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SUMMARY

Shadowgraphs of 20 mm projectiles fired in the N,P.L., Ballistic Range
at Mach rmumbers (mainly) above 3 are shown, and the importent features discussed.

Shadowgraphs of three rounds whese Mach nunbers passed through M = 1
in their passage down the range are also shown, In all three cases the drag
and in one all the Aesrodynamic Foree Coefficients werc determined. The effect
of the retardation is discussed and it is concluded that the effect is probably
small enough to be negligible except perhaps on the drag.

These rounds were stable, the unstable region for projectilc is at a

lower Mach number (sbout £). To illustrate this, the analysis of some earlier
rounds is included.

Introdaction

Bofore the Ballistic Rangs of the former Engineering Division, N.P.L.
was transferrel to Aerodymamics Division, N.P.L, and closed down, several spin
stabilized projectiles were fired -rith muzzle velocities such that the projectile
dropned through the velocity of sound in its passage down the range. The
rounds were fired to obtain informetion of wvelue to External Ballisticians,

But becausc of the interest in phenomena in the Transonic Reglon shewn by
Aercdynamiciststhis report has beon commmnmicatod in case it has anything of
value to thom.

A selection of the prints from shadowgraphs of projectiles at
relatively high Mach numbers (obout 3%} have been included in this report
hecause relatively few scen to have becen published. Prints of the transonic
rounds are also included since these have an interest in their owm right.

But the emphasis in the case of the latter is rather different becausc the
several acorodynamic force coefficients were determined from the ascertained
motion. This involvos conzideration of boeth the stability of the motion and
of the question of the effect of the acceleration terms. Some transonic
rounds fired much earlier have also been included in this section.
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TABLE
Projectile o d;jength O ad g;zge Figure U " R
Nunber Calibres Calibwes 0.5, Nuber £t/sec Millions
P17 2,50 2.69 7.5 1 1,136 1.009 2.3
2 1,128 1.002
3 1,12, 0.998
L 1,116 0.991
5 1,143 0.988
F.121 2450 2,69 7.5 6 1,123 1.000 2.3
7 1,120 0,997
8 1,119  0.996
9 1,118  0.995
10 1,118  0.995
F.119 2.50 2.69 7.5 11% 1,131 1.0C5 2.3
2 1,114  0.990
7,402 2.50 2.69 7.5 13% 2,100 1,86 L3
F.105 1 2,050 1.8
F.108 2.50 2.69 7.5 15 3,120  2.75 6.3
F.112 ' 16 3,120 2.76
.10, 3.02 1.66 3.0 17 3,150 3.08 7.0
1.107 18* 3,480  3.09
E.101 2,50 2,18 5.0 19 3,80 3,10 7.0
E.107 20* 3,510  3.12
0.100 2,50 2.18 5/10 21 3,500 3410 7.0
0,103 22° 3,510 3.2
34 1.99 2.69 75 . 25 3,510 3.1 7.0
6A 2" 3,500 3.0
AL 2,50 2,69 7.5 25 3,510 3.11 7.0
F.115 - 26" 3,510 3.2
N.101 2.50 2.18 5/c0 27 3,500 3.10 7.0
¥.102 Cone 28% 3,580 3,19
12.92°
semi
s .angle
Calibre of Projectiles 20 mm.

Rifling of Gun

Py

XA C.R.IL

Calibre Radiusg Head

1 turn in 513.. om (1.685 £t), nominal 1 in 25.

Rounds with appreciable yaw. The plane of the
yaw is approximately parallel to the plane of
the shadowgraph.

Mcans a head of length appropriate to a
tangential (or true) ozive of X calibres,
the radius of the ogive being Y calibres.

A tongential ogive head X/X C.R.H., is usually
written X C.R.H. and a conical hsad

X/00 C.R.H. is offen specified by its angle.

-
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1 Is calculated with the length (1) of the
projectile as the representative length.
R #2400 x length in calibres x U ft/sec.

The velocity for ¥F.117, ¥.119 and F.121 was measured on a 3 £t
base enbracing the frome of the shadowgreph. The distance was knowm to
0.001 £t and the time to 1 us, the velocity is therefore accu-ate to about
1 part in 3,000, For all the other projectiles the velccity given is the
mean value between the first and last frames (about 110 £%). The differcnce
between the velocities at these ftwo frames is between 50 £4/sec and 100 ft/éec
depending of course on the retardation.

