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INTRCODUCTICH

It has long beern know that a shock wave is propagated in a ges
with a velocity which changes with pressure and which may be many times
greater than the welocity of sound. Accordingly, the wvelocity is
measured 2y the pressure and the energy content in the wave, and is,
therefore, a rather significant factor in the determination of the
demclition capacity of the wave. Nevertheless, knowledge regarding
shock velocity is quite incomplete and unsatisfactory despite the many
investigations carried out in the past.

The measurements presented here were made at the Fysikaliska
Forskningsa=slningen vid AB Bofors EMysical Research Department at
Bofors, Lth , and aim to cope direcuiy with this deficiency regarding
spherical chorges.

Inowledge of the results also yields the opportunity to check
theory by examining the connexion between the emanating wave and the
characteristics of the explosiwve cnarge. This vas another reason for
the present rather comprehensive investigation.

We were particularly anxious to check two theories: an old one
by Riluenbers (Reference 1), and a quite recent one by Sedov (Reference
2) vecause of application to the calculation of the zmoun®t of energy
that is liberated by an atomic bomb explosion. Below are showm the
Bofors measurements which are not at all in agreement with the pre-
dictions of either of the above theories, Thus it is certain tha® the
above theories are useless for the calculation of the amount of energy
liberated by an atomic bomb explosion. Applications to the atemic bomb
appear, therefore, to be hardly promising.

Let us survey the previous experimental work published on this
topic. One then meets only with qualitative results. lMany investi-
gators have found that shock front velocity is wvery high in the
vicinity of the charge and that it decreases with distance, gradually
approaching acoustic velocity, and from their findings have attempted
to formmulate laws, but the measurements turned out to be irrerroducitble.

The essential cause of the poorness of these results, dsspite the
range of weizhts of charges exploded, which in some cases extendsd u»n to
1500 kg, is indubitably due to the neglsct of the effsct of ths chare of
the charge. Measurements at Dofors have shown that cylindrical cherges
produce & distinct directioral effect not only with roespect to the
impulse, as the author has demonstrated in Reference 3, but also with

regard to the velocity. Thus it is apparent that when velocity
measurements are obtained without consideration of the shave of zTne
charge, the results will be rather puzzling and irreproduci:ls. This
remark applies to all the experiments carried out by the authors named
below. It should further be added that the charges were often inserzzd
in magazine containers or metallic covers which could have directed the
explosion wave in an imperspicuous manner.



The first velocity measurements of explesion waves were made by
Mach, who, in 1877 to 1889, experimented with very small charge weights.
Among other experiments we may list those by Wolff (Reference 4), von
Angerer and Ladenburg (Reference 5), Burlot (Reference 5), and Partlo
and Service (Reference 7).

The two last named experimenters have made the notable observation
that the velocity within a certain range of charge radii is subsonic..
It does not appear likely that this result is correct. Apparently, the
error lies in the neglect of the directiomal effect and of the sceling
law derived from the principle of dynamic similarity accordiag to which
all velocities are equal at distances measured in charge radii, for a
specified type of explosive.

The form of the charge introduces considerable complications as to
the directionmal effect, particularly near the ground. It is reasonable
to begin by eliminating these difficulties by choosing as a charge form
the sphere which alone is fully symmetric if set off at the charge
centre. This is the reason for confining the present investigation to
spherical charges.

When such & charge is detonated it sends out & shock wave within
which the pressure behaves, as Figure 1 shows, with 2 pressure maximum
at the discontinuous front. The pressure generally decreases linearly
with time behind the front and attains at point 2 the value of one
atmosphere to drop below this wvalue thereafter. The wave front is
propagated with a velocity wy which decreases with the distence from the
charge, starting from the maximum value w  at the surface.

RO = charge radius
R = distance from the centre of the charge
Tl = time for shock front to reach R, starting from Ro

T2 = time for pressure to become atmospheric after passage
of the shock front

Q
Wa

charge weight

shock velocity at time Tz.

Then the corresponding quantities scaled,according to the law of simili-

tude are: >

- =D Q-l/z, 0 =ROQ—1/3

7 o~1/3 o a=l/3
=1,q77", =7,07 7",

5 %2
The times tl and t, are related to r and L by
% = fl(r - ro), t, = fz(r - ro)

where fl and f, depend on the type of explosive but do not depend
explicitly on Q.
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The differencs t, =%, - 2 is the duration of the positive pressure

2
2t a fixed point r while a wave is passing. The positive wave-length 1,
is the distance between the position of the front at time ty and r. One
then gets
Wl + Wo
1, =w2(t2 - ul), l:sz.c; 1, =——2——(t2 - tl) is a better

approximatioé]

where w, may approximately be replaced by the sonic velocity c, at large
distances.

