cones and on Figure 
A-9 for the hemisphere. On Figure 4 some of the traces are replotted 
to scale. The traces on Figure 4 show that the peak value occurs 
with a delay which varies with the cone angle and with the blast wave 
intensity. As discussed in the Instrumentation section, the trans­
ducer sensing element was of 0.093-inch diameter, intro ucing a 
possible delay of about 2.3 microseconds at M = 2 and about l.P, s 
mi croseconds at M = 4 (M1 = 5, e = 9-degree configuration). As S C 
indicated by the traces, the delay at low shock intensities is 
approximat ly two microseconds. At higher shock intensities this 
delay is considerable longer for the 9- and 15-degree cones. The 
traces also show that the pressure rise for the 9- and 15-degree 
cones is not continuous but is interrupted by a step. Both the 
step and the additional delay are conjectured to be caused by the 
blast wave interaction with the boundary layer. (Such interactions 
tend to cause a bifurcation of the shock wave and the resultant 
two-step type r>ressure rise.) 

The traces also suggest that the finite rise time, coupled with 
the steep decrease in pressure immediately following the peak value, 
may cause the indicated peak pres~ure to be lower than actually 
experienced by the model. For the 9-degree and the 15-degree cones, 
for which the peaks are only moderately steep (and most of the delay 
is due to the boundary-layer effects) this difference is negligible. 
For the JO-degree cone the difference may be as high as 20 per-ent. 
No satisfactory method was available for this correction and the 
data are presented as measured. 

The peak overpressure values for the 9-, 15- and JO-degree 
cone are shown plotted on Figure 5. Included on this figure are 
also the theoretically predicted values. The theoretical calcu­
lations were based on an earlier observation in the · ballistics­
range experiments (Ref. (8)) which indicated that lhe blast wave 
reflects at the surface as a Mach wave and that the stem of this 
wave travels at the velocity the axial component of which is 
virtually the same as the velocity of the main blast wave. For the 
9-degree and the 15-degree cones this observation is confirmed by 
the optical data of this experiment and the correlation of the 
measured and calculated pressure peaks is good. For the JO-degree 
cone the optical data (which will be discussed later) show a 
regular rather than a Mach-type reflection. Nevertheless, the values 
computed by this method are in fair agreement with the experimental 
data. 

On Figure 6 tue data of Figure 5 have been crossplotted to 
illustrate the effect of the cone angle. The values corresponding 
to the zero-cone-angle points are pressure ratios acros8 a normal 
shock Of the indicated intensity. 

4 
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Free-stream Mach number effects were investigated with the 9-degree cone at Mach number values of 3.1 , 5.1 and 7. The results are listed in Table 4 and also plotted on Figures SD and SE. Figure SD shows that at Mach 3.1 the pressures are slightly higher than predicted theoretically (optical observations also indicated that the Mach stem was advancing a little faster than the main blast wave). At Mach 7 <Fig. SE) the measured pressures are slightly lower than predicted. Theoretical curves plotted on Figure SE show the peak­to-preblast pressure ratio to decrease slightly with increasing free­stream Mach number. 

The effects of nose blunting were investigated with the 9-degree cone at a free-stream Mach number of 5.1. The cone was blunted spherically to a 3/8-inch radius and the pressures were measur ed over a distance ranging from 3 to 6 nose radii downstream from the tip. The peak pressures, given in Table 7 and also in Figure 7, were found to be virtually the same as for the sharp cone. Pressure variations with time were found to be sli~htly diff.erent as may be seen by comparing Figures A-4B and A-SA of the Appendix. 
The effects of angle of incidence were studied with the 9-degree cone a~ a free-stream Mach numr,~r of 5.1. Measurements were obtained on the windward, the 90-deg ~e~ and the leeward surfaces at angles of incidence of 10 and 20 degrees and on the windward and the 90-degree surfaces at the JO-degree angle of incidence. The results are presented in Table 8 and also in Figure 8. The "predicted" variation curve on Figures PA, 8B and SC is the theoretical curve for a cone whose semivertex atigle is equal to the test cone semivertex angle plus the angle of incidence. This curve is included for a qualitative comparison rather than for correla~ion. 

In Figure 9 the values of Figure 8 are crossplotted to illustrate the variation with the incidence ,mgle. The nonmonotonic pressure variation versuJ angle of incidence, indicated for the windward surface by Figure 9, is somewhat unexpected. However, a similar trend is also indicated by Figure 6 for pressure variation versus cone angle. 

SHADOWGRAPHS. Shadowgraphs in this study provided two types of information: ( 1) shock interaction wave patterns, and (2). data for the blast \', ave intensity determination. In addition, shadowg aphs were also used for detecting nor.uniformities in the flow behind the olast wave. 

Photographs on Figure 10 illustrate shock interaction patterns for the JO-degree cone. These photographs were taken with a two­spark shadowgraph system (Fig. 1) and show the shock interaction wave pa~tern superimposed on the preblast flow field. The principal waves for this cone are quite distinct. The blast wave is refract~d as it enters the model shock envelope and it forms a regular reflection (not a Mach reflection) at the surface. The model wave is refracted toward the surface. A contact surface formed at the blast wave - model shock wave interaction point is visible (although not 
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very distinctl y) as is the second reflection of the blast wave 
(reflection from the new model shock wave). On photograph A the 
boundary layer at the point of reflection seems virtually undisturbed, 
while on photograph B, because of a higher blast wave intensity, a 
thickening of the boundary layer occurs. 

