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ABSTRACT

A method, which is here descri’bed~has been devised and utilized

for the study of detonation waves in high explosives~ Those ‘investigatedare

pmtolite= composition - B, baratol, and granular TNTe Pressure - volume data

have been obt~ined for the detonf~tionhead end the Chapman o Jouget pofit. The

pak pressure of the detonation head is found to be about 2.5 times that at the “

Chapaan - Jouget poi.nto Furthermore, assuming the ediabatic expansion of thq

burnt gases can be represented by Wy = constant, it was found that the E13a2

square deviaticn of any of the explosives from the value Y = 3 was about 4 per
t

cent, which therefore makes the fwmula p = ( Pol)2/4) s useful first approximation

ik’kdetermining the Chapman - Jouget point. If this picture of the detonation

should occur in thti plates. ‘Thesehave been observed~ Estimates have also been,

m~de of the width and duration of the reaction zonao They are found to lie in the

intervals 008 ~OQ2 mm and 002 j (hl microseconds respectively.
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A METW3D FOR DETERM3MG EQUAT10NS OF STATE !,NDREACTION ZONES
IN D1313011AT’301~C@ HIGH EXf?LGSIW2S. AND lTS J’UU?LICAT10N T.O-

PENTOLTTE, CO~t!POSTI’IONOB$ BARAT!OL~AND T??!i’w

Hypothetical CorLsiderationsa

The conditions under which the tests were conducted are such that

the detonation process may be treated as onswiimensional~ !.oe~the detwaticm

wave moves across the explosive as a series of?parallel planesc Furthermore,

dimensions ~W been so Chogen t~t th~ v~ave has reached a stationary state i.oeo

the wave veloci%y is constant in timeo

Let

))1or D = detonation velocity

D2 . shock velocity in metel

u = mass velocity

-r= specific volume

V. . initial specific volume of the solid explosive

Av=v-v o

p I=pressuzw

x = fraction of explosive in which the reaction is

complete; fnwtion of iutact explosive = 1 “ XO

E = internal energy per unit mass

AE=E{p, v,x ) -E(po, VOX =0)

The explosive, h passing from the intaot state through the various

reaction stntes@ must fulfill the conditions of conservation of mass. morR3ntum
●90 ● ●*8 ●** ●9

●*9 ● e ● 0:
and energyo Therefore neglecting viscosi~ and tb&rEMl $fon&&vi%~ effeetss
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for u. = O and p. negligibles

vOS Poe ~. are .gimn~ D is an unknown parametex~ and p~ V* u are

Un-!.ownfunotions or Xo

A hypothetical set of Rankine”Hugoniotcurves in the (p;v)‘plane

together with the point (po~ Vo) are plotted in l?ig.2 f’ordifferent xo The

angle between Wo negative v-axis

by # S0 that D = Vo+~~ ~d D

observed

and that

burning.

?l&ile$ is undetermined

+301ie in the upeper left

and the direction (Po~ Vo)+ (p~ v) is denoted

0 u 1=vj’tan &

it is not entirely arbitrary since it may be

quadrant from the conditions that tsn $ = (D/vo)~

p>po. V7V0 because we are here co&sidering detonation and not merely

Furthernora the straight line from (po, Vo) to (pOv) must intersect the

(p. v) curves for all O*X: 1. Therefore. in Fig. 10 we musk have 43 ~~

where $~ is the tangent to the (p, v) curve for x = ~. The Chapmaw=Jouget

hypothesis states that # = $h 0

The&odynamic and hydrcdymamic arguments can be propounded

this Conchsi.ozlo

to justify

)v then

D = u + c and the condition is fulfilled~”~ here denotes the sound wlocity.

If the point lies at “a” h FigO 2 than -(~ p/~ v) > (p-po}/(vo _ )~ i?i.tdo+uy~o

● ** ● *. ● *

The rarefraction wave will then catch up with the d~”~;~;~en vr~t40ar#~lopit oi’f
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until the point has moved down to “d”. But wa have hypothecated a steady

to the detonation wavee if the point lies at l’b”then - (~ p/a d & (P -

But the entropy of the burnt gases corresponding to state “b” is less than that for

state “ar’$i..eo“a” is more probable than “b” ●, similarly for all pairs “a’;and “IJ’

until a = b . dO Hence “d” is fdm most probable point. “

A discontinuity must of!necessity occur at x . 0 for increasing x

with an immediate dump from the lower intersection point (Poo V’o)to the ’upper

intersection point (po$ V“). Thus the reaction zone se’csin as a shock weve ~~ith

an abrupt increase of p and u and an equally abrupt decrease of v> This is

accompanied by a large increase in temperature and a Vehanent blow of velocity~u

by the wave head on the intact explosim. This velocity is smaller but of the order

of magnitude of the detonation velocity D and it’is this discontinuity in material

velocity which can provide e mechanism to start reaction. The reaction zone behind

the head is able to replenish the bend withtho nec~ssary energy sixwe inthis region
.

