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FOREWORD

This report describes simple techniques, which have been developed over mnany vears,
that can be used as tools to predict a munition’s reaction to several stimuli. An explcsive's
response to shock-to-detonation transition (sympathetic detonation) can be predictec: from
large-scale gap test data. The techniques for predicting fast or slow cookolfT time and se verity
of a reaction use laboratory data on the explosive, transient heat flow equations, and small-
scale cookoff bomb test results for the reaction.

The study has been performed by the Naval Weapons Center (NWC), China Lake,
Calif., over more than a decade, with data inputs from many programs. The work was
supported by the Naval Air Systems Command under AIRTASK A540-540A/008-
0/7000000001.
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INTRODUCTION

The purpose of this report is to describe selected methods and techniques used to
predict three major items: (1) sympathetic detor:ation of two similar munition rounds at zero
or near zero separation distance, (2) time to cookoff for a munition round under fast or siow
cookoff test condition, and (3) the severity of the cookoff reaction. These methods and
techniques are described in greater detail later in this report.

The operation in predicting a given event and examples of its use are given in this
report. The discussion encourages use of these tools to screen existing and candidate
explosives for application to a specific munition. The method could also be used to determine
or evaluate the shock and thermal behavior of a given munition in regard te safety aspects of
its use and storage.

PREDICTIVE METHODS AND TECHNIQUES

PREDICTING SYMPATHETIC DETONATION

Sympathetic detonation involves the explosion or detonation of an explosive
(acceptor) induced by the detonation of another explosive device {(donor). The donor may be
identical to the acceptor or it may be a different device altogether. Because munitions of the
same type are usually stored together, it is typical to test identicul donors and acceptors,
although it might be possible to learn more about the sensitivity of cased explosives if a
standard donor were used in all sympathetic detonation testing. In this report, the acceptor
reaction is limited to a detonation, and the spacing between the donor and the acceptor is zero
or near zero. Only one each of like donor and acceptor munition rounds is considered, and the
donor fill is considered to have an explosive output similar to H-6 or Composition B explosive.

The development of an empirical method for predicting sympathetic detonation in a
test is based on the calculated shock pressure at the interface between the high explosive and
the munition case wall of the acceptor as developed by the donor munition. The induced shock
pressure in the acceptor munition at zero or near zero separation distance was found for four
different munition types. The calculated values for the 105 mm projectile were obtained from
Reference 1; the calculated values for the Mk 81 and Mk 82 general purpose (GP) bombs are
from Reference 2. Data on the Mk 40 warhead are from Reference 3. The information is listed
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in Table 1 with their calculated data and plotted in Figurel as inside diameter (inches)
versus induced shock overpressure (kbars) in the acceptor.

The threshoid for detonation of the explosive in ithe acceptor munition can be
estimated from the large-scale gap test (LSGT) data (Reference 4); the data used are listed in
Table 2. Gap pressure data from other sources, which use a larger acceptor charge diameter,
are also included. These are the expanded large-scale gap test (ELSGT) (Reference 5) and
8-inch diumeter heavily confined gap test (8-inch LSGT) (Reference 8). These larger scale gap
tests were developed for measuring more shock-insensitive explosives.

Experimental data from sympathetic detonation tests from sources given in
Reference 7 and related sources are listed in Table 3. The shock data given on. each explosive
are plotted ir Figure 1. The calculated line 1n Figure 1 is the predicted separation between a
go and a no-go in a sympathetic detonation test. The experimental data indicate that the
predizted separation line is reasonably accurate. Exceptions will occur when the explosive
output is well below the output of the H-6 or Composition B, such as the TNT/aluminum/wax
mixture in Table 3. Then the apparent initiation pressure will also drop in value, as noted in
Figure 1.

Using gap pressure data for a specific explosive can give a rough idea of what
maximum munition size can be used and not initiate in a sympathetic detonation test. The
plot in Figure 1 can be used in a limited manner on a new explosive. The graph is meant Lo be
only a guide in the development or application of an explosive.