Photographs on Figure 11 show shock inten,ction patterns for the 
15-degree cone. The blast wave is refracted as it entere the shock 
region but near the surface it forms a Mach stem. Interaction of 
the Mach wave with the bou11dary layer is clearly vi« ible on photograph 
B. The model shock wave at a low shock intensity (M • 2.4, photo-

s 
graph A) is refracted towards the surfa~e; at a higher shock 
inttmsity {Ms =~ 3:e, photograph B) it is virtually in line with the 

preblast wave until it coalesces with the reflected blast wave after 
which it bulges out away from the surface. Similar wave patterns 
may be recognized on Figure 12 for the 9-degree cone. However, 
because of low air density in the shock region the details are not 
very distinct. Additional shadow9raphs, for the majority of the 
pressure data runs, are given in the Appvndix on Figures A-10 
through A-18. 

HEMISPHERE 
PRESSURE DATA. Pressure measurements on the surface of a he~ni­

sphere were made at free-stream Mach numbers of 3.1 and 5.1. The . 
blast wave Mach number range at the free-stream Mach number of 5.1 
was 2.2 to ~.85. At Mach 3.1 this range was considerably narrower 
(1.68 to 1.88) because of the flow nonuniformities which were 
present lose behind the blast wave at the higher wave intensities. 
Pressure measurements were made at the st.agnation point and also at 
the 45-degree and the 90-degree points; however, because of lower 
pressures at the 45-degree and 90-degree points spark interference 
and mechdnical vibrations prevented obtaining data at these points 
for some of the test runs. The data, in the form of ratios of 
measured to the preblast surface pressure at the respective point, 
are presented in Figures 13 to 16. Typical Polaroid photographs of 
the pressure-time traces are given in the Appendix 01, Figure A-9. 

On Figure 13 pressure-time variations are shown for the three 
model surface stations for various flow conditions. ThP. variations 
are detailed reproductions of the original pressure-time traces 
recorded with the Polaroid cameras. These trar.es (and the traces on 
Fig. A-9) may contain some effects of transducer ringing and flow 
nonuniformities. Transducer ringing effects may be recognized, e.g., 
on the stagnation point traces. The ringing frequency is about one 
megacycle per second and the amplitud~ on Figures 13C and 13D is 
about !4 pe rcent of the total output. On Figures 13A, 13B and 13E, 
this amplitude in only about !2 percent. Flow nonuniformities 
generally are of two types: discrete shocks and gLadual deviations. 
Discrete shocks can be detected on flow shadowgraphs and the runs 
containing such disturbances close behind the blast wave were 
rejected. To detect gradual deviations, a small-diameter, fast­
r esponse Pitot probe was used. This probe, located in the test 
flow about three inch. s from the model centerline, monitored the 
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Pitot pres&ure of the flow behind the blast wave. Based on these 
measurements, the influence of gradual deviations on pressure data 
for the hemisphere teats is estimated to be le&s th~n 1/2 percent 
per microsecond for the duration of the overpressure at the stag­
nation point. (Typical Pitot probe traces may be seen in the 
Appendix on . Fi _ure A-1-B.) 

The zero time on Figure 13 re fers to the s t art of the pressure 
rise at the particular station. The pressure rise time of about 1/2 
microsecond for the stagnation point is due to the transduc~r esponse 
characteristics. The rise time of about two microseconds for the 
45-degree and the 90-deg ree stations is due primarily to the shock 
wave passage time across the face of the pressure transducer (0.093 
inch, Fig. A-2). 

Comparisons of measured and numerically predicted pressure-
time histories are shown on Figures 14 to 16. The numerical histories 
were ~omputed for a variety of flow conditions using McNamara's FLAME 
code (Ref. (9)). On Figure 14G an additional comparison with Taylor's 
PASS code prediction (Ref. (10)) is also included. The zero time on 
Figures 14 to 16 refers to the start of the measured overpressure; 
the computed histo~y is shifted on the time scale to give the best 
overall agreement. 

The stagnation point histories (Fig. 14) are in good overall 
agreement. The difference, which is the largest during the initial 
stages of i nte~action, is partly due to a slower p~edicted pressure­
riae rate a partly due to a lower pressure magnitude predicted for 
the initia stages of the interaction as may be seen by comparing, 

r exampl , Figures 14A, 14E and 14H. The difference in pressure 
magn1. de ends to increase with increasing blas't wave intensity , 
and it is conjectured to be caused by the real gas effects which 
were not accounted for in the computations. The slower pressure­
rise rate apparently is due to the spread of the discontinuities, 
which is a characteristic ·of the FLAME code. (The code uses a 
floating mesh which permits the model . bow wave and the contact 
surface to be tre~ ed as discontinuities but it allows the blast wave 
to spread ov~r a few mesh widths.) 

At the 45-degree station (Fig. 1!: ) the ovHrall pressure magni­
tude i o in good agreement, however, the numerically predicted 
pressur'!-rise and pressure-decay rates are considerably lo·"'er than 
measured experimentally. At the 90-degree station (Fig. 16) this 

• difference is more pronounced particularly at the lower free-stream 
Mach number (M1 • 3.1). 

SHADOWGRAPHS. Figure lJ shows shadow photographs of the wave 
patterns at different stages of interaction. These photographs were 
taken with a two-spark system, with the first spark discharging prior 
to the interaction. Photograph A shows the interaction at an early 
stage. The blast wave is refracted in the model shock region and at 
the surface it fonns a regular reflectio~. The reflected blast wave, 
in the model stagnatio. region, is moving upstream and i s about half­
way between the model surface 3nd the new bow wave. Photograph B 

7 
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shows the wave pattern at a later stage of interaction. The re­
flection point is about 70 degrees from the stagnation point and 
the reflected blast wave has collided and reflected from the new 
bow wave. On photogr · ph C the reflection point is over the cylin­
drical part of the model and the reflection mode has changed from 
the regular to the Mach-type reflection. 