c +U>i)o The reactirm proceeds continuously remaining as an upper intersection

point for the curves O~x<la and terminates at x = 1 as a tangent pointo This

is followed by an adiabatio expansion of the burnt gases.

Von Neumann (OSIZDNOO 549) lam also presented an alternative argument

wher8in all the curves for different x intersect

~n~~~;~rmic changes of state can 0CC7U’S.QIdfor

would not be valid.
.

each otherP ioe. in which

which the Chapman-Jouget hypothesis

A similar argumwmt could be made for an in%erwdia%e situation whe~ein

the Hugoniots for the X%. form stream lines as in FigO 1 while the curves for

x~xo intersect one another. Here the envelope of th%.intierseo%i~g:c.umescould
●:

be so tight aid small that even though the Chapman*~@~&&&&&&__ulfilbd

I iiiii!m:::.=~S:~:0‘411!CtA%#lEW
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from this condition would be negligible In.this case what We

not be a function of the raaation none width but only of that

x f=o to x a X. the remainder blending in wi%h the indistinguishable

from the adiabatic expansion portion of the curve~

This latter concept of Von Neumann does not appear very probable

thermodynamically since it implies that a mixture of reaoted and unreacked

material cen do more work than the completely reacted materiala If this were

true it would he desirable to include an inhibitor which would prewxt%he reaction

from going to completion AS will be seen~ it does not agree either-with the

results obtained hereixm

The cross seotion of ‘As detonation wave will thus appear as in Figs 39

Ths shape of the burnt-gas expansion curve will depend upon the confinement with

an infinite amount of explosive this portion of the curw would remain horizontal=

provided no endothermic recombination occuro It should be remembered that no

after-=-burningeffects, suoh as from reaction with surrounding air, will be observable

with the method of this papero

When such a detonation wave impacts on a metal surface a shock wave

will be transmitted into the nmtal with shock velocity D2 and pressure

(d

where P is the density behind the detonation f&$n&”@ ~Ot&&lected
shook ~lootty~ ● O** 9*99
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P, = pi denoting the incident pressure in W@ shock wave, PI a~ “1.

densities in the high explosive and metal respectively D3 and D2 the detonation -

and shock velocities respeetivelya Relations (l). (2) and (3) must also apply for

the p, V* u and D in the metalo

A faosimile of the detonation wave modified in amplitude as indioated

‘by(4) is tr~smitted thoygh~he metal. Here however there is no replenishment

by reaction

than D2, iS

velocity h

and the unloading wave, moving with velocity U2 + C2 whioh is greater

continually enoroaohing upon and eroding the peakO C2 is the sound

the ooupreased medik behind the shock front~

series of

waves and

It was e~pected therefore that, on impacting the front surfaces of a

metal pbrtes’of varying thicknesses by high explosive detonation

measurimg the initial surface velocities of the backs of these plates~

a cross sectional picture of the detonation wave could be obtainedo

From this cross section i% should be p&ssi.bleto estimate

(a) the width of the reaotion zone

(b) p“, V“ forx =0

(c) p,vtor x.1

provided certain other quantities, su~h as D3, D20 C2, were also determimeda

If ~denote the width Of the reaotion zone and

in the metal then

( )r

D1 D2
a:b____ 1“—,

D. %+0.

b the apparent width

1

(5)

02 being the sound velocity ti the compressed nmdium. For D1eD2 there is a

foreshortening effect dus to orowding of’the detonation wave at the metal surface

. . . . . . .-- .- -

resulting fro!n the term in square braolietso The re;c<%n” h%’ &“;’~1 be give; by
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At =

where the increase in time as

kh+ (v/v)

represented by

(d

(vo/~) results from tho fact that

the reacting particle is moving at velocity u in the same direction as Do

The impedances PD of the impacting and impacted materials should be .

identica10 For alumi.numand high ~xplos$ve the ration pt/Pi as given bY (4)

is about 1025~ In consequence a pre$su.rewave 5s reflected back Into the explosive

whioh might have an effect in shortening the reaction zone and would therefore

ocnstitute a possible source of uncertainty inestimating the reaction zones by this

msthodo

from the

that the

. .