EXPERIMENTAL FROCEDURE

At the moment the explosion products break through the surface of
the charge, almost immediately a2 shock wave forms and an intensive
radiation is emitted and is recorded on an oscillograph by means of a
highly evacuated photocell (Philips, type 3250) and a trigger coupling.
At the distance R is placed a crystal-receiver which registers the time
of arrival of the wave at R.

The arrangements have to be varied according to whether the dis-
tance is small or large because in the former case one measures time of
the order of microseconds and excess pressures that are exceedingly high,
while in the latter case one measures longer time intervals of the order
of milliseconds and smaller excess pressures.

¢ small distances one uses an S.K. quartz-gauge. It consists of
8 stesel rod, at the farthest end of which one places a quartz crystal
shielded by a threaded hood. The oscillograph is a polar-recording
cathode-ray ®scillograph ouilt by the Fysikaliska Forskingsavdelaingen,
AB BoPors which contains a cathode-ray tube manufactured by the AB
Standard Radio Fabrik, Stockholm. Spots of light describe a spirzl
consisting of about three effective turns with & speed that is adjust-
able in steps from 20.000 to 200 rps. For a shorter time interval a
higher speed of rotation of the oscillograph trace is used. Thus cer-
tain difficulties arise on how to start the oscillograph a2t the right
moment so that one loses the incoming signals from neither the photo-
cell nor the gquartz-gauge. These signals are, as 2 rule, three in
number, taken at various distances from the charge. Thus thrss travel
times are measured for each explosion. The problem is sclved in the
following manner: The charge is initiated by 2 detonasor czp and a
PETN-fuze through which a thin copper thread is drawm ocut to 2 suitable
distance from the explosive cap. When this wire breaks, the oscillo-
graph commences to sweep its spiral path, which is recorded on the
screen. Using various lengths for the fuze between the break-wire and
the detonator cap in the centre of the charge one may easily reproduce
various delay times. Such an oscillogram is shomm in Figure 2. The
oscillograph tubes do not indicate full circular syrme®try. Therefore,
the reading is performed with the a2id of a calibratec protractor. With
& speed of 10.000rps the reading accuracy is about C.5 s, i.e., one
may measure 50 g s with a tolerance of 1 per cent.

*
B =
[P..TN CsHa°1zN§



Of course, it is important for such short <ime intervals that the
response time of the entire circuit be minimal. This requirement is
checked by firing several shots with a quartz crystal ccmented directly
to the surface of the charge at% sach firing. The signal from the
crystal and the photocell trigger circuit are incorporated simultane-
ously in the_cathode=ray oscillograph which has 2 recording velocity of
4000 m sec.”l, It turned out that the time difference between the two
signals maintained the magnitude of 1 to 2 times 107 sec., i.e., 2
value safely below the accuracy of reading.

At large distances a six~spiral Siemens oscillograph was employed
with a maximal paper speed of 10 m sec™l. The crystal receiver was a
Brush microphone with Seignette crystal. The microphone is connected
to & non~linear amplifier, that is, one with very high sensitivity for
small input voltage, but with curre~* saturation already at modercte
voltage [i.e., & high gain amplifi&ﬂ . Accordingly, zero time in the
pressure-time curve may be measured with an accuracy greater thaan the
one obtzinable with the use of a linear amplifier. For this compare
Figure 3.which shows the distorted and normal diagrams according to
Figure 1. The current curve of the photocell is also shown in the
figure. In order to facilitate distance measurements and to reduce
effects of possible horizontal wind disturbances the charge is suspended
vertically above the microphone placed about 1 m above the ground. Time
measurements are made with a tuning fork calibrated with cn® from the
Telegraph Company at a telephonically transmitted frequency of 500 Zz

i,e., cps], the accuracy of which is indicated tc be greater shon 1 in
105. :
-

Explosions in compressed and evacuated air are carried out in a2
specially constructed spherical chamber of 5.5 m” displacement with a
diameter of 2 m. This permits th= explosion of 0.25 kg of THUT =-C7H50,Ea
at an initial pressure or 4 ata [}tmospheres absoluté]. The coat-iner =
can also be evacuated to a vacuum of a few mm Eg. The measuring arrange-
ments are the same as given above for small distances in free air. The
photocells are located outside the container and rezct to the radiation
from within through a small glass window. Quartz-gauges are placed in-
side the chamber and are connected by pressure=-sealed leads to each of
their trigger circuits on the outside.

