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Abstract

This report gives.fragment mass distribution data requested

by the Bureau of Ordnance fer the Navy 3"/50 A.A, projectiles,
Mk, 27-3 and Mk,31-1, Part II (CSRD Report No. 5608) gives
similar data for the 3"/50 A.P. projectile, Mk.29-2,

Part III (CSRD Report No.5608) contains a preliminary
investigation of the effect of booster size upon the

fragment mass distribution.

The experimental procedure for fragment recovery at this
laboratory is described. The fragments are caught in
sawdust and recovered by a magnetic separator, Methods
of analvzing the data are reviewed, No attempt has been
made at this time to examine the physical theory of shell
break-up but the results have been described in terms of
Mottts semi-empirical exponentiel distribution law,

. Physical tests made upon samples from a single lot,
Lot No. 1350 of Mk.27-3 3" A.A, projectiles showed that
the shell were by no means uniform in such properties as
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hardness and tensile strength. It appeared that a simple
hardness test could be used to eliminate sub-standard shell
without rendering them unfit for use. A set of ten shell
selected for uniform hardness did indeed give satisfactorily
reproducible fragment mass distributior data when fragmented
with cast TNT fillings. At least one additional shell from
the same lot but showing subnormal hardness gave a fragment

‘ mass distribution significantly coarser than the others.

Composition A was compared with TNT in the Mk.27-3 3" A.A,
projectile, but the results were rather sketchy. Down to
1l gram individual mass Composition A gave about 67% more
fragments. The effectiveness of these fragments is
enhanced by the 20% higher initial velocity,

Tests were made of 50-50 KNOgz/Composition A, a special
spotting comp051tlon that glves a white burst. The fragment
mass distribution in the Mk.27-3 projectile was identical
with that of TNT, Tests were made also of an aluminized
Composition A. The distribution pattern was intermediate
between those of TNT and straight Composition A. There is
some indication that the results in this case were influenced
by the small size of the projectile and possibly do not
represent falrly what aluminized Composition A may do in a
large weapon,

The Mk,27~3 projectile was fragmented with TNT-D2 and with
Picratol in comparison with TNT. All three explosives gave
practically indistinguishable fragment mass distribution
patterns,

The Mk.31-1 3" A,A. shell has been fragmented with TNT and
with Composition A using both the k.58 and the ik.45 VT
fuzes, With the Mk,58 fuze, about 30% of the casing mass
comes from the nose surrounding the inert fuze components
in the form of 7-9 huge fragments for TNT and 9-11 for
Com9051tlon A, With the ik.45 fuze, which is 3/4" longer,
37% of the casing mass is so distributed among 6-7 such
massive fragments for TNT and 8-9 for Composition A, The
numbers of fragments down to and including about 9 grams
individual mass are very slightly greater for Composition A
than for TNT, but down to 1 gram, the number for
Composition A is about 60% greater than for TNT with the
Mk.58 fuze and 47% greater with the lk.45 fuze, not in-

- cluding the massive nose fragments.
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I+ BExperimental procedure.

Shell fragmentation at Bruceton has been carried out in

a pit 6' in diameter and 6' in depth, having a liner of
3/4% steel., The fragments are caught in sawdust. A dia-
gram of the arrangement is shown in Flgure 1l. The center
of the pit, where the shell is hun,, 18 kept clear by means
of a hexagonal box, 15" on edge, constructed of 1/4“ plywood
or Celotex. The thiokness of the sawdust in which the
side-wall fragments are caught thus varies between 20" and
22", A 3" shell may expand to more than eight diameters
before the side-wall fragments strike the panels retaining
the sawdust.

The panels of the box are actually 48" long, but due to the
way in which the pit is loaded, the sprce kept open is only
36" in height. At the bottom of the 01, directly below the
location of the shell, several layers of telephone books
are placed to stop the faster end fragmnents, The bottom

of the pit 1s then filled to a depth of 18" with sawdust,
including 6" within the box, which is open at the bottom.
The box containing the shell is closed on top by a plywood
or Celotex panel set within the side panels 18" below the
top of the pit. The pit arcund the box and above the top
panel is then completely filled with sawdust. On top of
the sawdust, directly over the shell, several more layers
of telephone books are placed and the entire pit is then
covered over with several layers of sandbags. The sandbags
add weight but are practically never reached by fragments,

The original fragmentation pit was inside a reinforced
concrete firing chamber used for other studies as well,
Observations with typicai Navy 3" A.A., shell showed that

the shots created negligible disturbance outside the pit,

so much of the work was transferred to a second outdoor

pit, showvn in Plate 1. This facilitated greatly the loading
and emptying of the pit while at the same time, the sand-
bags had sufficient inertia so that further barricading of
the pit during shots was unnecessary, 'ie intended ultimately
to build a light shelter over the pit to keep out the
weather, but operations came to a close before this was
accomplished, Meanwhile, during dry weather, the outdoor
pit has given extremely satisfactory service,

After the shell has been fired, the sz iust is shoveled
into bins and then run through a magnetic separator. The
first separator available was a Type li-1 Dings machine,
in which the material to be processed passes below a flat
disc rotating below the poles of an electromagnet. The
steel fragments are picked up on the disc and released as
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they are carried out of the magnetic {ield. This separator
effectively recovered steel fragments down to at least

0.25 gram individual weight (the lowest weight in which

we were interested) but the operation was quite slow, Ve
have now a Dings Type ¥~X separator (see Plate 3) in which
the sawdust is fed onto a 12" diameter rotating hollow
steel drum. A stationary magnet within the drum holds the
fragments until they are carried around out of the sawdust
stream., This machine is very efficient, picking out
everything from the largest steel shell fragments down to
extremely fine dust. The operation is rapid so that the
entire 180 cubic feet of sawdust used in each shot can be
processed easily in about four hours. The sawdust discharged
from the separator is passed intoc storase bins through a
screen on vhich the coarser non-ferrous fragnents from
the fuze and the rotating band are recovered,

The larger fragments generally have sawdust imbedded in
their crevices, This sawdust is removed by heating the
fragments at 900°F. for thirty minutes, Such treatment
removes more than 90% of the weight of sawdust present,
with negligible increase in weight due to oxidation of the
steel, The sawdust is removed from the smaller fragments
by flotation in carbon tetrachloride, followed by boiling
for thirty minutes in 25% sodium hydroxide solution,

After the fragments have been cleaned, it has been our
general practice to weigh them individually down to 9 grams
weight, The linear dimensions of these fragments have

also been taken. These detailed weights and dimensions are
available in our original records but in order to save
space, they have not been included in this report.
Fragments below 9 grams have been sorted into weight groups
of from 9 to 4 grams, 4 to 1 gram and 1 to 0.25 gran,
counted and weighed collectively in their respective groups.
Fragments weighing individually less than 0.25 gram have
been grouped together and weighed collectively, but no
attempt has been made to count these fragments. This
procedure is satisfactory for 3" A.A. and A,P. projectiles,
for which at least 95% of the total casing weight consists
of fragments weighing individually more than 1 gram. For
thinner-walled projectiles giving appreciably finer
fragmentation, it would be important t: use smaller
intervals in grouping the fragments at the fine end of

the scale and perhaps even to extend the count to fragments
below 0.25 gram individual weight.




Plate 1

View of Tragmentatio
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II. Analysis of fragment mass distribution data

In this report, dealing with the fragmentation of Navy 3" A.A.
projectiles, we have been concerned not so much with the
general physical theory of siell break-up as with empirical
ways to represent the data. For a fundamental theoretical
investigation, service projectiles are far from ideal in

shape and we should begin such a study by the fragmentation of
simple cvlindrical tubes.

The fragments from service 3" A.A., and A.P. shell down to
individual masses of about 1 gram in many cases, however,
satisfy approximately a simple semi-empirical distribution
law proposed by N.F. Mott (British Report A.C. 3348, 3642
and a series of subsequent reports). The basic form of this
law is:

3

dN = A exp (’%5) gt (i = mt/2) (1)

where did is the number of frazsents having M (square-root of
the individual mass) within the range M to I + dll and where A
and Mg are constants characteristic of the given shell. Frox
(1) W& may derive by integration corresponding equations for
the numoer Nij of fragments with masses within the finite range
mj tomj: T

g = A Mo (e-Mi/ﬂo - 6~Mj/MO) (2)

and for the cumulative number Ni with masses equal to or
exceeding mji e -

. e
N3 = A Mg exp (- _L1 ) (3)
, Mo Y,
Equation {3) indicates that by plotting log Nj vse Mj (= my 2),

a straight line would be obtained having siope =0.43Z3/Mge.
Equation (2) suggests that in sorting the fragments into mass
groups, it will be advantageous to take the cuts at limits in-
creasing in proportion to(ﬁg, Ceffey, L - 4 grams, 4 - 9 gramns,

9 - 16 grams, etc. These groups fturn out to be of convenient
sizes for analyzing the data for typical 3" shell, though of
course for larger shell or for thinner-walled casings, a
similar principle could be preserved by using a different unit
of mass. If the cuts are so taken that always Mj = i, j = i+1,

i=121,2,3, «es Equation (2) reduces to:

Vs

15 = A Mg (1 - e~1/i0) o-1/Mg (4)




Therefore the relation between log Nji and Mi{=i) under the given

convention regarding the size of the mass ranges would also be a
straight line with slope =0.4343/Mo.

Equations such as (1) and other related types have been discussed
also by Re Ws Gurney and J. d. Sarmousakis (Ballistic Research
Report No. 448) and by W. R. Tomlinson (Picatinny Arsenal

Report No. 1404). A law such as (1) is equivalent to that of
random break-up in two dimensions. The third dimension of the
fragments, the thickness, is quite uniform over all the larger
fragments showing both original inner and outer casing surfaces.
It is determined by the extent to which the casing expands

before rupture. A large fraction of the total mass consists of
fragments of this type. The smaller fragments, however, ilnclude
many produced by rupture in all three dimensions, the relative
number increasing as smaller and smaller individual fragment
masses are taken into consideration. As may be expected,
therefore, one may not properly extrapolate Equations (1) - (4)
to include the smallest fragnents. The actual numbers of such
fragments are larger than the ideal calculated numbers based

on the values of A and My that fit the observed distribution

of the larger fragmentsT In practice, fur 3" A,A. and A.P.
shell, as has been mentioned, Equation (1) apparently fits the
data quite well down to fragments having individual masses of
sbout 1 gram. This includes at least 95% of the total casing
mass for such shell. Vhile in some cases, fragments as small

as 0.25 gram may be individually effective, in general for 3"
shell, fragments of less than 1 gram constitute but a small part
of the total effectiveness, particularly at a moderate distance
from the shell and against all but the lightest targets. There~-
fore Equation (1) and its derived forms afford a generally
satisfactory analytical description of the fragment mass distributio
over the useful range of individual fragment masses, providea
that we are not interested in the smallest fragments. For thin-
walled high~capacity projectiles of similar size, it should be
pointed out, fragments of small absolute mass such as 1 gram or
even less occur with much greater relative freguencies and

high velocities, and they may constitute the bulk of the pro-
jectilet's effectiveness as a Tragmentation weapon. Presumably
an equation such as (1) could be fitted to the mass distributions
of such projectiles (also to those of projectiles of other sizes)
but with a difference in the runge of absolute individual fragment
masses over whilch it is valid. vhether this range would include
a sufficiently large fraction of the total number of effective
fragments for the equation to be useful remains to be examined
in each case. The present investigation, however, is concerned
exclusively with service 3" A.i. shell,




.
Mott has pointed.out that shell break-up cannot be truly random
in two dimensions since there i1s in general an observed rough
correlation between the fragment length and breadth. However,
by assuming that fragment dimensions are governed by a primary
splitting parallel to the axis into strips, followed by break-up
of each strip into segments according to the same law but with
the condition that the average length is some fixed multiple
of the particular strip's width, he has derived a form of
distribution law that when plotted graphically is practically
indistinguishable from the simple empirical law represented
by Equation (1) (see British Report A.C. 4035). He has also
attempted to derive a theoretical expression for Mg for a given
explosive filling in an ideal cylindrical casing, in terms of
the rate of casing cxpansion and the tensile properties of the
steel (British Reports A.C. 3642, 4035). According to this
theory:

Mo = k /2 ()7 (5)

where t is the original casing thickness (ine), d the external

diame ter of the .casing (in.), V the initial fragment velocity
(ft/sec) and s a constant expoiiént whose value is about 2/3.The valuc
of k depcends Upon the steel and for British and American shell
steels, it has the empirical value 176 (fragment masses ex-

pressed in grams).

