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ABSTRACT: An exploratory experimental program hss ‘been com-
pleted to desermine in a rough though quantitative way the

nature of the multiple charge effect on air blast

It does nOt appear that a blast pulse of long duratxon with
out. multiple peaks, can be made by using multiple charges of
Vhigh explosives. When multiple chargés were fired in air,

the positive duration of the combined stiock wave in the range
measured, was néver appreclably 1arger than the positive. dur-
ation of the individual shock wave having the longest duraticn,

The duration of the individual shock was taken as the vaxue it
would have in undisturbed air; iIn fact; the positive duration
from multipie charges was even less than for a singleé chsrge

in & great many of the experimental conditions probably because

the negative phase from oue charge cut off the positive phase
of the other,

The fact that the positive duration was mot increased was. pre-
Q!4 c|\¢n1 wr. Al

1y noted ;u the Tar Mach region where the shoceks from a
éha¥ge and 1ts image were combined,

Explouives Res2arch Deparitment
U.S. NAVAL ORDNANCE LABORATORY
White Oak, Maryland
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The question ef how the pressures of several shock waves
in air combine and the question of pregsure ernhahcenment,
has not been answered completely But light has been: shed

on some of the important panameters affécting the problem.

£or exemple, th

— It hag bheen foun 2t when One shogk wave

hag been found; 25, that w <
overtakes another, the wave whlch overtakee the leading
wave 1is attenuatéd by anywhere from 0 to 76 per cent, {This
attenuation is greater for weak shocks, 2-<4 psi, than for
strong shocks, 30-50 pai; furtheérmore, the further the trail-
1ng shock progresses toward the front of the leading dhock
the greater is the attenuation 6f the trailing one.,

-Préssure enhancemént over a unit charge was not achieved
at any time after the shock waves combined nor wag there
any indication that pressurée @nhancement was possible, o
ircrease in pogitive impulse hag been found in these ex-
periments oyer what Would be obtained by a single shaprge
‘Iocated at the nearer distance,
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The work deaeribed in this paper has beéh ddne Lipst
to find out 1f the blast wave may be enhanced as &
result of u;;;='1u1t1p1o changes instesd of a single
charge with the same totail weight, ‘gecond 1o prrovide
some: basic éxperimental data that may be useful 1in
;etudying the interaction of shock waves, and third,
to find out if multiple shock pheéndmena ¢ould b2 nwed
4n some vway to proédiuce & long duratiofi shoék, Tht
vork was doiie undeér Projeét NOL nezu=a-1

EDWARD: T_, WOOﬁYARD
Captain, UaN
‘Commander
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EXPERIMENTAL INVESTIGATION OF THE INTERACTION OF
OVE TAKINu SHOCK WAVES ‘IN AIR

INTRODUCTION ,

I, 1In an explosion a large quantity of heat and light is
liber&ted, gases are produced a4t a2 high temperature and
pressure; and a preasure wave KnoWn as a shock wave is

gent out into the #urrounding medium from the cented of

the detonation, The reason for the developnment of the
8h0¢k wave Wh ch 18 essentially a discom'imrlfv of nwnﬂnnnu;
and particle velocity, can dbe readily seen by con31aer1ng
the detonation product gases as a spherical piston pushing
cutward the surrounding medium with a velocity u, the vel-

ocity of the spherical gas piston, and at any time the

disturbancé is communicated to the surrounding air with a

velocity of scund ¢ relative to the air, and a veioc;ty

relative to the grcund of ¢ + u, Now a8 time incieases the
piston continues to expaznd rapidly increaslng the temper-

ature and density of the air immediately surrounding the

piston which inéreas=- the 1lécal sound velocity resulting

in an increase in the speed of propagation of the disturb-
anee, Thus,-as the detonation product gases expand the

local speed of sound irigreases, increasing the speed of
propagation of the disturbance into the surrounding meditim,
This procéss reésults in a pressure front bullding up and
becoming steeper as the later and faster disturbances travel-
ing through the heated air catch up to the earlieér and slower

R e

SN ks WA Y A 2] l&“‘dv-\'d-\l; -

the medium. At this time the shock front 1s formed,

2. In addition to a pressure discontinuity, a shock front

is accompanied by an €levateéd temperature and by motion
A'P- tha. aﬂ r. whish . tosether with. £he-- trn:l.c\n.'i.,f_"_ -of-the shoals.