SXPERILENTAL RISULTS AND CORRZCTICUS

Charges are weighed in grams, small distances are measured in
nillimeters, and large distances in centimeters. Temperature, humidity
and barometric pressure are determined tefore every shot. The charges
are exploded in calm air.

The measurements are corrected as follows:
l, Quartz=-gauge measurements of travel times are decressed

by 1 us corresponding to the time the pressure requires tc be
transmitted through the protective shield of the gaugs.



2, Trawvel times are reduced to a temperature of C deyj C zad
8 humidity of O per cent by rultiplication by the factor

k

1 + 1,832 x 10} + 0,16 eh/3

where
= temperature in deg C,

®
]

humidity in per cent,
h = measured vapour pressure,

B

barometric pressure.

The factor k indicates the retio of sonic velocity in the
given still atmosphere to that in an atmosphere of 0 deg C and O per cent
hunidity.

3. The times measured by the polar-recording oscillogranh are
reduced by 0.89 per cent “ecause it permits agreement "rith the more
accurately calibrated time indication of the spiral oscillograph.

The parameters varied within the following limits:

Temperature 2.5 to 21,2 deg C,
Dumidity 61l to 96 per cent,
Barometric Pressure 738 to 75% rm Eg,
Chargs Teight 0.248 to 0.255 Xz,
06985 tc 14270 kg
Type of Explosive PETN; TUT with 10, 2C, 50 psr cent al.

£ (o} A=A n 198 & & e 2 loun 1n Le P~
}1e orrecr e L nea Qalues o1l Tt©ane tll es ars (o) d a.b 28

Table T gives the timest, and t, 2t 2%t-osphsric prassurs.

Table II gives the timestl at various densitiss of =he
ambient air,

Table TIX zives the times t, at aTnospheric pressurs for
explosive charges other than 100 rner cent THI,
ramelys PETU; TNT with 1C, 20, 30 ser csent al,

With the few measurements that we have for any given dis-
tance it would be unreascnable to calculate the mean sguare srror. As

a measure of dispersion we choose instead the differences between the

highest and the lowest measured values (the range). The greatest

deviations from the above mean values, given in colums 2 and &, ars

thus approximetely one-half of the reuge quoted in columms 3 and 5.



The dispersion in r veries with the charge weight.
TABLE I

M24SURZD TIME FOR SEOCX FRONT TO REACE r, AND TILE
AT WHICH. THE EXCESS PRISSURZ VANISHSS

Values corrected to 1 kg charge weight, O deg C temperature, and O per
cent humiditsr,

Bxplosive Charges TNT.

r, = 0,084 m kg-l/z.
Q = 0425 kg Q = 1.00 kg
1 2 ' 3 4 5 6 7 8 ) 10
fo. Dis- Dis=- R Dis- Dis=
of |r - Ty persion t persion || of r-ry persion| % rercion
. * o) . I pes S S
Obs m mm ms Ms bs | m pevios} ms Y
Small Distances; Wave Front
4 104 1 021 1 4 «200 1 o 047 2
4 .183 1 043 6 4 «300 1 .083 2
4 v341 2 «100 7 4 400 1 128 8
1 422 - <133 - 5 446 2 142 30
6 «579 1 «213 18 5 «545 3 o204 19
5 .658 4 264 17 5 « 746 4 341 21
6 <737 4 «330 21 4 . 846 6 »1183 15
5 «816 4 289 8 4 1,045 2 511 C
6 897 6 465 27 4 1.246 1 o343 20
7 1.058 12 .626 31
5 1.215 14 .809 48
7 1.374 15 1.018 28
5 1,832 10 1,224 2l
g 1,890 | . 12 1,491 43
'5 l.848 13 1,774 24
1 2,001 - 2.062 - e
Large Distance: Wave Front
2 3.11 10 4441 90 -2 3.85 10 8,54 30
2 6,22 20 12.72 0 3 5,98 o0 12,04 10
3 S.44 0 21.79 40 2 7497 10 17.33 | 40
2 | 12,57 10 30.68 60 2 €.93 2C 22.97 30
2 |15.74 0 39,81 25 2 11,94 0 28497 40
2 [18.85 0 49,22 24
Large Distance: Time at which Positive Phase Vanishes
for Given Distance r
2 12,57 10 34490 140 2 797 10 20,985 450
2 15.74 0 44,37 490 2 9.93 20 27.00 S0
2 |18.85 0 53.65 160 2 11,94 0 32,75 70

