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A series of measurements <-ir'tTr"ürr(alfnr^<*T of they« 
conditions for propagation of detonation betweei_ 
confined charges in the size range of fuze explos^ 
train componentsc The point at which propagation 
across a gap or other relative displacement should 
occur for fifty percent of trials was determined by 
varying the displacement in accordance with the so- 
called ^rTruceton up and down method4^" Critical axial 
air gaps were determined as functions of column diameter} 
density, explosive material$ and column length and criti- 
cal transverse displacement was measured as a function 
of explosive materlalc Axial gap, as might be expected, 
varies directly with donor diametero  For any given 
donor diameter there is, apparently, an optimum acceptor 
diameter which is slightly smaller than the donor diame- 
ter, Th« gap also .Increases with donor column length-/ 
butya given Increase in quantity of explosive is more 
effective when added by increasing the diameter than by 
increateing the lengthoyfyThe sensitivity of various 
explosives as indicated oy the gap across which they can 
be initiated shows a reasonably good agreement with 
impfet and minimum priming charge sensitivities of the 
same explosiveso The critical gap is related directly 
to donor density, in general,, and Inversely to acceptor 
density, but the effect of acceptor density is much 
greater. The critical transverse displacement for 
propagation between various explosives shows a similar 
pattern to the axial gap but the relationship is not 
linear because the more sensitive materials are initiated 
by shock transmitted through the metal while the less 
sensitive materials require an overlap of the two 
columns, so that two different mechanism are involvedo 
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The above observations apply to the explosive materials, 
conTinements, charge tiiraensions, and densities used in 
these experimentso Extreme caution is recommended In 
their application to other conditionsL 

Fwrdt The data and conclusions presented here &re not the 
final judgment of the Explosives Research Department 
or this specific project,. Additional reports will be 
made as the data becomes availableo 

Refs  (a) Ordnance Board Investigation No. 808 "The Propaga* 
tion of a Detonation ITave through Explosive Trains 
in Fuzes", C, Dodd (S-6300) 

(b) OSRD Report #4040 «Statistical Analysis for a New 
Procedure in Sensitivity Experiments",, Applied 
Mathematics Panel, National Defense Research 
Committee (S-5892) 

(cj NOLM 8696 "A Method for the Fabrication of Low . 
Energy Electric Initiators" 

(d) HOLM 10336 "The Sensitivity of High Explosives 
to Fare Shocks"« 

(e) NOLM 10765 "Density of a Pressed Explosive as a 
Function of Loading Pressure" 

if)    NavOrd Report #87-46 "Table of Military High Explo- 
sives" Hercules Powder Co, (S-10982) 

(g) NavOrd Report #57-46 "The Stability of Detonation" 
Ho Eyrlng et al. 

End: (1) Plates 1 through 18 o 

INTRQDÜCTIOK 

lo Although successful explosive trains have been designed 
and built for years, many of the principles which should 
govern such designs are imperfectly understood, 

2» One field in which quantitative information is particularly 
lacking is that of the propagation of detonation between small 
confined charges such as detonators and leadSo Failure at this 
point has resulted in more than one serious delay late in the 
development of an urgently needed ordnance item» The cos-; of 
such delays in war time cannot be reckonedi, Most experimental 
work in this field toas been testa of speelflfl itemso  Where 
failure occurred several chariges were frequently made siraul" 
taneously so that it became virtually impossible to ascertain 
the relative Importance of the changes to any improvement which 
may have resulted. Thus, although the designer gradually 
acquired a "feel"' for the art, he was usually unable to state 
any rules which he followed^ Among exceptions to this general 
rule is the work of Cy Dodd, reference (a), who made systematic 
investigatioj'? of an explosive systemo His experiments were 
compreheDsive enough to yield information of quite general 
usefulness... 
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3t    With the object of broadening the scojJt of generally 
l' applicable dote in this field, a series of measurements has been 

undertaken of the "critical" conditions for the transmission 
of detonation between small charges«   Although »one thousands of 
firings have been made in obtaining the data recorded herein, 
the effects of many important variables have net been Inves- 
tigated and many of the mean values quoted may have been 
obtained with samples which were smaller than might have been 
deslredo    It is hoped that the data will be useful to the 
designero    It is believed that the derivation of a few quali- 
tative relationships is justlfled0    The formulation of various 
mathematical relationships will have to wait for wore complete 
data. 

<■ •■.:r/TI PROCEDURE ÄUD APPARATÜB. 

