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SECTION 1

INTRODUCTION

The first part of this project (Ref, l; ) dealt primarily with propagation

of detonation due to blast effects and with minimum saf« distances necessary

for the s2paration of two or more explosive syatems., This work also in-
dicated that {agments resulting [rom detonation of the donor explosive have

a much greater effrct in causing detonation in the acceptor eaplosive than

pure blast,

R

‘It is the intent of this secund report, as part of the overall project

)

dealing with the matablishment of more realistic safety design criteria for
i explosives storage and manufacture, to deal with the effects of fragment
impact in causing a high-order detonation in the acceptor charge.

Several thedx;eticba.l studies, supported by actiual experience and planned
experiments, were conducted in Great Britian during, and immediately after

Worid War 1II, Investigated were such fuctors as fragment veiocity, casing

thickness, explosive unuit.ivity.' enc =gy required for penetration, and

residual velocitien aftar pAenc'rltion of variouy shells and b'ombu (Ref, 2, 3,

;' © 4, 5), The study covered by this report is bascd primarils on the work cited,
and attempts to interrelate thiese parameiers i» order to predict the possi-
bility of high-order mass det;'mation occurrence i{ a single unit should detcnate
high<order, It is bellev‘./ed that this study will be useful in establishing a basis

for the design of explosive manufacturing and storage facilities.

am hilg o e P
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SECTION I

SUMMARY

\ : ; o .
2 A -..%hod has been established for predicting the vulnerability to high-

ord: ' rietonation of an explosive system (or v. {nerability to mass detonation
of «° ~a‘cq‘:¢3t éxplos.ive systems) in terms of geometry of the sysiem (é. g. cas-
ing.c pfosive weight ratic,, casing thickness) and explosive properties, T‘h‘e
evani =i relationships used to calculate fragment velocties and fragment
size fig!ributions haa beer previousiy developed by other investigations on
the basis of controlled tests in which single regular fragments were fired
agailnz%'variou‘u exﬂoni#es having difierent degrees of shielding, as well as ‘
controlled tests in which a2 variety of shells and bombs of different sizes with
differ .nt explosive fillers were 'détonatcd.

Comparison of actual data (both Britinh and Picatinny Arsenal reports)
on fragment size digtribution for items of various sizes with corresponding
distributions calculated by the relationship incorporated in the above-men-
tioned prediction method, show reasonably close agreement, Moreover,
application of the method to various shell and rocket heads to determine
whether or not each of these items is potentially mass-detonating, yielde re-
sults which are generally consiatent with preaent regulations given in the
Ordnance Safety Manual, ORDM7-224, X

It iv smphasized that although the procedure detailed in this report was
developed on the basis of tests conducted with so-callcd conventional am;muni-

tion items containing standard explosive f{illers, its real significance in a

3
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much broader sense is that it is potentially applicable to any explosive
system or ays:‘:ama {e.g. the newer high-energy propellarni systems,
reaction or mixing vessels in propellants and explosive manufacture)

for prediction of ‘ee:sin'vity and/or mass-detonability,
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SECTION III

CONCLUSIONS

1. A procedure has been developed whereby, knowing the overall
geometry and dimensiona of .an explosive system, as well as certain ex.
plosive and confinement characteriatics (which, if net already available,
can be detormined by emal’ zcale tests), the sensitivity of the system
can be determined and a reasonably reliable prediction n*‘u..de as to its
vulnerability to high order detonation by fragment impact {or its potential
ability to coi tribute to propagation of an explosion, when considered in
relation to any specific environment of adjacent explosive systems) by a
straightforward arries ~f calculations,

2. Application of the proposed procedure or portions thereof to
various shell and rocket heads yields nesults which are generally in agree-
ment with the Ordnance S>faty Manual {wilh & few exceptions) as to the
ability of these items to masg:-detonate, as well a8 with actual data on frag-
ment size distributions. This agveament supports the reliability of apply-
ing the proposed procedure to predict potential behavior in ;Auch highly im-
portant cases as those involving the newer high-energy propulsion systemas,

and in-procest situations (e, g. nitration reactions, propellant mixing

operations).
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SECTION 1V

RECOMMENDATION

"It {s recommended that the methods outlined in this report be adopted
for the calculation of output and sensitivity factors fcr eexplblive materiale
(particularly the newer highk-znergy propellant formulations), and for pre-

diction of the gross miass-detonability characteristics of systems in which

< el i s i ST

these materials are present, The latter application represents an initial
screening which permits placement of an explosive system into either cne
‘of two categories, namely, (1} non-mass dﬂonable.f (no distinction being

made as to degiee of probabllity) and (2) rﬁaal-det:cnable by fragment im-

pact.