PREDICTING FAST COOKCFF TIME

A method used to predict the tiine 1o cookoff in a fuel fire for a munition is briefly
described below. .

Heat from the fuel fire is transferred to the warhead by free convection and radiution,
and transferred within the munition by radial conduction: into the liner materia! and the
explosive. According to Reference 8, a simple equation for heat transfer through a unit area
has, on integration, yielded Equation 1. Use Equation 1 to determine the cookoff time of an
explosive-filled munition in a fuel fire.

- - = (n
g tn(Tf 7')/(’1". T‘.) Bt
z where
|
e Tr = Name temperature, K i
® T = temperature, K, at time, t, seconds !
FTF T, = ambienttemperature attime of test, K
=y B = equation constant determined from laboratory Jata

“d
E&{. b
-
h.‘\" -

{8 values as determined from laboratory data are listed below for selected case thicknesses of
steel. These values have been verified for a fuel fire condition. Other values of §§ can be
determined from Equation 1 or from a log P versus log steel thickness plot.
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Case thickness, inch B, 1/second
0.500 0.0018
0.250 0.0037
0.128 0.0070
0.083 0.014

Once the P value versus steel thickness of the munition has been calculated,
determine or select the flame temperature of the fuel fire. A typical value would be about
1300°F. Next, using Equation 1, determine the heating rate from 500 to 600 K at the inside
surface of the munition case. This is an approximate temperature range where some
explosives (e.g., RDX), huve a max:mum exothermic peak in this heating range.. Once the
heating rate has been determined, the actual exothermic prak temperatue for a given
explosive can be determined from laboratory data (e.g., differential scanning calorimetry
(DSC) thermal patterns for the specific explosive in question). Normally, the DSC patterns
are determined at a series of selected constant heating rates. An example of this type of data
is given in Table 4 on PBXN-106 explosive. The data presentation consists of a plot of log
heating rate/T,,2 versus 1/T,, as described in Equation 2.

tn(heating mle)(b')/(T:R) = tn ABIRT ) (2)

where
heatingrate = K/s
Tm = exothermic peak absolute temperature, K

A = frequency factor, /s
E = activation energy, kcal/mol
R = 1.987 cal/mol-K

From this plot the activation energy, E, and frequency factor, A, can be calculated.
An example of such a plot is given in Figure 2 from the DSC data in Table 4. The value of T,
corresponding to the heating rate as determined above, is used to determine the time, t, from
Equation 1. This is the predicted time to cookoff in a fuel fire for a bare case without internal
liner material or external coating material. This time to cookoff does not include the time for
the fuel fire to reach a "constant” temperature. There is usually a warm-up time of about 13
seconds for the fire to reach 800 K. Since almost all munitions have an internal liner of some
type, Equation 3 describes the time-temperature relationship:

tnf=¢tnt+CN 3)
where
t' = time, in seconds, at liner/explosive interface
t = time, seconds, from Equation )
C = constant for liner material, 1/mil

N = thickness of liner material, mil

The value of ' is the predicted time to cookoff for a given munition using an internal lincr
material. This is an empirical equation and does not consider chemical or phase changes that
may occur in the liner material.
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PREDICTING SLOW COOKOFF TIME

A method haa been developed to predict the time to cookoff for & munition undergoing
the slow cookoff test. The slow cookoff test hus Lhree stepa in its operation. These are (1) the
initial warm-up time to the soak temperature, (2) the time 2t soak temjperature, and (3) the
time to cookofT at u 3.3 K/hour heating rute. The temperature at cookofl san be estimuted on
the explosive used in the munition after the explosive has been svaluated using Equation 2
and a plot of the DSC data of the explosive in question has been obtained. These terma are
seen in Equation 4:

F=t+t+0 )
where

t" = totel time, hours

t' = warm-uptime, hours

t" = souk time, hours, at a preselected temperature

t* == time Lo -ookoffat 3.3 K/hour

The predicled time to cookoff cun be estimuted using Equation 4. In an air-type oven,
the warm-up time, t', takes about an hovr to reach the soak teamperature, but may require
days for a lurge munition. The scak temperature is usually 60 K below the predicted cookofY
temperature. The time held at this preselected soak temperature is bused on the size and
mass of the munition. For example, a munition weighing a couple hundred pounds could be
soaked about 8 hours. This does not mean that the entire munition is at soak temperature,
but that the munition case is at or near the soak temperature. After the soak period is over,
the oven temperature is raised at a raiap rate of 3.3 K/hour until cookoff occurs.

