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SUMMARY

Tests were performed in the Gottingen (Germany) and
Guidonia (Itsly) superscnic turnels in order to determine
the asrodynamic cheracteristics of projectiles of various
shepes. The Mech numbers ranged from about 1.3 to 3.2
for the Gottingen tests and from l.ili to 2.66 for the
Guidonia tests, The results show that lncreasing the
relative length of ths nose csuses the drag coefficient
to decreasse and the center of pressure to move forward.
For a given length, the nose having minimum dreg has a
curved profile; the curvature is greatest at the tip and
decreases to a very small value toward the rear of the
nose, where the shepe becomes approximately conical. As
the Mach number increases, the dreg coefficient decreases
and the center of pressure moves toward the tail., For
the higher Mech -numbers the variation of the drag cosf-
ficient and the movement of the center of pressure are
small., Existing eserodynsmic theory gives values of the
aerodynamic characteristicsselose to those determined
experimentally for small flow deviations.

INTRODUCTION

Research on projectiles was started at approximately

the same time (19li2) at the Gottingen Laboratory in Germeny

and the Guidonia Laborstory in Italy. The originsl data
were brought to the United Stetes in 19LY and were tabu-
lated and analyzed at the Langley Memorisl Aeroneutical
Leboratory of the National Advisory Committee for Aero-
nautics.

The aim of the Jermsn research was to determine the
variation of aerodynamic cherecteristics with Mach number

for various fundamental geometrical shsapes for projectiles.,
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rorce tests of small models 0,%9% inch in diameter were
conducted in a2 supersonic tunnel having a test section
poroximately 2.36 by 2.8, inches., The shape of the
models was systematically varied to determine the effects
on the aerodynamic characteristics of:

(1) Nose profilse shape for a typicel fineness ratio

(2) Nose length for noses with circular-arc profiles

(3) Small taper of the tail of the projectile

The program carried out at the Guidonia Laboratory
had as its aim the development of an optimum shepe for a
1.812-inch-caliber antitenk projectile., BRecause of the
relatively lsrge size of the test model, it was possible

to obtain pressure-distribution studies as well as precise

gerodynamic data for comperison with results derived by
existing theory.

esented in references 1 to 6 for

B es at zero angle of attack and the
theories of ref s 7 end 8 for bodies of revolution
at en angle of yaw were used to compute the theorstical
characteristics of the various conicel noses for com-
parison with the experimental results. The aerodynamic
theory of minimum-drag projectiles presented in refer-
ences 3 end 5 to 7 was used as a guide in the design of
the various nose shapes cf the projectiles tested.

sharp-nose proc

SYMBOLS

The symbols used for defining the asrodynamic coef~
flcients and +hu geome tric characteristics of the pro-
jectiles ers given in figure 1,

8o speed of sound in free stream
Vo free-stream velocity
M, free-stream Mach number (V,/a,)

de free-stresm dynamic pressure

P local static presswre
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. Py free-stream static pressure
P = Po\
P pressure cosfficient \——a—-gi
(@) s
d diameter of body of projectile
R resultant force on projectile
D drag
L 1iP%
M pitching moment about rear face of projectile

Cp drag coefficient of model /

\o" )/

Cr 1lift coefficient of model | £ -

) \——-——qo j

Cm pitching-moment coefficient sbout rear face of

orojectile | “——i———;\

proj '\\qo(ﬂf)d
LT

% length of projectile

Loy length of nose of projectile

°

T radius of nose of projectile

i center-of-pressure position, measured from rear face

of projectile
a angle of attack of projectile
n fineness ratio of projectile (1/4d)
ny fineness ratio of nose (ly/d)

€ angle between intersection of tengent on nose of
. projectile and generatrix of cvllpder
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EXPERIMENTS AT GOTTINGEN

