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ABSTRACT

An experimental investigation was made to determine the varia=
tion of shock shape and extent of subsonic region behind the shock
wave with angle of attack for a 70° cone at various Mach mumbers. The
main interest was centered on those Mach numbers which produced detach=
ed shock waves or for which the possibility of detachment at angle of
attack existed,

The tests were conducted in the GALCIT 2,5" Supersonic Wind Tummel
at angles of attack of 0°, 3°, 69, 99, 129, and 15° and Mach numbers
of 1.438, 1,544, 1,584, 1,857, 1.986, and 3.01.

It was found that, with increasing angle of attack and consbant
Mech number, the subsonic region behind the shock wave increased in the
lcwér portion and decremsed in the upper portion. With inereasing Mach
number the subsonie regioﬁidecreased for all angles of attack, Inter=
action between the upper and lower portions of the shock wave affects
the subsoniec region behind the wave, suppressing its appearance on the

upper surface, retarding its disappearance from the lower surface.
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I. INTRODUCTION

The theoretical inquiry into the flow around a solid cone at an
angle of atbtack moving with a velocity greater than that of sound,
has not advanced to & point where the behavier of the shock waves can
be predicted as the cone angle of attack is varied. A4s a matter of
fect, only two cases have so far been found where the motion of a
gas at supersonic speed in three=dimensions can,rwithout objectionable
simplification be discussed mathematicallys the radial outward flow
produced by a uniformly expanding sphere; and the flow around a solid
cone at zero angle of attack,

Previous investigations, (Cf. Ref., 1 and 2), have covered detached
shock shapes, pressure distribution on cone surface, and Mach numbers
behind the shock for corresponding cones and Mach numbers at zero angle
of attack,

The intent of this investigation was to determine experimentally
the shape of the shock wave and associated characteristics caused by
the presence of a finite cone at various angles of attack in supersonic
flow. The detached shocks and those attached shocks, where there was
a possibility of detacklment occurring at angle of attack, were of
primary concern; Also of prime interest was the subsonic flow region
behind the shock. One set of pressure measurements at the surface of
the cone was taken at a Mach number of 1,584 for angle of attack of

zero and twelve degrees.



I1., EQUIPMENT AND FROCEDIRE

The models used for this investigation were machined from brass,
3/8" in diameter and had a cone angle of 70° Six cone models were
used during the course of the investigation, each with a pressure
orifice located on the conical surface at varying distances from the
nose, & skebtch of the cone model with dimensions and location of
orifices is shown in Fig. l. All six cone models were identical
except for the location Qf the pressure orifice,

The investigation was carried out in the GAICIT 2.5" Supersonic
Wind Tumnel, (Cf., Ref, 3). The model was supported by a sting which
could be varied in angle of attack from =3° to +15°, but could not
be varied in yaw. A flexible nozzle, (Cf. Ref., 1), was used for Mach
numbers of 1,438, 1l.544, and 1.857, For Mach numbers of 1,584, 1.986,
and 3.01 fixed steel nozzlé blocks were used, In the case of the
flexible nozzle, the nozzle shapes were determined by Puckett!s Method,
(Cf. Refs 4)o

Calibration of the test section Mach number was accomplished by
a static pressure swrvey along the noszzle centerline in connection
- with a reference static pressure taken at the test section wall, The
centerline survey was made by means of a 0.065" outside diameter tubing
with a static orifice. The tubing was fixed with respect to horizontal

and vertical movement but was capable of axial movement, In order to



eliminate the measurement of small changes in low pressure, taken along
the centerline of the test section, against relatively high atmospherie
pressure, the test section centerline statie pressure was measured
against the reference static pressure. The reference pressure was also
measured against atmospheric pressure; then, by subtracting the differ=
ence between reference and centerline pressures from the reference
pressure, the centerline static pressure was obtained.