Gejoecal 

4.  The object of the experiments discussed herein is to 
determine the "criticsl" relative positions for the initiation 
of detonation in one explosive element (The "acceptor") by 
means of another (The •♦donor1')« (See Plate 1„,S The "critical" 
position is defined as the most remote of a series of related 
points at which the donor will initiate detonation of the 

'    acceptor« Such information, unfortunately, cannot be obtained 
for any one combination of a donor and an acceptoro All that 
can be learned from one shot is that the acceptor was or was 

•    not initiated,  The first experiment which suggests itself 
iz  that of "working up" to the critical point fron each side 
witb.  a series of straddling shots using identical donors and 
acceptors. However, it is Impractical if not impossible to 
make components which are nearly enough identical for this 
type of experiments» Thusf each set of donor and acceptor has 
a unique critical pointo The experiment laust be directed 
toward determining the average critical point which, upon 
a little reflection, can be seen to be the point at which 
fifty percent of the acceptors fire» During the past war a 
method (reference (b,)} for determining such statistic;- was 
devised by the Explosives Research Laboratory at Bruceton, Pa.; 
and was analyzed, and refined by the Applied Mathematics 
Panel at Princeton* This method, which will be referred tc 
herein as the "Bruceton Method", involves a series of trials 
the conditions for each of which is determined by tiw  result 
of the previoas trial«, 

':,hü Bruceton Method 

$..    The Bruce ton Method '(reference 00}, was originally 
devised for use in import sensitivity work with drop test 
machines, but is applicable to a variety of other similar 
experiments,-. As applied to the axial gap tests the method is 
as follows $ A  aeries of gap:; are chosen such thrt the differ« 
ences between "nn  'lOEarithm« of eacn pair of s'lecesslve ßim 
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ere equal« A donor and acceptor are located so that their 
axes coincide and the distance between their closest faces 
Is equal to one of the chosen gaps (Plate 1), The donor 
is firedo If the acccpotr detonates, the next trial is made 

*   using the next larger gap, and if it falls, the next trial 
is made using the next smaller gap« This is repeated for 
successive trials until the desired number of trials have 
been made» The results, which are recorded as shown on the 
sample record (Plate 2), may be analyzed by procedures 
outlined in reference (b) to obtain an estimate of th« mean 
(fifty percent point) and standard deviationo 

60 Although reference (b) suggests 100 shots as a reasonable 
scmple size, the tests discussed herein were generally limited 
to samples sizes of 15 tc 50 shots because of the considerable 
expense and effort involved in the preparation of specimens« 
This results in a loss of accuracy in the estimate but. it is 
compensated to some extent by the rather small deviations 
observed in these experiments compared with most impact 
sensitivity data, 

Crit&ria of Detonation 
■ 

*f;        7«    '^he Bruceton Method is applicable only where the result 
of a single trial can be definitely placed in one of two 
categories,  in the case of propagation tests detonation or 

t failure of the acceptor»    In general this con quite easily 
be accomplished by direct visual observation of the deforme" 
tion of the acceptor container.:-    In the usual experimentg how- 
over ^ a few acoeptors are found in which the deformation is 
quite appreciable yet noticeably less than averageo    A standard 
is necessary to classify these as "fires" or "misfires" 0    The 
enlargement of the hole into which the acceptor charge ^as 
loaded was used as such a criteriono    The enlargement associa= 
tion with complete full rate detonation was determined by 
firing a few shots at zero gap«    The hole size was measured 
using the shanks of number size drills as plug gages„    The 
largest si«e drill shank which would enter each of three 
acceptor bodies, which had been fired at zero gap« was used 
as a criterion of detonation for that particular type of 
8cceptor0    The measurements were made at the end opposite to 
that from which the acceptor had been fired since the other 
end was distorted by the action of the donor*     This standard 
may be somewhat arbitrary, but experience indicates that the 
choice of a standard should have relatively little Influence 
on the estimated critical points,  since most acceptor bodies 

»        show quite unmistakable evidence of either failure or detona- 
tion^    In some of the   larger sizes a conical slug of metal 
is spalled from the end of the acceptor body when detonation 
occurso    In such cases, this type of fragmentation was used as 
a criterion of detonoticno 
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Konexplosive Components 

80  The donor and acceptor charges ere loaded into heavy welled 
cylinders as shown on Plates 3 and 4. The donor is merely a 
cylinder with a hole of the desired column diameter and a 
counterbore to take the initiator (Plate 3)«» Brass was chosen 
because of its raashining properties.  The outer contours of 
the acceptor (Plate 4} were so designed to facilitate holding 
and locating«. Copper was chosen because its properties should 
be more uniform than those of alloys as it is a pure metalü 

Explosive Materials| Preparation and Loading. 