7 SECRET
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SECTION V

_STUDY

Theoretical Backlround

A fragment resulting from the detonation. of a cased explosive possesses
a certain initial velocity depending on the expiosive to casing weiéht ratio and
the explosive output. If the fragment strikes an acceptor exclosive with
sufficient kinetic energy, it penetrates the shell and may cause detonation in

the acceptor., The order of detonation (whether it be high order, low order

icr or hurning ) depends on the kinetic energy of the fragment, material

and thickness of casing, and sensitivity of the acceptor explosive, This can be

represented in the following manner,
Critical Boundarv
7/ striking striking
/ velocity velociiy

lL.ow order detohation :
Deflagration iigh order detonation

Burning

No action

ensnnmupe StTiKing Velority it
As indicated abave, the critical velocity {V,.) represents that value below
which a fragment of mass (m) will cause no action in an explosive of sensitivity
(K) when surrounded by a casing of thickness (t).
Similarly the boundary velocity (Vg) is that value below which high order
detonation will not occur, It is noted that <he area between the critical velocity
and boundary :-:ieci:y is the*“ arax where accurrernce of low order detonation,

dofiagration or burning is expmacted. It is the primary'concern of this report

9
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to establish means for predicting those cases in which high order

detonation propagates from one explosive system to the next due to

- fragment impact, Therefore, boundary velocity is the only hasis of

interest and is used throughout this report, It will be shown by the
equations presented below that one can prc';lict. the detonztion auscepti-
bility of any cased charge to high order dctonaticn due to fragment ini-
pact, if the geometry and explosive characteristics of the system or
aystema;under consideration are known. These equations :nay also be
used to ralculate explosive ouiput and seﬁsitivity factors, once the
necessary fragment velocities and distributions have been measured,
Cne equ.atiori which deals with fragment initial velocity (Ref, 2.} is:
[____ N kf]1/2 ()
Where —=— = explosive to casing wt. ratio (in lba.)
k = constant designating explosive output
{ = factor depending on _EC:— ratio (Appendix A)
Another relationship worked out by Dr, TGurney of the Naval Ordnance

Laboratory (Ref, 6.) and found to give results slightly higher than, but

generally in good agreement with the above relationship, is

F[ E/C Jva ()

1+ E/2C

Where VZE'H is Gurney energy constant similar in function tp (k)
above, and [—-—g—-] 18 the explosive to casing wt, ratio,

The fragme ntaticn: pattern and the weight of the largest fragment
10
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resulting from the high order detonation of any explosive system were
c.;alc.'u.lated according to rel-tionships developed ov the basis of theoretical
considerations and confirmed with a lax;ge number of tests (Ref, 2 )‘.

The number of fragments obtained from high order detonation of a

siell is given as:

In Ny = 1n (C'Ma) - T%. (3)

when N(") = no, of fragments larger than (m), C' and My are fragment

distribution constant and fragment distribution pararneter respectively,

and M = miﬂ {square root of mass in ounces).