A special'complication arises in the case of Navy 3" A.A. shell
because of the relatively large space occupied by the fuze and
auxiliary detonator and the comparatively short length of the
charge., ‘hile empirical examination of the fragment mass dis-
tribution is useful in itself as a step in the determination of
the shell's effectiveness, for theoretical purposes the shell

is far from ideal. The booster is buried well within the shell,

leaving a rather large fraction of the casing's length towards
the nose containing either but a small annular layer of explosive
in the case of the MT fuzes or no cxplosive at all in the case

of the VT fuzes. This condition results in the creation of a
small number of extremely large nose fro:ments having velocities
well below the average. Thesc fragments naturally do not fit

the distribution law satisficd by the others. In the case of

the VT fuzes, Mk. 58 and Mk. 45, where the nose fragments have
been backed by no explosive at all, it is quite easy to dis-
tinguish these fragments from the others since they break off
rather sharply at a region corresponding to that at which the
explosive filling begins (sce Plates 18, 19, 22 and 23),

Only when these fragments are cxcluded from the total do the
fragment mass distributions satisfy approximately Equations (1) -
(4)e We are justified in treating them separately since thoir
demonstrated lower velocities (scc OSRD Reports Nos, 5266 and




5267 by Re Yie Drake ) correspond to a different order of N
effectiveness. In the case of the MT fuze, Mk.5}, where the

nosc fragments have becn backed by a thin layer of explosive,

the distinction between relatively slow nose fragments and the
other side-wall fragments is not so clean-cut. Fragmentation

is undoubtedly coarser towards the nosc (see Plate 4) but many
of the nose fragments, instcad of breaking off cleanly in the
region of the booster, extend on into the side-wall region below,
These nose fragments also have velocities well below the average
(OSRD Report Wo. 5531). PFor Navy 5" AJA. shell bearing the seame
fuzes, these complications would presumably not arise since the
nose fragments affected by the presenco of the fuze would con-
stitute a relatively small fraction of the total casing masse

One would cxpect further complications due to the presence of
the rotating band and also end=-e¢flects at the base of the shell,
While the copper rotating band fragments themselves have been
segregated from the stecl casing fragments, no general attempt
has been made to treat the stecel base fragments separately from
the side-wall fragments, thouzh this would be desirable in a
more detailed fundamental investigation.

One may derive physical interpretations of the parameters A

and Mo in Equations (1) - (4) as follows: If the distribution
law Woere valid down to the smallest fragments, it is clear from
(3) that the total number would be AMp. At the same time, by
integrating the expression for MPANI™TH terms of Equation )

one would obtain for the total mass of the fragmgnts 2AloY.

The average fragment mass would therefore be 2My“., ThIS provides
a tentative physical interpretation for Mg: IT equation (1) were
valid over thc entire fragment mass rangé, the square of Mo

would be cgual to half the mean fragment mass. An equivalcnt
interprctation may be derived by integrating the expression for

i1 dif: we may show then that Mo would be equal to the mecan square-
root of the individual fragment mass. The constant A may be
eliminated by reference to thc total mass of the fragments, Wo,
which is generally known (if rccovery is complete,_it should™
be equal to the original casing mass): A = Wo/2Mg%s In
Equations (2) - (4), the combination AMeo could be replaced by
Wo/2Mo% Thus, for a particular sheclIl, with Weo given, the
distribution for a given explosive filling would be characterized
by the value of the single parameter Mo«

Actually, we cannot in practice mcasure the real total number
of frajuents nor hence their trve average mass, and furthermore,
we have noted that Equation (1) is not valid anyhow for the
smallest fragments., If it docs apply down to some least
individusl mess my in which we arc interested (ce.g., 1 gram for

-9 - L]




service 3" shell), we may modify the interpretation as follows:
Down to individual mass m}l, the cumulative mass W1 of the
fragments, by integrating the expression for M dR, will be

W1 = AMo (2Mo2 + 2MgMy + M12) exp (- o M ) (6)
o

Since we may readily measure W1, Dquation (6) together with

the value of Mo serves to fix the value of A, so that just as

in the ideal Case where ml#0, the distributh on 1ﬂw requires adjustmeént
of only the one parameter Mo, in addition to the directly observed
cumulative mass Wi, to fit the datas Thus, for the special case
my = 1 (gram):

A = 1 exp (1/Mg)
© oo # 2Hg + 1 (7)

By integrating the expression for M dN, we may show furthermore

thats:
I;B

My = m 1/2 (8)

- (my)

where the average represented by the first term on the right

is taken only over those fragments with masses equal to or
exceeding mjy. In other words, so long as Equation (1) accurately
representsTthe distribution for all those fragments with
individual masses equal to or cxceeding m3l, Mo accurately
represonts the excess of the mean squarce=TooT of their fragment
mass over the square-root of the limit mass my. Of course in

the ideal case discussed previously w?ere m] can be taken as
zero, Bquation (8) reduces to Mg = ml/2 avéraged over all the
fragmentse

Equation (8) constitutes the most straightforward method of
calculating Mo from the observed data for a given shell, though
it is a tedidUs one since it involves taking the square-root

of each individual mass before averaging. By comparing (6)
with (3) however, we may derive an eguivalent expression for

Mo in terms of the mean fragment mass, m = W1/N1, averaged over
a8ll the fregments of interest having individual massos equal

to or exceeding mj:

M = 2Mo° + 2MoM1 + M1° (9)
o My = (P m - m)L/2 o ()22 (10)
2
For the sp001al case m1 = 1 (gram):
Mo = 2m -~ g -1 (11)

- 10 =
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One should note that if Equation (11) is used to calculate Mo
and Equation (7) to calculate AMo (and by Inference A), one Ts
in fact adjusting A so that Eqﬁaflon (3) is exaetly satisfied by
the observed data for Mj = 1, Nj = Ny(observed). This becomes
evident upon substitutlon of 95 w1th M1 = 1in(7%),0bserving

that by definition m = Wl/Nl, and comparing with (3). Therefore

we could equally well use Equation (3) in the form:

AMg = Ny exp ( %b ) (111)

to fix AMy from the observed value of N1 and the computed
value of Mo according to (11).

lic may dectermine a value of Mg by using a more elegant statistical
approach, the method of maxifiin likelihood. By this mecthod,
suggested to us informally by Dre. L. He Thomas of the Ballistic
Rescarch Laboratory, a value of Mo is selectecd that makes the
observed fragment mass distributIon most probable, assuming that
it tends to follow the exponcntiel law (1), as compared with

all other possible values of Mo. The procedure, which takes no
explicit account of the cumuldtive fragment mass, is outlined

in Appendix II. It has the theorctical advantage of taking
greater account of the actual distribution in detail instcad of
assigning Mo on the basis merzsly of an averaged mass. On the
other hand; for the shell that we have analyzed by both methods,
the differcnce in the estimated values of Mo has been less than
57, or no greater than the variation in Mg Irom shot to shot in
a serics of repeated shots. We have preIerred to use (1ll) to
estimate the value of Mg because the equation is so simple to
apply. It involves thé assumption that the actual distribution
does in fact satisfy rather accurately the empirical equation
(1), but if this is not so, the value of Mp obtained by any
‘statistical method has little significanc@,

By Equation (11), we can always calculate formally a value of Mo
for any given distribution, whether or not the distribution rits
Equation (1)s To show whether Equation (1) does indeed fit the
data, allowing for random statistical fluctuations, we may

apply the Chi-square test, as suggested to us by Dr. He. Schoffe

of the Applicd Mathematics Pancl. This test is described in
Appendix I and shows whether at a given level of confidence the
data are consistent with the assumcd law or whether this assumption
must be ruled out as too unlikelye.

A difforent form of fragment distribution law has been proposecd
by Vie Payman (British Rcport Ae.Cs 4604), This law describes
empirically the fraction Wi/Jo, of the total casing mass
eccumulated in fragments BAving individual masses equal to or

-1 - w——
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%,

exceeding mi, as a function of mjy:
log Wiflig = - cmy (12).

Obviously Equations (12) and (1) cannot be exactly conslstent
with each other. If we werc to assume that (1) is applicable
over the entire distribution down to and including the smallcest
fragments, so that AMg in Equation (6) could be replaced by

Wo ZMOQ, we should GPtain as the expression equivalent to (12):

-

1 M M M3
Wi = =0, = ~L 4 1
log Wi/Wo 0.4343 T + log (1 + s 2M02) (13)

Actually, the assumption is in this case a not unreasonable one
since ceven though the numbers of vory small fragments (il.c. smaller
than 1 gram) do in fact depart widely from those that would be
calculated in accordance with Equation (1), their contribution

to the total mass 1is relatively small, e.ge., less than 5%, so

that substitution of a calculated instead of the observed
contribution to the cumulative mass over this range can introduce
no appreciable error. For (12) and (13) to be consistent with
each othor, it readily follows that:

2 0.4343 1 M M2
c Mg® = pog— - log (1 + -+ + Mi
© Mi7Ms SNV g ( Mo T ) (14)

The exprecssion on the right of Equation (14) has been computed
for various asgsumed valucs of M;j/Mg, as follows:

M /Mo Wy /Wo c Mg?
4.0 0.238 0.0390
3.5 0.321 0.0403
3.0 0.423 0.0415
2.5 0.544 0.0423
2.0 04677 0.0431
1.5 0.809 0,0410
1.0 0,920 0.0364

One sces that over the range of Wi/Wo botween about 0.30 and 0,85,

cM02 is necarly constant with a value between 0,040 and 0,043,
Te Hs Wise has shown from exgorlmontal results with various shell
that a constant value of cMo averaging about 0.0412 is in fact

- 12 - ——



obtained (A.R.D. Theoretical Research Report 23/44). He has
suggested using an equation such as (13) to calculate Mo

from observed cumulative fragment mass data. A further review
of this treatment is given by N. F. Mott, J« He Wilkinson and
T. H, "iise in A.R.D. Theoretical Research Report 37/44.

The near constancy of cM02 in the range of Wi/Wo between 0430
and 0.85 implies that If Mott's equation, EqUation (1), fits

the obgerved fragment mass distribution over that range, then,
Payman's equation, Equation (12) approximately will also,
Conversely, if Equation (12) [fits the observed data, then over
the range Wi/Wo between 0,30 and 0,85, Equation (1) will fit it
also, with™& value of Mo approximately equal toyUvUZI5/<T.