P; and PI may be ’approxiswtedby (4) after the p2 have been obtained

velocities D and u o
2 2

Even with the above approximations and limitations in mind it was believed

results obtained by the method of this paper would be able to supply

additional justification for the considerations just described or to indicate

wherein they might be invalid~

For this purpose it is desirable to use a substance for which mass

velocity is a sensitive funotion of pressure and which would yield a fair ‘impedance”

match with the high explosive. Beryllium$ aluminum, end graphite approach these

6p0cifications0 Aluminum was chosen bemuse it is readily obtained in very

homogeneous fornaand is easily workedO

In order to asoertain further to what extent the measurements may be

correlated with particle velocity ratker than with momentum transfer from explosive

to target for the very thin plate~ a sa?ies of

platesO



.

.

9*

● ●°*
● ● **
● ●*.

● ● 0...
● ●°:

● 00.
: . :0: ● m.:0:

● ● em o..
● *.

● 0, 9*

● * ●*: ● 90 ● 00 ● .@ .*
● .

b, : ●:
●

::.
:.

● 0 : :
● 0 ●.: . . .

: :0
● ,*9 ●

.

.

.

.

.

, .

● ● ● *O ● **●°0 ● ● ● ●*.
9 ● 8*

● ●°:
●

● : ●: : 3● ::
● 0 ●

:9: W*-
● ● 99 ● *

●

9



—._— .. .

.

●

✎

.

.

●

● 0 ● 03 :-
● 9● .:.

●●:es
● ●** ●

●
● ●°0
● ● *
● ● mm
s
● 00 : :

The procedure consist: in impacting the front

with a plane detonation wave and obtaining a measure of

the back surface of the.plate. This is accomplished by

eight - of electrical contractorsin the interval from O

back surface of?the plate and measuring the times of arrival of the ~late at these

contaotor

detail in

since the

surfece of a metal plste

the initial velocity of
.
spacing a set - about

to 2 miHimeter& from the

positions Details of the technique are given h L& - S84 and with xnore

tha appendix to this report.

Calculation of pressure by Eqn. (2) is subject to some uncertainty

free surfaoe velocity is given by

u+
J

cd(3nP)
s~

(7)

where c is the sound velooity in the compressed reg50n0 Expression (7) has

been approximated herein by 2 UQ Th&>Yugoniots for aluminum and steel are

expeoted to cross over into the liquidus regions for pressures of’about 006

and 107 megabars respectively No marked discrepancies were observed between

results for steel and alumimxm To ascert~in what might be expected in the

liquidue to vapor region a series of tests was made with lead and with lead

backed by 00325° of steele The Hugoniot for lead is expected to oross over

tito the liquidus region at about 0026 mb and into the vapor region at about

1.25 mb. The data obtained are shown in FigO 9where it may b observed that

velocities from unbacked lead scatter considerably and for thiokness under one

inch are about double the values for steel-backed lead.
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EXPERIMM!AL RESULTS

The experimental data of surface ve10City as a function of thiokness

of material through which the shock wave has traveled are tabulated for

(Al) Alumi.nm - pentolito

(A2~ Steel - p?ntolite

(A3) Aluminum 0 Composition B

(A4) Aluminum o Baratol

(A5) Aluminum - granular TNT

as follows:

TABLE (Al)

Aluminum 0 Pentolite

Thiak ?300of Wan Obs~ VelQ
Al inches ObservO ka/sec.

1050 5 2&’4~a028

1.25 13 20605 t 0020

Oa 50 6 2v900 g CI029

0.234 1 ZOQ6

0.125 2 3036

00087 1 3034

00005 6.03 ~ 004

:.. :.Wly!$w!P - 202% ‘ ‘here
The f’irstfour points may b%”&~r&

y = thickness in inches mdof ~~ro~~”~”bdsecf -- .4
~— %.———
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ThickO
Steel, inches

2000

1050

1000

0050

0003%
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TABLE(.42)

31X!alw Pentelite “

No. d
ObserwO

3

5

7

20078

20920

20781

30947

The first five pohts can be represented by y = 2.962 - 1.483 x Whre ~ .

thickness steel in inchess x = velocity in &seco
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TABLE (A3)

Aluminum - CornpositicnB

‘PhickAl
inches

1050

Mssn ObsO vel
I@’sec.

