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4 (1) INTRODUCTORY. - 140507
]j The dispersal of many C.W. ag‘ents"‘c‘)ther, than nop-persistent
& gases usuaily involves: the discharge of liquid from'a weapon. The
5 liquid may be ejected and broken. up by an explogive charge (shell,
3 'bombs; or Le fragmented by impact with an air stream (aircraft
epray). The degree of dispersion which 18 desirable dspends upon
the nature of the (O.W. agent; interest chiefly attaches to the
: two extreme cases, vi_z,- . - .
% "~ {a) fine dispersion to. produce a. non-persistent cloud.
. v (b) ocoarse -dispereion' o pro'd,uce' drops of sufficient
- ' T @  slze to glve hermful effects on persondel or to con-
- o taminate greund or stores, etc. 7
- (a) concerns the dispei‘sion of:;igenté which ard intencded to
= aot guickiy, e.g. D.C: or which,owing to their lack of volatility,
% cannot be dispersged by -other means, €.g. T.654 (41 m-amino phenyl
_E,i stibinous oxide). - A
- ' (®) chiefly concerns vesicants for which there is a minimum
ti size of drop which will produce vesication through clothing. A
-4 coarse dispersion msy also be neceessry in the production or smoke
5? surtains ¥y airdraft to ensure that these ocurtains reach ground
2 level
{11) JMPIRICAL REQULIE,

(a) It i (8hell and bombg)y There 18 no diffidulty in
attalning a satisfactory dasgree of dispersion with non-visoous
liquid chargings 1in ghell and bomba. With powder bursters
a mean drop size of 650 u is obtained and with H.E. bursters the

> meen size is 10-20 The violence of the explosion is
' sufficient;, howevetr, to give the oloud considerable vertisal
i haight (6.100 ft.) so that most of the C.W. agent is wasted.
« This met od of diepe.sion 18, therefore, inefficient, and oan
o-ly e used with C.W. agents of high potency. If methods could
b- devised to produce a cloud of smaller heizht, but with theo
s:7ie degres of dispersion, they would be of great value and
% wv.-1d ensble a number of substanges-for whioh there 1is
%; r-28ant no satisfactory method of dispePeior; to-be:nsed a
y ¢.'wW. agents. ! N A t
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moarge @ispersion. (I) Sheil afd Dombs. When vesicants

Notably mustard gas) are dispersed from air-burst shel}

it is desirable to convert as much as roesible of the

charging into drops of an efficient size. The desirsble

range for mustard gas is approximately between 1lnand 5 mm,

in aiameter. The lower limit is set by the fact that single

drops smaller than 1.5 mm. will not produce with certainty

vesioation through service clothing., As the drop size ine= X

creases, the intensity of the burn increases rapidly, but

the number of drops per round and the density of drops per

metre? of target decreases rapidly. The upper limit of 65 mm,¢

diameter is a practical ¢ ompromise between these opposing

conditiona. S :
Attempts to obtain the optimun gize distribution have been

concerned with (1) design of weapon and (2) modification of tho

physical properties of the charging. As regards (1) the base

electlion type of ahell has been developed.with a piston in the

head of the shell actuated by a small powder burster. - This

"piston ejects the 1liquid from the shell after the lightly

held base-plate has been pushed off. Iven with this arrange~

ment the drops produced by production mustard gas (unthickened)

are, apart from vapour effects and attack on the bare skin,
much too small to be of value against clothed persnonnel.

As regards (2) 1t has been found that increase of the via-
cosity of the charging has a marked effect on the drop size.
By the addition of alloprene the viscosity of the fluid can

be raised to 12 poises at 10°C. and the drop size distribution

thus produced is given in table I telow under "vigcous char-
ging". This appears to be the practical limit of viscosity
which can be used; wmore viscous chargings tend to produce

ballistic instability in the ghell and give rise to incorporation

and charging troubles,

In addition such very viscous chargings penetrate ¢clothing
f.

less rapidly. _ }

More recently it has been found that incorporation of raw
rubber in a mixture of production mustard gas and carbon tet-
rachloride gives a system which has notable resigtance tvo
fragmentation by explosive shock. Rubber is insoluble in
mustard gas and a mixture of equal volumes of mustarad gas and
carbon tetrachloride ie approximately the limiting mbxture . -
which will allow rubber to swell indefinitely and disperse.