LA weaF Fowve s waAs VEEGT Wilane ity T

are related to the shock pressure. The equations govertiing

the various parameters at the shock front were formulated
by Rankine and Hugonlot by the application of the lawz of
couservation of mass, momentum and energy acrosa the ghock

front.,

'30 The pressure in the shock wave is a function of the

distance fiom the chsrge and, at a fixed distance, is a

- funetion of time. At fixed distances from the explosion

the pressure in the shock firont riseéed to 1ts peak value in
a time which 48 effectivelv instantaneeus, decays gradually

1
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w*th timé until it réaches & minimum (which is below at-
mogpheric preszure), and then raturns slowly £6 preshock
atmoapheric preaaure. This decgy of pressure with time

15 interrupted by & sscondary 8nock vecurring normally

when the pressure has decayed nearly to atmospheric préssure.

4, The maximum value of the preasure in the shock vave
in éxéess of atmospherie pressure is called the peak
pressure (Ps) and ‘the time reguiréd to decay to gtmospheriec

pressure will be termed the positive duration, Positive
dusation is measured by extrapoleting the r-asure-time
Surve €0 0 pressure gg If the segondary sh@ek were not
thswm 'ﬁe?am—‘? ne to 4‘40 2 which ahawgo a nurahan. Qf sample

2 “o =9 an ‘wAO WY b

recordg, the ares bcundea by the positive part of the
pressure curve and the axis of atmospherie pressure,
v

Z P'(t‘)dt 'is called the. positive impulee, Thé inter-
<« .

aédtion of ovoncaking shocks will be’ diacuased in terms
of the three above=mentioned parameters, pPeEK prene"“e,

Ps: positive duration,YT’; and positiive ;mpulgg. I,

5. Investigations in the field of overtaking shocks hav&
to the best of this author's knowledge, not been made to
_date, probably- because 5f the diffieulty of analyzing the
non=tingad ‘behavior of the resultint interaction" Never=- .
th@less, there has been mich spesulation on this subJeﬁt
It is hoped that this paper will help provide some funda-
mental sxperimental data to be used as a ‘basis ?br furcher
study. . . -

65' The ap@cif;e queation this work will answer 1is I1f ‘two

shiock waves coming from ‘deparate sources are arranged An

some way to be superimpoged, how will the parimsters of

pédék pressure, positive duration and poaitive 1mpulse ‘be

A:Q?Pna%nﬂ..h‘_:rn_ .¢-h-n~un.m yw da sl ommie esm

- W WU WA R 7 £ “V&\lﬂs Al VRV waveﬂ add up 3and
W¥hat paraﬁetera afrect this process.

7. AsS discusaed distu*bances are propagated faster rel-.
ative to the ground in & medium having & high lecal spsed
of sound, that 18 in a medium of ‘high temperatuire and
pressure, than they would in a medium of a lower locsl
speed of sound, Thus a shock wave in general will eateh :
up to another shock Wave even if the velocity of the trail-
ing shoek relative to the sound veloeity in the medium in
vhich 1t 1is **aveling is less than the relative velocity of .
the leéading shock front . In other words,; a shock of less

2

~

.....
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qtre»ngth can overtake one 67 greater strength simply bé-
cauge the vdlue of ¢ in the medium behind the latter 1is
éﬁugﬁgatly increased py the passage of the shock,