Beyond 0,85, Equation (12) will be r ather insensitive to the
fragmnent mass distribution in terms of numbers, so the fact that
Equation (12) may be valid over that range (that of the smallest
fragments) suggests nothing specific about the actual mass disg-
trivation in terms of numbers. Ve have stated that for many
shell, Equation (1) continues to be valid down to Wi/Wo of about
0.95, beyond which it no longer fits the data. WhIle such
behavior may be technically inconsistent with application of
Equation (12) in that range (i.e. beyond 0.85), in practice
Equation (12) could still continue to be approximately satisfied
without implying anything precise about the numerical distribution.
In the range of Wi/Wo below 0,30, Equations (1) and (12) become
increasingly inc®mMpETible with each other as Wi/Wo is taken
smaller and smaller. However, this range incTUdes only a

few of the largest fragments and one would be inclined for
prac¢tical purposes to discount departure of the observed dis-
tribution from either (1) or (12) if these equations were found
to fit the data with reasonable accuracy over the middle range
of Wi/WOO

Whether Equation (1) with its derived forms, (2) and (3), or

Equation (12) is the more useful analytical formulation depends
upon the particular application. In general, we favor (1) and
particularly (3) giving the cumulative number as a function of

- the individual fragment mass., The reason is that since the

fragments from a conventional shell are distributed over a

fairly narrow range of velocities, there will be some rather
well-defined lower critical mass for a given target such that all
heavier fragments have a reasonable expectation of penetrating
through it ( in a precise treat.uient the additional factors of
retardation and orientation to the target must of course be taken
into consideration). If this critical mass has been detormined,
Bquation (3) then gives directly the number of effective fraiments.
On the other hand, an equation such as (12) may be the more useful
in the study of controlled fragmentation, where we may be in-
terested in efficiently transforming a large fraction of the total
casing mass into fragments of a predetermined size.
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III. Physical properties of the casing.

The non-uniform behavior of shell in pit fragmentation
studies has been commented upon (R. W. Gurney and

J. N. Sarmousakis - Ballistic Research Laboratory Report
No. 448), Considerable variation in the numbers of
fragments has been noted even from members of a single

lot of shell, though Picatinny Arsenal claims to have
improved the reproducibility greatly by careful control
over the method of initiation (P.A. Report No. 1530 by

G. il. Hopkins)., Variations in the quality of the casing
as well as the possible presence of small scratches

on the surfaces have no effect upon the fragment velocities,
which for a given explosive are governed solely by the
charge weight/casing weight ratio (except for end effects),
but they may have a very large effect upon the numbers of
fragments produced.

The fact that the elementary precaution of selecting the
shell for an experimental investigation from a single lot
affords insufficient protection against drawing un-
representative samples was brought home to us by physical
tests run on six shell taken at random from a lot of
five~hundred Mk,27-3 3" A,A. shell, Lot No, 1350, sent
to us from the Naval Ammunition Depot, Fort Mifflin, The
sample shell were given to the Pittsburgh Testing Laboratory
for examination. Xach was quartered longitudinally and
test specimens were teken from each of the four quarters,
The test results are given in condensed form in Table I.

- 14 - S
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Table I

Physical Tests of lk.27-3 3" A.A. Shell
Drawvn From Lot No. 1350

Yield Tensile
Strength Strength Elongation Brinell
Shell gSample (psi.) (psi.) {%) Hardness

1 A 106,520 124,220 30.0 255
B 103,700 123,280 24,3 255

C 105,980 123,430 24,3 262

D 109,050 123,010 21l.4 255

2 A 100,900 122,580 24,3 255
B 101,100 122,900 24,3 269

C 107,550 122,100 22.9 262

D 104,620 123,520 22.9 262

3 A 61,430 77,640 25,7 217
B 82,020 109,600 24.3 229

C 87,440 108,850 25,7 229

D $0,460 109,550 23.6 229

4 A 96,900 115,700 25,7 241
B 101,420 115,850 25.7 241

C 97,490 115,890 22,9 241

D 99,500 115,800 25,7 241

5 A 92,900 118,290 25,7 241
B 95,480 117,300 24,3 248

C 92,970 117,100 24,3 248

D 97,000 116,490 22,9 248

6 A 101,800 115,700 24,3 248
B 100,000 116,400 25,7 241

c 101,500 115,100 25,7 241

D 95,900 114,700 25,7 241

- 15 - .
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One sees that of the six shell, one, No. 3, was well below
the others in guality and actually failed to meet speci-
fications. ©Shell Nos. 4, 5 and 6, while greatly superior

to No, 3, were still inferior to Nos. 1 and 2, though we

do not know how a difference of this order of magnitude would
affect shell break-up. Fortunately there appears to be a
correlation between the hardness, which can be measured with-
out destroying the individual shell, and the yield and tensile
strengths, This correlation can be used in at least a
necative sense to reject substandard shell showing abnormally
low hardnesses, even though it will be impossible to measure
the actual strengths of the shell accepted for investigation
on the basis of this test, As shown in the following section,
ten more shell from this lot, accepted on the basis of
unifora hardness results, were locaded with cast TINT and
fragmented., The average number of fragments down to 1 gram
individual mass was 285 with standard deviation of 19,
showing a quite acceptable degree of ccusistency. On the
other nhand, at least one additional shell from the same

lot, whose hardness was well below the average for the ten,
gave a significantly coarser fragmnent mass distribution,

the number of fragments down to 1 gram being only 244,

We may conclude that for a precise study of fragment mass
distribution, not only should the shell all be selected

from the same lot but in addition, individual hardness
measurements should be taken and used as a basis for further
selection, If this is not done, one runs the risk of obtain-
ing inconsistent results whose interpretation is obscured

by undetected differences in the quality of the individual
casings., Furthermore, one should take care to avoid surface
scratches since a scratch only 0.004" deep has been shown to
favor fracture along the scratch in preference to other
neighboring locations (see British Report A.C. 1241 by

H. L. Porter).
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IV. Kesults.
1. Xk.27-3 3%/50 A.A, Projectile,

a) Repeated trials’with shell of unifori hardness, TNT
with Mk.51 MT fuze,

A set of ten Mk.27-3 3" projectiles was selected from
Lot No. 1350 on the basis of uniform hardness. The
average nardness ranged between 25.7 and 27.5 on the
Rockwell C scale, In addition, two shell with lower
average hardnesses, 19,7 and 2l.1, respectively, were
selected from the same lot, These shell were loaded with
cast TNT and drilled out to receive the service lMk,51
mechanical time fuze and (k.54 auxiliary detonator. The
fuzes were dummies with the clock~-work replaced by a
brass plug of equal weight. The auxiliary detonator,
armed for static firing, was initiated by means of a

No. 8 duPont electric blasting cap inserted on the axis
of the fuze and butting against the firing-pin of the
auxiliary detonator. The empty casing weights, without
- fuzes, averaged 4118 + 8 g, and the main charge weights
averaged 363 + 3 g. , the density being about 1.60. The
auxiliary detonators contained the standard 15 g, Tetryl
boosters.

The object of these shots was to obtain statistical in-
formation on the reproducibility of the fragment mass
distribution when care had been taken to eliminate
variations in casing hardness (and presumably along
with it, variations in other physical properties of

the steel)

The results are summarized in Table II. The fraguents
from a typical shell are shown arranged according to
mass in Plate 3., The same fragments are shown in Plate 4
arranged approximately according to the region of the
shell from which they came. In Plate 4, no attempt has
been made to locate fragments having masses of less than
1 gram, The swmaller fragments have merely been grouped
in the piles shown at the top of the picture. The
thickness of typical side-wall fragments ranged between
0.35" and 0,40", the average being about 0.37". The
original casing thickness was 0.54".

Table IT includes values of M, and AMy, calculated for

each shell in accordance with EquatIons (11) and (11')
and also the value of g gz calculated as shown in Appendix I.
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In Table III are summarized the estimated average cumulative
numbers of steel casing fragments, with their estimated
standard deviations for the ten uniform shell, Nos. 70, 71,
73-80, These averaged data are plotted graphically in
Figure 2, The table includes also values calculated
according to the empirical equation:

-
l'.[l

2.03 )

where 2.03 with estimated standard deviation 0.09 is the
estimated average value of M, and 466 is the value of Aif,

that with this value of My EIves correctly the observed

average value 285 of Ni.” The straight line in Figure 2
has been drawn to corTéspond with this equation.

Nl = 466 exp ("»

Table III

Average cumulative numbers of steel casing
fragments with individual masses equal to
or exceeding my, Mk,27-3 3" projectile,
TNT, with Mk.51 MT fuze,

m.

i Average Nj Std. Ni (empirical  Difference,
(grams) obs, deviation equation) obs. - calc.
100 4 1 3 + 1
81 7 2. 6 + 1
64 11 2.7 Q + 2
49 17 & 15 + 2
36 23 2 24 -1
25 33 3 40 -7
16 59 4 65 - 6
9 115 ? 106 + 9
4 177 4 174 + 3
1 285 19 (285) (0)
0.25 428 34 364 + 623

Upon exammining the observed results, one sees that the data
for the ten shell are reasonably consistent, particularly
down to individual fragment masses of at least 1 gram.

Even down to 0,25 gram, the greatest individual departure
from the average number is less than 15% of the average.

The data for Shell No. 81, which had a subnormal hardness,
show a definitely coarser distribution pattern. The number
of fragments down to and including 1 gram individual fragment
mass, for example, is smaller than the average for the
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preceding ten shell by more than twice the standard deviation,
indicating that at a confidence level of 95%, this shell is
distinguished from the others. ¥For Shell No. 98, whose
hardness vas not quite as low as that of No. 81, though well
below the average for the ten uniform shell, the fragmenta-
tion was coarser than the average but not sufficiently so

to distinguisn this shell froa the others, It falls among
the three coarsest distributions in the series of ten,

According to the Chi-square test for goodness of fit of
empirical Eguation (1), six of the twelve shell, Nos. 71,
72, 75, 78, 79 and 98 may be regarded as having distributions
that are not ianconsistent with the equation; for four,

Nos. 74, 77, 80 and 81, the hypothesis is rejected at
significance level of 5% but not at 1%; for two, Nos, 70
and 76, the hypothesis is rejected at level 1%. Rejection
implies that the departures from the law in individual
fragment mass categories are too large to be supposed
consistent with merely randon statistical fluctuations.

All of the shell show a systematic departure from the
exponential law in the range 9-16 grams; the observed
number in this range (average = 56 for the ten uniform
shell) is in every case greater by an amount varying from

5 to 22 than the number consistent with the empirical
equation. All but No. 98 show likewise a small departure
in the opposite direction in the range between 25 and 36
grams, the observed numbers (average = 10 for the ten
uniform shell) being smaller tham the numbers consistent
with the empirical equation by amounts varying from

1 t0 9. These departures contribute heavily to the
rejections indicated by the Chi-square test, Neverthe-
less, since no other simple empirical equatlion fits the data
any better, we have averaged lp and All, for the ten
uniform shell (one notes that Tthese Guantities for Shell
No. 81 likewise differ from the averages-by more than twice
the standard deviations) and tabulated the values of Nj
computed according to Equation (3) in Table III, “—
Except between 38 and 9 grams, the fit 1s excellent

down to 1 gram, the differences between the observed

and the calculated values of Nj being nowhere greater

than the standard deviations G the observed values. Below
1 gram, as previously noted, the eumpirical equation fails
altogether, the actual numbers of fragments in this range
greatly exceeding the numbers consistent with the equation.

We have attempted to analyze in greater detail the nature

of the fragment wmass distribution in the range 9-36 grams.
For the 1k.27-3 shell, it is quite easy to identify the
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origins of all the larger fragments (e.g., generally down
to 1 gram) because of the presence cr absence of various characteristic
surface features such as nose adapter threcds, rotating
band seat, base crimps for the propellant case, etc. (see
Plate 4). The shape is in fact far from that of an ideal
cylindrical casing, though the explosive cavity itself is

.praotically cylindrical over almost its entire length,

“ In Table IV we have sorted out within various mass ranges
down to 1 gram all the fraguents from three representative
shell (;#70, 75 and 79) approximately according to the part
of the casing from which they came. here is naturally a
certain amount of overlapping in defining such regions of
origin since some larger fragments include more than one
region, and furthermore there is uncertainty in determining
the origins of some of the smaller fragments, but in
general, the fragrents are readily classified.

- 22 - L}




Table EI

Classification of fragments according to origin,
Mk.27-3 3" A.A. projectile, Mk.51 MT fuze

Numbers of fragments

From
From central side-wall,
Showing side-wall, down  From under base %o
Mess range  nose adapter  to rotating rotating rotating From
(g.) threads band band band base Total
— s e B e o]
Shell No. 70

> 100 0 3 0 0 0 3
81 - 100 0 1 0] 0 0 1
64 - 81 0 5 0 0 0 5
49 - 64 0 7 0 0 1 8
36 - 49 0 7 ¢ 0 0 7
25 - 36 0 6 0 1 1 8
16 - 25 5 13 1 7 3 29

9 - 16 5 16 12 24 6 63

1-9 25 128 20 20 & 117
Total > 1 grem: 15 186 33 52 15 301

Shell No. 75 .