9.  Most of the explosives Were used as received without 
preparation or modification except for drying where neces-jary^ 
Relatively early in the investigation, it was found that the 
sensitivity of tetryl v^es strongly affected by particle slse 
distribution and perhaps other factors.. For this reason, all 
of the tetryl used was from the same two lots (whichiere compared 
and found Indistinguishable)t. A through 3J> on 45 Uc So Standard 
sieve cut of this tetryl was used« All explosives used for 
flash charges were ground in a small ball mill (reference (c))0 

10c Both donor and acceptor charges were loaded with the 
mating faces down on flat anvils so that the charges came 
flush with these endso Thus, tu the experimentsv it could be 
assumed that if the containers were in surface contact the 
charges were in sinilar contact. Except where the effects of 
varying density were under consideration, all explosives in 
acceptors and the main columns of the donors were loaded at 
10,000 pounds per square inch«  The flash charges of the 
initiators were loaded at 4S000 pounds per square inch« 

13., In some of the early experiments, lead styphnate was used 
as a flash chargeu  It was observed that, when lead styphnate 
flash charges were used, enough time elapsed between the firing 
of the flash charge end the detonation of the donor eharge for 
the initiator plug to be forced out of place in some cases» 
The resulting forward movement of the donor reduced the gap by 
an undetermined movement o It was determined that with lead 
azlde flash charges this time was too short for appreciable 
movement to occuro For this reason lead azide flash charges 
were used in all experiments reported herein,. 

Apparatus 

12o Tests of the kind described above required rather precise 
location of the acceptor with respect to the donor« The large 
number of firings required puts a premium on convenien©ö0 A 
scrapped lathe was adapted for this purpose» In a typical test 
the acceptor was mounted in the chuck and the donor In a fixture 
which was mounted on the tool rest« The donor is brought to 
a position such that it is concentric and in surface contact 
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with the acceptor. Its displacement from this position can be 
accurately adjusted by means of the compound of the lathe« 
Piste 5 shows the apparatus with donor and acceptor containers 
in place» (Note the cushioned chuck Jaws and the rotatable 
donor fixture«) The lathe is shielded with armor plate 
(Plate 6), and the doors of the shield are fitted with safety 
interlock switches which disconnect the firing line when the 
doors ere open. The initiators ere fired by the discharge of 
a b'O microfarad paper condenser charged to 135 volts,, 

RESÜWS iU.D DISCUSSIONS 

13« Since it would be quite impractical to exactly duplicate 
the arrrncements used In these experiments in an ordnance 
explosive system,, the results of these experiments ere interest- 
ing in that they indicate trends rather than as absolute 
numbers«, For this reason the data are given, with a few 
exceptions, in the form of curves relating the variables., 
Most of the results are indicated on Plates 7 through 180 

Diameter Effects 

14o On Plate 7 are plotted data obtained with various diameters 
of donors and acceptors« All donors In this test were approxl- • 
raattety 1/2 Inch long columns of lead azlde loaded at 10,000 psl. 
As might be expected, the most notable trend Is the direct 
relationship between donor diameter and gap0 The relationship 
between acceptor diameter and gap is more complicated« Un- 
fortunately, the range covered is too limited to give very 
complete curves for any of the donor diameters used, but it 
Is apparent that each curve reaches a maximum at a point where 
the acceptor diameter Is somewhat smaller than that of the 
donor. This phenomenon can quite readily be explained in terms 
of radial losses« The radial losses of small column to the 
surrounding material are larger in proportion to the chemical 
potential energy available, so a smaller column must be more 
vlgourously initiated than a larger column. On the other hand, 
if an impinging shock front strikes only a small fraction of 
the face of an explosive column initiating detonation of the 
affected area only, the radial losses to the surrounding 
explosive will be greater than they would be to a denser 
confining medium such as steel. As can be seen from Plate 12, 
these relationships are affected by variations of other condi- 
tions such as the loading density of both donor and acceptor0 
An attempt was made to reduce the results of this particular 
set of experiments to a useful analytical form« Plates 8, 9» 
and 10 are various non-dimensional and semi-nondimensional 
plo^s from which it was hoped to obtain some hint of a 
systematic relationship. Plate 9 gives indication of such 
a relationship» A slight modification of the coordinates 
of Plate 9 gives Plate 10 on which all of the experimental 