2e818 + 0023

Noo of
ObsenO

2

1*00 3

0.50 3

0.229

00200 2

30~9 : 000

3a75 ~ 013

3.75

5026 ~ .45

2

00(.)63 2.

3

Or016 2

5.52

00005 3 7.11

.
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‘I!A8LZ(Ad

Aluminum 0 Baratol

Noo of
obscwv~ kD/sec.

1045 .tOo1’

1=61 2 001

10628 ~ 004

10711

105i) 2

2

2

1

1.00

00765

00620

00500

00483

2

1

1

.

.
00250

00235

0.062

00031

1 10970

1

1

2

20370

20758
-.

30474 Z 006
.

TA81E (A5)

Aluminum - Granular TNT

Thiok
Al i?Mh8S

10000

Mesn Obs~ Ve 10

1.61

Noo of
observo

.

1

1067 & 001

1072 2 eo2@O250 2

00125 2 1.84 2 002

3
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These results are also shown as graphs

From each test the times of arrival of

in the interval O to 2 millimeters from the back

in )?@so ~ to 8 inclusive

eight contractors,distributed

surface of the plate, are recorded

and a least square value for the slope is calculated from these points.. Even

though the mean squf;redeviation of the points from this line may aiiout to only

about’two ?ercent, the devieticn from shot to shot in repeat tests may be several

times this value- The factors which result in the latter
●

to differences in the quality of the high explosive, e.g~

porosity, greiu s$ze, segregations, cavities and cracksa

The first set of memnmements (LA-384)was made

spread are due probably

from variati.onsin

with a lens intended

to give a fht wave 305’1 in diameter (the actual wave front Was. howeverO convex,

the central axis leading by about 0.2 u sea). To this lens was attached the .

cylindrical diso 4t’diameter by 3’thigh of the explosive investigated. Thiclmesses

kss tb 2“ were found to give low values Of velocity. ~ter a lens designed to

give a flat wave 605” h diameter was made available [the actual wave front was

slightly convex the oentral axis leading *he edge by about 001

cylindrical cake of the explosive investigated was 8m diameter

with the former lens showed considerably more scatter than was

u Seo)o The

by 3“ high. Results

obt~ined with the

latterO In fact the data obtained for thiak plates with composition-B cakes and

3.5” lenses had to be disoarded entirely because the values of velocity obteined

ware too erratic and were furthermore consistently lower than those obtained with

6“5” Ienfmw An adequate explanation for this behavior is not known because the

measurements were made within tlw unperturbed conical region as computed and ob~cked

experimfwta Ily*
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14 internally imhedded pins spaoed in the interval 1 to 23 millimeters from

the front surface of the one-inch thiok plateO

(3.S’ilens and psntolite) may be represented by

The shock velocity in aluminum

3D2 (Al) = ‘~’ = b=1204 ~secg
+ ().00&6336 x

where x

initial!

similar

(
.,....

is distance in millimeters and t tima in

high-pressure peake

The shook velooity in steel (6o5” lens

measurements is

D2 (Steel) = S024 lm/seo

I
end own-%his interval the mean square deviation

Was less than one per cent. This value is about

figure obtained with 30~” lenses (IA-384).

microseconds, except for the

and pentolite charge), from

of velocity from constanoy

5 per cent higher than the

The characteristics of the various explosiws tested are as follows:“

ExJ&osiv%

Cast pentolite
* 50/50

.
Cast Comp-B
60/40 RDX/TNT

.
Cast Earatol H

Granular TNT

. TABLE B

2!HXIY Do lm/sec Grain siza

la666 72500 copreoipated
(stick) produot

1070 To350 RDX 70 microns
(Sticl$

20.51 40850 Barium n$trate
[stick) 12 microns

1003 50250 Spherical granules from
(flat wave lens) 0.3 to 0.5 mm di~eterO

Graim size small.
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DERTVED QIMNTITIES

Equation of’State: From these dnta and the rel~ti.onswhioh have

it is possible to evaluate a p end corresponding v or v/v. in the

explosive from the initiation to the end of

The data are given h ths follotiingtable.

Reacted
fracttion

.

x =0 o
0.05

. 0010

0.15

X=2 0020

X.o

.

XcIll
●

✎

%.0
:

.

.