Wind-Tunnel and Experimental Methods

Experiments were carried out by German technicians
of the Aerodynemische Versuchsenstalt (AVA) in the small
supersonic tunnel at the Gottingen Laboratory. The
layout of the wind tunnel is shown in figure 2. The
tunnel hss a rectangular section with s throst about 2.36
by 2.8L inches. As indicated in figure 2, a semiopen
throat arrangement was used. The side walls of the tumnel
were straight and psrallel, but the jet was not restrained
by top &end bottom walls. It hes been found that this
arrangement mskes 1t possible to obtain reliable aero-
dynamic data at Mach numbers only slightly greater
then 1.0 (reference 9)  end theat the choking condition
which would exist if the jet were completely restrained
does not occur., Some trouble was encountered during the
tests because of condensation phenomena, in spite of the
| fact thet the humidity of the ambient gir had been reduced
| to a low value by preliminary drying.

The tests consisted of the measurement of 1lift, drag,
and pitching moment with a semiautomatic balance. Esac
model was tested through en angle~of-attack range from 9°
to =8° and a Msch number range from l.3 to 3.2. For the

s longer models, it wes not possible to perform the tests
at the low velocities because the front shock wave
reflecting from the jet boundsries interfered with the
flow on the rear face of the projectile.

Test Models

| The models each had a diameter of 0.393 inch and were
| supported by & sting attached to the rear face. The
dimensions of the sting and the tare system adopted are
not known.

The models cen be separated into three distinct
groups to determine the effect of:

Nose shape.- Four projectiles having over-all fineness
ratios n of 5.0 with nose fineness ratios of 2.5 (models
l, 2, 3, and l}, fig. 3) were tested to determine the
effect of the nose shape. Because the models were small,
they had no tail teper or bourrelet ring. 11 the noses

CONFIDENTTAL
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. were of circular profile with the radii r varying
from 6.5d to o (conical nose). For the nose with
6.54 radius (model 1, fig. 3%), the end of the nose was
tangent to the cylinder st thelr juncture but, for the
other models, the profile of the nose terminated with
its tangent inclined at an angle € with respect to the
generatrix of the cylinder.

Length of the nose.- Five models having nose lengths
varying from 0.5d to 3.5d (models 5, 6, 1, 7, and 8,
fige L) were tested to determine the effect of the length
of the nose. The noses of all the models had circular
profiles tangent to the cylinder forming the body of the
projectile,

Tail taper.- Three models derived from model 1 and
having three different teil tapers (models 9, 10, and 11,
fige 5) were tested to determine the effect of tail taper.

Results

Wind-tunnel tests.- The results of the experiments
at the Gottingen Laboratory are given in figures 6 to 21,
Figures 6 to 11 show the results of tests to determine
the effect of the noss shspe. In figures 6 to 9 the
variestion of the aerodynsmic coefficients for models 1,
2, 3, and ! is shown for several angles of attack and a
range of Mach numbers. Figures 10 snd 11 show the sero-
dynamic coefficients of each projectile at equal Mach
numbers as a function of the ratio d/r. As shown in
figures 10 and 11, the minimum drag coefficient was
obtained for a nose intermediate to the noses for which
r= ® and r = 12,5d. The differences in the minimum
drag coefficients were not large.

The results of the tests to determine the effect of
the length of the nose are given in figures 12 to 17.
Increasing the fineness ratio of the nose ny caused

the drag coefficlent to drop noticeably (fig. 16). The
slope dCp/dny decreased as ny increased. The center
of pressure of the projectiles moved toward the nose as

7

the fineness ratio of %the nose increased (fig. 17).

The results of the tests to evaluste the effect of
i the tail taper are given in figures 18 to 21. The vari-
ation of the aerodynamic coefficients with Mach number is

CONFIDENTTAL

R S




6 CONFIDENTIAL NACA ACR No. L5HO8

shown in figures 18 to 20, and data for comparison of the
tavered models with model 1 are shown in figure 21. The
drag of the projectile was lowest for the longest tapercd
tail, especially at the lower Msch numbers (fig. 21).