Detailed correlation of the events indicated by the shadow 
photographs and the pressure traces were not intended in this experi­
ment. For a qualitative illustration of the interaction wave 
patterns at various flow conditions, photographs for most of the 
pressure data runs are given in the Appendix on Figure A-19. 

CONCLUSIONS 

Transient pressures induced by a head-on blast wave have been 
measured on a hemisphere and on cones of 9-, 15- and 30-degree 
semivertex angles. Flow conditions included free-stream Mach numbers 
of 3.1, 5.1 and 7 and the blast wave Mach numbers of 1.6 to 2.2, 
2.2 to 5.85 and 2.7 to 4.4 at the free-stream Mach numbers of 3.1, 
5.1 and 7, respectively. The effects of angle of attack and of nose 
blunting were also investigated with the 9-degree cone at a free­
stream Mach number of 5.1. 

Pressure-time histories at the stagnation point of the hemi­
sphere were found to agree with histories predicted by the McNamara 
FLAME code to within about 15 percent. At the 4S·~degree and the 
90-degree stations the pressure-rise rates predict~1 by the code 
were considerably ower than measured experimentally. 

The measured peak overpressure& for cones were found to agree 
well with values predicted by a simple theoretical method. This 
method is based on the assumption that the blast wave forms a Mach 
stem which moves along the surface at the veloc.'ty the axial 
component of which is equal to the velocity of the main blast wave. 

Shock-induced overpre.:. :Jures for cones W\ • .Ce found to be 
virtually nonexistent at low blast wave int~nsities (Ms< 2). At 
a blast wave Mach number of 4 the overpressl\re for the 9-degree cone 
was found to be about 10 percent and for the JO-degree cone about 
40 percent of the new steady-state pressure. Because of t~e finite 
transducer diameter, the measured peak pressures for the JO-degree 
cone represent values which at the higher blast wave intensities 
(M ~ 4) may be as ~uch as 20 percent too low. s 

Variation of the peak pressure with cone angle, when this 
pressure is expressed as a ratio to the preblast surface pressure, 
was f ound to be small. 

Spherical blunting of the 9-degree cone was found to have no 
significant effe~t on the pressure magnitude at the flow conditions 
investigated (M1 = 5, Ms= 4). 
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Table 1 

TEST CONFIGURATIONS 

-
Angle of Fr,rJe-Stream Blast Wave 

M dol Nose Shape Incidence lach NU11ber Mach NUllber 

9• Cone Sharp 0 3.1 1.6 to 2.2 

0 7.0 2.7 to 4.4f 

0 • • 1 2.2 to 5.4 

10° 'j . 1 4.09 to 4.35 

20° 5.1 3.89 to 4.45 

30° 5.1 ,.16 to 4.51 

Spherical 0 5.1 3.9 to 4.5 

15° one Sharp 0 5.1 2.4 to 4.9 

30° Cone Sharp 0 5.1 1.7 to 5.0 

lleaisphare 0 3.1 1.88 to 1.88 

0 5.1 2.2 to 5.85 
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Table 3 

PRIBLAST SUUACI PRISSURB DATA 

Angle of Free-Streu Pressure 
llodel Nose Shape Incidence Station llacb NU11ber Coefficient 

9• Cone Sh~rp 0 3.1 0.073 

l 0 7.0 0.057 

0 5.1 0.062 
Spherical 0 5.1 0.062 

Sharp 10 Windward 5.1 0.210 
10 90-Decree 5.1 0.048 
10 Leeward 5.1 0.019 
20 Windward 5.1 0.446 

20 90-DegrH 5.1 0.058 
20 Leeward 5.1 -0.059 
30 Windward 5.1 0.745 
30 90-Decre• 5.1 0 079 

15• Cone Sharp 0 5.1 0.153 

30• Cone Sharp 0 5.1 0.528 

He■iapbere 0 Stapation Pt. 3.1 l. 760 

0 Stapation Pt. 5.1 1.810 

0 45° Point 3.1 0.839 

0 45° Point 5.1 0.840 

0 90• Point 3.1 -0.017 
0 90° Point 5.1 0.031 
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Tattle 4 

SIIOCK-IIDUCID PIB-TO-PIIBLUT Pll88UU l&TI08 
011D SUIPACK or A 9-DIGID con \ -~ 

' 

-
II 111 Pp/Pi Run No. II •1 Pp/Pi Run lfo. • • 

2.21 5.03 5.67 277 1.59 3.10 3.95 225 
2.25 5. 05 5. 39 178 1.61 3.10 3.91 224 
2.28 5.03 5. 95 276 1 .64 3.10 4.07 152 
2.32 5.03 5.34 236 1.66 3. 10 3.95 223 
2.34 5.03 5.34 237 1.67 3.10 4.02 153 
2.48 5.00 6.40 4.8 1.70 3.10 3.98 150 
2.82 5.00 6.88 421 1.73 3.12 4.35 788 
3.67 S.05 15.8 719 1.77 3.12 4.50 787 
3.80 5.18 1.6.4 n8 1.77 3.10 4.12 1,51 
3.81 5.05 1..6 .0 721 1.77 3.12 4.oe 785 
3.88 5.05 v :. 1 723 1.78 3.12 4.35 718 
3.91 5.05 17.2 727 2.07 3.12 5. 79 783 
3.97 5.03 16.4 280 2.14 3.12 5.87 782 
4.08 5.05 17.9 725 2.14 3.12 5.81 784 
4. 32 5.06 19.4 738 