> 100 0 3 0 0. 0 3
81 - 100 0 6 0 0 20 6
64 - 81 0 4 0 0 0 4
49 - 64 0 5 0 0 1 6
36 - 49 0 5 0 0 1 8
25 -~ 36 0 6 0 3 1 10
16 - 25 2 11 1 1 5 20

9 - 16 10 12 15 13 3 53

1-9 _2 110 21 38 2 116
Totul 51 grem: 14 162 43 52 13 284
> 100 0 5 0 0 v 5
81 - 100 0 3 0 0 0 3
64 - 81 0 4 0 0 0 4
49 ~ 64 0 4 0 0 1 5
36 - 49 0 5 0 0 0 5
25 - 36 0 12 0 1 2 15
16 ~ 25 1 12 1 3 4 21

9 - 16 7 4 & 24 4 46

1-9 4 104 _38 25 & 115
Totel ) 1 gram: 12 153 46 53 16 279
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One sees tnat a characteristic feature of the mass range
between ¢ and 16 grams is a large influx of fragments from
the base and base side-wall, beyond the end of the

explosive cavity. This type of fragment appears also in

the range betvwiecen 1 and 9 grams but their relative effect
there upon the total number is small because of the large
number of true side-wall fragments appearing in this range.
The apparently better agreement of the fragments from

Shell No, 79 with the exponential law in the range 9-16 grams
(reflected also in the unusually low value of € % 2) is

due to the abnormelly low number of true side-wall fragments
(including fragments from under the rotating band) for this
shell in this range, so that the base side-wall fragments
have the effect of compensating for the deficiency of true
side-wall fraguments instead of markedly increasing the

total number as they do in the cases of the other shell.

The reason for such a variation in the detailed distribution
pattern obviously cannot be detected without further
experimental study.

Clearly, a fundamental study of shell break-up should begin
with long cylindrical casings, having perhaps extensions of
a different metal such as brass to reduce end effects in
the main steel central portion. The simple exponential law
(1) or (3) meanwhile remains a useful analytical way of
representing the data with fair accuracy even for actual
shell, thousgh its limitations should be recognized.

The investigation that has been described in this section

has served primarily to deuwonstrate thot reasonably uniform
fragmentation data can be obtained by ensuring uniform
hardness in addition to selecting the samples from a uniform
lot. Even within a given lot of shell, individual variations
in mechanical properties may occur that can result in signi-
ficantly different fragment mass distributions.




b) Comparison of Composgsition 4 with TWT, k. 51 MT fuze

In addition to the shell described in the preceding section, we
have fragmented four Ik, 27-3 3" projectiles, two containing the
standard service loadiag of 0,75 1lb. cast TWT and two containing
experimental loadings of 370 grams pressed Composition A-3. The
shell were service-loaded and were from different lots, without
hardness tests, so the exact significance of the results must be
discounted accordlngly. The two TwT-loaded shell (3hots 7718 and

.21) bore Lot Humber 1642-1937 and were received from JAD, Fort
Lifflin, while the two Composition a-locaded shell were Lot Num=-
bers 161—1937 (3hot .o 19) and 194-1937 (Shot =o. 23) and were
received irowm NAD, 3t. Julien's Creek.

The shell were initiated with Lk, 51-2 mechanical time fuzes and
Iik. 46 auxiliary detounators. The detonators were armed by renov-
ing the centrifugal detents from tae firiag pins and turning the
rotors to the armed position, The fuzes were modified for static
initiation by drilling a siiall hole through the side into the
primer cavity below the striker pin and inserting an electric
match~head iin place of the primer. The match-head ignited the
powder ring of the fuze, tius generating pressure iz the normal
way to drive ia the firing »in of the auxiliary detonator. The
clock-work of the fuze was present but was of course not in action,

The fragmentation data for these shell are presented in Table V.
Plates 5 and 6 siiow the fragments for one of the TNT-loaded and
for one of the Gonposition ~-loaded shell with the steel casing
fragments arranged in order of decreasing mass, Plates 7 and 8
Snow the same fragments arranzed respectively according to the
approximate parts of the casings {row: which they came. (Wote that
the fuze cavity wes as shown in Plate 4.)

The 1k, 51 mechanical time fuze contains about 72 grams of steel
and 518 grams of non-ferrous metal parts, while the Ik. 46 aux-
iliary detonator contains 220 grams of steel and 106 grams of
non-ferrous metal parts. ost of the steel parts from taese com~
ponents are couite characteristic and readily differentiated from
steel fragnments coring from the casing proper. The smaller frag-
mnents are less readily icdeutified and it is possible that a few
heve been included awion:, the casing fragnents., This would account
for minor dlsorepan01es in Toble v, particularly the apparently
nizh recoveries of steel casing Lusments in Shots 5% 18 and 23.
The overesll metel recoveries in Shots ;518 znd 21 were respectively
15 and 8 grums nigh. ¥rart of the differences may be due to small
departures of the actual chearge vweights frow the nominal value of

thie charge weights alrectly, since tas shell were recelved already
loaded. 1In Shots pif 19 and 23, the total wstal recoveries were
108 and 41 grams low respectively out of originsl totals of about
5400 grams. liost of the losses vere in noa- ferrous parts (more
difficult to recover) of the fuzes and auxiliary detonators, both
of which were noticeably nore battered for these Con0051t10n L
loaded shell than for the T.'T~loaded shell,

- 25 - L
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Table V

hk{ R7=3 3" a.a.. Projectile, TuWT and Composition A-3,
lkky 51-2 L Fuze «nd k. 46 auxilicry Detonutor
‘ ) Wt Composition A-3
Initial data: 418 521 19 523
‘lEotal weight, loaded shell LL8L z. LL6S o, LL78 g. LLIL g.
without fuze or adapter
Charze weight™ 340 340 370 370
Casing weight L1LL L4129 4108 L121
Coper rotatlng band™®* 204 204 204 204
Casing steel 3940 3925 3904 3917
Fuze adapter 356 358 352 357
kk, 46 auxiliary detoaztor 342 346 ‘ 342 341
Booster weight 15 15 15 15
1k, 51-2 fuze 603 505 609 604
Metal pzrts, fuze + aux, det.
+ adapter 1282 1290 1284 1283
General recovery data:
Casing steel fragments™* ™ 3977 3925 3906 3945
Veight of all fragments 3819 37514 3658 3728
>1 sram
Conper fragments from rotating 198 204 191 190
band
sdapter parts 356 351 358
aux, det. parts A’?L? 318 261 281,
fuze parts 549 623 57L, 586

*Wominal values, as specified by the Bureau of Ordnance.
Derived casing weights may be in error by several grams.
due to variations in these quantitiecs.

**Tominal value. Casing steel weights may be in error by
' several arams, due to variations in this quantity.

*1Klay include small fragments from fuze and auxiliary deton-

ator not identifiable as such,
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Table V {continued)
. IWE Composition A=~3
18 2l 19 )
Detalled recovery data:
' Casing steel fragmnents
Ho, with mass >169 grams 1 1
144 2 2
121 2 3 0
100 L 5 1
81 7 10 1
6l 15 1. 0 2
49 18 18 8 11
36 23 23 20 23
25 38 32 37 37
16 61 65 65 58
9 107 103 129 106
L 156 166 209 228
1 252 25L 430 413
0.25 380 384 706 576
tverage mass of fragnents
with individual mass > 1 gram 15.16 14,78 8.51 9.03
g 2,21 2.17 1.50 1.56
Allg 396 L02 837 782
x° 9.92  11.25  (13.30)* (9.83)%

“See appendiz I for significance. Values for Shots ## 19 and
23 were calculated for five degrees of freedom instead of the
usual six.

4
Copper rotuting band fragments

0. with mass between:
9 and 12 grams 2 L 0 0
0.25 and 9 grams 58 35 76 90

Fuze, aux, det, and adanter Tragments

No, with mass:

grzater than 100 grans 3 L 3 N
. between 49 and 100 grams 1 1 3 L
between 9 =znd L9 zrawms 1 6 14 12
betwcen 0.25 and 9 srans 29 16 105 195
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The data for the two TiT-loaded shell are in excellent agrecment
with eacn other, though the fragmentation is definitely a little
coarscr than for the ten shell described in the preceding section,
It rather closcly rescmples that of Shell No. 81l. The distribu~
tions arc described quite well down to 1 gram individual fragment
mass by the empirical exponential law:

Wy = 339 exp (- i)
2.19

(sce Figure 3). The data ror the two Composition A-loaded shell
arc less consistent with cach other, Shell No, 23 has a distribu-
tion consistent with the exponential law but for Shell No. 19, the
Chi-square tost rejects this hypothesis at significance level of
5%, thouzh not at 1%. shell Ho. 19 gave no casing fragments iore
massive than 64 grams, and gave many more extremely small fragnents
(e.g., 0.25 - 1 gram) than did Shell Ho. 23. One should note that
these shell were from different lots. The data for the two shell
arc plotted in Figure 4, together with the straight line corrcs-
ponding to the empiricz@l equation:

N; = 805 exp (- %1_)
1.53

We are not justified in drawing dcfinitive conclusions on the basis
of so few shots, particulzrly in view of the absencc of information
concerning the quality of the particular shell, However, the re-
sults do indic:te that if we are intercsted in fragments with
individual masses down to less than zbout 13 grams, Composition A
is superior to TNT in numbers of fragments produced. Down to

1l gram individual mass, for example, the number produced by Com-
position a is awvout 67% greater thnan the number produced by TuT.
The effectivencss of Composition . is furtiner enhanced by the higher
fragment velocity, averaging 2530 ft/sec. at 9' from the shell as
comparcd witih an average of 2060 ft/scc. for THT (OSRD Recport #5531
by R. W. Drakec).

It is intceresting to comperc N, F, Mott's theorctical formula (5)
for liy with the observed values. The original casing thickness of
the 'K, 27-3 3" projcectile is 0.54" over most of its length.
Putting this value in Equation (5) together with the velocities
just quoted, we obtain theorctical MM valuss of 1.65 for TNT and
1,44 for Composition A. The calcul@Ted valuc for Composition A

is in fair agrecment with the observed valuc. For TiT, however,
the observed distribution is considcrably coarser tiaan that corrss-
ponding to the theoretically calculated value of ky. DPart of the
discrepancy is undoubtedly duc to the coarse fragrmontation of the
upper half of tne casing, towards the nose¢, resulting from the
presence of the inert comnonents of the auxiliary detonator., For
Composition &, the coarscly fragmented region does not extend so
far down tas casing (compare rlates 7 and 8), If for TWT the nose
half of the shell had a freguent mass distribution more like the
observed distribution of the base half, th. value of Mg -
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would be closer to the thcorctically calculated one. The nose
fragments do in fact have groeatly reduced velocities compared with
ths lower side-wall fragnents,

The mean thickness of central side-wall fraguents siowing both
inner and outer surfaccs wias between 0,377 and 0.38" for the TiT-
loadcd shell and about 0.40% and 0,39" for the Composition .-loaded
shell. Comparing these figures with the original casing thickness
of 0.54", we may iafer thet this part of the casing cXpanded by
about 44% before rupturc i the case of TNT and 35-38% in the case
of Composition iA. The diffcerence is small and may be not signifi-
cant, particularly in view of thc fact that the sholl come from
different lots.
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¢) 50-50 Kw03/Composition 4 and Aluminized Composition A

Two Mk, 27-3 3" shell from Lot No., 1350, tusted for hardness, vere
fragnented with loadings of 50-50 Potassium Nitrate/Composition A.
This composition was prepercd at this laboratory by C. A. Weltman
to neet a requirenent of the Burcau of Ordnance for a high explos-
ive spotting filler ziving a white burst (Division & Interim Report
PT-36, p. 11). Tne fragmentation tosts were designed to show
whether the mixture retained sufficient effectiveness as a frag-
menting agent, since it was kaown that a smaller proportion of
potassium nitrate failed to produce a white burst.