The differences in drag coefficients were not large. The
other aerodynemic cheracteristics were not appreciably
altered.

The drag coefficient for g given projectile shape
decreased as the Mach number was increased. This effect
was most pronounced at the lower supersonic velocities;
the varistion st Mach numbers of the order of %.0 was
slighte The position of the center of pressure did not
change apprecisbly with angle of attack. In the lower
supersonic velocity renge the center of pressure moved
toward the rear of the projectile as the speed was
increased but tended to approach a fixed location at the
higher Mach numbers.

Firing tests.- Actual firing tests were performed
to verifly the experimentel values, and the following
results were obtained:

i oy
v wﬁ%ggi;émggéfs Tunnel Egg€;~—N
(a = 30) o = 2°)
S l O.L:O 0.29
e .36 o
-35 .26
i o 'O ' .28

These results were for a2 Mach numnber of 2. 2.

The projectiles used in the firing tests had an
angle of attack of nearly 3° and a bourrelet ring. Drag
coefficients obtained from firing tests at angles of
attack near 3° gave drag coefficicnts that were equiva-
lent to & wind-tunnel angle of attack of about 7.5°.
The differences therefore cannot be entirely due to the
presence of the bourrelet nor to the error in angle of
attascke. The differences may probably be attributed in
part to the difference of surface finish between the
tunnel model and the fired projectiles, the rotation of
the fired projectile asbout 1fts axis, and the difference
in Reynolds number for the firing and the tunnel tests,

CONFIDENTIAL
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EXPERIMENTS AT GUIDOKIA

Wind-Tunnel and Experimental Methods

Projectiles with nine different nose shapes were
tested in the closed-throat high-speed tunnel gt Guidonia
(reference 10) at Mach numbers ranging from 1.4l to 2.66.
The system of the partially open stream wses not used
because it required g larger amount of power and there-
fore limited the maximum velocity, The test section was
large enough not to rsquire special sttention to prevent
choking of the air stream with the model in the tunnel
when the Mach number was greater than l.lli, The nozzles
were of rectanguler secticn of the two-dimensional type
with a minimum section 15.7L4 by 15.74 inches,

The forces on each medel were determined by use of
a three-component bslance (reference 10)., The model was
attached to the bslances by a sting on the projectile
axis on the rear face of the projectile, The sting,
although of smgll diemeter, affected the experimental
results somewhat since it Inereased the pressure on the
rear face of the projectile, It was necessary, therefore,
to make an accurate tare measurement by suspending the
model on a faired strut attached to the side of the
projectile,

Pressure distributions and optical observations of
the flow were also obtained for some of the projectiles

‘tested, It was difficult to obtain good flow photographs

because the phenomena were conical and the density of the
air was extremely low, Some of the observations were
made with a schlieren apparetus, and in some cases data
were obtained by means of a shadowgraph apparatus,

Before the systematic experiments were started, the
results obtsasined in the tunnel were compared with those
obtained by firing tests, A sphere tested at two
velocities (M, = 2.06 and My = 2.62) had a constant drag

coefficient (Cp = 0.92). These wind-tunnel results on
the sphere at Guidonia agreed with the firing data

(Cp = 0,96) and were close to the results obtained at
thtingen, for which the drag coefficient in the Mach
number range between 1.3 end 3.1 was almost constant and
equal to 1,01. In an earlier wind-tunnel experiment
(reference 11), somewhet lower drag coefficients were

CONFIDENTIAL
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found: 0.87 for a Mach number of 1,85 and 0.86 for a Mach .
number of 2,13, These earlier results, however, are

questionable bvecsuse the effect of the support strut,

which increases the pressure at the rear somewhat, was

neglected.

Test Projectiles

A 1.812-inch-celiber entitank projectils was used for
the body of the projectile in the Guldonia tests, the
detsills of which are shown in figure 22. Nine different
nose shapes (fig. 23) were tested with this body in ordser
to determine the nose for minimum drag.