EYPERIMENTAL PROCEDURE

8. The shoeck wave produced in eir by & one pound sphei-
ical pentédlite charge has beeti well esitabiished by a hum-
ver of investigators (Teference \b)) so that the multiple
8hocks produced by two charges can be easily identified
and the data can ve analyzéd in terms of kndwh shock wave
perametess., By this it is meant thet the identity of a
shoek wave that has not béen affécted by anothér shock can
bé correlated with the charge it came from by measuping
\itszparametnrs. :

i-h 13.80
| ennree |

[ ffPl/?Af/ﬁ# é30-

/6“,4:45[ PUSITIONS

-t et

C CHARGE*2 “htdod] —T Y
e CHARGE B/ '

e 3030
Fig., 1 - Plan of Experimental Set Up

G, 10 measure the shoek waves emanating from two eharges
six tourmaline piezc-eleéiric gages were placed at six \
distances in a line with the two charges as shown in Fig. 1
Gages and charges were located in a horizontal plane 12 ft
sbove the ground to delay ground reflecticns until the
entire poslitive phase of the incident shock was recorded

10, The signals from the gages were led back to the record-

3

b Bkt it a2
'
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ing equipment by 250 £t of cable and were thén amplified

)and 1mpfesaed on the deflection plates of a cathode nay
tubé,; The resulting deflection of the cathode ¥ay spot

was: "ecorded on 35 mm f£ilm as @& function of time by a ro«
tating drum ¢amera. Conventional technigues of pilezo-

electric pressure measurements were uséd, referénce (e),.

Regtangular barfles having & length twenty=feur timea the

occurringeas Fi resu;t of flow whieh ﬂﬂnﬂ-ﬂ“the pr-ﬁsure
on the gﬂw- £o De 2cdnewhet lgegs than the firae figld gﬂessure,

11. Charge #2 was fired first, then gharge. #1 after a
known delay. The time delay for firing was reccorded as

shopt duration pips on the same film trace 2s the presgurg~

time curves by utilizing the surge current going into the
electric detonato¥s to generate a voltage for this record-
ing, Fig. 2.

t2. The method used to carry on this Anvestigation wag
to fix a charge*pepar&tion of O, 1, 2, and 3 £t and fire

.the two sharges at time dirferences rrom 0 on up until

the two shocks no longer were reacting in any way with
each othexr, Thils program was exploratory in nature; only
two shots of sach experimental condit4on were made,

13, Muasurements were made of preﬁaure, positive impulse
and p@sitive duration of shock waves that were -caught up
and of those that were in the process of overtaking each
other, 1In order to fire charges at O seéparation and at
different times the charges were p‘aced 2 frt apart at right

angles to the gage line. Each clhiarge was then at approxi+<

metely the same radial distance Irom each of the gages,
giving the desired effect of zero charge séparation,

14, Single one poand charges were fired and the parameters
of peak presaur ¢, positive impulse and positive duration
were read and compared with the accepted values to estab-
1ish the validi»v of the. gage calibration and recording
systems.. _
15 mﬁa,one pound charges were tiad together and Tired
as a single charge. The results of these firings were
compared to thée twe pound blas: data as determined fron
the scaling lews and the one pound acespted experiwental
values, Sone diserepaney is to he -expscted because of
chargs shape not béing spherieal, ) : .

16, Aall charges used in the series of eiXperiments deseribad
in this report Were 470 grams of east spherical 50/50 panto-

31%3 centrally initiated with an engineer special 2lestric
etonatcr,

i
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17. The effect of gageé size on peak pressure was neglected.
This smounts on the average to a 5 per cent error making the
peak pressure fead low. The effect of the charges being 3
per cent heavier than ine pounid on theé average was galso negiected,
This tended to compersate for the effect of neglecting gage
 Bize ePrors. Since only two shotd were fired in any one situa=
‘tion érrore caused by neglecting these factiors iere gmall com-
patred to the notmal scatter i1 this lkind of work.