Three sinell from the saime lot, also tested for hardness, werec
fragricnted with loadings of Alumlnlzed Composition A (73 18-9 RDZ/
Aluminum/wax). The object was to dectermine whether there was any
advantage of this composition over ordinary Composition s,

The shell were loaded in thce following way. Four preformcd pellets,
of diameter just large enough to slide in the casing, were inserted
in the shcll and consolidated by pressure, The lecvel of the explos-
ive was then adjusted to thc bottom of the auxiliary detonator
cavity by adding a thin layer of explosivc, where nscessary, and
pressing again. The dctonctor cavity was then preformed by insert-
ing a brass slug of the proper size and prnssing explosive around
it by means of a hollow cylindrical plungcr. The pressure was
10,000 psi. throughout. The shell were cavitized to reccive the
dummy Mk. 51 fuze and the k. 54 auxiliary detonator, as ia the

case of the TNT-lozded shell discussed in Sccetion a). The charge
¢ensity vas 1.75 for 50-50 Fotassium u1trato/Composxtlon A and

1,69 for 73-18-9 RD./Aluminum/Vax.

The data uarc given i Table VI. The fragments for one shell of
cach type are shown in Platss 9-12. In Shot No. 61, the basc came
off in one single fragicent instcad of brcaking up into s.ialler
picces. The fragmentation of this shell was otherwise not oxtra-
ordinary.
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Table VI

Lk. 27-3 37 4. L. Projectile, 50-50 IIl05/Composition &4
end Comoosition 4/:l, bk. 51 MT Fuze =nd kik. 54 Aux. Dct.

K03 /Conp . & Comp .&/ALluminum
Initial data: 1o, 58 Wo, 59 Ho, 60 No, 61 0.62
.Hardness, Rockwall C 26,4 26.3 26.3 26.3 26.0

Total weight, loaded siell 4515, L528z.  L526g. L500g. L5058.
viithout fuzc or adaptcr

Cherge woelght LOO LGk 397 381 301
Casing wolght ‘ L1115 L12L L129 L1119 L1l
Copper rotating band™ 204 204 204 201, 204
Casing stoecl 3611 3620 3925 3915 3910
Fuze adapter 357 356 358 357 356
lk. 54 auxiliary dctonator 994 999 990 998 999
+ L.k 51 Tuze

Booster weight 15 15 15 15 15
lMotal parts, fuze + aux. det. 1336 1340 1333 1340 1340

+ adapter

Gencral recovery data:

Casing stecl fragments™™ 3938 392z 3922 3906 3858
L'eight of all fragmenis 3834 3820 3740 3762 3706

» 1 gram
Copper ffagments from 185 202 198 191 191

rotating band

Fragments from fuze, 1321 1303 1310 1304 1324
aux. det. and adapter

*Nominal value
#*¥iay include a small quantity of fragments from fuze, auxiliary
detonutor or adapter, not idsntifiable as such,
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Table VI {continucd)

LgoB/Comp.A Comp JAa/aluminum
0. 58 Wo. 59 0. 60 Ho.bl 1wo,62

Detailed recovery data:

. Gasing stocl Trogicnts

do vIthiizss > 190 grams O WY
169 1 1
14k 1 : 1
121 5 0 1
100 0 5 1 1 o]
31 3 7 1 3 1
6l 9 13 5 5 5
L9 18 15 11 9 10
36 27 21 17 17 21,
25 4,6 35 27 32 40
16 69 57 62 53 69
9 121 113 134, 108 125
L 184 177 221 216 183
1 281, 288 387 385 346
0.25 365 359 557 557 4,80
Verage mass of frage
rigats > 1 ran 13.50 13,26 9.66 9.67 - 10.71
i 2.05 2.0 6 1.66.. 1,76
A5 £63° B bk 2837 st
s x?" 6.59  10.78  13.67 4.67 11.39
Copper rotating band fragmcats
NO, with mass bhetwecn
0.25 and 10 grams 34 55 89 96 87
Fuzc, aux, det,. and adaptecr fragments
No., with mess > 100 zroms b 3 3 5 L
betwecn 49 and 100 2 2 2 1 2
between 9 and 49 9 11 8 8 12
betwesn 0.1 and 9 75 7L 106 86 99

. *Sce Appendix I

**Basc plug, 302 g., in onc pisce,
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The data for 50-50 11703/Composition 4 arc in fairly good agrec-
ment for the two shell, though No., 59 gave . few larger fragments,
The results arc plotted graphically in Figurc 5,together with the
linc corresponding to the empirical cquation:

. ki,
N, = 467 oexp (- _i)
. 2,04
Onc scus that the distributions are praétically identical with those
for cast TWT (Table IZ;).

For aluuiinized Composition £, the data arc not so consistent,

Shell Nos. 60 and 61 arc in good agreement with each other, but the
distribution for Wo. 62 is somewhat coarser. DNos, 61 and 62 are
consistent with the exponcntial law, but the hypothesis is rcjocted
for io. 60 at 5% significance level, though not at 1%. The results
arc plotted in Figurc 6, togethor with the eversge line correspond-
ing to the cmpirical cquztion:

Ny, = 675 exp (- M

Compzring with Table V, bearing in mind,however,that the shell in
that taole were from aiffcrent lots, one secs toat tiac fragusnta-
tion is coarsar for thoe cluminized Composition s than for the
aluminized Composition . than for straight Composition A, though
still aporeciably fincr thnen for TuwT (sce Tuble ITI for cxact com-
parison). According to tho thoory of shell fractur-. The codrse fragmentat
pottern should corre-pond toa lower casing expancion vélocity ., /o noted,
however, that scveral of tiac fragmeats froc . these shell passecd
entirely throush the sawdust cnd merked the walls of the frag-
montation pit. This <id 2ot henpean with any other type of 3% shell
fired, including the ones loaded with streight Composition ...
Thorcfore the aluminized Composition i appsrontly sives rise to
somc unusually cuorgetic fraaments. It will be interesting to
deternine the fragment velocities with this filling. If these
siould turn out to bg groater than for straight Composition a (Jjust
as tuose For Torpex arc zroater than those for Composition B), the
enomaly could bs explaincd on the basis of the supposition that

for the aluminizcd cowpositlon therc coatinues to be acceleration
of the fragaents by the cuplosion products after break-up, i.e.,
part of the total unergy is releasced aftor the casing has expandcd
to tac point of rupturs. In a sufficieantly large charge, this »re-
suimably would not.occur and there should then be a closer corrc-
lation between velocity and mean fragment size,
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d) TuT-D2 and Picratol Comparcd with T IT

In conncection with a rcauust by the Burcau of Ordnance for infor-

metion concerning cast high c¢xplosives less scensitive than TW7 for

use in tae Tiny Tim rocket head, wo tousted the fraguentation of

bhe Mk, 27-3 3" suell by TNT-D2 (7T Gesensitized with 5% descnsi-
yizer consisting of 86% Stanolind Yallow Wex, 14% witrocellulose
and 0,1% Locithin) ana by Picratol (52-48 Anmonium Fierate/T.T)

in compoerison with TUT itsclf. Tritonal-D2 alss was considered for

this aspliczction but we fclt that fragmentation tests conducted in
small projcctiles would not be useful in t..2 casc of this "cool"
aluminizcd cxplosive, in vicw of the rclatively much grsesater effect-

‘ivencss shown in lergc chorges. £ parallel investigation of fragment

velocities and prnel penctretions by :odel shell filled with the
same cXplosives was carricd out by R, w. Drake at this laboratory
and the results hove been given in O3RD Report o, 5622.

The shell were all taken frowm Lot o, 1350, but since this inves-
tization was started before herdness and othor mcechanical properties
had been dotermined, no individual hardncss mcasurencits were

taken., TFor this roason, the interpretaticn is open to some qucestion.,

Since we wanted to be surs that the main charges werc adcquately
boostercd, we uscd prosscd 25 gram Tetryl ﬂulthS in placc¢ of the

15 gr:m boostors used in the service iik, 46 and k. 54 augiliary
detonstors. The shcll werc loaded with the aid of 8% long alumianum
riscr tubss to the shoulders scating the thrcaded fuzc adapter rings
and drilled to a doonth of about 2 rm, to rscoive the uncased 1= l/h“
diamoter. pellets, whicih were sct within the lower thrceadced svetions
of tho adapters that pormully recoive the auxiliary dctonators. Thc
sacll werc cleoscd with brass cnd-plugs weizhins about 070 grams,
drilled axizlly to rcoccive vio., 8 oufont LlCCLIlC uutonutors uﬂd
scrcvied into the upper tiircaded scetions of tac adapters in ploce

of fuzes, Onc of the T.T-londed shell, Ho, 32, was firced with only
a light woodsn plug to hold the dstonztor, i.. nlace of tas hoeavy
brass c¢cnd-pluz,., This was donc to test whothor the metnod of closurc
affceted the fragacntation puttern., The fraguent ness distribution
for this shell was pructically indistiaguishable from taosc of othor
TWT-loadsd shell, oXxeopb thot tue adupter ring was not fractuved.

The data arc given in Teble VII. Thoe fragments for onc shell of
cach typv arc suown in Plotes 13-15. The steel casing rcocoverics
shnowed small irrcs ul“rlule, nonc excsceding 75 grams out of totals
of avout 4000 =zrwms. ¢ bolicve that pricticslly all of this con-
sistcd of finc dust th.t cscapced the old-type magnstic scparator
usca in thcsc rcecoverics, and tint mey o ve been carried over from
oia¢ shot to another, .ftor cight of tihic shcll h:d heen fired,

using tihe same batch of sowdust ropcotedly four the frogacent rucovbry,




o]
the sawdust was run tarough the seperator ogain at tirse-fourths
t.ac normal spoced. & totol of 111 graoms of stecl was recovered,
of wiich 98 grums consisted of matcrial passing throush a U, S,

.10, 20 standard sicve, i.c., tac individucl perticls mass was
probably not gruater than 0.005 grams. The now ssepa.ator (Dings
Typo F-iu with nmagnetized drum; sec Platc 2) is much more oificient,
but we bvelicve that cvea with the old mechine, recovery " as com-
pletce down to 0.25 z em infividual mass,
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Thess data are fairly consistent with the cxception of Shot ;42

for THY., This shot gave nany morce fragumen®s and a goagrally fincr
mass distribution thoan the othsr TNT~loads: shell., It is unfor-
tun-tc that vwe did not h.ve mcchanical proncrty tésts of thoe shell
at th: tirnc this ssries was fircd. The dcta wogld be brought into
linc if it could be shown, Tor example, that Shell ;42 had an ex-
ceptionally grewt hirdness and associlated brittlcness, In the
absence of such informction, we have little choice but to «liminate