Shadowgraphs

The Table and its accompanying notes gives the essential information
about the rounds fired. The comments which follow will be confined to unusual
or striking features revesled and for this reason a rumber of the shadowgraphs
are not explicitly mentioned in the text. As a general comment the boundary
layer is ciearly defined and it is obvious that it is turbulent towards the
base, but it is not possible to say precisely vhere transtion occurs.

The thickening of the boundary layer on the leeword side of the
projectile when there is appreciable yaw is well shown in Mgs. 4, 11, 14, 16
and 28. The peripheral velocity of the projectile is over 400 f.s. at the
highest velocities and the polar diagram of boundary layer thickness cannot be
determined from two shadowgraphs at right angles. Therefore it is not known
for certain whether the plancs of masdmum yaw and of maximum thickness coincide.
The rifling of the gun is right handed so that the circumferential motion at the
top is towards the reader when the nose of the projectile is to his right. In
Fig. 27 the thickness of the bourdary loyer near the shoulder differs markedly
on the two sides though there is no yaw in the plane of the shadowgraph and only
5° (at most) in the plane at right angles to it. This is the only cose of its
kind discovered in about 1,000 shadowgrephs and it is Just possible that it is
evidence of a phase Aifference between maximum yaw and meximam boundary thickness,
But it scems much more likely thot the couse is a slightlybent or eccentric point
to the cone.

In Fig. 18 wvelets can bo geen on the windward side which appear to
originate from the surface ncar the nose aand to be reflected from the head shock
oo that finally they are almost paraliel to the body of the projectile.

In several of the shadowgraphs and in particular in Fag. 21, vhich is
the best example, wavelets can be secn in the region betcen the head and tail
shocks. These wavelets are nearly at right angles to the main flow and their
origin iz unimovm.

In ®™igs. L and 5 the nearly straight shocks at the bese of the
projectile may be duc to gun blast.

In Mg. 27 the total angle of the head shock is cbout 46° and agrees
rcasonably well with the predactions of the Maccoll-Taylor theory.

The shadowgraphs vere taken by spark, its total duration wes about
1 ug but the intensity-time curve has a vory sharp peak and the effective time
is about 0.1 ps. The source is 1 mm dia. aboul 42" from the projectile, the
angle of divergence of the beam therefore is about 1 : 100 ecch side the mean.

Transonic/
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Transonic Rounds

(2) Stability

Three projectiles were fired; in one case (F.117) shadowgraphs of
the projectile were talken and the drag only delermined, in the second (F.121)
the course of the head shock at speeds below thet of sound was studied as well,
and in the third the motion wes fully snalyzed and all the aercdynomic force
coefficients determined. The definitions and the method of analysis will be
found in Chapter XIII of Modern Devclopments, High Speed Flow (1953). The
results obtained are as follows:-

Aercdynamic Force Coefficients

Yowing Magnus

Round  Average Average Drag, Tift, Mement, Mement Couple
Nunber Mach No. Yaw ..‘Z‘_p\:3 1, . Ty fy iy
M 5 RAUPr® L/U%r%sind MApUrieins HApUwr? J/pUNrisind
F|117 0-998 - Oi?l{.G
F.119 0,996 12.0, 0.986 3,67 10,26 82.6 -1.33

wherein, in addition to the symbols already defined:-

P = density, r = redius of projectile, 6 = yaw, ® resulitant
transverse angular velocity of body, N 5 spinand R, L, M, H and J are
respectively the forces or moments (about the C.G. of the projectile)
involved in the scveral definitions.

In all cases the velocity of the projectile drops through that of
sound in ifs passage down the range but, as Figs. 29, 30 and 32 show, there is no
discontinuity in the slope of the velocity time curve. The mean yavw of round
F,117 may be greater thea that of F.12% but there is no way of knowing. The
largest yaw visible (in Fig.5 P,117) is about 8° in the plane of the shadowgraph,
in Figs. 3 and L (F.117) the yaw is about 5° and in Figs. 1 and 2 (F.117) quite
small, The yaw in Fig., 6 2(1*’.121) is not more than 3°. The standard ballistic

&

formula fzs = fRo <1+ --—) gives 7.9% and 6.5° for the mean yaws of projectiles
200

Fo117 and 1121 respectively and a value of 0.57 for fR,e Bubt the accuracy of

this fornula in this rogion is guite urknovn and this result only indicates

reliably that £y, is in the regicn of 0.6.