Conical noses of varying fineness ratio (projec-
tiles 1, 2, 3, end i of fig. 23) were tested first in
order to estimate the importance of fineness ratio. The
simple conical nose. form was chosen to permit comparison
with existing theoretlical data for conical noses. n
Both the spproximate projectile theories (refer-
ences Il end 5) end the complex bub more exact theory of . ;
Ferrari (references 6, psrt II, and 7) show thet, in
order to minimizeé" the driag™of the projectile, 1t 1s
necessary to concentrate the pressure at the vertax of
the nose end then to carry out the most rapid expansion
possible. With this criterion as a guide, five noses of
fineness ratio ny = 2.0 were designed (projectiles 5,
6, 7, 8, and 9 of fig. 23). (See table I.) Two of the
noses tested, projectiles 8 and 9, were blunt-ended bub
were otherwise similer to the nose of projectile 5. he
nose of projectile 5 approaches that theoreticeally derived
by Ferrari (reference 6). A nose exactly corresponding
W1th the optimum nose described by the t1corv of Ferrari
was about to be tested when the tests were suspendcd.

Results

The results of the experiments at Guidonia are shown
in figures 2} to 35. The varistion of Cp and f/d
with fineness retic of the nose at a Mach number of 2.06
and sn angle of attack of 0° is shown in figure 2ly; the
varistion of Cp and f/d with Mach number for the nose
having a fineness ratio of 2.0(projectile 3) at an englse
of attack of 0° is shown in figure 25, The drag coefficient

CONFIDENTTAL
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for a given projectile shape decrsased as the lach number
incressed. The position of the center of pressure did
not change appreciably with angle of attack. The values
obtained from firing tests for two noses heving fineness
ratics of 2.0 and 2.5 at a Mach number of 2.1l are also
shown in figure 2. The angle of atteck in the firing
tests varied between 2° and 3°,

The dreg velues given by the firing tests are some=-
what higher thean those dstermined in the wind tunnel. The
difference can probsably be attributed to the fact that the
models in the tunnel were perfesctly finished but the fired
projectiles had a rough mechine finish. The fired pro-
jectile also had a rotationel motlion that was not repro-
duced in the tunnel tests end that undoubtedly sltered
the phenomenon of the boundsry layser,

The variation of the acsrodynamic coefflcients with
angle of attack for projectiles 1 end % is shown in filge
ure 26 for My, = 2.06. The values obtained from inte-
gration of the pressure distributions sre also shown.
The pressure distributions over projectiles 1 end 3 -were
determined at angles of attack of 09, 40, and 8°. When
the projectile wss yswed, the pressure was determined at
seven stations around the projectilc from C° to 180°.
The pressure distributions for projecctiles 1 and 3 are
shown in figures 27 and 28. 1In figure 29 flow photo-
gravhs for zero angle of attack sre shown for these
projectiles.,

The following tebles show calculated values of the
initial shock-wave angle and the pressure coefficient on
the nose for projectiles 1 and % at a Mach number of 2406,
These quantities were calculated by the method of refer-
ences 7 and 8. Experimental values of these quantities
are shown for comparison.,

Angle of shock wave i
(deg) |

Nose
Theoretical Experimental !
G 5% 2% %
. _ |
3 g 2340 55.2 |

CONFIDENTIAL
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| | T gl
{ . Pressure wceefficient,  —m——
R (deg) z
Theoretical ! Experimental
¢ =0%
bl S FY SR 0453 | 0.60
- R A LR .18 | .19
¢ ="
'y 0 .87 On 15
1 180 Lo .53
b 0 .27 .28
2 180 . .11 <1y
a = &°
! 0 0.83 0.8l
1 180 .29 L3
3 0 .27 .36
z 180 .06 .08
I

The following observations can be made from these
test results:

(1) When the flow deviations sre small, the nose
phenomena are close to those predicted by the thsory.