CONFIDENTIAL 6 NOUI 10577 
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points fell reasonably close to e singly curve«    The curve 
which best fits these points is,  however, a oublc and tue 
substituilon of the coordineta in the equation ^-ivos on 
Kjpressicn so complex that  It is difficult to Ira^oine a use 
for it. 

l^'c    Curve number (1) on /'late 11 ^hov/a the rölatlönshlp 
between column length end critical sxlal sir gap«    It will 
be noted thot even when the length dlftmeter ratio is <:iS 
l&r^c as 6. üd^ltlonal increments of column lengtli are aocom« 
panled t>  izicreases In crltlcel gap.    Curve number (2) 
Indicates bhtt, in the range covered, a given Increase In 
explosive weight is more efi'ectlve when it .is added by in- 
crefcin,.   the diameter than when it Is added by incieosin,.; 
the length.      To put it pnother vay, the optimum lenrth- 
diameter rorlo fron the point of view of initiating efficiency 
is apparently considerably below the £  IO 4 which Is the most 
coofion practice  in H&y ^etenators»    This type of efficiency. 
hov;e\rer>  ».s not necessarily the cnntrolling factor In explosive 
train design«    For example) where a shutter mechonlöm is to 
used as a safety device, less'Movement Is probably neceeeary 
for a given dogree of safety with a long, slender detonator 
than with, a shorteri stouter detonatoi of the same initiating 
effectiveness.    The curves on Hate 11, as noted, are for lead 
aaide donors and tetryl acceptors.     It  is quite probable that 
the optimum length-diameter ratio for other primary explosives, 
such as Biercury fulminate, which are act as quickly detonated 
as lead azlde  is somewhat larger than that for load azlde« 

Density Effects. 

16 )he sensitivity of e:;plosi\Tes might be expected to  increase 
with percentage voids for two reasons» 

(a) ^s the voids in an explosive increase, a shook of a 
riven pressure can do ncre work per unit mass in 
coapresslng the .Material, thus raising it to a higher 
Qveirage tempera lure 0 

(b) She increasing inhomogeneity of the taaterlalfi tends 
to increase the nonunifornity of heat distribution 
\ 1th the result that the hottest areas may le well 
above  the average temperature. 

17«-   This latter effect has two opposing result?;  bh<  higher 
temperat ire ii* some spots improves the probability ol  inltia*- 
tlon, while the lower temperature at other points iroreases 
the time required for complete .reaction {lengthening,  the reaction 
eone), allor/ing more time for radial losses.   The first effect, 
while quite applicable when the initiating shock is transmitted 
to the explosive through air or some other gas-, bwooites much 
more complicated -/her/ the shock is transmitted tc  fchs  explosive 
fron v. l"fj compressible aaterial, in v^ich case fch<   Intensity 

coi;M:.i;:r :;J. NOLM 1C577 
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cf the trensmitted shock depends upon the matching of acoustic 
Imped one es of the tr«Aainlttln| mediun und the explosive«    With 

sen aooeptor 
La 

•  -••    -■■■., ■ -■ -- -- -.^ ,  .,        ....,...,.,:...... ,.,.,..,.   ,.,.   ^.,.. ..cble 
for only a few of the many possible combinations of the 
Vüriables involved.,     On Platea .12 uM 13 are plotted critical 
gapa obtfllat'd with varioua conib.ln&ttons of two donor dlamotörs., 
two acceptor diametera and four densities of each charge*.     It 
will be noted that the gaps tend to Increase with Increaalng 
donor density and to decrease with Increaslne acceptor density;, 

18*    The experiment discussed in reference (a)'indicate8 that 
the waximum sensitivity ea aieesupedl by the thickness of a 
steel barrier through which a tetryi lead could be in.ltit.tcd 
by .'jeans of e certain British type of detonator reached 3 
inax.uuum when the density of the tetryi was about 1.35 grarao per 
cubic centiwßtex.',.   V/hen copper was substituted for the steel or 
when air gap viha introduced between the detonator and the 
degradlrK discs 
.in u«ny teataf 

i this optimum density apparently Increasedj 
to the hlßhest density used (1,65)« 