* 1. . . . . . . 5 s v -1/3
[;lc; the dimensions given in this row should be multiplisd by kg //]

9



TABLE II
SECCK FRONT TRAVEL TILE IZEASURED AT VARIOUS AHBIENT DElSITIES

Values corrected to 1 kg charge weight, 0 deg C temperature, and O per
cent humidity. Density@_ - in kg n=s,

Explosive Charge:; TIL,

Charge weight: 0.25 kz.

r, =0.05¢ m rg1/3,
Q, = 5.10 Q =3.81 Q = 2.55 Q = 1.20
T =% o o 4
ps*  ” Mo s ” s 7 s -
.158 50.6 146 45.8 132 40.8 118 34,5 100
.278 _— - 99.9 136 R 73.5 100
316 131.7 149 | 121.3 137 | 105.9 120 88.2 100
342 147.6 149 | 136.4 138 — - $8.8 100
476 249.0 153 | 229.1 141 | 202.0 124 | 162.6 100
.786 584.0 159 | 534.6 145 - === | 368.1 100

The travel times are measured by one shot for each distance, excspt for
%o = 2.55 where two shots are used, and 0 = 1,29 where the times are
calculated by the formulae for small distances.
TABLE III

MEASURED TRAVEL TIMES FOR VARIOUS EXPLOSIVE CELRGES COMPARED
TO THOSE FCR TNT AT ATMCSPEERIC PRESSURE

Mean values of two shots at each distance.

r-r PETN 10 7 A1 + 20 % A1 + 30 % AL +
m*s © % S0 % TNT g0 7% T 70 % TNT
% i %
.26 95 100 104 111
.50 e 107 102 112
.74 54 101 101 107
1.05 o4 100 105 103
1.35 %4 99 95 101
1.65 100 100 100 103
M. v 95 101 104 114
k, 93 104 104 114
k +.03 =03 -.03 2,03
- - ~
sic; ;s . kg 1/% in this ro%]
- -1/3]
siej m . kg

10



EVALUATION OF EXP=RIMEIXTAL RISULIS

The measured values of the travel tines t; and tp may be reproduced
very accurately by means of the following formulae:

For small distances

ot
o

2
- - A - ke - \ .
% = bo(r roj o+ bl(r ro) + oz(r r }7;

o]

For large distances
= P 2
l/'t2 = co/(r - ro) + cl/(r ro)

Lo o iy . -1 , a7 = -1
where is the sonic ocity, i.e. 3.3 m Sece 5 3le3 m .
whe c e vel Vs ey 3343 e si 33l.3 m sec

The b's and c's are determined by the method of leas ol

ct

%]
N0

[l

[£]

Thus the following values are obtaizmed for a srhericul TEHT chorge:

b

0.1614, b
o 1

331.3, c, =376,7.
o 1 :

0.3598, b, = 0.038C;

c

It is evident from Pigures 4 and 5 that the measured times fall eon
“he cw™ve computed from the above formula quite well, and that walues
for various charge weights lie on the same curves since theyr are resduced
in conforrance with the laws of similitude the walidity of hiich is thus
confirmed in this particular ease.

-The velocity for large distances is calculated from Uthe measurad
travel times by the method of Partlo and Service (Reference 7j.

One calculates the difference & hetwsen the itravel times of the
sound wave (¢ = 331,33 m sec'l) and the shock wave as followus

A=(r - ro)/c - %,

ifferentiating, one obtains

dA fir =1/c - 1/

-

whence

w = c/[l -c(dA /dr)].