PREDICTING SEVERITY OF COOKOFF REACTIONS

This section encourages the use of a small-scule sookoff bomb (SCB) as u toul Lo assess
the severity of the couvkoff reaction by examining the SCB case and witness plate damage
caused by the explosive when subjected to external heat. Criteria are provided in Reference 5
for rating each test result as a burn, deflagration, explosion, or detonation based on the degree
of damage sustained by the test fixture.®

The SCB experimental arrangement, materials, and procedures are given in
Reference 9. The series of heating rates used in this study on severity of a cookoff reaction
were approximately 2 K/second (similar to a bare munition case in a fuel fire), 0.2 K/second
(similar to a thermally protected munition in a fuel fire), and 3.3 K/hour (the heating rate
required for slow cookoff). The SCB tests can empirically demonstrate the cookoff reaction of
the full-scale tests of munitions.

* The SCB test fixture hus been in use since 1968 with many hundreds of tests performed. For example,
the SCB applications with other explusives and propellants in References 10 and 11 have shown good correlation to
resulta from full-scale tests,
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APPLICATION

An application of the methods and techninues described in this paper is made using
PBXN-108 ¢xplosive. This is a nonaluminizsed RDX-based explosive intended for
fragmentation munitions such as mixsile warheads and projectiles. This explosive has been
tested in several projectiles and u 500-pound GP bomb.

The praojectile of interes: is the Mk 64, which has been studied in a series of
sym,athetic detunation tests. With a LSQT value of 30 kbars, the prediction line ir Figure 1
would predict & non-reaction in the M 44 projectils. The experimentsl data guve a non-
resction for this series of testing.

The predicted fast cookoff time is determinod in the following munner. The Mk 64
5"/54 projectile har a 0.85-inch-thick steel case wall with a 128-mil-thick internal liner
material. The B value was dolermined for 0.65-inch-thick steel from a log-log plot of the
values versus steel thicknesses given above. The B value was 0.0014 1/mil. Using
Equation 1, the hesting rate was about 62 K/minute between 500 and 600 K, as shown below.

t = [en(1300 - 500)/(1300 ~ 327))/0.0014 = 159 seconds
t = [¢n(1300 - 600)/(130C - 300)//0.0014 = 255 seconds
Heating rate = (80){600 - 500)/(255 -- 159)} = 62 K/minute

At this hesting rate, the peak r:action temperature is first estimated from the datc in
Table 4 at 50 K/rainute. Using thi= estimate at 339 K and the plot in Figure 2, the eatiinated
temperature is 544 K. On re :atering this temperature at this heating rate, ihe final
predicted temperature is 543 K. At this tezuperature, a bare and unlined projectile woutd
havs a predicted fast cookoff time of 199 seconds (Equation 1).

t = [€n(1300 - 5431/(1300 - 305)1/0.0014 = 199 seconds

This projectile uses a 12%-mil-thick liner material of palyrrotylune/polyethylene,
which has a C value of 2.0017 V/mil. Using Equation 2,

¢nt'= £n(199) -+ (0.0017)(125)

t' = 246 + warm-up time of 15 seconds

Predicted time = 261 seconds

Time measured = 262 seconds (average of four tests)
(Data range = 249-271 seconds)

This technique of predicting the Lime to cookoff for a munition in a fuel fire can be done by
using Equations ! and 2 and data such as that given in Figure 2. This prediction is based on
laboratory data.