It should be noted that in Figs. 29, 30 and 32 the plotted points are
not velocities at a measuring frame but at points approximately midway between.
The accuracy (as given in the notes to ihe Table) is such that the velocity is
kmotm to better than 1 f.s.

The distance of the head shock from the nose up to the point vwhere it
passes ofl the plate is plotted as Fig. 31. The distance is calculated on the
assumption that the shock is axisymmetrical and that the tangent lines to it,
from the spark source, arc tangential at points not far from the trajectory.

The discrepancy between the Horizomtal and Vertical plates in frames 8, 9, 10
and 11 mey be duc to a breskdovm of these assumptions. Two and sometimes more
head shocks appear in Figs. 7-10, presurmably those nearer to the nosc and weaker
are reflected shocks from the walls of the range or from *ables, cupboards in
it. Tig. 31 shews that these shocks do not uniteuntil the projectile is
travelling at a speed considerably below thet of sound.

The/
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The chain dashed line in Fig. 31 indicates the distance separating
the projectile and a point moving with constant velocity equal to that of the
projectile at time 0., (M as1.007, U =s 1,128 f/sec). It suggests
that the observed head shock distances are dependent upon the retardation of
the projectile even before M, = 1. It is of course obvious that the
ballistie range and the wind tummel techniques are not measuring the same
quantities because in the former case the body under observation is being
retairded. There is a mass of evidence that at Mach numbers far fram uwnity
the difference is of no practical importance. The point of Fig. 31 is that
it shows that the difference may be appreciable at Mach munbers very ncar to
uni'ty.

The value of f; may be affected both by the {inite size of the
range and because the measurements were made with accelerations present.
It seems very unlikely that the former is important except almost literally
at ML = 1 Tbecauss the arca ratio range/projectile exceeds 10k.

The yawing and C.G. motion of round I.119 are plotted as Figs. 3,
and 35 respectively and it can be seen that the round is stable though the
damping is not large. The process of analysis revealed thot there was no
perceptible change in the damping factors as the velocity dropped through
that of sound. Tigs. 36 and 37 are from the analysis of a round fired before
the war when both the measuring appliance and the methods of analysis were
eruder. The accuracy of determination of velocity is to about 1 in 500.

The shape and calibre of the projectile was different (6 U.R.H. instead

of 7.5) and 1" instead of 20 mm but it is unlikely that the differences

vitiate the comparison. It will be seen that the motion (for M a%1.01) is
very sim.lar., The remaining figurcs (38-45) of the same pre-war vimtage tell
2 totally different story. Over the range covered (0.75 < M.< 0.9) the motion
is unstable. The basic or processional component of the yaw inereases
considerably, the subsidiary or nutational component is constant or slightly

damped..

The result that spin stabilized bodies of revolution (2t any rate
of projectile form) are unstable in the lower end of the transonic region is
onc that has been found in all firings carried out in the N.P.L. Ballistic
Range. A detailed analytical quantitative explanation cannct b2 given at
present but a qualitative explanation which is at least plausible con be
given on the following lines. It is based on the fact that the "1ift" of a
projectile is provided by the head only and is small anyway.

Tae shock stall or lower critical Mach murber for a projectile head
is o function of its shape and yaw, typical values are M, = 0.85 for no
yaw dropping to 0.75 for 10° yaw, so that a projectile in relative motion
to an air stream at these Mach nuibers and a little above would expecrience,
if it were yewing, violent pressurc oscillations in the ncighbourhood of its
hoad. At somewhat higher Mach nunbers (say 0.95 ond ebove) the shocks have
moved on to the parallel portion where they are relatively harmless since the
pregsurc distribution here is syrmetrical and boundary layer breokoewny is
fixed at the tail and is mlikely to move forward at these angles of yaw.

IMn stabilized bodies have never been fired in the range and it is
therefore impossible to make any estimates of body-f'in interaction in the
transonic region, nor of the effect of fins in altering the range of the
region of insbability.