11
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Tas - luzs of velrst .

and wave charge ot BOSUT S

The weasured travel Himes &, a% -orious ambisat Jsazisiss or =i

2ir ares svaluated according to TZkle III™y compa corre=
a

5 i
sponding times for THT calculated -7i*l: the aid of *he formulac men“isned

telore,
TAZLE IV

CALCULATED TRAVEL TIMES, FRCWT VZLCCITIES, AID WAVE LEIGTHS OF
SPHERICAL TNT CHARGES AT ATIIOSPEZRIC PRESSULRE

Values correctsd to 1 kz charge weicht, 0 deg C tamperature, and
g (=] o » {4 & 3

0 per cent humidi?f.

3

r, = 0.05¢ m kg'l .

; 1 1
ro=r % Ty r =T, tls) vy ; t23‘ ‘+,:.) ‘—:—l..)

) /152) mes|| gt 115 mes ms”? rs” -

00 0.0 | 6180 1.7 1.508 | 379.7

« 1 1.6 | 8831 1.8 1.582 | 588.0

. G2 3e% | 5688 2e 2,082 | B23,5

) .2 | 3461 3 Lel3G | 425.7

04 7.0 | 5282 4, a0 228,.0

ol .0 | 5088 5e .28 37143 ’

53 11.0 | 4878 S 11.85 362.1 15.22 Cel7 1.028

«C3 15.2 | 45¢E1 Be 17.25 352.8€ 21.153 232 1.0

.10 18.7 | 4283 10. 23,27 347.3 27,12 2453 10T

.12 24,5 | £009 12. 25,04 344,85 30435 4,105 1ol

.15 3%.2 | 35877 15. 4G, 568 341,3 | 45,09 4,41 P

«20 47,0 | 322¢ 20. 52,14 339.3 57,12 %433 TeEl

24 3C.0 | 2834 24, .25 338.0 28.18 401 Le 53

30 81,92 | 2579 30, 82,04 338,94 SV 25 54721 1,75

.40 124,7 | 2137 40, 111.82 33840 | 117,40 593 1.35

<50 175.6 | 1817 50. 121,88 33245 | 147,58 5.88 1.35

.60 234,7 | 1574 50. 171.59 334.0 | 177.73 €14 2.3

. «80 37%.4 | 1232 80. 231.55 353.3 | 238,09 .54 2,17

1.C0 580.2 | 1C02 100. 291.8¢ 332,92 | 22843 5488 Ze27
1.20 779.2 838 120. 351,70 332.6 | 3538.31 7.11 2433
1.30 | 133¢. 520 180, 472,01 332.3 | 472,32 7.33 2,43
1.70 | 15Cs. 580 o) @ 331.3 | c© S S

13



When r -r, < 1.70, tl is calculated by the formula

3 2 . 2
t) = 0.1614 (r - r ) +0.3598 (r = r )" + 0,08%0 (r - r ).

(tl in milliseconds)

When r=r, » 1.70, tz is computed by the formula
l/"b2 = 331.3/(r - r,)+ 376.7/(r = ro)z.
(t2 in sec-l)

When

r-r, ;12, one has
W, =331,3 + 160/r.
; -1
(wl in m sec )
The wave lengths are calculated by the approximate forrmla

-— du
1+ COU+0 .

These dimensionless times are showm in Figure 6 as functions of
(r - ro). For a given density @  +the values apparently lie with
sufficient accuracy on a straight line. Hence one may extrapolate with
a satisfactory degree of precision to(r = ro)= 0. »Reciprocal values of
the travel times for these values of gi®e the ratio of the shock
front velocity w_ at the density under Qonsideration to the velocity at
the normal densify of 1.29 kg m~3 (see Flgure 7).

It is apperent from Figure 8 [sic; Figure 7] that the relation
between w, and @, is practically lirear and may be represented, if ome
chooses from Tabie IV the value w_ = 6190 m sec—® for 8o = 1l.29, by the
formula

W= 6190/(0.85 + 0,118 Qo)‘
Cwo inm sec-l)

for the range of @, from 1.29 to 5.1. The present experimental data
“are not yet sufficient to test whether the above formula holds also for
the negative phase,

The travel times measured at atmospheric pressure for T=rious
explosives as given in Table III are also evaluated by direct comparison
with TIHT and plotted in Figure 8, which shows that the travel vimes and,
therefore, also the shock front velocities of each explosive relative to
TNT are not constant with respect to the distance (r = ro).
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SXAMINATION OF RUDEYBERG'S oD SENOV!S AU TULAD

According to Rlidenberg the shocl: front velocity £ ig calculated
from the energy content T of the explosive charge, the specifi
Q. of the distributed air, and the ambient density €, D

5, = @ gy g~

Substituting values for TNT, this formula yPf=
which is about one third of the measured value., ¥
(5 el constant) one should get

L 4
lds 2 value of w,
or a given explosive

-1/2
wotk: Qo .