18, Tables I through IV are tabulations of the experimental
data in these series of experiments and are selif-czpianatory.

ANALYSIS OF DATA

19. Pigire 3 showe'graphs of the percentagé of the trailing
ghock s normal Peak préssure value that Pesulted when it
prepagates into thé positive phase of the leadiug shock. By
normal Ppeak preseure value is meant the value it would have

in undisturbed air. Thils pércentag. is plotted as a function
of the ambient préssure in the leading shock at the 4nstant of
arrtval of the tralling shock front and also as & function of
this ambient pressure expressed as a percentagé of the peak
pressure in the leading shock. From the graphs 1t can e seen
that in generai the loss of pesk pressure in the trailing shock
increases as the tralling shocK enters a higher pres°ure region.
At the 8.80, 13.80, 20.00 and 35.3¢ £¢ gage positions when the
shocks are complecely caught up the reéduction in the normal
free alr peak pressure in the trailing shock averages 61 per
cent with a range of 58 to 65 per cent. Thus the final pres=
8ure lces figure of the trailing shock is not very dependent

~ on The pressure level of the leading shock or the trailing
shock. The numbers next to points on the graphs, Flg. 3, repre-
sent the distance in feet between the charges wh3n fired. The
larger this distance the greater the difference in pressure of
the two sho¢ckz. The method used to determine this peak presg-=
sure loss is aé follows= ‘The léading Shock'!s préssure is
determined frem known pressure—distanse data thus eéstablish-
ing a pressure scale (psi per inch of deflection) fer the
pressurentime record, using this pressure scale the pressure
in the tralling sneck is qetérmined, Fig. 3. This pressure

{8 then compared with the pressure this shock would have had
had 1t not intexrscted with the laading shock. The pressure
the trailing shock would normally have had was taken from
known pressure-distance data fo¥ these charges, reférence (a).
Thus it can be Seen. that the percentage loss in pressure has
been derived without the aid of the calibration consrant of

& tourmaline pressu“e gage.

un
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20. V¥hen a sang e ¢charge of twice the weight of one of
these charges is fired, the presaufe can be predictéd
from the 8caling law which 8tatese

- Pg = 'f_( —-‘-17'3“

whére Pg equals the peak pressure
f 18 some functien of pressure
R 1is radial &idtance from charge
W 1is the weight of thé charge.

A form of this e\uation that. 248 experimental pressure-
41 stan e curves rTeasonably well is as follows:

Pg = A Ahn

A is reduced distance -173“

A 18 a conntant

n 13 thé slope n .

Thus 1r we wish fo know how much larger the pressure is

~ Irom a .Larger ¢harge of u2 Ips compared 0 @ SnNEiier CHATEE

of W, 1lbs, we write the following ratio dewn®

-
2”22 Alp /.A_;?.\! o] Rf — 1
Fyo= ARy [ *y/ | :1__173

L]
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make R, = R, = R arid adjust Wl and wj sueh that the vaiue of
A and A remain unehanged, '
)3 T2
:P_\' . ‘ 4
Solve for ?%:T = W% ) 3 )
’R; \ «

and érop primes.,

Equation (1) is an expression for relativé pressure at a
given distanse for two dirfersnt welghts of explosive.

21, The table below gives the ratio gfrpr@asure one obtains
from two pounds of charge ralative to a.ome pound charge as
& funetion of diatance, '

22, ‘These valued were caloulsted using equation (1) and a
value of n &8 measured {rom tlé accepted pressure-distance
curves, If we imagine this relative pressureé ratio to con-
sist of the pressure from two one-pound charges and doné of
thesé charges contributed its normel free-air pressure, as
is the caze foxr the leading shosk, arid the other contributed
a frastion of 1ts nermal pressurs, as the trailing shoek;

we find that the frastion of the ralative pressure ratio
abeve one is analegeous to the fraction 6f the normal fres-alF
peak preszure of a tralling shock added to a leading sheek
after cateh up, Experimental valuss fer overtaking shoeks
are tabulated in &ceordarce with the anzlogy 28 described.