The slow cookoff predicted time depends on the time to reach soak temperature, the
time held at the soak temperature, and the time to reach the cookoff temperature at
3.3 K/hour. In the slow cookoff test, the Mk 64 projectiles were conditioned at 366 K for 8
hours prior to commencing the controlled temperature. The predicted cookoff temperature is
determined in a manner similar to a fast cookoff calculation. Divide the 3.3 K/hour by 3600

by
30
s"'
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followed by the lowest tzmperature squaured in Table 4 (481 X 461), which would yield a value
of 4.3 X 10-9/s-K. This would correspond to a temperature of 461 K. Using this temperature
of 451 in the same manner, a final temperature of 452K is obtained for & heating rate of
3.3 K/hour. The predicted time to cookoff would be:

Prodicted time = (452 - 366)/8.3 = 26 hours
Total time = 26 + 8 = 34 hours

Since the data for cookoff time were not available, the predicted cookoff tamperaturs
was compared to the experimental valuse. The rvedicted temperature at cookoff for this
heating rate of 3.3 K/hou.' was 462 K. The exr:cimental vailue for the PBXN-108 explosive
had an average value of 428 K for both Mk 85 and Mk 64 projectiles. A thermal stability
probiem has been detected during aging at elevated temperatures in reiated studies.

Ther cookofT reactivn of PBXN-105 has been tested at NWC only once in a SCB under
conditions similar to & fast cookoff tzat. The cookoff reaction was mild, bu. under heavier
confinement, the coukoff reuction Yius been more severe. The fast cookolY test rusults were a
buining reaction with both Mk 165 and Mk 64 nrojuctiles. The most vinlent slow cookoff
reaction of a projectile was an explosion (Reference 7).

The use of these predictive techniques with other explosives and propellants are given
in References 10 and 11. The laboratory results were used to predict the temperature of
cookofT and the time to cookofY of full-scale test iteme or munitions.

COMMENTS

The techniques and methods given in this paper can be used to evaluate a new or
existing explosive in regair to sympathetic detonation with similar munitions as the donor
and the acceptor. Figure 1 is only a crude estimate of the pressure at the acceptor
ch.se/explosive interizce as developed by the donor. When the donor explosive has a lowered
detonation pressuie value, as in the case of the wax being added to TNT-based formulations,
this will reduce the preasure at the acceplor case/explosive interface.

The application of these techniques and methods for predicting the time and
temperature for fast and slow cookoff tests have been in use for many years with good results.
They are simple and easy to use. They are a guide to estimate the cookoff time for a munition
that may have changes ir explosive fill or liner material.

The SCB and similar test fixtures have been in use for almost 20 years. The main use
is in the development of new explosives and liner materials tc help assess the severity of the
cookoff reaction. The level of confinement can be changed to match more closely the munition
being studied. The help here is in matching a given explosive formulation to a specific
munition.

-

P
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TABLE 1. Calculsted Shock Pressuce in Acceptor HE at
Separation Distance Listed for Sympathetic Detonation Tests.

Size, ine induced acceptor
T ostitem Donorlugoptot shock pressure, Reference
oD [[»] SO expiosive kbars

M1, 105 mm 4.1 33 0.0 Composition 8 24 1

. 0.4 l 42

08 36

1.2 38
Mk 81 bomb 9.0 8.2 0.1 H-6 58 2
. Mk 82 bomb 08| 99| o7 54 2
Mk 40 warhead 16.5 15.0 0.0 106% 2
9.3 40.5 3
1.7 28.0 3
15.3 17.2 3

40D = outside diameter; 1D = insid¢ diameter, SD = separation distance from munition
surface to munition surface.
b Estimated from data in Reference 3.

TABLE 2. Selected Initiation Shock Pressure Values for
Several Explosives and Propellants.