The model's zero angle of attack was determined in the following
manner. With the model orifice on top, pressure readings were taken
at several angles of attacke The model orifice waes then switched to
the bottom and pressure readings were taken at the same angles of
attack. A plot was then made of pressure readings versus angle of
attacks Zero angle of attack is given by the intersection of the curves
for the orifice on top and the orifice on the bottom.

During all tests the relative humidity of the tunnel wes held with=
in «02 to .04 percent by a silica~gel dryer in the tumel circuit,

Following the calibration of the test section Mach number and
model angle of attack the flow field around the model, at angles of
attack from 0° to 15° in 3° increments, was photographed by means of
schlieren apparatus,

A pressure survey of the cone surface was taken at a Mach number

of 1,584 for angles of attack of 0° and 12°, (Cf, Fig. 27).



The shock wave patterns in dimensionless form were obtained in
the following manner. The negatives of the schlieren photographs
were projected on graph paper by means of e photo-enlarger. The
photo=enlarger was adjusted so that the diameter of the model was
equel to a Y/D of one on the selected scale, and the shock wave
pattern was traced on graph paper. The shock wave patterns for
several #ngles of attack, for one particular Mach number, were super=
imposed on the same sheet. This procedure was féllowed for all Mach
numbers. The same procedure was also followed in obtaining the
shock wave patterns for all Mach numbers at & particular angle of
attack, These tracings were used to obtain the final dimensionless
curves., By use of this methed it was hoped to minimize, in so far
as possible, errors associated with transcribing the shock wave

patterns to dimensionless coordinates,



III. RESULTS AND DISCUSSION

The principal results are presented as dimensionless plots of
the shock wave petterns plotbed relative to the cone axis rether than
to the flow direction, The first series of plots sre at constant Mach
numbers with angle of ettack verying, (Cf. Figs. 3 to 14), The second
geries are at constant angle of attack with Mach numbers varying, (Cte
Figs. 15 to 25). A third method of presenting the results is a tabule=-
tion of the local Mach number directly behind the shock in the subsonic
region for each Mach number and angle of athack, (cfo Tables I to VI ).
From these tebles, the position at which the Mach nﬁx;lber behind the
shock wave becomes sonic and the position of the normal shock was obtain-
ed. This data was indicated on the shock wave plots, where these peints
were of interest,

A surface pressure survey was taken over both upper and lower cone
surfaces at s Mach number of 1,584 for engles of attack of 0° and 129, .
(cf. Fig. 1 and Fige 27 Js |

Fig, 2 defines the symbols used in the graphical and tebuler pre-
sentation of the results.

The dimensicnless form of the shock weve petterns was obtained by
using the cone dismeter as the characteristic dimension. Particular
attention was given in obtaining the shock wave pattern shape near the

nose of the cone; since, in the case of varying angle of attack and



constant Mach number, it was found that some of the shock patterns
crossed in this region.

The shock wave patterns for constant Mach number show that close
to the nose of the cone the shocks do not have & uniform spread with
equal inerements in angle of attack; as the vertical distance from
the nose of the cone increases the spread becames reguler, It is also
clearly shown that with increasing angle of attack the shock wave
patterns associated with the upper surface of the cone straighten and
assume atteched shock characteristics, i.e., no subsonic zone behind
sheck; while those asgsociated with the lower surface increase in cure
vature and assume detached characteristies, i.e., & subsonic zone
behind shock. This is more clearly brought out by the Mach number
survey directly behind the shocks

The variation of shock shapes with Mech number at constant angle
of attack are a cross~plot of the previously discussed curves. It is
clearly indiceted that although the lower portion of the sheck waves
gradually change their characteristics from attached to detached,
those shocks initially attached to the nose of the cone apperently
remain atteched and those initially detached remsin detached.

The Mach number directly behind the shock wave at any point was
determined from two-dimensional obligue shock theory by measuring the
angle between the shock wave and the flow direction, (Cf. Tables I to -

VIJ.