23, The experimental data in the table below were obtslned by con-

8idering the fraction of the tralling shock's undisturbed pesk
pressure value added on to the leading shock, Thus fo¥ @il
tiple shecks to combiné in sueh a Way a8 {6 iner¢ase the peak
pressure over a unit charge of eguivalent weight, the trails
" ing shosk would have to add more than say 56 pex cent of its
free air valué tc the leading shosk at the 53§g~ft distancs,
‘ Experisental Data

~ Equation (1) 1 & frastion of traii-
P. 4 \R . ing shosk*s normal peak

» .2 .(2)3 pressure added to lead-
R feet P ing shosk
4,40 ' o 1.72 ‘ T D
\5§391‘f" . 1,65 T
8.80 ~ L 1.56 1.42
20,00 = ~1.38 1.35
35.30 1.32 1,80

7

P
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Looking at the above tablé ohe sees that by combining shocks

rom two l-pound c¢harges fired separately, no réal différsence
in fingl shock wave pressurp is obtained than if a single
2-pound charge were fired.

2Ly, Thus from this datd, charges fired separately cannot

_énhance the blast wave over a single charge of the same coi=

lective weight; and in fack the biast is reduced if anaiyzed
on thé basis that the charge distance was that from the near-
est change. . Tnis is borne out in the pressute=di igtance grep
Fig. 4 for a 2-pound charge and for the various multipl°
charge shots studied after catech up.

25. The positive duration of all the fully combineéd shocks
showed -one ihteresting property., The positive duration of
the combined shocks 18 no larger than the largest positive
duration in undisturbed air of either of the two shock waves,
up to distances of 16 £t from the nearest charge. Beyond

16 £t positive duration sSeems to 1ncneaae and at 35 ft it
looxs similar to what woulid be proauced by 2 pounds of cnarge.
See Fig. 5 1n which positive duration of combined shocks 18

- plotted against distance from the further charge.

26. The duration of shocks initially in the far Mach region
exhibits Tthis same behavicr. That 18, although two ‘hearly

equal shocks have combined (charge and image charge); the

incident =nd reflected, du;ayguu of the éombination appears

no larger than that for one of the shocks. There i8 the

tendency for the duration of the Mach shock at large distances
te look lixe that of a shock produced by twice the weight of

,_charze44wThis du“ation effpot wag obgerved in the £11lm secords

from reference {d). The reason for the deley in inéFeasing the
duration over the single charge duration is probably because
the shock front veloclty is increased only after the shocks

have caught up. ‘The poiat 1u space whére the predsure in- the

shock has decayed to atmogpheric, travels with the speed of

) sound and the shock front needs time fo make 1ts slightly

greater velocity acéount for an incréase in positive duration,
whereas in a single charge of twice the welght the initialixy
faster shock velocity has moere time to get ahead ef the cross-
over point resulting in a wave of longer duration.

27 Since the duration 6f the shocks from multiple charges
shows no_ enhancement over that of the shock from a single
charge and since the pealk préssure of the multiple shocks
shows no enhahcéiient over the shock from a single charge
then it 1s quite reasdnable to expect that the impulse,

J;P (t)at, wil;/ggow.nu enhangemenﬁ barring any change in rate
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of thé pressure decay with timeé. As cé&n be seen in Fig. 5,
this is borne out by the data, The two i~pound charges
fired at mepavated points produced impulses after ceteh

up that were less than if uﬁe two l-pound ¢havges were fired
togéther at the nearer distance, Furthermore the larger the
charge separation the less was the positive impulge of the
combined Shodks, which 18 what could reasonably be -expected.