The measured values for TIT do not obey this law at all, Ieither does
w, change proportionally to sl 2, according %o experiments. Another
method to approach this problem hacs bLeen presented by the author elsc-
where (Reference 8).

Ridenberz gives for the relation between Vg and r

1/2
w, = l:a.z( & 1} /( X - 1) + (X‘ 1)21/(87:: Qorz)] .-

Therefore, one should have for a given explosive and density

where al and az are constants. This means that w should e a linear
function of r‘a.

A graphical representation of these values according to Table IV
does not 7erify this law.

1}

Sedov zives (Reference 2) E\ppendiz: .-"x], ugirs 4le seme nob
above,

oF

]
(323
(

9
.

[+
[ 2]

Tl = ( eoﬁ)l/z . RS [Sic; (R5eo/£>l/2}.

4

Neither of the above dimensional formulae agrees wiil She measure ]
This shows in addition thet it is nou possibls to exprec:s T, as a pro-
duct of unique functioms, in the form T, = fl( eo'} £, () fa (7), becaus
“
for ziven vlues of Qaand W, for axampnle, the ra*in ~7 fprryel “iwee
foar two different ambient densities, or for two different types of
explosives, should be independent of r; i.el; each curve in both Figures
6 and 8 should be parallel to the (r = r _)-axis, whereas actually they
are not. Therefore, it is not possible 2o find o general distance law
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ES(R) which is completely independent of the other parameters of ex-

plosion. This behaviour is explained by the fact that changes of the
gquantities describing the wave front are affected not only by the dis-
tance from the charge but alsoc by the pressure distribution tehind the
front, as the author has shown elsewhere (Reference 9). This pressure
distribution is not independent of the properties of the explosive
material, and, therefore, each explosive substance must have its omn
characteristic pressure-distance law.

ACRICWLEDGELERT

411 measuring equipment, with the exception of the spiral oscillo-
graph and the tubes for the cathode-ray oscillograph,was designed and
built by the Fysikaliska Forskingsavdelningen, AB Bofors. The measure-
ments were made with great care by Sagineer A. H¥ggkvist, who,further-
more, proposed and developed methods to provide the cathode-ray oscillo-
graph with a PETH fuze and attended to the numerocus importani details.

SULMARY
Iravel times of shock waves emitted from bare spherical charges of
high explosives have been measured. The experimen%al arrangements are
described. Observed values may be reproduced with great precision by .
the formulae given in Figures 4 and 5.

The scaling laws have been verified over the whole range.

The relation between the front velocity and the ambient density of
the surrounding atmosphere has been determined.

The front velocities of shocks from PETN and from differsnt mixtures
of TNT and Al have been determined (Figure 8).

The resulting date do not verify the theories of Ridenberg and
Sedov.
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APPENDIX 4

THE MOTION OF AIR IN A STRONG EXPLCSION

(Le movement d'air en cas d'une forte explosion)

by

L. I. Sedov

Comptes Rendus (Doklady) de L'Académie des Sciences de 1'URSS
1946, Vol. 52, No. 1, pp.l17-20

In my preceding communications (References A-1, 4-2) I have showm
certain new important families of solutions of non-linear equations in
gas dynemics for plane, cylindrical and spherical waves. The gas
motions corresponding to these solutions may have strong discontinuties
which are propagated with variable velocity. The entropy, therefore,
assumes different values for different gas particles.

It is of interest in the study of explosion phenomena to determine
the law of veriation of the shock wave velocity as a function of i%s
position with respect to the place of explosion The shock wave velocity
and the initial state of the gas determine the pressure Jjumps, the
velocities and the densities of the gas particles; it is these magnitudes
that should define the mechanical effect of the explosive action.

We shall now consider the problem of the propagation of an ex-
plosion wave under the following assumptions:

(1) In the spherical case one neglects the dimensions of the
charge and we consider it as & point; the energy liberated by the ex-
plosion is regarded as finite,

(2) At the initial mament (t = 0) air is at rest. A4t the
centre of explosion energy is released instantaneously and the air
traversed by the shock front is disbturbed. '

(3) Atmospheric pressure is neglected relative to the shock
front pressure.