The oscillabtory motion of the projectile is of course relative to
its centre of gravity vhich is about two thirds of its length from the nose,
Therefore insofar as comparison with aercfoils is wvalid the resulits corrcspona
to an aerofoil oscillating about o pivot line about 2/3 chord from the nose.

(0)/



(b) The Unsteady State

Viith regard to the unsteady state (Gardner and Iundloff 1950) stato
that scccleration terms are only dmportant when

M1+ (2 %1022
where ¥ 4s the deceleration.

In this case % =300, 1 me1/3, U*==1,000 and the effect is only iLmportant
for M < 1.01. TFhythian {(1952) states a criterion in the form "the
proportional change, while the body travels its own length, in linear or
angular velocity must be small if the additional cerodynamic force coefficients
induced by the change are to be smell also". This criterion is satisfied in
these firings., Unfortunately both these criteria ere based on linearized
theory and their accuracy near M. = 1 is, at least, open to question.

The dircct analytical attack on the problem lesds via wvon Karmin's
trensonic approximation to an equation which can be written

1
FT,’T}+'F7? = 2FEF§E+A
n

with appropriate boundary conditions. A represents the acceleration terms
which are constant in this case since the retardation is constant. This
equation is non~linear in a very awiward way changing from hyperbolie to
elliptic within the region to be considered, ZEnquiries of Mathematics
Division, N.P.L. and elsevhcre hove revenled that the annlytical theory of
such ecquations is for practiccl purposes non-existant and that numerical
solution would be very loborioua and difficult. It does however seem likely
that the presence of vhe A term would not appreciably increase the
difficulties.

Iin, Reissner and Tsien (1948) have carried the discussion a little
further and reach the conclusion that the problem is quasi steady if

K << 53/%

wherein 6 thickness ratio

14

and K ® b/U (the fregquency parameter).

n

Herc © mes 0.2 since the projectiles are about 5 cals. long and

2% x LO x 1/3
K f memmm o A 0,08 << 8%° (= 0.34)

s0 that the problem is quasi stationsxry by their criterion,

Therefore though the correetion cannot be evaluated it seems
reasonably certain that the oscillatory motion of the projectile has not
effected the numerical results, but that the retardation may hove had an
effect very near M = 1.

Finnlly the first ton figures and Tig. 31 have a topical interest

in comection with somic bangs and could with advantage be studied in
eonjunction with (for instence) the figures of Lilley et 2l (1953).
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Fige 15 Projectile Fi117, 1136 Fesuy M = 1,009
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Projectile F117, 1128 f.g.y
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Figs 3% Projectile P17, 412 f.s., M = 0.998



Fige h: Projectile P17, 1116 fos., M = 0.991



Fige 5¢ Projectile F117, 1113 f.ssy M = 0,588



Fige 6i Projectile F121, 1123 fise, M = 1000



?ige ?S_ Mj%ﬁila ?1213 %12@ foSo, M= 9099?



Fig., B: Projectile F121, 1119 fisey M = 0,996






Fig. 10r Projectile F127, 4118 fuses M = 0,995



Figs 14y Projectile F119, 1131 f.u.; K = 1,005






Fig. 131 Projectile F102, 2100 f.5:; ¥ = 1.86






Pig, 151 Projectile F108, 3120 fusi; M = 2,75



Fig. 16: Projectile F112, 3115 fes., ¥ = 2.7



Figs 17: Projéctile T10L, 3450 fes., N = 3:08



Pige 18: Projestile T108, 3475 fas.s M= 3,09



Fig. 19: Projectile B104, 3LBO f.8., M = 3.10



Figs 20: Projéctile 03, 3510 fus.; M = 3,12



Fig. 21: Projectile 0100, 3495 fis., M = 3,10



Fige. 22: Projectile 0103, 3510 f.s.; M = 342



Fige. 25: Projectile 34, 3505 fossy M = 314



Fig, 2kt Projectils bA, 3500 fes.y; M= 3.0



Fige. 25: Projectile 1L, 3510 £use, M = 3:17



Fig. 26: Projectilé ™15, 3510 f.s., M= 3.2



Figs 27: Projectile MO1; 3495 fuse, M = 3.40



Mge 28; Projectile M10Z, 3575 fesep, M = 3,10
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Figs. 40 & 4f
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Figs 44 2 45.
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