The fragment distribution parameter is defined by the egquaticn

56 1/3 tay
Mj = By, ¢ 1+ g (3a)

t

where

av = average thickness of the casing section being considered
{inches)

d; = average inside diameter of the casing (inches)

B = constant depending upon the explosive and casing material
The fragment distribution consiant is defined by the equation

C

c' =

whave (C = total weight of metal casing
The largest fragment produced in an explosion can be found by setting
In N(x) = { in equation (3)
Thus M = My In (C' My) (4)
In establiviving the criteria for mass detonation of cased explosives the

11
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donor fragments are assumed 4, have | )

rectangular shape and be made

of mild stegl. The velocities on gtriking the acceptor are considered

to be the same as the initial va)ocjties of the fragments because of the

assumed close proximity of thy acceptor. A detonation is considered

possible when the initial velocigy of the fragment is equal to or greater

than the minimum velocity whiny ;4 necesegary to penetrate the casing

and still have sufficient kinetic energy to cause high order detonation
of the expiosive. This latter vyjye is defined as the boundary velocity

(vs)' and can be calculated, aCcording to Reference 3, from the follow-

ing equation:

Ke(5' 37 t/m”3

)

2
\A

{5)
m#3 (1433 c/m,‘/3)

where K = explosive sensitivity contant, (derived experimentally)

t = thickness of the casin& (inckes)

m =mass of the {ragment ¢ o, )

In order to allow for the mogy stringent conditions, the caring

thickness (t) of the acceptor i8 tyken as the thinnest portion of the cas-

ing und (m) is taken as the mass 4 ¢}, largest iragment produced by the

donor shell (or that portion of thy donor shell under consideration). In

every case, therefore, the calculaied values were for the largest fragment

penetrating the thiniest casing (i, ¢ the geverest possible case),

By combining the above relat;onchips in the proper manner and apply-

ing them to any given eituaticn i Hecomes possible to pradict what the
mass detoaation characteristics are for any set of donor-acceptor conditions. g

It also becomes possible to deterryine what types of shielding or distance

12 SECRET

o e
o i e il SR AN D DO 0 i a et Do i AR ek e g BT b

4o -

e rd e e s g A

LIS PSR e

1 e B e S 5

37— gk, e

Lt bt et a1 R



T taan it

e

P L i

R el T s

e 1 Wi dhrant e B et

W e i e

SECRET

separation are necessdary to elinrm"xa.te thr hazard of mass detonation

or propagation of detonation in any donor-acceptor situation, However, this
latter aspect will be covered in a subsequent report.

BESULTS:

By mll'eanu of equation (5) a series of graphs (Appendix D, Figures 1
through 6)l‘were prepared, one for each of the more common explasives for
which sensitivity data are available., These graphs show boundary velocity
(V) as a function of fragme;nt size (m) for constant values of casing thick-
ness, The values of (K) used for each explosive were those given iz refer-
ence J and are listed in Table 1. (Appendix B)

In order to predict the mass detonation chanctex:-ilticn of va:,?ious shells
and rocket heads, the fragmentation patterns were calculated from equations
(3a) and (3b) aénd the size of the largest fragment was determine'_l by setting
equation (3) ei;ual to zero and solving for (M)(M=mlfz). The initial fragment
velacity of thé.donor.wau calculated using equation (1) and the velocity of the
largest fragment produced by the donor which could detonate the acceptor
high order {boundary velocity), was deterinined by reference to the graphs
in figures 1 to 6. If the initial velocity of the donor fragments was {ound to
be greater than the boundary velocity far the acceptor, then fhe iteia under
consideration was considered mass-detonable. The results for a number of
standard iteme loaded with TNT and Compusiiion B are given in Table 2,

In making tliese calculations the donor shells were considered in sections.

Fragment initial velacity, {ragment size, anc houndary velocity were cal-

13 SECRET
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culated individually for eacin section,

Consideration of the donor shell in sections was necessary, since
the equations uscd are based on the assumption of cylindrical cased
charges (i, e, consiant cross-sectional area) an orm casing thick-
negs; therefore, each item was divided into base, middle. and nose
‘sections in such a way that equivalent cylinders could be constructed
having average wall thickness, average charge diameter, and the same
casing to charge weight ratic as the original aection. {Only cylindrical
portions in contact with the e'xplosive were considered ). For each sec-
tion the fragment of largest maas and its corresponding initial velocity
were calculated. The boundary velocity for each of these iragments was
then determined auurﬁing impact av the thinnest portion of the acceptor
charge casing, Where the acceptor was shown to bé mass-detonable, the
9ize of the smallest fragment which could cause detonation, and the total
number of fragments capable of causing detonation were calculated. The
smallest fragment was found by setting’ V) in equation (5) equal to(V,)ob-
tainrd {rom equation (1) and mlkwing for(m), The number of fragments was
determined by substituting this value of gm)in equation (3), The value of
(m)can also be found from graphﬁ 1 -6 using{Vo)for(V,), Table 3 gives a
summary of all the items for which calculatx:onn were imade and ihe com-
parison with present safety manual classification.