At 0° angle of attack the subsonic zone was symmetrical with
respect to the cone axis, For increesing angle of attack, at constant
Mech number, the subsonic region increased in the lower and deereased
in the upper portion of the flow, the rate of decrease being faster
than the rate of increase. For constant angle of attack and varying
Mach number, the subsonic zone decfeases in both the lower and upper
portions of the flow.

The Taylor-Maccoll Theory for conical shocks, (Cf., Ref. 5), may
be used here as a basis of comparison, if it is assumed:

1. That the upper and lower surfaces of the cone may be
considered separately.

2. That the angle between the flow dirsction and the cone
surface may be considered as the half=vertex angle of a fietitious
cone.

Maximum flow deflection for an initial Mach number, as predicted by
the Taylor-Maccoll Theory, is plotted in Pig, 26, The condition of
the upper and lower portions of the shock wave for each Mach number is
presented in Table VII,

Taking first the lower shock weve pattern at zero angle of attack
and increasing Mach numbers, the shock wave has detached characteristics
until a Mach number between 1,584 and 1,857 is reached. At some point
between these two Mach numbers it assumes attached characteristics,

This egreed with the Taylor=Maccoll Theory., The results also agree for



3° angle of attack, At 6% angle of attack corresponding to a half-
vertex angle of 41° the Taylor=Maccoll Theory gives as the minimum
Mach number for an attached shock weve 2,03, Experimental results
jndicate a subsonic region in the flow field behind the lower portion
of the shock wave at 6° angle of attack for Mach numbers to 1,857.

The lower portion of the shock weve at a Mech number of 1,986 does
not have a subsonic region; thus, it assumes attached characteristics,
A subsonic region, behind the lower portion of the shock wave, for a
Mach number of 1,986 does not appesr until an angle of atteck of 9°
is reached. The subsonic region behind the lower portion of the shock
wave increase with inereasing angle of attack.

For a Mach number of 3.0l the conieal shock theory predicts that
shock detachment will occur at a half=vertex angle of something less
than 50°%, corresponding to an engle of attack of less than 15°, How=
ever, at an angle of atback. of 15°% the shock wave still had attached
characteristics.

Considering the upper shock, for which this fictitious half-vertex
angle can be considered as decremsing with angle of atitack, experimental
resulss indicate that the subsonic regions, if initially present, did
not disappear for the range of angles of attack investigated., From the
conical shock theory at an angle of attack of approximately 6° the shock

should become attached for the Mach numbers under consideration,



As a result of the above discussion, it is evident that inter-
action ocours between the upper and lower portions of the shock wave
at angles of attacke The interaction causes the disappearance of the
subsonic region behind the upper shock wave to be delayed and to also
delay the disappearance of the supersonic region behind the lower
shock wave as the angle of attack is increased.

The pressure measurements for a detached shock, at a Mach number
of 1.584, were reduced to the non-dimensional form ps/po'; Py’ being
the reservoir pressure behind the shock wave at the nose of the cone.
Pressure measurements were taken on both upper and lower surfaces at
0° and 12° angles of attacks

The plots at constant Mach number and varying angle of attack,
for which the shock waves are detached, indicate that the subsonie

zone behind the shock wave is decressed with angle of attack.
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IV, CONCLUSIONS

The following conclusions can be drawn from the results of this
investigation:
1, At angle of attack there is a definite interaction
between the upper and lower portions of the shock wave,
2, The shock wave if initially attached to the cone remain-
ed attached even with the appearance»of mixed flow behind the shock,

for the range of angles of attack testeds
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SAMPLE CALCULATIONS

A, Determination of Mach number in test section:

pog = gauge reservoir pressure

P, = reference wall static orifice pressure
ng = gauge reference pressure

Py = nozzle centerline static orifice pressure.

Density conversion factors:
1 em. acetylene tebrabromide = .2188 cm. hg,
1 cm. silicone = 40695 em, hg,
Py DPo Py = Py "

cmay TN wm— gy

L Po

Orifice position 1,8%

Pog , 103.0 om, acetylene tetrabromide
Py 93.3 om. acetylene tetrabromide
Pog = Py 97 om. acetylene tetrabromide
.2188 (:'90g - 9,) 2,12 cm. hg.