28. It is to pe noted that the conalusions arrived &t in

this report hold only for overuaking shock waves.. These re-
gults should not be appliéa to colliding £hocks,
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TABLE I

Peak Presauré~(pSi3 of Cembined Shocks G@h&rges of,apart)*

—piztance — i " —FIiring
R 4 7 4,40 8.80 13.8¢ 35.30 ‘Time De-
shot # o , _____lay MS i
L AP— S — : ~2e e |
51. 2,11 17.96 7.83 1.88 - ;.51 ;
65 7 } .60 - 3.91 2
56 l 1,48 ' g
5 o ' " 1.65 - |
5 . 69 &38:[ 17 ‘9~5/Q 7 ° 11, v T 51 ’ 1~.10
Avérageé 66.25  17.7T3 747 1.62

*Each. charga is the same distancé from gages but Zepd-
rated 2¢ apar* 4t Pight angles to gage line in order
to fire the two charges at separate timos.

Peak Pressure (psi) of Combined Shocks (Charges 1t apart)

11

PIstance . — T TITing
: £t 4,40 6.30 8.80 13 80 35.30 Time De-
&pt#i_—f_,w,\ 7 - e Tay WS
- N _ - _7.65 Wwv~<37v,__”h,~: -
S 716 173 %
T _ S T.1Q 1.49 *
8 51.29 2b.o4 13.06 . 6.68 141 *
] ; 54 61 22.02 13.76 = 6.38 1.40 #
10 64,91 29.19 ¢3 .25 6.54 1.%6 &
_%; ' 32.15 18.06  9.73 7.09 1.48 *
13 o - : - 1,56 0.6
1% : _ B © 1.55 ~Os?i
average 52,49 23.55 12,45 6.93 1.49
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TABLE I
Peak Pressure (psi) of Combined Shocks (Charges 2' apart)
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TABLE II

» Positive Impulse (psi-ms) Combined Shocks @Charsea Ot apart)#

TUDIRTEIGE ey e T e, TIHE
e , o , 4 Delay
Shot # kAo 880 138 3530 _ _  #S

v

51 19.68 13,08,  7.07 3.13 1.61
85 , 266 3.91 :
56 2.70 |
57 . . 2"@162' '
58 9,93 6.82 2.50 1.0
“Average 19.68 1150 T 292 -
~° *Each charge is same distance from gages but sepa-
. rated by 2' in 2 directlon at right arngles to gage
line 1n ordér to fire the two charges at separate
times, e - " o ~

Positive Impulse (psi-ms) Combined Shocks (Charges 1* apart)
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e \
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TABLE II

Pgsitive Impulg@ (pai-ms) Cémbingd Shocks (Chargea 21 aﬁﬁ?@)
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TABLE III

Mean Experimental Vslues of Positive puration (77"}, ms,
‘ vs Distance from Further Charge for
Combined Shocks

SR ——YIstancs
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TABLE IV

BEAST PATA FOR CONTROL 2HOTS

Experimental Péak Pressures (ns;\ffnn 1 .and 2 pounds

of Pentclita
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TIMING MARKS

SHOCK WAVES iN OXIERTAKING PROGESS '

. CHARGE SEPARATION 3 FEET
* _ FIRING TIME DIFFERENCE 4.52 MS .
. CHARGE #1 TO GAGﬁ DISTANQE 20.00 FEET : e

T‘.‘!O SHOCGK WAVFS COMBINED

CHARGE SEPARATION 3 FEET
FIRING TIME DIFFERENCE 4.02 ¥S
CHARGE # | TG GAGE DISTANCE 20.00 FEET

-~

) \ FiG.
@ [ “_WTY'P‘l\GAL EGORDS

gt

17
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FiCG. 5 DURATION oF THE POSITIVE PHASE
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CATCH UP FOR 1, 2 AND 3 FOOT CHAKGE SEPARATIONS

‘EXPERIMENTAL POSITIVE IMPULSE VALUES FROY A Gn'E POUND: SPHERE OF

YPERINENPAL nm"sr:“ IMDULSE *:.A...mas mo& 2 ONE POUND. SPHER
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