4.5~ 5.06 21.4 737 2.65 7.00 6.85 384 
4. 62 5.00 22.4 432 2.86 7. 75 399 
4.76 5.03 22.4 287 2.93 8.32 383 
4.99 5.03 24.9 283 3.03 8.12 381 
5.37 5.05 31.fi 190 3.05 8.32 378 

3.43 10.4 382 
4.20 14.2 379 
4.40 17.1 178 
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Ta-le 5 

SIOCK-IIIDUCm> PBil-TO-PIIBLAST PU881JU RATIOS 

Olf TU SUBrACI or A 15-DaGID con 

• •1 Pp/P1 Run a 

2.40 5.07 5.89 332 

2.42 5.07 6.11 34,l 

2.42 5.07 8.25 350 

2.44 5.07 6.34 333 

3.80 5.07 14.4 337 

3.92 5.07 15.2 338 

3.97 5.07 14.8 342 

4.33 5.07 19.7 348 

4.43 5.12 20.5 771 

4.44 5.08 19.1 343 

4.45 5.12 20.8 772 

4.48 5.08 11.7 889 

4.49 5.07 20.7 345 

4.84 5.12 21.4 770 

4. 70 5.12 21.9 773 

4.81 5.12 22.2 788 

4.84 5.08 21.1 672 
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Table 6 

Sll)Cl-llfDOCBD . UI-TO-PRIBL&ST Pussurm RATIOS 
OS flll SUIFACI OP A 30-DIGBD 0011 

-II Ill Pp/P1 Ru" • 
1. 70 5.07 4.25 3~8 
1.97 5.07 5.08 36:l 
2.20 5.07 6.15 359 
3.77 5.07 16. 7 361' 
3.86 5.08 16.5 656 
3.87 5.07 18.5 372 
3.96 5.12 18.3 776 
3.97 5.07 18.4 366 
4.02 5.07 18.l 370 
4.03 5.08 17.3 651 
4.11 5.08 ).';' .3 878 
4.14 5.08 18.5 850 
4.21 5.12 20.8 775 
4.27 5.08 18.3 667 
4.58 5.12 22.7 778 
4.84 5.08 19.9 659 
"· 78 5.08 21.4 679 
•• 82 5.08 21.5 657 
-i.89 5.08 22.6 661 
5.00 5.18 24.2 663 
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Table 7 

SKOCX-INDU<....n PBM-TO-PRIBLAST PDSSUU RATIOS 

OK TIB SURFACI or A 9-DIGRIB, SPDRICALLY B COD 

II Ill Pp/P1 
lu,i • 

3.88 5.10 16.6 730 

3.88 5.12 17.2 730 

3.88 5.13 16.1 730 

3.88 5.14 17.6 738 

3.94 5.10 17.3 738 

3.94 5.12 18.3 738 

3.94 5.13 17.2 738 

3.94 5.14 17.3 738 

3.98 5.10 17.1 731 

3.98 5.12 16. 7 731 

3.98 5.14 17.4 731 

4.25 5.12 18.5 739 

4.25 5.13 18.1 739 

4.25 5.14 17.4 739 

4.50 5.10 19.6 766 

4.50 5.13 19.6 786 

4.50 5.14 20.2 766 
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Table 8 

SBOCJt-IMDUCBD PIAI-TO-PRBBLAST PRISSUBB RATIOS 
ON TIIE SURPACI or A 9-DIGRBI OONB AT AlfGLBS or ATTACK 

a • II • Ill Pp/P1 Run 

10 0 4.09 5.10 19.3 740 
4.09 5.11 lR.4 140 
4.22 5.10 20.9 744 
4.22 5.11 19.6 7« 
4.27 5.10 19.6 741 
4.27 5.11 18.5 741 
4.30 5.10 20.7 743 
4.30 5.11 20.5 743 
4.34 5.10 20.4 742 
4.34 5.11 18.6 742 

90 4.09 5.12 22.8 740 
4.09 5.13 22.2 740 
4.14 5.12 21.8 760 
4. 2:;: 5.12 21.3 744 
4.23 5.13 21.6 744 
4.27 5.12 22.e 741 
4.27 5.13 22.2 741 
4.30 5.12 2~.9 743 
4.30 5.13 22 . 6 743 
4.34 5.12 23.4 742 
4.34 5.13 22.6 742 

180 4.14 5.12 16.3 780 

l 4.14 5.13 15.5 760 
4.35 5.12 17.2 759 
4.35 5.13 16.4 759 

20 0 4.16 5.11 23.0 749 
4.16 5.12 22.5 749 
4.19 5.11 25.8 748 
4.19 5.12 24.3 748 
4.21 5.11 24.9 761 
4.21 5.12 26 . 4 761 
4.26 5.11 24.7 763 
4.26 5.12 24.1 763 
4.37 5. 11 25.5 747 
4.37 5.12 24.6 747 
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Table 8 (Cont.) 

a II Ml Pp/P1 
Run 8 

20 0 4.39 5.11 26.4 746 
4.39 5.12 24.9 746 
4.39 5.11 27.1 76~ 
4.39 5.12 27.6 762 
4.45 5.11 25.4 745 
,.45 5.12 25.9 745 