Table 4 shows a comparison of fragmentation patterns obtained in
actual tests with those calculated from equation (3),

14
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Appendix C gives a sample calculation in detail for a 90MM shell filled

with TNT, and with composition B (Drawing No, 75-18-42),

DISCUSSION OF RESULTS:

In the darivttion of boundary velocity, certain assumptisns ware made
which are se follows:

{1) The fragmen& rﬁun penetrate the casing to cause high order
detomation. (i.e, for any given fragment mass to cause detonstion of a par-
ticular explosive, the same minimum kinetic energy must be available to
the explosive after penetration losses which vary with casing thickness),

(2) The fragment striking the casing of the acceptor has the shape
of a rectangular prism, |

(3) The fragment strikes the casing of the acceptor normal to its
surface.

(4) The fragment and the casing are cf mild steel.

The uiumpﬂon of rectangular shaped fragments and the normal angl-
of the fragment attack were made because these represent conditions under
which boundary velocities would be minimised. thaveby tending toward con-
servative predictions concerning vulnerability to mass detonation, The
comparison of the results of actual tests agree well with the results pre-
dicted from these tests. From the results presented it can be seen that the
sensitivity of the explosive in the acceptor 58 a major factor in classifying

the mass datonation charactaristice of an expleosive system.

15
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'I;he gragmentation patterns. as obtained from the above formulas,
were con;pax'-ed with the experimental resuits obtained at this Arsenal.

The agreement is reasona}uiy close for all rounds compared (81 MM,
90MM and 155MM shel]s);" Another comparizon was mAade with the ex-
srimmenial results trom keference 7 and the calculiited bounddf-; vel-
ocity for 1/4 oz fragmem'.‘s striking 60/40 RD),(/TNT explosive contained

in 0. 08 inch thick casin,é. The calculated value for boundary velocity
using equation (5) is thvé; same as the cxperimental value obtain?d in
Reference 7. It is worth mmentioning that the data in vReference 7 are
completely indepen?lent of the data which formed the basis for this re-
port.

A comparisonfof the calculated reflultl for various types of ammuni-
tion with the Ordnance Safety Manual {Ref, 8) cuncerning mass detonability
{Tabie 4) indicated good agreement with the following exceptions:

a. 90MmM and 105MM shell filled with Composition B and 240 VM
snell 11iled with TNT, where the calculated values indicate a possibility of
maess detonation occurrence while the Sai»ty Manual excludes them {from
class 10 explosives,

b. 81IMM MS56 mortar shell filled with TNT where the calculated

valuci indicate that mass detonation wiii not occur while the Safci’y Manual

includes this item in the class 10 category,

Frormn the above discussion it can be seen that the relationships pre-

16
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sented in this report have far reaching slgﬁﬁicance particularly if con-
firmatory ‘expﬂrimﬁnm prava their senoxal character ia prediciing
quantitatively the mass detonation characteristics for any explosive or
propeliant system. The significance lies in the fact that they can he
applied to any explosive systern such as vessels, items of ammunition,
process etc, where the mass detonation haczard is ever present, Of
particular importance is thelapplication of these calculations to the de-
gign of new manuwfacturing plants and storage facilities for the new high-
energy propellant missiles. Of immediate interest is the use of these
relationships to e!tabn;h the value of t‘l'.xe missile impact senaitivity
factor (K) and the nutput factor (k) for thease high #n~>gv propellants.