.oh@l L2 from the comporison on the arbitrory basis that the

results wre anot consistent wit. tiacss of the other three shell,

Tho other threse TWT-loaded shell gave rather widely varying numboers
of fragments down to 0.25 gram. Down to 1 graom, howcver, the data
arc in Tairly zood urrcnmont, with Shot #30 showing o somewhat
finer distribution then ths othors. The distribution for Shot 430,
according to the Ch1~squarc test, is inconsistent with the cx-
poncntial law st significonce lgvel of 1%, The departure is most
prominent in tae range of lirge fragrents, the actual numbers of
w..ica wre too small in rolo thl to the numbers of amaller fragnents
to be consistent with the law, This is siown by the fact that when
all frigaents with masscs cqual to or greater than LY grans are
groupcd in o single cless, witnout rofersnce to the dotailed dis-
tribution within tuait clzgs, the obsurved distribution ajpcears to
e in much better sgrocmont with the low, . similar romark applics
with oven groater forcse to Shot 41 (Plcratol) wheérce when the
numbcr witn masses vetwecein 49 .nd 64 gruuws and tie number with
nasses equal To or greater thon 64 grams are treated us separate
classcs (the nmetiod generally Tollowed ia tals report; sce
nppvnaix I}, tue exponcatinl law is rujeotcd ot significance l.oval
of 5% (thousn not at 1%), but whe. all froements with masses cqual
to or greater thrn L9 grams arc grouped 1n o single class, the
hynothssis vocores not lACOJSlStuﬂt vith t-.c obscrved distribution

at thls lovel of significonce. wvidently the distribution of the
larger fragments is in this case the mo jor source of deviation
fropm tiuc exponontisl law,

If Shot #42 is renoved Troil consideration, the tirece c¢xplosives
show indistinzuish:ble Troguent mass distributions. Table VIIT
proseats average cwaulative aunbors of fragoents and also the nver-
age valuss of l.g, togethoer witu their svoruge deviations. One sces
hat nowhere ars the difforcaces awmony the avereges for the turee
exnlosives significant in cowporison with tne duviations anong whe
rsaults for ¢ gmiven cxpolosive,

-
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Table VIIT

Avertges for THT, TUHT-D2 snd Picratol, Lk, 27-3 3" Projeectile

No. stecl casing fragncnts wiith - THT THT-D2 Picratol
wasscs squal to or greater #£30, 27,32 33,34,40 #4#35,38,41

' than: 100 grans 2+ 2 2+ 1 2+ 0

81 L+ 1 L+ 2 h+ 1

61 8 * L 92 9+ 1

L9 16 + 1 16 + 0 18 + 1

36 25 + 2 25 + 4 30 + 2

25 39 + 3 L1+ 1 L2 + 2

16 by + 6 65 + 3 63 + 1

9 117 + 12 11, + 3 109 * 2

L 181 + 8 177 £+ 2 176 + 2

1 298 + 5 296 + 6 303 + 3

0.25 L76 + 46 L76 + 6 4,58 + 18

In yl@urc 7, wc have plotted the averuge data in Teble VIIT for
cach T pe of loading (wuith cxclusion of Shot j;42) and also the line

corrcsponding to the cxponentiual equation:

M3 = 498 oxp (- Mi )
1.96

According to thc fragment vcloecity mecsurcments previously referred
to, the average froguent vceclocities for TUT =2nd Picratol were
indistinguishable, but the ~verage for THT-D2 was about 6% lower.
The stcel pancl penctrations for TUT-D2 werc also slightly poorer
than for the other two explosives,., liott I' s given theoretical
rcasons for supposing that the valuec of M, for a given shell should
vary ia inverse proportion to some DOWOT“UlOSu to the two-thirds

of the initial frgﬂuunt velocelty (sce dquation 5). The obscrved
difference of 6% botwoen TUT and TWT-D2 would lead us to cxpect a
possibly coarser distribution for TuT-D2 corresponding to i

grcater by wbout 4%. Such a dirfference would probably be +50 simall
to be detected ¢ven wita a lurge number of shots, for we have scen
thet the ten uniform TﬂT-loaded shecll(discussced in Scction a), gave
a standard deviation in g of about 4.4%. Unless the difference
between the averages for—tiwo such sets of observations were at
lecast twicc tuis, or bout 9%, ws should be unablc to distinguish
them at confidence level of 95%,

Figurcs for Picratol in compeorison with TNT sre given in Pica-

tinny arscnal Report No, 1530 by G. L, HOphlns. In the 90 mn.
shell, 71, rPicratol zave 769 + 32 fragments as compared with
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703 + 24 for THT, In the 37 shell, li42A1, on the other hand,
Picratol zave 437 + 23 as compared with 514 + 18 for THT. (These
totals arc numbers retained on a L-moesh scrcen, which includes
G3-99% of the original casing mass; the snallest fragment retaiancd
would be the order of 0,85 .ram in individual mass.) The conclusion
recachcd was that the two explosives were in the same group with
respect to order of effectiveness.,

£ rather uncxpected finding ia t.ie prosent investigation was that
both the values of lip and the obscrved actual numbers of fragments
for TIT (c.g., down to 1 gram individual mass) werc almost the same
from thesce shell as from the shell dsscribed in Table IT that werc
cavitized to take the Mk, 54 auxiliary detonctor, desplte the fact
that the detonator cavity is responsible for recducing the nain
chargc by about 15%.

-4l - .




]
2. 1k.31-1 3%/50 A,A. Projectile

At the request of the Bureau of Ordnance, we have fragmented ten
Iik,31=1 3% A,A. projectiles loaded with cast TNT and ten loaded
with pressed Composition A-3, half of them cavitized to receive
the Mk. 58 VT fuze and lk. 44 auxiliary detonator and half te
receive the longer Mk. 45 VT fuze and Mk. 44 auxiliary detonator,
411 of the shell were from a common lot, Lot No, 138-37, but they
were received service~loaded (from NAD, Fort wifflin), and
individual hardness tests were therefore not made. The object
was to compare the two explosives under the service loading
conditionsin this shell, normally equipped with one of the VT
fuzes occupying a relatively large part of the casing.

The Nk, 31-1 projectile differs from th= Mk, 27-3 in certain minor
resvmects. It has no tracer cavity in t.e base and instead of havi
a removatle fuze adapter, the nose itself is threaded directly

to receive the VT fuzes, which are larger in diameter than the MT
fuzes., The o.d. over the main body is 2.95"7, the bourrelet at the
shoulder being slightly larger, 2.9857, The o,d., of the lk. 27-3
projectile is 2.98" with no bourrelet. In both projectiles, the
explosive cavity is cylindrical with diameter 1,90" over practical
its entire length, so that the casing wall thickness is slightly
smaller for the Mk, 31-1, 0.525" as compared with 0,5407", There
has been in existence also a so-called EX-2 3" A,A. projectile,
consisting of the Mk. 27-3 with the nose rethreaded to receive a
larger adapter that takes the VT fuzes, A parallel investigation
of fragment veloncities and panel penetrations for the same tws
explesives and same two fuzes has been carried out at this
laboratory by R.”. Drake using the EX~2 projectile (OSRD Reports
Nos, 5266 and 5267),

There is a difference in the way in which the Mk. 31-1 prmjectile
is loaded as compared with the Mk. 27-3. Due to the large
diameters of the VT fuzes, there is just room for them vithin the
casings, with no explosive at all surrounding them. For the

lik. 58 fuze, the first 3-1/2" from the nose and for the kk. 45
fuze, the first 4-1/4" of the 8-1/2" casing length therefore
contaln no explosive at all. The main charge, beginning at these
rcspective levels,is further cavitized over 3/4L" lungth to reccivet
booster cup of the Mk, 44 auxiliary detonator. The main charge
with the kik. 58 fuze is thus 24% less and with the Mk. 45 fuze
38% less than in the case of the Mk. 27-3 projectile with Mk. 51
LT fuze,

For these static shots, the fuzes contained no electronic parts
but were initisted in the armed condition by an external electric
firiag circur®t that fired the electric detonator normally

present in Whiz fuze., The auxiliary detonators were likewise
armsd Icor static initiation.
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a) Composition A and TNT with Mk, 58 VT Fuze

The data for the lik., 58 fuze are summarizec¢ in Table IX,
The fragments recovered from representative shell with each type
of loading are shown in Plates 16-19.

"Whe recoveries were generally satisfactory except for the fuze
parts, The fuzes and auxiliary detonators together contained
between 90 and 100 grams of explosive and plastic parts but in some
cases the recoveries were as much as 80 grams short even after

~allowing for the non~recoverable portions. A considerable fraction
of this probably consisted of non-magnetic metal, of which a little
more than 100 grams wes present, that may have passed through the
separator undetected, Much of this non~ferrous material is

located just above the booster and 1is probably rather finely
disintegrated.

Cne should note that Table IX (and also Table XI below) are
constructed somewhat differently from Table II, Table IX gives
~directly the numbers of fragments within the various mass groups in-
stead of the cumulative numbers. This has been done deliberately

to bring out the obvious distinction between a relatively small
number of massive nose fragments showing adanter threads, split

from the region of the shell, containing no explosive, surrounding
the inert fuze body, and the main bulk of fragments that have been
subjected to direct explosive action. These nose fragments are
readily distinguished in avpearance from the others (see Plates 18
and 19) and are known in fact to have much lower velocities

(OSRD Report No. 5266). “hen they are included in the total

count, the fragment mass distribution as a whole departs widely
from the exponential law. ™"e have attempted to fit the exponentlal
law to the hlghove1001ty fragments by excluding the massive nose
fragments (about 30% of the total casing mers) from the count,

The fragments excluded were generally, thow. a not without a few
exceptions, the heaviest ones in the distrioution, Table IX

gives the average mass of all steel casing fragments with individual
masses equal to or ex-eeding 1 gram, excluding the nose fragments,
From this average mass, a value of My, has been calculated according
to Equation (11). Table X cives th@”average cumulative numbers of
fragments and their average deviations for each exnlosive, excluding
the nose fragments, together with the numbers calculated according to
the emnirical exponential formulae:

Ny = 424 exp ( -1 ) (TNT)
. 1.82°
Ni = 841 exn ( - Ni ) (Composition A)
1.31

- 13 - ——




where 1,82 £ 0,07 is the mean value of My for the five TNT-
loaded shell and 1.31 £ 0.04 is the meamvalue for Composition A.
The agreement among the shell for either explosive is quite

good, though /53 for TNT gave somewhat fewer fragments than the
other similar shell, The average data from Table X have been
plotted in Figures 8 and § (small circles) together with the
lines corresponding to the empirical formulae given above, The
large circles in Figures 8 and 9 represent the total cumulative
numbers, including the massive nose fragments,

~ Lh - | W




(susxd uy

(stm1d uy Tm)

-

It ot 6 8

veé

1%3

Ie°1

2z L yvgx = ¥

{ ™ ydxe 138 N
tgo1q9nbe TwoTaTdws

03 spuodssxrod eull IUITBILS

§qUeWIBIT BEO0U SATSEBW
0T JO e3wzeaw JUTPNIIXHY O
squemdeIy TV O

SZ0F IA 85°NA ‘¢-v 14o13750ducH

‘Le-88T 30T ‘oTtidefoxg
syev,g T-1g ) sjusuBeay
JO sI8qQUNU SATIBINUMO 83BIGAY

6 eandTd

28°1
—=—-)dxe g% = ¥
) N
tgoginmbe TROTITIES
P 04 spuodsaIIod suUIT 3UYITRILS

§3USNEABIJ ©50U OATSEBUW
g JO e3dvIsAw JUTPNIOXT O
P squeudsll 1TV O
- ezng IA 8GN ‘INI
‘Le-8gT 20T ‘erT3vefoxd
Y Vg T-TS'¥T sjusudedy
JO BISQUNU OATIBINTND ©IFBIBAY

ERTiEar

01

Ty

R




I55%

syons S8 6TQRIFTIIUSPT 20U ‘I03BUCROD AJBITIXNT 10 #20J UM squowSedJ TTBWS 6] B OPRIOUT AvJixk*
«f370usnh sTu) UT SUOT4BTJBA O3 SND SWBJII [3JI048S Aq Joxds ur oq ALevw sqyStom [eoegs Julswd fonTes TEUTWOLH*
SUTTIITH qd0d QN Aq ueatd sw® sqyStem Sutseo fqdus pum sjyITem 83a8yd*

o oA

ey 77 T2L 9S4 w24 sc,  L9L 49, 824  G%L  SjUeLIWAF TR0p CANB PUB 0704

pueq JuTRRLOI

cay 202 861 06T  S6T 102 - L6I 102 661 002 wody sausudsay gedde)d
Ut 080%  §30%F  6F0F  990F 6715  HLIP  Q22TF - 0%1v  881% wsx3 1< sausufnay jo 3yITep
288® GIgT  082%  ¥GI¥  61eH 692% G62%  882F  982F 22 wxxsquowdeay yesss JUIS®)
tyqup AJ9A0OS8I TBJLOUSY