,

Xml

X.o
Oa06
0010
00X3
00M
0018

0005
0010
C)o20
0030
0040

0
00025

&05

0010

00 M

0001

TABLE C

Corr. thick. Pressure
in ahminum h!egabers

PENTOLZI’E

0562
034’7

.308
0247
0245

9

0664
~~-~

.293
0272
0264

BARATOL

Q294
0201
0168
0150
0141
0136

GRANWAR TNT

(::$?l

0122
0107

been presented

detonat~

the reacti.onOi.eo frornx . 0 to x . 1.

..%~l , ●
● ma ● 00 ● 99**

● :
● :oq118 : :. ~ ~9
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10Tr.v

0400
“~629
0672
0736
0738

0366
.576
.?21
0740
0748

‘o502
“~659
*736
0745

.761

.769

(.1 f )
0280
0570
0622
0643
+652
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The peak pressure values will be somewhat uncertain because measurements

sufficient to reduce probable errors from randomfluctuations are not yet available.

The peak preesure in the detonation frontO according to the above table is about

2.5 times that a% the Chapman-Jouget point.

Reflection of this high peak from free surfaces of thin plates should

then be able to produce certain span. effects ~ihichwould not be observable in

thicker spaoimen~o Such ~abnorn~l~~span effects have been observed and therefore

offer an indirecstconfirmation.
.

H. Jones (BM-G470 AC-3641) has computed the (p,v) o adiabatic expansion

curve for the reacticn products of oompositioa-B. His calculated values for ths

Chapman-Jouget point ars
2)

p = 0208 mb~ (v/vo) = 079. These are to be compared

with p = 0264 mb and (<vo~ . 075 of this papez%

A plot of ~versus (v/vo) for these explosives is shown in Fig. 10$

the detonation ve30city D being given by

“=-
where bx is the angle between the line containing the (p~v/vo) potintsand the

negative (V,,vo)-axiso

It has been shown that at the Chapman-Jouget

()

ap
-&--V~=q

o ‘v

point

Now assume that the isentwopio expansion curve of the burnt gas

may be reproserrtedby
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~)where T is identified with the ratio of heat capacities (c c 0 Then
v

whence by eIirninationg neglecting po~ we have

or

X/-r - -(Avwo

p . ~Q D2/~ + ~)

From these relati.cms and the data of Table C we have

TABLE D

EqYlos ive 4Y . (c Q

Pentolite 2.82

Comp-B 2097

Baratol 3033

Granular TNT 2.88

The mean square deviation of the explosives from the value Y . 3

is about 4 per oent whioh therefore makes the relation p = (D2 Po/4) useful

as a first approximation in computing

various densities of packing~

R8aCti0n Zone

The

relations (5)

reaotion zone width and

and {6). The ratio D2/

(P,v) at the Chapman-Jouget point for

time of reticti.onmay be obtatied from the

(C2 + u2) deoreases with increasing pressure

so that erosion of the peak is more rapid at the higher pressures~ Hence the
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FurthermoreO fcr shocks of small amplitude (small Ap)C2 will approximate to D2S

-theeffect of rigidity being negligible for ahminum at these pressures(~

l’romtbe plots of ~ and 112as a function of distance in aluminum

pressure-volume points are computed for aluminum~
02

is obt~ined from the

slope of the resultant (p~v) -Hugoniot curve at these pointso It was found that

in the Chapman-Johget pressure region for these explosives the ratio D2/(~ + C2)

lay in the interval 0085 ~ .030

The values so obtained for the widths and durations of the reaction

zones are as f’ollowss

TABLE E

E3dosive Width a of reaotion gone Time of reactiont-—
in m~llimeters in microseconds

Pentolite 0080S 0016 0014

Comp-B 0.64 ~ 0CI~4 0011

Barakol 1.1210012 0030

Granular TNT (0. 51 (0015)
t,

The reaction zones are therefore of the order of Ch8~O02 mmwide

and durations 002 & OoI microseconds

These values do not agree with estimates made by Eyring and his

collaborators (OSRD S79~ from such methods as (a) extrapolation from low

temperature rate of decomposition (b) rate at which detonation builds up from

low to high order (c) limiti& cylindrical diameter for steady state detonation

3)
along the uncased stick (d) calculated rate for surfaoe reaction from activation

3)0 They deduce that the detoqpt~~~ovel~i;y.~q Proportional to ar 91 where r is
the radius of the stickO “cC2t~r~et~n~~a~i~ns would indi(smtethat the minus
exponent should be about do c ● ● 0

●9 9**9**.:0:....