The last assumption shows that the results of the solution do not
depend on the initial pressure of the gas, but may depend on the initial
density 8q # 0 which characterizes the inertia of the gas particles.

The assumed ideal ré%ime does not take into account factors which
influence the phencmena taking place in the immediate vicinity of the
charge (the finite dimension of the charge, the mass of the charze, etc.).
At a large distance from the point of explosion the shock wave becomes
a2 sound wave; in this process the atmospheric pressure is important and
now the third assumption is inadmissible for the description of the
phenomena at large distances from the charge,

=]
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The above assumptions may be considered reasonable where the
shock is still strong but where the distance is large relative to the
charge radius. Under such assumptions one may chcose the following
independent determinative dimensional parameters for the problem of
adiabatic motion of an ideal gas:

the time t;

the coordinate r representing the distance fram the point of
explosion;

the atmospheric demsity eo’

a constant E, proporticnal to the energy liberated by the
explosion.

One may modify the equation of motion and the equation of state of
the gas to the system of independent quantities determining the dimension.

Now one may introduce different important physical constants the
dimensions of which are expressible by the dimensions of 5 and of £

Having defined the system of characteristic parameters in this
manner by means of dimension theory, it is simple to obtain the formulae
which yield the laws of variation of the shock front velocity ¢ and of
the shock front distance r*,

In the spherical case one has

1/5 _2/5 1/2 ~3/2
re = 8/ )% 45, ¢ = an/ar = (2/5)(/ 0 )2 (02 ()
similarly, in the cylindriecal case
1/ [1/2 2 -1
re = (8/ 0 )% 2, o = (/) 5/ 0 )M (o), (2)

and in the plane case

re® = (E/eo)l/s t2/3’

(2/3)(5/ g )2 )7V, ()

It follows from the formulae (1), (2), and (3) that for differsntly
shaped charges one obtains different laws of variation of the shock wave
velocity with distance from the point of explosion.

At points behind the shock front we have

v = (/) TR), g =6, RA), p=o (/)% B(). ()

In the spherical case the abstract parameter.l is defined by the
formula

- 2,5
A= (/0 )(&"/7).
By (4) the problem of determining the motion of 2 zas may be reduced
to one of ordinary differential equations. If the gas is idezal and the

process adiabatic in the domain of continuous moticn, ths 2bove equations
become in the case of spherical symmetrv (Reference A-2)
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iz [z(v-l) +3(g-1] (- 8y - (pr1v(v=1) (0= D) - [2(v-1) + :_; IV aaby B

T -5 ¢-H s -3 g ()
/5 v - -2-) ik
¢ 1n é 5 (7)

ERENR, -2+ (-;7 -37) 2

2
¢ 1n (v ';/fg')R - 3 . . @)
d InA V-

where z = yPAR and y=c /c the ratio of the isobaric and isochoric
heet capacltles.

It may be shown that the system of equations (6) (7) and (8)
possesses an integral

2 =
V2 (v-g)a+-s,-:-l-p(v-§)+21=v-A,\ (9)
where A is a certain censtant.
To the* state of imperturbed air corresponds a particular solution
of the equations (6), (7) and (8) with z = 0; V = 03 8= & R =1 and
A arbitrary. Across the shock front the state changes c.oruptl and one

nas(Reference A-2)

v

1l

0.8/( g +1); z =0.32¢( g - 1)/( g+ 1)° (10)

R (S/+l)/($/-1); A = const.

The constant 4 vanlshes for the state corresponding tc the formulae
(10). In this case the integral (9) leads to the following solutiam of
equetion (6)

2
g =Ly -1)(04 -V VT (11)

T -3

To the centre of syrmetry corresponds a particular solution of
equation (6), namely

Vv =2/7 and z =00,

Using (11), we may express A and R in finite form as functions of
V by starting from the equations (7) and (8). In this manner we obtain a
simple and complete solution of the problem.