90 4.16 5.11 21.3 749 
4.16 5.12 21.7 749 
4.18 5.11 21 7 748 
4.18 5.12 21.6 748 
4.37 5.11 22.3 747 
4.37 5.12 21.9 747 
4.39 s.11 23.5 746 
4.39 5.12 22.5 746 
4.45 5.11 22.8 745 
4.45 5.12 22.5 745 

180 3.89 5.11 13.l 755 

1 
3.96 5.11 13 . 6 754 
4.18 5.11 14.1 757 
4.25 s.11 15.0 756 

30 0 . 4.16 5.10 23.3 750 
4.16 5.12 21.8 750 
4.40 5.12 24.l 751 
4.50 5.10 25.1 753 
4.50 5.12 25.4 753 
4.51 5.10 24.l 752 
4.51 5.12 23.3 752 

90 4.16 5.10 21.5 750 
4.16 5.12 20.4 750 
4.40 5.10 21.7 751 
4.40 5.12 20.9 751 ,.so 5.10 21.3 753 
4.50 5.12 20.2 753 
4.51 5.10 21.8 752 
4.51 5.12 21.0 752 

a - Angle of Incidence 
• .., 0 - Windward Surface 
f • 90 - 90-Decree Surface 
f • 180 - Leeward Surface 
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A. THREE-INCH DIAMETER HEMISPHERE 

----+----1--1-:...::1-----

-11----t ---

---+----
1 

. 15, 

0.2511 B. NINE-DEGREE CONE 

C. FIFTEEN-DEGREE CONE 

D. THIRTY-DEGREE CONE 

FIG. 3 SCHEMATIC DRAWING OF THE TEST MODELS 
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30---------------_..;..--

WINDWARD SURFACE 

20 

LEEWARD SURFACE 

10 - INTERPOLATED 

o.__ ___ .__ ___ ...____--...____--.___--...___ _ __, 
0 10 20 

a(DEG) 

FIG. 9 VARIATION OF SHOCK-INDUCED PEAK PRESSURE WITH ANGLE OF 
ATTACK. FREE-STREAM MACH NUMBER, M1 = 5.1; BLAST WAY£ 
MACH NUMBER,Ms = 4. 25. 
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A. M, =5.07 M =2.2 (RUN 359)

: •••' • - ■ - ;
t .'t - < , r . _ ' • •! ' , ■

B. M, = 5.07 M^ = 3.97 (RUN 366)

FIG. 10 TWO-SPARK SHADOW PHOTOGRAPHS OF THE SHOCK INTERACTION
FIELD ON THE SURFACE OF A 30° CONE

1

.1
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■ >\i%.

•-U’ •.>■-•■-■'•'■ ■

A. = 5. 07 M^ = 2.4 (RUN 332)

•• -4 ■■■■ f V ^
- •: 'iC.' ^ ■*-

B. M^ = 5.07 = 3.8 (RUN 337)

FIG. 11 TWO-SPARK SHADOW PHOTOGRAPHS OF THE SHOCK INTERACTION 
FIELD ON THE SURFACE OF A 15° CONE
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A. M,-5.0 M^=2.48 (RUN 418)

8. M,-5.03 M^-3.97 (RUN 280)

FIG. 12 TWO-SPARK SHADOW PHOTOGRAPHS OF THE SHOCK INTERACTION 
FIELD ON THE SURFACE OF A 9° CONE
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= 2. 50 (RUN 505) 

FIG. 13 SHOCK-INDUCED PRESSURE-"'IME VARIATIONS ON THE 
SIJRFACE OF A 3-INCH DIAMt:TER HEMISPHERE 



NOLTR 71-27 

26 
STAGNATION POINT 

24 

22 

20 

18 

16 

] 14 -·c ~-
~ 12 

)0 

8 

6 

4 

2 

0 
0 2 4 6 8 1 0 12 14 16 18 20 

TIME (µSEC) 

B. M1 = 5. 0;';, M
5 

= 4. 27 (RUN 455) 

FIG. 13 SHOCK-INOUCE:D PRESSURE-TIME VARIATIONS ON THE 
SURFACE OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 13 SHOCK-INDUCED PRESSURE-TIME VARIATIONS ON THE 
SURFACE OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED} 



.!? = C ~-
~ 

NOLTR 71-27 

STAGNATION POINT 
38r--------------------------

\ 
I '\ 

\ 32 I \ I 30 \ I 
28 I ...._ ~f' POINT 

26 I \ 
\ I 24 \ I \ 22 I \ I 20 

I -18 I / , 

I \ 

16 V' 
u I 9ef' POINT 

' I 

I 
12 I 
10 I 

' ' 8 
I I 

6 I 
I 

2 

0 
0 2 6 8 10 12 14 16 18 20 

TIME (µSEC) 

D. M1 = 5. 07, Ms= 5.85 (RUN 129) 

FIG. 13 SHOCK-INDUCED PRESSURE-TIME VARIATIONS ON THE 
SURFACE OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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E. M1 = 3. 1, ~ = i. 68 (RUN 95) 

FIG. 13 SHOCK-INDUCED PRESSURE-TIME VARIATIONS ON THE 
SURFAa OF A 3-INCH DIAMETER HEMISPHERE (CONTI UED) 
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o..._ _ ____.~_J _ ___,_ _ ___,_ _ ___._--1,._.....,__....,._.......__....&.... _ _.______, 

0 2 6 8 1 0 12 14 16 18 20 

TIME (µSEC) 

A. M1 = 5. 07, ~ = 2.2 (RUN 504) 

FIG. 14 SHOCK-INDUCED PRESS~E-TIME VARIATION AT THE STAGNATION 

POINT OF A 3-INCH DIAMETER HEMISPHERE 
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.1 