(2) At the higher angles of yaw apprecisable
differences exist between ths theoretical and experimental
pressure coefficients, particulerly if the nose is short.

(3) Prsssurs on the rear face of the projectile is
only slightly affected by the nose shaps but is sppreciably
decreased with an increase of angls of attack.

Figure 30 shows the veriation of the asrodynamic
coefficients with angle of attack for projectile 8, and
figure 31 gives the pressure distributions for this
projectile at a Mach number of 2,06, The following

CONFIDENTIAL
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table compares the drag coefficients for a = 0° and
the center-of-pressurc positions for the various projec-
tiles for M, = 2,06%

Projectile Cp f‘f/d
3 0,368 1,98
5 « 352 2.03
6 « 392 -———
7 -376 -
8 . 362 2+35
9 | .%58 2,05

It will be observed that projectiles 5, 8, and 9 had
the lowest drag, These three shapes zre closer to the
optimum profile predicted theoretically than any of the
other noses tested., The pressure-distribution disgrams
(figs 31) and the flow photcgraphs (figs. 34 and 25) show
that, when the front part of the projectile is flat as
for projectiles 8 and 9, a normal shock wave occurs and
the pressure at the nose approaeches the stresm total
pressure in value. The shock wave is detached from the
projectile, Immediately behind the blunt face of the
nose a rapid expension occurs, and the pressures a short
distence from the nose become lower then for the conical
noses These lower pressures act over a relatively large
part of the frontal srea of the projectile; consequently,
a lower dreg coefficient is obtained for the blunt nose
than for the conical nose. The pressure on the rear face
of the projectile is egbout the same for both types of
noses The 1ift at the same angle of attack for the blunt
noses is slightly greater than for the conical noses, and
the center of pressure is therefore ferther forward.
These differences are very small, however. It may be
mentioned that the blunt type of nose is more practical
than the sherp-pointed nose from the standpocints of con-
struction and meintenancs,

CONCLUSIONS

Tests were performed in the Gattingen (Germeny) and
Guidonia (Italy) supsrsonic tunnels in order to determine
the serodynamic characteristics of projectiles of various

CONFIDENTIAL
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shapes., The following conclusions sre besed on the results

of both the German and the Italian experimente:

ls The fineness ratioc of the nose 1s of primary impor-
tance in determining the serodynamic charsacteristics of
supersonic projectiles., As the fineness ratio increases,
the drag coefficlent decreases and the center of presaure
moves forward,

2. The drag coef

ficient for

a given »rojectile shaps

decreases as the

Mach number is increased.

This effect

is most pronounced at

the lower supersonic velocities;

the varietion at Maech-numbers

of the order of 3.0 is slight.

3¢« The position of

the center of

change

appreciebly with engle of attack.

supersonic velocity range the center of

pressure does not
In the lower
pressure moves

towerd the resr of the

vrojectile as

the spee

d is increased

but tends to epproech 2 fixed location st the higher Mach
numbers.,

lie The pressure on the resr f
varies appreciably with sngle of
slightly affected by the form of the nose,

‘(I
m o

cf the projectile
p
£y 1ss oniy

5¢ For a given fineness ratio the optimum nose
profile has' e ral«tichy blunt end, which is feaired to
the cylindrical pert of the projectile. The theoretica
criterions for the design of the optimum nose profile
have been viwrified,

6e The existing serodynemic theory for the calcu-
lation of the pressure distribution about projectiles is
adequately precise for small flow devistions.

Te The addition of a small taper to the teil of the

projectile diminishes the drag slightly,

particularly at

the lower Mach

numbers, without altering the other asro-

acteristics,

dynamic char

Langley Memoriel Acronsutical IL.aboratory
Nationsgl Advisory Committee for Aeronesutics
Langley Field, Ve,
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Figure 3.- Models tested at Gottingen to determine the nose
of minimum drag. Td =r0C 393 Ninehl
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Figure 4.- Models tested at Gottingen to determine the effect
of nose length. d = 0.393 inch.
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