218 $08 ¢08 118 208 608 108 208 508 008  *3ep *xnm # ezng ‘syaed Tejel
689 189 649 169 189 589 8L9 6L9 189 089 oznJ 8§ *MM
2 b gz g2 <} 82 G2 $2 gz gz _ yudTon 1045008
¢12 F12 et1e ote  11% S12 et1e s1e $12 012 1033U03ep AIBTTTXNB $H K
TeE e62F  662%  LL2F 682% 692%  ¥82%  GO¢T  G8%%  68TF 1e83s Jurse)
02 $02 %02 =02 %02 ¥02 %03 BOE $02 %02 sxpunq Jutgsjox Jeddo)
6157 LEFT  C0GF  18%F ¢6F¥ eL¥F  88%F 60T  68%F  £6%¥ gydtom 3urse)
182 182 982 agz 982 L2 122 742 LL2 LLZ * U3 Tem odaeyd
eZny 3noy3 m

008% 8LLY  68LY  L9LT BLLE 084%  G9L%  T8LF  99L%  OLLF 11oys pepeol ‘3udtem IBIOL

(surzald urt squdtem TTV)
Gyt o oGk A Bt eGé 36¢* L 9¥ iv38p T[BT3TUL
¢~y uoilgisoduo) I

forvucasC LIBITINNY TF X UTM ‘ernd IA 8% *Wl ‘g-¥ uotgisodwod pus INI ‘e1raoelodd VY ¢ 1-T8 W

jlw. XI oTas] ®

- L5 -




081 081 G91 03¢ g2t

G 5 9 9 S
0 5 & 0 0
T T 1 T T
2L CCT 10T 90T T8
¢e T L2°T 2T ¢e*T L9°T
2% 66°9  §85°%  1Z°L 634,
‘G271 *3Le%T *S622T *T2eeT 9293l
6 11 o ot 01
62 082 G52 192 262
8T 792 212 66T 102
oct L8 00T 26 28
6% 25 £9 % 9g
¢z %2 9% 8T 9T
21 L 21 F ST
9 2 I ¢ ¢
0 ¢ T g «
1 0 O ¢ ¢
¢ 1 0 T 2z
£ % g 2 T
e} @ * 2 e
2z Z 5 z 2
2 T o Z 1
T ) o 0 o
T o 0 C 0
gg+ Tci »m+p g7

G381 LA TLT

9 8 o

T T 0

T T T

S¢o 0L 14
6L*T 06°1T LLtT
e0*TT ¢S0°2T #8°01

e 611

— O,
[¢p]

o~
o

LG 29

ge°T PL*T

vg°2l 6%°CT

*J00%T *3FBST *3G6TT *IT¥T *9gIcT

6 8

291 L1T AR

LOT gL 221
g5 581 7
6t 9t T4
ot LT 5¢
01 1T L
6 9 A
8 i 8
0 S a
(4 0 4
T o) T
C Z ¢
i a 0
1 # 0
¢ 1 e
2 G 0

4 8
8¢t LeT
201 S11
6% T¢
e or
61 ST
Tt Lt
g i

L g

g 5

g ¢

T T

9 T

T 0

T 1

O 3

(4 g

*3 6-1°0

*2 6%-6

*300T-6%
*3pge ¥

R 3TN

YLT * 0
ST YJTa GOy
SEBW UL TH *Cj
goeu YjTia %o

OE

VR

i
i

sguswdvd] *308p

*3aT =~ 1°0

*Xne pus szndg

Ssvw Y3Tm *Of

squewdedy puvsg IUTgBIOL Jsdao)

sjuswidnI] &SC
sauoudBal &scuU mﬁﬂ
<Z mPMQEm I J
squswdng

quUetis .. I &

121-001
PE1-121
69T-%%1
961~691
§22-961

*3acz-522

u Zutpnioxe Sy
pnyoxe ‘usdd I
¢ sspul 63vlsay

J escu JO SSuji
SOU ©SJIB00 *Cf

squeuSedJ Tec1s I

2399p AJoreD6d

paTTeLs(

Lad 3 ' 4‘6 e




06+ ¥LG 23FP99 49+ 23¢ Ge¥P8e §2*o

(0) (26¢) v2Te6e (o) (5%2) ST¥SH2 1
T+ 281 TT+28T1 - [5%20 Z40%1 ¥
O+ g8 9516 6+ 18 9706 6
2= 07 2F8¢% T+ LY YI8Y 91
(4l 81 2¥9t 2+ L2 mﬂmw 82
IR
AR . 9 7*eT8%9 2+ 9T F8T o¢ mm
¥ro- 0*% L*2F9°%¢ 2+ 6 S+ 1T 6% Mw
L*0- 6*1 2°1 §*0- T°s LETFO Y 9
C 9* 1~ - 0°¢g 6°OFF* T 18
e 1- L1 $*0 001
(*oT180) fu-(*sac) Iy (mel Tw1qusucdxs (®sqc +am) (*o7w0) Fy-(°sqc) Ty (meT TBl3ucucdxe (*sqc_+as) (suea3)
80U Il 1] Tvotardue feoTmo) 13N SOUBIBIIT( TeoTIidus ‘*oTBv0) s tu
e=v gOﬁmeomeoo INL =
*1038UO35D

£IBTTTIME $F *3G0 ysTam &20J 85 3t ‘erTgoefoad Y.y ¢ 1-1¢ *K - squewdeay
esou salsswu Jurpnyoxe sjusufwiI JuTswo 10638 Jo sdsqunu oAT4BTNUMO oFvisay

¥ e1a3l




b) Composition A and TNT "Vith Mk. 45 VT Fuze

The data for the Mk, 45 fuze are summarized in Table XI. The
fragments recovered from renresentative shell with each type
of loading are shown in Plates 20 - 23,

Shell #6L4L (TNT) gave a fragment mass distribution much coarser
than those of the other TNT-loaded shell, This is the kind ef
behavior we might expect if the physical properties of this partict
lar casing were below normal. We have excluded 764 from the averas
The other shell gave generally consistent results,

As in the case of the Mk, 58 fuze, a small number of massive nose
fragments were produced from the nart of the shell containing

no exnlosive, As expected, the combined mass and average mass

of these fragments was greater than in the case of the Mk, 58
fuze, reflecting the greater length of the Mk, 45 fuze., We have
attemnted to fit exponential laws to the high-velocity fragments
remaining after the massive nose fragments {about 37% of the total
casing mass) were excluded. ~+‘hen the nose fragments were
excluded, the next most massive fragment in the case of TNT was
generally from the Dbase, which in three of the five shots came
off in one piece. The base fragments were however retained in the
cocunt in order to keep the treatment for TNT and for Composition A
alike, Table XITI gives the average cumulative numbers of fragmer
and their average deviations for each e.jlosive, excluding the
nose fragments, together with numbers calculated according to

the empirical exponential formulae:

N; = 405 ex» (- I} ) ( TNT)
t 1,78

N, = 690 exp (- I ) (Somposition &
i “T%?E

where 1.78 ﬁ 0.04 and 1.36 £ 0.05 are the respective values of
kg for TNT and for Composition A. The data from Table XII
(small circles) together with the lines corresponding to the
empirical exponential equations are shown graphically in
Figures 10 and 11, The large circles renresent the total
cumulative numbers, including the nose fragments.
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¢) General sumtar; for Composition A and TNT,

Table XIII presents a general summary for the TNT-lnaded and
the Composition A-loaded 3" A.A. projectiles, k., 27-3 and

ik, 31-1., One should note that only two Composition A-loaded-
k. 27-3 projectiles were fired. A further qualification is
$hat of the shell listed in the table, only the Ik, 27-3 TNT-
loaded shell initiated with Mk. 51 MT fuzes were checked
individually for physical properties (i.e., hardness),

while the Mk, 27-3 Composition A loaded shell were actually from
a different lot.

One cannot readlly compare the distributions of the Mk, R7=3
with those of the Ik, 31-1 projectiles, As has been noted,

the slow nose fragments produced by the latter projectiles

( because of the inert VT fuze bodies) were readily distinguished
from the other high-velocity casing fragments and could be
treated separately. In the case of the Mk, 27-3 vrojectile,

the removable fuze adapter was treated separately, but it was
impessible to distinguish in any clear-cut manner between
low-velocity nose fragments and those fragments beginning at the
nose but extending far enough down the side-wall to partake of
true side-wall properties, though it was undoubtedly true

that fragmentation was generally coarser towards the nose than
towards the base. Thus the values of My given in Table XIII

do not reflect accurately the relative TCoarseness of the oa81ng
distributisns for Mk, 27-3 as comnared with Mk, 31-1, since in
the latter case, nose fragments were excluded, while in the
former case, fragments from the corresponding part of the casing,
which were finer, were included,

In comparing Composition A with TNT, one observes that the cumu-
lative numbers of fragments down to 9 grams are about the same
for the two explosives, Composition A showing a slight advantage,
Down to 1 gram, however, the numbers for Compostion A are 48m,
59% and L42% greater than for TNT in the shell Mk, 27-3 -ith Mk.
51 MT fuze, Mk, 31-1 with Mk, 58 VT fuze and Mk, 31-1 with Mk.
L5 VT fuze, respectively. The average masses of the frapments
having 1nd1v1dual masses equal to or exceeding 1 gram is 52m
60% and L4L7% greater for TWT than for C. pOS1tlon A in the three
respective shell, massive nose fragments in the case of Mk, 31-1
being excluded.

The average side-wall fragment velocities at 9' from the shell,
as determined by R.W. Drake at this laboratory- (0OSRD Renorts Nos;
5266, 5267 and 5531) are as follows: .




TNT Compogition A
k., 27-3, Mk. 51 fuze 2060 ft/sec, 2530 ft/sec.
Mk, 27-3 (8X~-2), Mk. 58 fuze* 1960 2360
Mk. 27-~3 (EX~2), Mk. &5 fuze* 1710 2220

The velocities are t.us between 20% and 30% greater far
Composition A than for TNT. According tec Mot:.'s thensretical
treatment (Equation 5), we should expect M_ to be greater for

TNT by sbout 15%, It is actually greater By 30-40%. These shell,
with their relatively large fuze cavities, are of course not

at all ideal in shape.

* For the ik, 31-1 shell, the velocities are presumably absut

3% greater, due to the slightly smaller casing thickness.

He N. Shapiro, in a recent report from The New Mexico
rxperimental range, has given an average velocity for
Compositimn A in the Mk. 31-1 projectile with lik. 58 VT fuze of
2780 ft/sec., averaged over the first thirty feet of flight.
This value is for statically initiated shell and is appreciably
higher than the value reported by Drake for the EX-2 shell.
Several factors combined appear to account for tis discrepancy.
Upon examining Drake's fragments, it turns out that an
unfortunately large proportion of all those passing by the
illuminated slits and recorded by the rotating drum camera,
happened to come from the region of the shell under the rotating
btand, where of course the overall casing thickness is greater
than elsewhsre, This fact, combined with the generally

slightly heavier casing thickness of the EX-2 shell, resulted in
slower criginal velocities for Drake's fragments., In addition,
fragment retardation at the New Mexico range is significantly
smaller tecanse of the higher altitude,
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Apoencin I

Cni-syuave test for goodnsss-oif-fit of the exponential law.

We arce indebted to Dr. Henry Schoeffé of Division 2, HDIC
for su_ zesting this test and Tor much helplful information
generally concerning the stavistical treatment of shell
fraz.iont distribution data.