O._ _ _.__ ____ ...__ __ ....___. _ __._ _ __,_ _ __.__~-~---.___, 
0 2 6 8 1 0 12 14 16 18 20 

TIME (µSEC) 

B. Ml = 5. 07, M, = 2. 35 (RUN 50'2) 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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EXPERIMENT 

0 ,_____. _ __._ _ __._ _ _.__ _ _,___.....___. _ ___._ _ __,____, 
0 2 6 S 10 12 14 16 18 

TIME (µSEC) 

(. M1 = 5. 07, M
5 

= 2. 50 (RUN 505) 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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TIME (µSEC) 

D. M1 • 5. 07, M
5 

• 3. 50 (RUN 511) 

FIG. 1-4 SHOCl<-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 14 SHOCl<-INDU(ED PRESSURE-TIME '.IARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHERE {CONTINUED) 
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FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INC~ DIAMETER HEMISPHERE (CONTINUED) 
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• -4. -45 (RUN -457) 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHEKE (CONTINUED) 
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H. Ml = 5. 07, ~ • 5. 25 (RUN 127 J 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHER, (CONTINUED) 
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O.___.___.i_ ___________________ __ 

0 2 4 6 8 1 0 12 14 16 18 20 22 

TIME (µSEC) 

I. M1 = 3.07, ~ • 1.83 (RUN 793) 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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J. M1 = 3.09, M
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• 1.85 (RUN 135) 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPI-ERE (CONTINUED) 
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K. M1 = 3.07, ~ = 1.88 {RUN 795) 

FIG. 14 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE STAGNATION 
POINT OF A 3-INCH DIAMETER HEMISPHERE {CONTINUED) 



--✓ 

NOLTR 71-27 

9r--------------------------, 
8 

7 

6 

I 
I 

3 / 
I 

2 / 

/ 

/i 
I 

I 
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o_--:::----:::---:----~---------~----o 2 6 8 1 0 12 14 16 18 20 22 TIME (µSEC) 

A. M1 = 5.07, M
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• 2.2 (RUN W) 

FIG. 15 SHOCK-INouao PRESSURE-TIME VARIATION AT THE 45-DEGREE STATION OF A 3-INCH DIAMETER HEMISPHERE 
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B. M1 • 5.07, Ms = 2.50 (RUN 448) 

FIG. 15 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 45-D~GREE 
STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 15 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE -45-DEGREE STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 



NOLTR 71-27 

22 

20 I 
I 

18 I 
I 

16 I 
I 

14 I 
I 

] 12 I 
.~ I C 

I Q.-

Q. 10 
I 

8 I 
I 
I 

6 I 

I 
4 

2/ 
_,/ 

0 L------1.._---1, _ ___._ _ __._ _____ __.___......___....__.,.__.____, 0 2 6 8 10 12 14 16 18 20 
TIME (µSEC) 

D. M1 = 5. 05, M
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= 4. 27 (RUN 455) 

FIG. 15 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 45-DEGREE 
STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 15 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 45-DEGREE 
STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 15 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 45-DEGREE 
STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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A. M1 = 5.07, M
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= 2.5 (RUN 448) 

FIG. 16 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 90-DEGREE STATION OF A 3-INCH DIAMETER HEMISPHERE 
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FIG. 16 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 90-DEGREE 
STATION Of A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 16 SHOCK-INDUCED PRESSURE- TIME VARIATION AT THE 90-DEGREE STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 16 SHOCK-INDUCED PRESSURE-TIME VARIATION AT THE 90-0EGREE 
STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 16 SHOC"-INDUQD PRESSURE-TIME VARIATION AT THE 90-0EGREE STATION OF A 3-INCH DIAMETER HEMISPHERE (CONTINUED) 
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FIG. 17 TW0..-SPARK SHA()OW PHIOTOGRAfllH OF THE SMOCK IN11ERACTI0N 
Fl'ELD FOR A HcM1$PHERE (CONTINll.)EO) 
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FIG. A-5 TYPICAL PRESSURE-TIME TRACES l~OR 
A SPH~RICALLY S~UNTED 9° (;O11,,!E 
AT A FRE~-STREAM MACH NO. 5. 1 

Fl G. 1P.--6 TYPICAL PRESSURE-TIME TRACES FOR 
A 9° CONE AT A FREE-STREAM MACH 
NO. 6.9 

FIG1 A-7 TYPICAL PRESSURE-TIME TRACES FOR 
A 9° CONE AT A FREE-STREAM MACH 
NO. ~.1 

FIG. A,-8 TYPICAL PRESSURE~TIME TRACES FOR 
A 9° CONa AT DIFFERENT ANGUS 
OF A TlACK. fREE..,STREAM MACH 
NO. 5, 1; WINDWARD SURFACt 
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45° POINT 90° POINT 

~ ~- l 0 µ ~EC (ALL tRAC!ES) 

A. Ml =- 5. I, ~\ "' 4. 44 

RUN 456 

RUN 455 

RUN 127 

IHJN 9S 

FIG. A~9 tYPICAL PRE:SSURS-TIM~ TRA~ES PO~ THE tHREE-INCH DIAMETER HEMISPHERE 
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{RUN zni 

l RUN ?.'J6 J 

FIG. A~lO lWO,.SPARK SHADOW PHortOGRAPHS OFTH£ SHOCK INTERACTION 

F1IELD: 9° CONE AT FREE-STREAM MACH 5 .. 1 
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D. l\i\5 = 2. 48 (' RION 418) 