19,    Figure 14, which is taken from reference (d), shows the 
effect of density on the initiation sensitivity of several 
explosives as measured by the booster sensitivity tests described 
in reference (d,K    It will be noted that although the sensitivity 
of tetryi and TWH increases with percentage voids8 that of 
Pentollte and Composition A is nearly independent of density» 
This may be because each of the last two explosives is a mixture 
of a sensitive high melting point material with a lower melting, 
less sensitive material*    The most probeble form that they would 
take would be particles with sensitive cores and insensitive 
surfseesr   Thus the high teaperature areas resulting from the 
inhoinogeneity of the less dense charges are at the loss sensitive 
parts of the explosive grains« 

Confining Media 

20o    Experiments with varying confining media have been limited 
in scope up to now*    One series was run using O'JIOO diameter 
donors and ecceptora of lead azide and tetryi, respectively, 
both loaded at lO^OOO psl«    The donor container^ as usualj 
was of brass but the acceptor charges were loaded into copper» 
lead,,  aluminum and steolo    The results are given belowj 

Confining Medium 
(Acceptor.) 

Critical (50/0 gap 
C aches ) 

Acoustic (Shock) 
Iiapedance (Millions of 

Steel 
Copper 
head 
Aluminum 

COSSFJDBIWIAL 

160 
84 
79 
43 

8 

41 
47,7 

31 - 34ol 
19-3 
HOUM 10577 

01   o 



CONFIDENTIAL 

The acoustic impetlsnces given were obtained from data (as yet 
unpublished) from messureraonts of shock velocities In metals 
close to detonating explosives. In general^ the velocltlos 
are higher than sound velocities in the seme Materials, It 
will be noted that the gaps fall in the same general order 
as the lapedances except lu the case of steel» It might be 
postulated that the critical shock pressures lies v/ithin the 
strength of the steel yet v;ell beyond that of the other 
materieis so that the confining action of the steel Is by 
a different mechanism than the other materials which confine 
the detonation only by virtue of their inertias. 

21. On Plate 15, critical gaps obtained using various high 
explosives as acceptors are plotted against the drop sensitivi- 
ty of the same explosives» It will be noted that the initiation 
sensitivity of the various explosives is in as good agreement 
with the impact sensitivity as can be expected with sensitivity 
tests* It would seem that the dream of discovering an explosive 
which is sensitive to initiation by means of another explosive 
yet «echonloally inserts It AV« will pehahly rewei/n a. «I ream, an 
Plate 15* the larger gaps obtained with mercury I'ulminate donors 
than with lead azide is mainly due to the higher loading density 
of the fulminate (both materials were pressed at 10^000 psi 
which gives a density of the order of 3 grams per cubic centimeter 
for lead azide and a density of the order of 3*6 grtms per cubic 
centimeter for mercury fulminate) (reference (e))0 

Transverse Displacement 

22« ;. series of experiments was made in which the critical 
transverse displacement was determined for propagation between 
lead azide and mercury fulminate donors and acceptors of various 
high explosiveso Plate 16 is a diagram of the test arrangement« 
On Plate 17 there data are plotted against the axial gaps 
obtained with the same combinetions of explosives.. The "s" 
shape of the curves is quite apparently related to the point 
at which the expended hole in which the donor charge had been 
loaded is tangent to the unexploded acceptor, as shown on the 
sketch at the bottom of Plate 17. Evidently the initiation of 
some explosivesy including tetryl, is quite probable when the 
holes overlap and quite improbable when they do note This 
suggests that the initiation of these and less sensitive explo- 
sives is accomplished primarily by the hot highly compressed 
gaseso For more sensitive materials such as RDX end PETN the 
metal borne shock is apparently an important mechanismo Some 
of the PETN and PJJX acceptors were initiated in the interior 
as evidenced by the way in which the container was deformed, 
Plate 18o These data all were obtained using explosives loaded 
at 10,000 psi in «(!150 diameter holeso Experiments with other 
sizes and loading pressures are projected» 

CONFIDENT lilL 9 NOLM 10577 
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23 >    'i'he specific ccnclusiona which cs.n be drawn frbffl these 
experiments aro discussed atove iand'suinmarlzed In the abstract. 
In general it unn he concluded that tUe' field covered by these 
experimonts is quitt coniplex not oxily because of the number 
of Vfirir-bles involved, but becau-e the relationship between 
some of cher.e Variables and the probability of transnission is 
not simple.,    On the other hand,  taken individually the trends 
indicated are in general quite reesbhabie«   •Ifeny questions 
röraaln v:]iich may well be answered by further experiments, of a 
almllar netureo 

Jvl }[„ Stresau,  pf* 

Lv F... Starr Jr 
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