Barameter 74.57 om. hg.

Po 72,45 cm, hg.

By 73,15 cm. hg,

P2, | 129.6 om. hg.

56,45 cm. hg.

PZ 18.12 cl. hgo
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po/p, (ev.) 42487

Po : 69,6 ecm, silicone
Py 64,0 com., silicone
Py = Py =6,6 om, silicone
20695 (py = px) =¢389 cm. hg.
0895 (py = P )/3, =s00537

p,/?, L2541

M 1.544

Bs, Determination of ps/po‘, M=1.,58¢

Ps = gurface pressure on cone
P o' = reservoir pressure behind normal shock
Ps _Po

i) pf.—:—'—x—“'
s/c Py Po

ps/po wes found in the same way as in the determination

of the Mach number,

pe/P, .591
P/ P, 1.109
/P, .655
xt .2497"
s .32"

x!/X o779



e = 0°

Upper and Lower

/D M,
0 .730
.2 « 780
4 .825
.6 -865
8 4905
1.0 942
l.2  .974
1.4 999
1.41  1.000

14

TABIE 1
M = 1,438
= g
Upper Lower
/D My b7 T
0 <730 0 . 736
2 .808 03,735
o4 .865 o2 .769
o6 +895 o4 .822
o8 942 o6 865
1,0 +990 .8 +900
1,12 1,000 1.0 . 927
1.2 »958
1.4 .991
1,47 1,000
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TABLE I (continued)

M= 1,438
e = 69 g = g°
Upper Lower Upper Lower

/D M /D M /D M, /D M,
0  .748 0  .748 0 L.750 0,750
e2 4800 04  ,735 2  .835 09  L735
4 885 02  W760 o4 .895 o2 .78B
.8 920 o4 817 6 2920 L4 » 795
o8 .980 8 4860 +8  .955 8  .815
1.0 .990 «8  ,900 1,0 ,990 .8  .838
1,08 1,000 1.0  ,934 1,02 1,000 1.0 ,.862
1.2 960 » 1.2 .900

1.4  .985 1.4 .942

1,58 1,000 - 1,59 1,000




TABIE I (continued)

18

M = 1,438
o = 12° a = 15°
Upper - Lower Upper Lower

/o M /D /D M /D M,
0 770 0 L770 0 .812 0 .812
o2 850 12,735 o2 880 .185 ,735
o4 4920 2 LT7B0 4,940 o2 .T73B
6 .930 od  LT775 6  .985 4,760
o8  .990 8 L7897 735 1,000 6,798
+85 1,000 o8 860 o8 o845
1.0 .8%0 1.0 .89
1.2 ,943 1.2 ,937

1.4 .995 1.4 .975

1.44 1,000 1,57 1,000
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TABLE II
M = 1,544
a = 0° o =3°

Upper and Lower Upper Lower
Y/D M, Y/D My Y/D M

0 #6595 0  .700 0 700
o2 855 .2 +828 02  L695
o4 887 ol 860 .2 «770
8 .895 o6 - 4920 & .832
8 0922 8 . 955 6 . 880
1.0 «970 .98 1,000 8 920
1.15 1,000 1.0 . 958

1.17

1.000
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TABIE II (continued)

M = 1,544
o = go o= 9°
Upper Lower Upper Lower
Y/D My /D M Y/ M IhH K
0  L707 0 L707 0 4720 0 .720
2 .804 02  ,695 2 G770 .08 ,695
o4 905 o2 775 ok LT775 02 o745
.é «938 o4 843 o6 .946 .4 .820
o8  .963 o8 885 o8  ,992 6 o856
1.0 ,993 .8  L910 .88 1,000 +8  .900
1,02 1,000 1,0  .960 1.0  .951

1,12 1,000 1,18 1,000
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TABIE II (continued)