FIG. A--19 1WO·SPARI( SHALlOW PHOTOG~l'APHS Of THE Sl-fOCK INTflMCTION 

flElD; 9° CON~ Af FREE~·STREAM MACH 5. l I COIIITINUEO) 
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E. Ms '1 2. 621 

(RU~l 4211 

F. M5 = 3, 97 ( RUN1 280) 

FIG. A-10 TWO~SPA:RI~ SHADOW PHOTOGRAPHS OF THE SHOC1i< INTERACTION 

FIELD; 9° CONE AT FREE·Sl'REAM MACHS. l ( CONTINUED t 
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Fl~. A,~10 'fWO·SPAIU< SHADOW l>HOTOGfMPHS OF THE SHOCK INTERACTION 

FIELD; 90 CONE Ar FR~E-STREAM MACH 5. I ( CONTINUED) 
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~ 4. 76 f' RUN 2871 

FIG. A·IO TWO-SPARK SHADOW fllMOTOGRAPHS OF lHE SHOCK INTERACT ION 

FIELD; 9° CONE Al FREE-STREAM MACH 5.1 !CONTINUtD) 
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FIG. A~JQ 

I RUN 283! 

( ~UN 190~ 

lWO-SPMK SHADOW PHOTO$RAPHS OF THE SHOCK INfERACHON 

FIElO: 9° crn~E At fRH·STREAM MACH 5.1 ( CONTINUED I 
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( RW1J 384l 

( RUN 3,99) 

FIG. A·ll TWO·SP~(RK $HADOW PHOTOGRAPHS OF 'rHij SHOCK INTERACTION 

FIELD; 9° CONE AT FRff·STREAM MAOH 7. 0 
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( RUN 381) 

FIG. A-11 TWirSPAR~ SH/.\OOW PHOif'OGRAPHS O,f. THE SHOCK INTU~ACTION 

FIELD; 9° CONI( AT FRJEE .. ~TREAM MACl-1 7.0 (CONTINUE[U 



FIG, A-11 TWO .. SPARK SHADOW PHOTOGRAPHS or-rHe SHOCK INTEflACTION 

FIELD; 9o CONE AT FREE·STR[J\M MACH 7.0 ( CONTINUED I 
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B, ( RUN 152) 

FIO. A·l2 SHADOW PH0TO~RA~H$0f THE SMOQI< INTERACTION FlltLD; 

9° CON~ AT FR~£· STREAM MACH 3. ] 
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G. M " 1. 67 !RUN 153) s 

D. M5 " 1. 1 IRUN 1501 

FIG. A-12 SHADOW PH011OGRAPHS dF THE SHOC:l( l'NTSRAOJION FIELD; 

9° CONE Alr FRE[ .. STFIEAM MACH 3.1 ( CONTINUl:OJ 
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( RUN 787! 

( RUN 7841 

FIG. A-12 SHADOW PHOTOGRAPHS OIF THE S!iOCK INJERACTION FIELD: 

9° CONE AT FREE-STREAM MACH 3. 1 ( CONTINUED! 



( RUN 3321 

FIG, A-13 rwo~SPARK SHADOW PHOTOGRAPHS OF THE SHOCI( INTERACTION 

FIEL0: 15° CONE AT F~EE·STREA:M MACH 5.1 
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! RUN 331/ 

(RUN 3371 

FIG. A,.13 TWO··SPARK SHADOW PHOTOGRAPHS OF THE SHOOK INTERACTION 

FIELD: 15° CONE AT FREE~STRfAM MACH 5.1 ( CONTINUED I 
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F. M
5 

= 3 .. 97 

FIG. A-13 TWO-SPARK SHADOW PHOTOGRAPH$ OFTHE SHOCK INIT£RACTION 

FIELD: 15° CONE Al FREE-STREAM MACH 5.1 ( COl~TINUED, 
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I RUN 346l 

1 

H. M5 = 4. 44 ! RUN ~431 

~IG, A-13 TWO-SPARK SHADOW PHOTOGRAPHS OF THE SHOCK INTERAC1'!0N 

FIELD: 15° COfiJE ATFR£E~STREAtvt MACH 5.1 ( GONTINUED J 



'l"""'"''-'•IJUll- 1 I 
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•4.45 ( RUN 7121 

J. Ms= 4, 49 

FIG. A·l3 TlNO-$PARK. Sl~ADOW PHOTOO'RAPHS OF THE sirnCI( INTE~ACT,ON 

FIELD; 15° CONE AT FREE-STREAM MACH 5.1 ! CONIINUED) 
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( RUN 672) 

FliG. A-13, rwa .. SPARK SHADOW PHOTOGRAPHS OF THE SHOCI( INTER,\CTION 

f IELD1 15° CONt AT Ff{EE ~ STREAM MACH 5. I I CONT I NUED l 
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( RUN 35SJ 

B. M5 • 1. 97 ( RUN )Ul 

Fl G. A-14 TWO-SPARK SHADOW PHOTOGRAPHS OF THE S~OCK INlfERACTION 

F IELC: 30°CONE: AT FREf·STREAM MACH 5.1 
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( RUN 3591 

I 

D. M5 , •• ~. 71 ( RONI 367 i 

! I FIG. A-U. TWOl~SPMK SHADOW PlimOGRAPMS OF TME SHOCK INTtt!MCllON 

FIELD; 30° CONE AT FREE-STREAM MACM !i. l ( CONTINUED! 
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FIG. A-14 TWO~SPARI< SHADOW PHOTOGRAPHIS OtTHE SHOCK INTIEfM,CTION 