●O ●*O ●ae ● ●
● O* :’0 ● ● ● .*.
● ** ● ●*O ●
● a*m* ● **
● e. ●0:
●O ● **

● e* ● ● ● ●*



● ●-O . . . .:0.
9

● ●e:
● *:0: ● **.

:*. * ● 00:0:
●

● *.
● *O e** ● ee ● O

.0: ●0: .:. . . . ... ..

● * ●
● .

::
●:0.

● *
● 9

●
:

● * ●.: .:.
:9

● ●:0 ●

● ☛ ● .e .** ● ● *O
● 9* ●’*:: :0 ● m

● **** ●:oa
● *** ●

● 0 ● 9* ● 00 ● ** ●:0 9*

●

.

.

.

●

✎

✎

✎

.

.

9 ● ● *O ● **
●O* ● ● ● ●’:
● ● 99

● ●°:
9*9

● : ● OmO●0:●:0:00 9**

00 ● *O ● e



.

.

,

.

.

.

.

.

.

● ☛ ● ☛✘ ● *9 ●:0 :00 ● *
● ● ● *

● ::0 -:.::
● ●

●: ● ● ● *
● ●:6 ● ●:s Cao ● a

-20=

energyo Their conclusion iFJthat the reaction time for TNT is 1 microsecond

and length of about 005 CMO

Another method is to,relate thm width of perturbed region of a

detonation wave preceding

[
of thearcby D.I& 1

K ~ bo~ p.rmter.

around a conmvo arc wikh lhe radius of curvature~
1

‘“(~ ~rl~] where ~ is the steady state veloclty and

If ~ is made unity thsn a would be tho order of 004 cmo

However,)(should bo more than

one component of the wctor D

Herzberg and Walker

unity and in fact probably a function of’r shoe
,-

will be direoted away frosnthe surfaccm

(BM 1165)s from direct observation of the duration

of detonation hlminosi%yn found an upper limit to be ().()3 ysec. for RDX - BWX 9~0~

pellets end 00INs~c for all other explosives instigated [tetryl$ X?ENO,TNT).

Corresponding upper ~imits for 3engthS of the reaction zones are 0.3 to 0.9 mm.

Theso are in very good agrecnwdt with ths results obtai.u~dby US.
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Certain defects of tho oircuit of i?igQ12 wiU be obvioue from

reference to Fi&Y 16a0 In the first place the signals produced by the various

oontaots grow successively Smaller, and what is worse they ohangy in shapeo” It

is reasonably obviouss however that these effeots are nQt largeO a Conclusion

which is supported by reference to actual osoillograme (Fig. 17)~1 But becauso of

this inherent defect it was felt desirable to measure all osci.llogrameat the

initial discontinuity ti slope of eaoh pulse (edimding the position by eye as

accurately as possible)

differences in shape of

the position of maximum

‘inorder to eMmina%e any

successive pulses suoh as

ampl%tude were measuredO

errors which might result from

m5@t occur ifO for ins+xmeo

More important than thcIdefeot just noted are the Mm.itations imposed

on the stee~ss and duration of’the pulse by residual induotanoe and oapaoitanoeo

ConsidsIrfor example the cirauit of FigO 16 whiah represent aFprox5rna’telyWS

aotual conditions met in practioeo Ll end Cl are estimated kobo 200 x 10
=%

henries

-’12
and 10 x 10 farads reapective3y0 The duration of the pulse will be controlled

by the time constant RC. which should be appreciably less tllsnthe rise tins of the

oscilloscope amplifier if best results are to be obtained~ Thus w must make

Rc=
-60001 x 10 secondso On the other hand the rise time of the pulse cannot be

I.essthan (L#$ and this too should be of’the order OaOl x 10”6 ~eco=dso This

-M?
consideration means that R= 200 ohmso Hence c~50 x m tarads~ Furtlm?moreO

Rmust Introduce enough dissiw*im into the circuit to e3iminete objocticmable

080iUat50n80

to obtain more

be appreoisbly

-12C.$c)xul

If C wsre infinite~ it would be necessary to make\

than one half cr:tical dampingo Ac+adly since C

mailer than this upper limit. Thcsaotual values
●** ●99 ●*

farad~$ and R . @“$& $h&e ~~ probably not
● .** 9*9

R<500 in order

is finite Rwust

used were

C@to the
● ☛ ●O* 9.*●** **9be
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proved adoquabo

obtain maximum contrast in photographing the osoillograph

tiaoe 103 - 0 spsot~oscopia plates were used~ The schedule ofcperation.swas suoh

the% they also received a cerkmin amount of prefoggingO which inoreases their

sensikivityO Timing intervals were obtained from a 5-megacycle sine wave osoillatos

oonstruwked for this puqmm. Tho plates ware measured with a precision xaiorometer
.-. -.