We wish to tast the hypotacszs that th  observed set of
MOSTS nl of fragments withain the various mass groups
«11 172 (” constitute a randon sample from soms exponell-

uial distriBution with probaoility density function:

- . L=
T ( L ) = ( l//i’lo ) SXP ( - el ) if M >/ N[l
o
= 0 if M€y

where I = ml/2 « We o are excluding from considceration
frasacnts with individual 1asscs below some lower limit
ml, talkoen in the present appliceation (to 3" shell) as

L (graw),

Having determincd an ecstiaated valuc of Mo (say Mei) by
quation (11) and derived thcrefrom by Equation (11') a
valus of AlMg = (AMg)% mekia; vsce of the total number N3

of I[rajwents with ind1v1uudl masses cgual to or greatoer
than the limit m) (= 1 grai), we divide the data for con-
venicncs into ¢ight classcs:  the seven classes i< < i+l
for 1 =1, 2,...,7 and thc clogs 11 8. The cstimated valuc
lo% is not necessarily cqual o the "truc? valuc of Mg for
the SupDOde distribution of hich we may have a samplo,
but 1t will scrve for purposuu of calculation.

Jor cach class, a theorstical number Nij' is calcvlated from
the formulas

Nyt o= (Alg)% /[exp( =1/ ) -

for 1 = 1,2,...,7 and

Hg' = (AMg)w# cxp (-8/ligw)
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for cach class wo now form the ‘contribution to Chi-square:
el = . T 1Y AT
'A’lx - (Iqu - LIlJ ) /.Nl‘]

and finally "Chi-squarci’s

8. _
x° = s L\,xg
i=1 *

If the rosulting'xg value c<cusds 1246, we reject the hypo-
thoesis that the i3 are a randon sample from some exponential
population (not nccessarily the one with Mg = Mg#), otherwise
wo accspt it.  The value 12.6 is the 5% significance lovel
valus of X° with 6 degross of froedom (eight classcs less

two degrues of frecdom lost in fixing the parametoers Mo

and (4llg)¥); the 1% value is 16.8.

It may heppen for some shell that the class My 8 or cven

the class 7< M <48 may be cupty or contain but a very few
frazacats. One may apply a similar procedurc using Lowor
classcs, c.g., moking a sin(lc class of M7 or gven of iI'3 6.
The 55 and the 1% significance level valucs of 'x2 arc
rospectively 11,1 and 15.1 Tor 5 degroecs of freedom (7
classcs) and 9.5 and 13.3 rossectively for 4 degroes of
freedom (6 classcs).

Tiae following table illustratss the ap clication of the
Chi-squire test to Shell 475 (k. 27-3 3% AJA. projectile
loaded with cast TNT; sce Table II):

e el o .




Shell #75: Mg* = 2.03
(8M)* = L66

N = 284
oxpl - 1/Uo*) (Alig)*exp(-1/16*) Nijr Nij; s 1 X2
0.610 28L.,0 1i0.4 108 0,05
0.373 173.6 69.8 68 0,05
3 0,223 103.8 39.1 53 493
L 0,139 6lia7 25.1 20 1.04
5 0.085 39.6 15.4 10 1.89
6 0.052 24,2 9.3 6 1.17
7 0.032 14.9 6.1 6 0.00
8 0.019 g,8 8.8 13 2.00

x2 = 11,13

111 ———




Appondix IT
Application of the mothod or maximum likelihood to the

e b

“ostimi tion of tne pural,uVr e in thc Mott
oo distribution law.

This method is & modification of onc suggested to us inforaclly
by Dr. L. M. Thomas of tho 321lastic Rescarch Laboratory. Lot
donote the probability ascerding to the assudut.distri-

%1 cw that a fragment will have a mass m in the ronge
M 24 ml & Mi. Thon tho proosbility P of obtaining any
giv;n distrlbution, speocificd by the numbers Nij in the
various classcs 111 to Mg, iz ©o M3, « « , M1 to Mj, ctce.
isz .

P=n] fagjr 77
' Nijl

or.:
In P = log Nt +7 (435 1n az5 ~ In Njj3i)

sunmacd over all classces, N bosing the total number. This
statsiaont involves the assumption that the probability

of finding « givon fragment in a particular class is
indcpendont of thoe distribution of the othur fragments.
Whilo this situation is not phaysically truc, we may assuwne
that 1t is practically so duc {o the complex naturc of thoe
brook-up process,.

We assums that all fre agmonts covn to some loast individual
frogment mass m), numboring §31, cre distributed according
to tho Mottt cvquation and ignorg all smaller fragmonts. OF
the nwaber counted, the fraction:

Nij' = oxp -wl/n - oxp (=M3/Mo)
Hi u-\.p (":’l/ilo

th ruloru reprosents the ideal fraction in the range
My < m 1/e < MJ.

-~ v - e A




[P g 0o gzt SO

This fraction is taken as roprescnting the probability ajj.

Lot us now vary the pareamster i so as to make the prob-
anility of the obscrved distribution a maximur:

dlnP g Wyy 984§
TP

Carrying out the diffeorontiction with

exp (=3 /11g) - uxp(-_gj_/_mg)

- s st s eyt v

%1 ey I

we obtaine

=g Hpooxp(-My/i) -0y oxp (<My/Mo) e o
+ oxp (=g /Ma) = oxp (-113/115) - AT
°ori Iy uxp(l-]q ENP R
Z‘. B i J I\i o o e o — .
I i = mn
¥ -1
wxp }MO —=) -1

This cquotion is quite gencreol with rospeet to the choilco
of claoss limits i and M3 and could be solved by succussive
cpproxinmetions to find the vilue of Mg that gives the
obscrved distribution maxinmun likcelihood as comparcd with
all othor possible valucs of lige The cquation is groatly
simplificd howocver by suitanle choice of thosc limits.
Thus, adopting tho conventions: I3 = 1 and M3y =M1 + 1
(iece, the classes 1 - 4 groms, 4 - 9 grams, 9 - 16 grams,
Gtece), we oObtain:

:;1 Nij.

1
exp (i)

or 0.4343 _ 7 ANy
W"— = lOglO ________j______.____

TilNgy - Np

-V o- -—




where the sum Zﬂi i oxtends over 1 = 1,2,3, «.. tO %ho
highest valuce of i %1 ey, of Mi) rcqulrud to include the

ncaviost fragments,

The following table shows the epplication of this moethod of
cstimating Me to thu data for Shoell #75 in Table II
(lk.27-3 3‘ AJA. projectile locded with cast TNT )z

blull “'75
n e Mg 1Ny 5
1l - 4 grams 1 108 108
4 - 9 2 63 136
9 - 16 o) 53 159
16 - 25 4 20 80
25 - 36 5 10 50
56 =~ 49 & 6 36
49 « 64 7 6 42
64 - 81 I 4 32
gl - 100 9 6 54
100 - 121 10 2 20
121 -~ 144 11 1 11
Ny = 284 ,iNjj = 723
0ad343 _ 728
o o8 gz
= 0.,2147
o = 2,023

Liks thoe mothod of averaging duscriboed in the toxt of this
report (iquation 11), this .i.thod will give a formal valuc
of Mo winuther or not the distribution actually is consistent
with the cxponential law., I thoe obscrved distribution docs
not satisfy the law (using 2os craiterion the Chi-squarc tost
described in Appundix I, in which the Mg# valuc cstimated
by the method of maximum litclihood mo - be introducced to
calculete the Ni '), the m:thod of maximum likcelihood is

not lugitimate and the foruwal value of Mg is meaningless.
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Plate 3

Shot No.75 - Ik. 27-3 3" A.A. Projcctile with Mk. 51
MT Fuzc and Mk. 54 Auxiliary Detonator,
Cast TNT. Stecl casing fragments arranged
according to mass.
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Plate 4 {

Shot No. 75.- Fragments of Plate 3 arranged approximately
according to rcgions of shcll from which
they came, No attempt made to order
fragmcnts lmving masses less than 1 gram.
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Plate 5

Shot No., 21 - Mk, 27-3 3" A.A. Projectile with M. 51-2
MT Fuze and Mk, 46 Auxiliary Detonator,
Cast TNT.
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Plate 6

Shot No. 23 - Mk, 27-3 3" A,A., Projcectile with Ik, 51-2
MT Fuze and k. 46 Auxiliary Dctonator,
Presscd Composition A-3.
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Platec 8

2 s ot v

Shot No, 23 - Tragments of Plate 6 (Composition A-3)
rearrenged to show origins.




-3,
44»/%0_)::'7/_15
/i

mK
3
Bukc
¢

-a7
/r)-..??a

7
ompos. T wn!

i aLe

LT b IR T B i) R AT




Plate G

Shot No, 58 - hk, 27-3 3" A.A., Projectile with Mk, 51
MT Fuze and Mk. 54 Auxiliary Dctonator,
Prcssed 50-50 Potassium Nitrate/ Composition A,
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Platc 10

Snot No. 58 ~ Fragmonts of Plate 9 (50-50 Potassium
Nitratc/ Composition A) rearrangcd to show
origins,
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Plcte 11

Shot No. 61 -~ Mk, 27-3 3" A.A, Projoctile with Mk. 51 MT
Fuze and Mk, 54 Auxiliary Detonator,
Prcsscd 73-18-9 RDX/Aluminum/Wax,
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Plate 12

Shot No, 61 - Fragments of Plate 11 (Aluminized
Composition A) rearrangcd to show origins.
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Platc 13

Shot No, 30 - Mk, 27«3 3" A, A, Projectile with 25 gram
Tetryl Boostcer and Brass End-plug, cast TNT.
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Platc 14

Shot No., 40 - Mk, 27-3 3" A,A, Projcetilc with 25 gram
Totryl Booster and Brass £nd-plug, Cast
TNT=-D2.
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Plate 15

Shot No., 41 - ik, 27-3 3" A,A. Projcectilc with 25 gram
Tctryl Booster and Brass fnd-plug, Cast
Picratol,
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Plate 16

Shot No., 54 -« Mk, 31-1 3" A.A. Projcetilc with Mk, 58 VT
Fuze and Mk, 44 Auxilisry Dctonator, Cast TNT,
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Plate 17

Shot No. 51 - k. 31=-1 3" A,A. Projoctile with k. 58 VT.
Fuze and Mk, L4 Auxiliary Detonator,
Prcssed Composition A=3.
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Plate 18

Shot No. 54, - Fragmcnts of Plate 16 (TNT rcarrang.d to
show origins.,
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Plate 19

Shot No. 51 - Fragmcnts of Plate 17 (Composition A-3)
roarrangod to show origins,
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Plate 20

Shot No. 09 - Lk, 31-1 3" A,A, Projuctilc with k. 45
VT Fuz. and Fk. 4L Auxiliary Detonstor,
Cast TNT.
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Platc 21

Shot No, 68 - k. 31-1 3" A.A. Projcectile with Mk. 45
VT Fuze and Mk, 44 Auxiliary Detonstor,
Prcssed Composition A-3.
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Platc 22

Shot No. 69 - Fragmcnts of Platec 20 (TNT) rcarranged to
show origins.
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Plate 23

Shot No. 68 -~ Fragments of Plate 21 (Composition A-3)
rcarranged to show origins,
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ing report and noting:

"This report contains results which have been obtained in frag-
| menting Navy 3" i.A. shell loaded with a number of different explo-
sives.  The report also contains a deteiled description of the
methods used at this laboratory for collecting and analyzing the
fragments produced by detonating shell. The procedure differs
from that in use at certain cther leboratories in this country in
’ that the frag rents are collected in sawdust and the separation from
| the sawdust is madc magneticully.

roport that, oven when all shell being
nanufacturing lot, some may differ
from the others; and 1t is recom-
0

It is brought out in the
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iost of the work has involved o compsrison of TNT and Composi-
tion A3 in the 3"/50 shell, ueing several sizes frze cavity.
a

Q

The numbers of fragmnents produced having masses *qa 1l to or greater
than one gram arc 50-70% groater for Compos 1tion A3 than for LNT
the relative numbers varying somcwhat with the slze of fuze tv.
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