M = 1,544
o = 129 o = 15°
Upper Lower Upper Lower

/D M /D My YD My YD M,
0  .730 0 4730 0 740 O .740
2,910 .075 ,€95 o2 .825 1 .695
o4 ,953 o2 4730 & L965 2 LT710
o6 LO72 4 L.780 o47 1,000 L& 770
.68 1,000 £  +835 o6 .827
.8  ,.876 o8 4882
1.0 ,925 1.6 .934
1.2 1.000 1.2 .S90
1.22 1,000




20

IABIE 11T
M=1,584
¢ = 0° a = 3°
Upper and Lower Upper Lower
Y/D My Y/D M, __}'_/_13 My
0 +685 0" #8690 0 «690
o2 +867 e2 »912 002 «685
o4 912 o4 * 952 02 «815
o6 «925 o6 » 960 4 «880
8 « 949 ] + 990 «8 «918
«94¢ 1,000 83 1,000 - « 953
1.0 « 980

1.06

1,000
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TABLE III (comtinued)

E=2.58
o = ¢° ¢ =g°
Upper Lower Upper Lewer

/D My /D My /D M /D i
0 o695 0 o695 0  L705 0  .705
o2 o940 202,685 .2 990 <08 ,685
o4 L9047 o2 4800 4,996 o2 735
o6 ,969 4,830 55 1,000 4 .800
+75 1,00 o6 o853 o6 .846
8  ,933 o8 4900
1.0 ,9% 1.0 .968

1,035 1.000

1.17 1.000
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TABIE III (continued)

M = 1,584
o = 12° o = 15°
Upper Lower Upper Lower
YD M /D M /D M, /D M,
0 L700 0 L715 0 L7830 0 730
o2 4970 .07 685 o2 o975 .08 .685
«3 1,000 o2 4732 ¢23 1,000 o2 L T40
A L790 4,780
o6 837 | .6  ,800
.6  .885 .8 .851
1.0  .958 1.0 .920

1.16 1,000 1,14 1.000
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TABIE IV
M=1,857
¢ = 0°
Upper and Lower
Supersonic
a6 = g°
Upper Lower
/D M,
Supersonic 0 + 755
o2 0880
ok « 970
o6 « 995

«€2 1,000

o= 3°
Upper and Lower
Supersonie
o= 9°
Upper Lower
YD M,
Supersonic 0 ¢330
o2 « 850
o4 « 920
o8 « 970
67 1,000
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TABIE IV (continued)

M = 1,857
o = 12° o = 15°
Uppér | Lovier Upper Lower

/D M, /D M
Supersonic 0 «70 Supersoﬁic 0 +628
e2 «78 o2 « 760
ok + 85 o4 s 790
o€ « 93 8 « 867
e75 1,00 o8 0 970
«83 1,000
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TABIE V
M=1,986
o = 0° o = 3°
Upper and Lower Upper and Lower
Supersoniec Supersonic
a = ¢° o = 9o
Upper énd Lower Upper Lower
Supersonie /D M,

Supersonic -:;_ « 960
o2 « 960
od « 960
N #972
€4 1,000

a = 12° o = 15°

Upper Lower Upper Lower
/Db M, 174 I 'Y

Supersonic 0 ;830 Supersonic 0 s 790
o2 +860 «2 «810
o4 «895 o4 « 845
o6 « 970 o6 .866
.68 1,000 «775 1,000
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TABIE VI

M = 3,01

Flow was supersonic behind shock

at all angles of attack investigated.



M = 1,438

M= 1,544
M=1,58
M= -1.8'57
¥ = 1,986
M = 3,01
Notez D

A

27

TABIE VII

CONDITION OF SHOCK

0° 3° 6° 9° 120 15°
Upper D D D D D D
Lower D D )} D D D
Upper D D D b D D
Lower D D D D D D
Upper D D D D D D
Lower D D D D D D
Upper A A A A A A
Lower A A D D D D
Upper A A A A A A
Lower A A A D D D
Upper A A A & A A
Lower A A A A A A

detached shock characteristics

attached shock characteristies
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