slide accurate to 0001 QUEO The photographic trace of a tqo microsecond sweep

length is about ~06 om so that reproducibility of a milli-mioroseoond is possible”

● 99 ● ● ** ● e* ● *●°0 ● ● 0
● : ::0 ● 0

● 9 .* ● ● * 9 ●
● ● 0

● * ●:0 :**●:0 :00 ● ,

● ☛☛ ● ● *e ● ●:’0 ● :** ● ● 9**
● 4* ● ● ** ●
● e08*●00.0: ●::0
● e 9** ● ● ● ● 0



● ☛ ● ● ☛☛
● 9*D ● .** ● ●°:

● ● 00 ● 9*8
b ● *9 ● ::::
9000 ● **

● ● ● 9*9 ● ● 09 ● *

● e ● 9* ● *9 8*9 ● .* 99
● * ● ● e
.. O:. .:00
● 0 ● ●
● * :0 :*

.0 ●.: ●:0 ● ● 00 ●

t

r

T

.

b

.

● m ● ** bee ● bee ●
.9 *** ●

:: ● ● *
●: ● d ●:: :0

● O ●.: ●:9 ●0: ● *9 ● 9

● ● ● ● *O*● :: 000 .90
● e**oe 99**



.

.

.
4

● “

*

>

L

7

a

*

>

,

● 0 ● mo ● ● 0
● ** ●°0 : ● *O
● aooeo ● 00
● a**o ● ** ●

● ** ● e*e **e
● * ● O* ● ● am **o

*

● m ● . . 9.* ● . . ● ** r.
● * ● O

● 999*** ::
● ** 9*9: :0.0

● ●:0 : ●:0 ● 9O ● *

TIMING
Zmmmr

HIGH EXPLOSIVE

~R’pp’NG
ME.TA~TARGET I ,

—

CIRCUIT

,-

FIG. / I

.
.

● ☛ ● ✍☛☛
● ✚ ✚ :0 ● 9

● *b.. 8.,- ● 0 ●00 ● e* ●00 ioo 09-

● ☛ ● em ● *e ● ●
● a* ●** ● ● ● ●**
800 ● ● ** c
● @e* : ●.::. O● m. *m.
● **999*- ● *



● 0 ● ● ma
● ●*8 ● ●.9 ● ●°:

● ● e ● 990
● :0: ● *9
● O*. :0: ● *9

b ● @09** ● ** ● *

● ✎ ● am ● 9e ● ** ..* . .

● e ● *●: : .9*.::00 ●
● * : :0

● 0 ●.: .:0 ● .:. ●

● 0 ● *O ● oe ● ● 00
● *.... .*.

● 0 ● ● *.00:0 ●: ●
● m :0

● 0 ..: ●:. ..: ● 0. . .

● ● ● 99 ● 0*9** ● ● ● .*9 ● ●.:
● 99* ● 9**

● : 9***● :: 00: ● *m
● ***O* ● 9**

*

;

.!

.

.

.

>

r

%



.
● ☛ ● 9* ● 0
● .* ●°0 : ●“m ●
● 00000 ● ee
● ee ● *8
● ** :0: ●@a:
● e ● *9 ● ● mebeo

● * ● *. ● 00 ● a. ● 00 ●

RI●

✎

✎

RI -Cl R2

~ci-
CI R2

I II

RI

,-.

. .

l-r”
Cl R2

●

+’*

RI
.

-7-

)-

?-

)-

<

*

1

1.
CI R2

l++

I Cl R2

lg’-’-

—

b

R4. :
<

.

.l+ii L
+45 A— -+=451 *

—

I

&

-

*

.
x FIGURE I 2

CIRCUIT USED TO PRODUCE PULSES WHEN CONTAGT
TARGET IS ESTABLISHED

R,=330fL R.= 100fi

● ☛ ● ☛☛ ● ☛☛ ● ●
● 00 ●ob ● ● ● ●**
● 9O ● ● ** ●
9 *O. : ●
● 8. ●0: ::0
● 9*9*... . .