Shock pressure, kbarse
High explosive Density,
or propeliant g/lem3 LSGT | ELSGT | 8-in.LSGT
TNT 1.62 44(C) | ~15(Q) 14(C)
Tritonal 1.72 46 (C) 15(C)
AFX-1100 1.59 50(C)
Destex 1.61 51(C)
TNTNQ vee cee 42(C)
TNT/aluminumAwax vee ves 54 (C)
ROX 1.64 7(P)
Composition A-3 1.50 15(1)
CompositionB . 1.72 19(C) 12(C)
H-6 1.75 30(C) 13(Cp
RDX/NQ/PU ves ~80 (C)
Ammonium picrate 1.5% 36 (H)
. PBXN-103 1.88 54 (C)
RBXN-106 1.64 30(C)
PBXN-107 * 1.65 41 (C)
PBXN-109 1.66 24 (C)
. PBXC-117 1.76 32(0)
PBXW-113 1.67 27 (C)
PBXW-114 1.70 27 (C)
PBXW-115 1.79 47 (C)
PBX(AF)-108 1.56 21 {C)
N-12 1.54 86 (P)

eC = cast; P = pressed; H = hydraulically pressed; | = isostatically
pressed.

b The estimated 13 kbar value was determined from the 8-inch
LSGT data on TNT, Tritonal and Composition B.
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TABLE 3. Sympathetic Detonation Test Dets.

Munition type oD 1D, in. ve I tion
Mk 165 76 mm 20 Composition A-3 Yes
76 mm 20 PBXN-106 No
M1 projectile 105 mm 33 Composition 8 Yes
HEP projectiie 105 mm 38 Composition A-3 Yes
Mk 64 554 35 Composition A-3 Yes
Composition 8 Yes
H-6 Yes
Explosive D No
PBXN-103 No
PBXN-106 No
PBXN-109 No
PBXC-117 No
PBXW-113 No
PBXW-114 Nos
PBXW-115 No
] ) v PBX(AF)-108 Yo
Steel cylinder Sinch 45 N-12 No
* 155mm 4.7 Composition B Yes
155mm 4.7 TNT Yeas
Mk 81 bomb 9.0 inch 8.2 Tritonal Yes
8.2 H-6 Yes
8.2 PBXN-107 Yes
Mk 82 bomb 10.8 inch 9.9 Tritonal Yes
9.9 RDX/NQ/PU No
1 1 9.9 H-6 Yes.
9.9 TNT/aluminum/wax No

¢ One test reacted at a standoft distance of 3 inches.

TABLE 4. DSC Data for Thermal
Decomposition of PBXN-106 Explosive.

Heating Peak Heating
rate, temp., Temp., rate/Ki
K/min K 1K x 103 x 107
0.1 461 2.170 0.0785
0.2 467 2.143 0.153
0s 479 2.087 0.363
1.0 4aus 2.048 0.700
2.0 498 2.010 1.3§
5.0 50S 1.980 3.37
10.0 S14 1.946 6.31
20.0 524 1.909 12.2 1
50.0 539 1.857 28.7 :
100.0 556 1.798 $3.9 ’

12
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trinitrotoiuene

14

——




NWC TP 6660

10 Naval Air Sg!t- Command
AIR-0S (1
AIR-540 (1)
AIR~5A0h (1)
ATR-54042B (1
AIR-54043C (1
AIR-932 (1)
AIR-932G 1;
AIR-932T
FMA-262 1;
MPMA-258 (1
7 Chief of Naval Operations
OP-35A R
oP=-411
OP-A11F (1)
oP-507 (1)
op-621C (1
oP-9S4D (1
opP-987 (1)
2 Chief of Naval Resaarch, Arlington
06!!-%{;2{,)!. Miller (1)
1 Naval Facilities Enginesring Command, Alexandria (NAVFAC-032B, S. N. Hurley)
11 Naval Sea Systeas Cosmmand
SEA-O6R (1)
SEA-62 (1)
SEA-62D ;
SEA-62W (1
SEA-62Y13 (1)
SEA-622 (1)
SEA-66 (1)
SEA-662 (1)
SEA-6621 slg
SEA-6622 (2
Compander in Chief, U.S. Pacific Fleet (Code 325)
,nmnruu,annmnua
Compandsr, Ssventh Flast, Sz Prancises
David Taylor Research c-nm, Bethesda (Code 17&0)
Naval Air Developmnt Center, Warmingter (Code 813)
Naval Civil Ingineering Laboratory, Port Husnase (Code L31)
::}&uulan-hhnuq,hu-Ci ty (Code 112.2)
Naval
LNK,