Once the various types of propellants have been characterized by these 1
factors, the mass detonation characterissics of systems in which these
propellants are utilized, can be determined. This will be a major phase
of study in future work in tae overall program. This program will also
include tests to confirm the accuracy of the proupused relationships. as
well as further study of available information relating to vulnerability of
explosive systems to fragment impact and miasé detonability aimed at
refinement of the prediction criteria in tecrms of such factors as minirnum
safe distance and shielding between explosive systems for prevention of

propagation by fragment impact, and striking probability of fragments.

17

SECRET



B -
C -

c’-

do-~
E -
ZE' -

Kk -
K-
m -

M -

mg -
N(d)-

Nix)-

,-' SECRET

::GLOSSA.RY OF TERW‘
constant, deaignatii}g an explosive and casing material in equation 3a
weight of metal caa;Lng (1bs)
constant in the frn@ment distribution f'ormulaw
inside diameter of the shell (in)
outside diameter of the shell {in)
weight of charge (lus)
Gurney energy constant in equation(2)
factor depending on E/C in the initial velocity equation
constant designating explosive output in equation(l )
constant designating explosive senaitivity in equation &)
{ragment weight (oz) |
ml2
fragment distribution parameter
mass of smallest fragment which can cause detonation (0z) (when V4=Vy)
number of {ragments larger than my
number of {ragments larger than (in)
thicknesn of the rretal casing (in)
minimum thickness of ihe rnetal casing (in)
fragment initial velocity (ft/uec)
critical velocity - striking velocity of a fragment below which '"ne action'!

will take place (ft/sec)

18
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GLOSSARY OF TERMS (CONT'D)

Vg - Boundary velc:ity - striking velncity of a fragment below which no
H, O, detonation will occur (ft/sec)

H. O. - high order detonation occurrence

19 SECRET
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Various Explosive Constants used in Calculations

Summary of Calculated Values Relating to Detonation
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Comparison of Calculated Results with Safety Manual
Requirements
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TABLE I

Various Explosive Constants used in Calculations

Explosive

Peuioiiie
Comp. B,
RDX/TNT (75/25)
RDX/TNT (70/2)
RDX/TNT(€60/40)
Torpex
Tetryl

s
TNT
Hexanite

Amatni

V2EF
[Ref. 6
7, 550
7,880

7,850

7,950
7460
7,710

6,950

k/(107) K/ (10%) B
\ (Ref. 2) (Rel. 30 (Ref. 2)
.- 2. 780 e—n
.- 3,244 cone-
44 4.148 27
. 3,564  amenae
5.2 eeeea .24
3. 16. 303 .3
.3 .32
2.7 14. 536 .35
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TABLE III

Comparison of Caiculated Results with Safety Manual
Requirements

Masgs Detonation
Characteristics

Iiem Lxplosive Calcul. Results Safety Manual
76MM (M42A1) TNT No No
76 MM Comp B No No
90MM (M71) TNT No No
I0MM Comp B Yes No
105MM (M1) TNT No No
105MM Comp B Yes No
155MM (M-107) TNT No No
240MM (Mil4El) TNT Yes No
280MM (T122E3) TNT Yes Yes
4.2 oz (M3:.4) TNT Yes Yec
Rocket head 3,5 in.

M35Al1 Comp B Yes Yes
Rocket head 4,5 in.

M32 Comp B Yes Yes
81MM M56 TNT No Yes
60MN. 149A2 TNT No No
Note: Yes - Popsibility of mass detpnation occurrence

No - Nngoccurrence of manss} detonation
B-5
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TABLE IV

Comparison of Calculatad Fragmentation Patterns with Experimental
Results obtained at Picatinny Arsenal

Shell Esplosive Range Number of Fragments

- { in oz's) Calcylated Experimental
BlMM Comp B over , 34 22 9-17
(M 362) 22-, 34 35 20-25
} 55 MM TNT 17-5. 7oz 120 160
M107 over 5,7 2l 30-40
105MM TNT 34-1.7 255 300
Ml " 1,.7-5,7 40 30

Comp B 34-1.7 300 250

1.7-5.7 30 : 25-40
90MM Comp B 34-1.7 155 200
M7l over 1.7 23 20-30 .
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APPENDIX C