FIELD; 10P CONE AT FREE .. S1REAM MJ,CH 5 . . ( CONTINUEDJ1 
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' 

(RU:N 370) 

FIG. A--l4 lWO--SMRK SHADOW PHIOTOGRAPHS OF THE SHOCK INTt1RACT!ClN 

FIELD;, ?10° CONK AT FREE~ STREAM MACH 5.1 I CONHNUED) 
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(RUN 661' 

( RUN 6~3) 

FIG. A-14 lWO~SPARK s:1,AOOW PHOTOGIMPHS OF THE SHOCK INTERACTION 

FlfLD1 30° CONE AT FREE-STREAM MACH 5, 1 (CONTINU[l)I 
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FIG1 A-15 lWO•SPMI< SHADOW PliOtOGRAPH$ OF HIE SHOCK INTERACTION 

~IEW: SP'1fRICAU.Y BLUNUD 9°CONE AT FRIE£ .. STREA,J~ MACH 5.1 



l 

I RUN 7391 

flG. A-15 lWO-SPARK SHADOW PHOTOQIMPHS OF THE SHOCK INTERACTION 

FIELD; SPHER IICALl y BLUNTED 9° CONE Af FREe--srnEAM MACH 5.1 
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8. 1\'\ "4. 21 ( RUN 7411 

FIG, A-16 lWO··SPARK SHADOW PHOTOGfUPHS OF THE SHOCK UHERAcnoN 

FIHLI): 9° CONt AT l0
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INCIOENCE ANGLE AT FR[E·STREAM M1\CM 5.1 

I 
I l 

I I 

I 

I 

II· 
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• 4. 35 

FIG. A--16 TWO-SPARK S~IADOW Niorn~RJ~PHS l])FTHE SHOCK INI!'.RACTION 

FIEL0 1 9° CONE AT 10° INCIDENCE ANGLE JIT FREt·STREAM MACH 5.1 

( CONT1INU[O, 
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UG. A·l7 

( RUN 7$41 

! RUN 749) 

1WO·S~ARK SHAiDOW PHOTQGRAPliS OF TM~ SHOCK INTERACTION 

FIELD: ?a CONE A'r 20° INC IDENCE ANGUE A1' fREE~STREAM MACH 5.1 
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D, ( RUN 761) 

FIG. A.,17 TWO-SPMf< SHADOW PHOTOGRAPH~ OF THE SHQCK INfERACTION 

FIELD; 9° CONE AT zo0 
l1 NC IOENCE ANGL[ AT MEE~ STRUM MACH 5, 1 

( CONT INUfD) 
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( RUN 7631 

FIG. A·•H n,,JO-SP~ijl< SHADOW PHOTOGRAPHS OF THE SHOCK INTERACf/OIIJ 

FIELD; 9° CONE AT ').()
6 

INCIDENCE AN~LE AT FREt-SmfAM MACH 5.1 
<CONTI NUEO l 



FI G. A .. lJ 1WO·SPARK SHADOW PHOTOGRAPHS OF THE S~!OCK !NTERACllON 

f lEW; 9° CONE AT ~io0 INOID~N1CE Al~OLE AT FR!r.r:-sr 11~E"M MI\CH 5. l 

( CONT I NUED ! 
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f RUN 790) 

{ RUN 7~1 J 

FIG. A-18 T\VO-.SPA~IC SHADOW PHOTOGRAPHS OF TH£ SHOCI~ INTERACTION 

FIELD; 9° CONE AT 3d
0 

INCIDf:NCt ANGLE AT FREt•'" STRtAM MACH 5.1 

I I 
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I RUN 7521 

FIG. A-18 TWO-SPARI< SHADOW PHIOTOGRAPf,IS OF THE SHOCK 1INTERACTION 

FIF.lD: 9o CONE AT 30° INC IDENC~ 11\NGLE )ff FRtE-STREAM MACH S.1 

! CONT INUf.D I 
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(RUN 504) 

( RUN 502) 

FIG. A· l9 TWO-SPJ~RK SHADOW PHOtOGRAPHS OF fHE SHOCK INrERACTION 

FIElD FOi~ A HEMISPHERE 
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{RUN 448l 

FIG. A~ 19 jWQ,-SPARl< SHAO OW PHOTOGHAPHI S OF THE SHOCK INTlmACT ION 

FIEtD FOR A HEMII SPHERE ICONT INUED I 
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l!WO .. SPARI< SHADOW PHOTOGRAPHS OF 'fH£ SHOCK 1Nt£RACTION 

FIELD FOR A H~USPiHERE I CONTINUED) 

IRUN Ju, 
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two .. SPARK SHADOW PHOTOGRAPHS OF nlE SHOCK INTERACT ION. 

FI ELD FOR A HEM I SPHERE I CONT I NUED I 
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(RUN 129) 

FIG. A .. ,i9 1fW0-SF1IIRK SHADOW PHOTOGRAPHS OF THE SHOCI( INTEIMCTION 

FIELD FOR A HEM /SPHERE (CONT'INUtO, 
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;, I. 83 

FIG. A-19 ThVO-SPAR!< SMAOOW PHOTOGRAPHS 0~ THE SHOCK INTERACTION 

FIELD FOR A HEMISPHERE ! ~ONT ! NUED J 
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FIG. A .. 19 nirn-SPAR!< SHADOW PHOTOGRAPHS OF THE SHOCK INTERACTION 

FlfLD FOR A HEMISPHERr: ICONTINUEOJ 
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