. . . .. . .



● 0 ● m*
● ●** : ●O* ● ●°:

● 9* ● * ● m*@
● ● *m ● *9
● 8** :Oo:aoo

● 9 ● 99* ● *9 9*

● 00 9** ● 00 ● ** ● *●°0 ● o●: : .: ●
:: ● :
● * : :0 :0

● e 990 ● 9O ● ●:0 ●

L

.

.!

I

.

.

● ☛ ● 00 ● 99 ● ● O9
.0*8. m .’*
be ● ● O● *O:Q b:**
● * ● ●

● m ..: ●:* ● ** ●:* 9*

● ● ● ☛☛ 99*
.** ● ● 9 ●.0 ● ●°:
● ● em ● ● 99*

● ● ● 999● :: ● 0: .9*
99*** ● 9* ● *

r

.

1



!

,

.

.

L

.

L$

● 0 ● 9* ● 0
● .* ●°0 : ●** ●
● —.—. – —e— . .-* -—. — ~---

I,
I

I

—__ —.—
-- k

as=.- -==-=====.--.. . :- ,.---4

dP---+-

—
..

_———

1

I

1

I
1

I

Figo Mb

● ☛☛ ● .00 ● *. ● m..*. ● oo ● m
.:. . .0.



● 0 ● O*
● ●** : ●°0 0 ●°:

● ● ● ***
b :0: ● :*9
*8v m.** mme

● ● 900 **0** ●

●✍✚● *9 ● 00 ● em ● *●O. ● 0
● : ● * 9

:: ● :
● * : : ● :0

● ●e**:***

● m ● . . ● ** . ● m.● *9*.9.:: ● ● m●: ● ●:
:: 000

●:e
● * 890 9** ● . . . . . ● .

● ● ● 00 ● 90●** ● ● . .O. . .O:
● ● eb ● ● 99

9 : ● *99Q:: ● -: 9*9
● O*** ● 00 ● 0

I

.

.



;

●

.

.

● 0
9*

::
● *
● 9

900

:

●

●✚✎

● O* ● *9
● *
● .
● :

: ●:.

9*.“a.
●:0:

● 00:
● **

R j’”
s
1

FIG. I 4

30)4)Af loom. 330SL

—

FIG. 15(2

.

L.

b

47A

—
47A

FIG. 15b

c
\

I i+-

m 1c,

—

T
7
R e(t)

b

FIG. 16
● *9 ●.9* . ●:9 :0. . .

● :0 ● m

● : ● e
9 ● *

:0::: ● 000 ● a. ● e@ ● ** :.O . .
● 9* ● 00 ● ●

:** ● .*. ●
C*8*

● ● 0’.
● 9...

990 ●

● 9*
: ●

9** ● ::0
● * ..8 ● . ● *



II

I

----- . . . .
● ● ☛ ● ✍ ● *99

● ● O* ● **
9*** :0:000

● ● ● ● ** ● ● ** ● O

● m.**. ● O*9**.*:.. ● ●°:
● ● O* ● ● m-

● ● 9***
● 0:●:*:m. ● 9*

● a ..* ● m

,

v

1

,



————
—. —- ~.~ . .

n- — --- —-.. . —
— ~..

● ☛ ● O9 ● e8. . . .O. . .O. .

.

● *b ●
9 ..*

●** - ;
:

● *.
● 00● 0: 9*9

9 *...... ● m
.— -— -.. . -—

—— a ___ -=. ..= .—
-2—. -. —“ __ .



99 ● 8** 9*
. ●°9 ● ●’* ● *e

s ● *** 9**O

● ● *S ● **

.988 :*: ● *9

● “ . ee. ● ● *. ● *

. . .*. .*O ● O* 9:* ● =
● 6

●

.: : 6:00

:: 00:: :.
9*

. . ●0: a;. . 9** 9 A

E
v

WIKfANFIEI)

*

*

M

‘g--p

ih4cLAWFlED

. . .00 ● =0 9 ● 00 ●

.00:: ::*
.0●00::.:: ●.
.*

● = ●0: ● -* ● 00 ● 00 ● .

::
● 99
● 9
.*

●

●0:

:
●
●

.*9
●

● :
●

● 00
● ●°:
● *O

.emo
.90

● om ● 9

a
‘.

.

i
P

.