SAMPLE CALCULATION

Basis: 90MN M71 HE Shell
Drawing No.: 75-18-42

MeAl WAL TH KNG SS 45

e 4';‘ s
8438 MDD B ANose
SEcTioNn SECTioN S&cTioas

1 Base Section: (TNT loaded)

Average di = 1. 60 incher
Average do = 3,54 {nches
Averaget = 0,97 inch
Length = 0,80 inch

Total Volume « 9, 80 (3. 54)3(0. 785) = 7.85 cu. inches
Volume of i.iplosive = 0,8 (1, 6)2(0_ 783 = 1,85 cu. inches
Yolume of Caming = 7,85 - 1,85 = 6, 00 cu. inches

Density of Exulosive = 1,55 {0, 036) = 0, 05354 iba/cu, inch
Weight of Explosive {F) = 1, 85 (0, 0558) = 0, 103 1bs.
Density of Casing = 7,8 (0, 036) = 0, 281 Ibs/cu, inch
Welight of Cazing {C) = 6 {0 81} = 1,67 1bs.

L]
Initial Fragment Velacity {Vo) = ,___f;j_ (kf)

-

0,103 (3,6x10') (1)
1. 67

= 1470 £t, /scc,

C-2 SECRET
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L i t
Fragment Distribution Parameter (M) = Bt:’/°di e (1+ T )
5/6
0. 30,9771, 60y (1,

= 0.54

1

Fragment Parameter Distribution Constant (G') = C /?.M'

_1.67 (16)
7(0 54)

(M &| C'! are both expreued on the hasis of inches and cunces, )

= B4

Calculégon of Largest Fragment

N, = In(C'Mu) ~ M
Ma

Liet Ng = 1; then In Nx =0

M=M ™ -
Aln (C MA)
= 0,54 In (84 x 0, 54)
=.2,9
- m= M' = 4oz, .37 (tm/mln)
Boundary Velocity (V,) = Ke
m& (143, 3 '—r/s )

Note: tm = overall minimum shell thickness

5. 37(0. 45/1.58)
0. 45 }
1. 58

16, 303 (10%)e
2.5(1+43,3

Vs =

= 3920 {t, /sec. (this value mnay also be obtained from

Graph 2a, Appendix D)
Since Vs > Vo no High Order detonation will take place,

Cc-3
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"I Middle Section (Composition B loaded)

Vo = 2,800 ft, /sec

Vs = 1,800 ft, /sec.
(calculated same way ax outlined above)
aigh order

Vs<Vo, therefore there exists a possibility of
detonation cccurrence,

Calculate thej smallest fragment which will cause a high order
detonation dve to impact by setting Vo = Vg, lhus Va = 2800
Find from fijure 53 rnass of a fragrment corresponding to

Ve =2,800 and ty, = 0, 45. Thus m = 2 oz

Calculate the number of fragments (N(x which might cause a
high order detonation in the acceptor explosive using formula

1n((‘M M

1’1 N(X)
. My
In (1,170 x . 377 1. 42
in N(x) = 1n( x ) - 377

Rog = 17
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APPENDIX D
Drawing -  F75-18-33 D-2 N
F75-18-42 D-3
F75-4-75 D-4
F75-4-99 D-5
75-4.92 D-6
P81726 D-7
F75-4-453 D-8
F82-5-207 D-9
F82-5-84 D-10
F75-2-283 D-11
F75-2-539 D-12
X
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APPENDIX E

Graphs -- Relating to Bouandary Velocity, Fragment Mans
and Casing Thickrn~es

Fig. 1. TNT Low Range

Fig. la, TNT High Range

Fig. 2. Torpex Low Range

Fig. 2a. 'TTorpex High Range

Fig. 3. RDX/TNT 70/30 Low Range
Fig. 3a RDX/TNT 70/30 High Range
Fig., 4. Pentolite Low Range

Fig. 4a. Pentolite High Range

Fig. 5. RDX/TNT 60/40 Low Rauge
Fig. %a. RDX/TNT 60/40 High Range
Fig. 6. Amatol Low Range

Fig. €a, Amatol High Range
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