Figures A-1, A-2 and A-3 show the laws of variation of the wvelocity,
the densiuy and the pressure of air behind a shock wave ( ¢ = 1.4); the
censtant E is related to :.-..1, the erergy liberated by the explosimm, by

E—ll75E1
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At the centre of the explosion the velocity and the density are
zero; the pressure approaches zero as the time increases. This shows
that when 2 wave beccmes weak an inverse motion of the gas toward the
centre of the explosicn must take place,

By means of the equations (6), (7) and (8) one mar obtain the
solution of (4) with several or even infinitely many shocks.
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(1) L. I. Sedov

On Unsteady Mgtions of a Compressible Fluid

c. R. Acad. Sci. URSS, vol. 47, }TO. 2, 1945, pp. 91-93
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Prikladnahye Matematika i Mekhanika, Vol. 9, Wo. 4, 1945,
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APPENDIX B
COMPARISON WITE CCMPILED DATA

Data on spherical Pentolite compiled at Aberdeen have heen corrected
from an assumed temperature of 20 deg C to O deg C and ars plotted on
Figure B as 2 smooth cwrve.

" The corresponding part of Weibull's data on spherical THT for § = 0.25
kg as given in Table I is plotted on the same figure.

25



= 7 vy
oo d

y s

e f

TARG

. —— T
Fm’m

"]

$

']

a

\lf* EE
al-
ob-HH
)

e e
Q708Q® 10

28

ARMY...08..-ABLADTEN PROVING GROUND, MD.--139

)



Ho.

Copi=
————

4

[e2)

of
s

DISTRIZBUZICY
Jo. of
Conies
Chief of Ordnence 1
Weshington 25, 2. C.
Attn: ORDTB-Bal Sec
Mr, S. Feltman °
QRDTM
Mr. H, S. Beckman
1

Col. C. H., Roberts

British - 1 cpy of interest

to ARE, Tt. Ealstead

Xent, Bngland
Commanding Cfficer
Javal Proving Ground
Dahlgren, Virginia

Cormander

Naval Ordnance Laboratory

White Qak

Silver Spring 19, larylend

Commanding Officer

Heval Ordnance Test Station

Inyokern, California

P. 0. China Lake, California

Attn: Technical Library and
Editorial Section

Burcau of Ordnance
Navy Department
Washington 25, D. C.
Attn: Re3

Bureau of Aeronautics
Navy Department
Washington 25, D. C.

Commarding General

Air Xateriel Cormand

Wright-Patterson Air TForce
Basa

Dayton, Chio

Attn: MCIDXD

Cormmanding Officer

Taval Research Laboratory
dnacostia Station
Tashington 20, D. C.

(=)

27

Dre. Jobkn von leumann

Professor of lathemaiics

The Institute for idvanced
Study

Princeton, ew Jersey

Prof. G. B. Eistiakowsky
Chemistry Department
Harvard University
Cambridge 38, Lassachusetis

Bernard Lewis

Chief, Explosives Zranch

U. S. Sureau of Liines
Pittsburgh 13, Pannsylwvania

Dr.

Prof. Joseph I. laver
Institute for Huclaar
University of Chicago
Chicago 37, Illireis

Studie

Prof. Garrett Birkho
Department of lat:ie
Harverd Un_ver51ty
Cambridge, lassachusetis

D0
oix

oS
jesidw

i

o

s

Prof. Walker 3lealmey :
Palmer Physical Laboratory
Frinceton un_xers‘t;

Princeton, Iew Jersey

Prof. Richard Jourant
Inst. for lathematics and
llechanics
¥ew York Universi
New York, Mew Yor 1

Prof. Jcan C. Kirlkwood
Crellin Laboratory
California Ins*%., of Tech,
Pasadena 4, California

Prof. Walter S.
Departmens er
The Johns Zorkins T

Saltimore,

VEI'S i u'f



No. of
CoEies

Prof. R. Ladenburg
Palmer Physical Lab.
Princeton University
Princeton, New Jersey

Prof. Robert G. Sachs
Department of Physics
University of Wisconsin
Madison, Wisconsin

Dr. A. Ho Taub
Department of Mathematics
University of Illinois
Urbana, Illinois

Chief of Engineers
Weshington 25, D. C.

Ma jor Bruce D. Jones
Protective Construction Br.
Office, Chief of Engineers
Washington, D. C.

Lt. Col. Max George

Armed Forces Special Weapons
Project

The Pentagon

Washington, D, C.

Br. F. Reines
Los Alamos Scientific Lab.
Los Alamos, New Mexico

Dr. G. K. Hartman

Chief, Explosives Division
Naval Ordnance Laboratory
White Cak

Silver Spring, Maryland

Dr, BE. F. Cox
Sandia  Corporation
4lbugquergue, New Mexico

28