E

)

NN = bt b S et i

Explosives Ordnance Dupoal Facility, Indian Head (Code RD)
Intalligence Support
Liaison Officer g
m, CDR J. Darnell
Naval Ordnance Statiom, Indian Head
Code 2031, P. Dendor (1)
Code 5246, Technical Library (1)
Code PM2C, J. Torres (1)
i Naval Postgradua t;':&ol Mon! e (Library)
s te , Monterey
2 Naval Reseaxch Laboratory
Code 2627, W. Balwanz (1)
Technical Information Section (1)

15

e e e e A e e m—— - -




NWC TP 6660

2 lnvuu M(ml) and Development Canter. Portsmouth
Undervatar Explosions Research Division (1)
8 Naval Surface Warfere Canter, Dehlgren
Code G-10 (1)
Code G-13, D. Dickinson (1)
Code G-22, T. Smith (1)
Code G-31 (1)
Code G-32, W. Isaacs (1)
Code H-10 (1)
Code R-15
D. Houchins (1)
Technical Library (1)
22 Maval Surface Warfare Center, White Oak Laboratory, Silver Spring
Code R-10 (1)
Code R-10B (2
Code R-16C (1
Code R-11 (1)
V. DeVost (1)
C. Gotzmer (1)
T. Hall (1)
J. Leshy (1)
Code R-12 (1)
L. Burke (1)
L. Montesi (1)
Cnde R-13 (1)
K. Bernecker
J. Forbes (1)
Code R-14 (1)
Code R"ls’ M. Swisdak (1)
Code 16 (1)

(1)
1 Office of Naval Techmology, Arlington (ONT-07)
2 Pacific Missile Test Center, Point Mugu
Code 2141, R. Taylor (1)
Technical Library (1)
1 Army Materiel Command, Alexandria (Technical Library)
1 g:y lht;riol Development and Readiness Command Field Safety Ageniy, Charlestown
1 Army Missile Command, Redstons Scientific Information Center, Redstons Arsenal
(AMSMI-RD-CS-R/ILL Documents)
7 Army Ballistic Research Laboratory, Aberdeem Proving Ground
‘m’ Dt. P. Howe (2)

)

inser Center, Fort Belvoir ineering School, Assistant Commandant

ainur School, !:rt Bolxir (g )
ATSE-CDC (1)

1 Army nmmwi&n Experiment Station, Vicksburg (Library)

1 Army Research and D-vﬁcmt Laboratory, itt:l.ck (Library)

16




1 Research Office, Research 1e Park
Wm u-uuu, G. Musk (5“" ¢

RORD-IPL-CH, R. Ulsh (1) ( w )
ite Sands Nissile Ramge, (

white
Alr Foree m QIM !.Br Jo ﬁlﬂ)
Alr Forcs Armoment * in Atlr PForcs .

mmmm&&-m Sexvice, bo mmm(mﬂm,wm Baaw)
ﬁ?m.ﬂ!motmu )nlunu.rmh)o(.. Matusko)
Defense

m of Defense hpl.uim s:f.ty Board, Alexandria

o ()

J.\h:d(:l.)

T. Zaker (1)
1 Under Secretary of Defense for Research Rogineering (Technical Librery
1 Holston Defense Corportionm, awt n(rwmg )
8 Los Alamos National Laboratory, Los Alamos,

3 Sandia National Laborataries, Albuquerque, MM
Library 5
J. Read (1
L. Vortman (1)
3 The Johns Hopkins University, Applied Fhysics Laboratory, Laurel, MD
Code ML-P, Nichols (1)
J. Harwwm (1)
1 ni".rmnmu:fxmm University, Chemical ion Informati Iml
versity, Propulsion on uoa o
& University cu:l.fonh, Lavrence Livermore National
Code L-324, R. McGuire (1)
Code L-368
. Mnger (1)
l Lee (1)
- J. Kury (1)

T T o D R A e R DN N RO RN PO R G X ]