The resultant solution has a relatively low viscosity (about :

1-2 poise) tut has a definlte slasiiciiy of form; - this seems
to be the property which determines the resistance of the
solution to disrupt.on and these systems are therefore termed
Ygels" although they are mob.le fluids., The drop size dis-
tribution of a gel containing 14% by weight of rubber is
quoted in Table I. By increasing the amount of rubber tEe
drop spectrum can be shifted to larger diameter; with 8% of
rut:ter the charge 1s ejectad in the form of a few large lumps
with diameters of scme centimetres.
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TABLE 1I.

Drop Size Distribution from Air-bubgt
25:1r, Shall,

% v we-gnt_of charging,

Drop Viscous, Viscous. Gel.
Diemeter, H.M.V. 18p. H.B.D.V. 18p. = HM. 13% Rubber.
0-1 mm. - 6% 68, 5% 3%

1.2 M % 37% 34%

2.3 o 0.6% 45%

3-4 M 0 o S 16%

45 " -9 .0 ’ trece.

5-6 " 0 0 2%

H.M.V. 12p. 18 cruds mustard gas diluted with 8-10% of mono-
: chlorobenzene and thickened to 12 poise viscosity
‘with allopreno. '

H.B.D.V.12p.1s mustard gas made by the "direct" process with
benzene as eclvent and thickened to 12 .~ice vis~
cosity with alloprene.

H.M.13%  1is a mixture of equal volumes of crude mustard gas

. Rubber. and carbon tetrachloride in which 14% by weight of

. raw rubber has bespn dispersed. :

gggg%e digpefiion (II) Aircrart ﬁpra&. ' »7 '
Liquide discharged from dircraft flying at speeds of 200
miles per hour are disrupted by impact with air. Here again

the use of viscous liquids and of gels gives a degree of con-
trol of drop size. B8Bome typical figures are quoted in Table II.

TARLE II.

Drop Bize distributien in’
Aireraft 8pravsd

% by weight of chavging, (Methyl Salicylate (M.S8.)
= - mastard substitute).

Diameter in mm, Viecous.6 poise. Rubber Gel.
0~-1 : 30% 1%
1-2 51% 11%
2«3 182 19%
5-4 1% 24%
4-5 0 ‘ £0%
5=6 8 217%
&7 : 0 4%

-l



The viscous chargings whilst giving only a moderately
gsatiafactory drop size distribution have a satisfactory life
when stored at tropical temperatures. The rubbor gels which
give a beiter drop size spectrum deteriorate rather rapidly in
hot storage. Neoprene G. and a few other substances have teen
found which glve suitable gels and are probakly stable in ho%
storage. These are now being studied but are not so readily
avallable as raw rubber in this country.

The rubber "gels" used intrials for aircraft spray are
rather different in character from those used in shell. They
contain about 2% by weight of rubber.in a mixture of egual
volumes of mustard gas and carbnn tetraéhloride and undergo
some mastication during their preparation. They have little
elastioity and probably control drop size by the formation of
an initial tough membrane when the liquid is exposed to a
curren+ of air. o

(111) IﬁEOBETIGAL CONS;QERATIQNB.

The fragmentation of liquids by sxplosive shocks or ¥y 1mpact
with an air stream 'is obviously & complex phenpmenon and & more: -
fundamental study of the factors which bring ahout the disruption
might give results which would considerably modify the design and
improve the efficiengy of C.W. weapons. The broad facts whioh have '
‘been arrived at empiriecally have been summarised in Section ii;-in ..
this section some further experiments ailmed at a more detailed
knowledge of the precess will be described and tentative thecries
will be outlined which may be useful in. suggesting new lines for
investigat onte, .

The problem of aircraft. sgray has already ‘been attacked math—
ematically in Porton Departmentel Report No.146. The theory of
ripples on a liquid purface over which a steady steam of afr is
fldwing shdws that ripples of certain wave-lengths are hydrodynamic-
"ally unstable and grow repidly.in amplitude. ‘An approximate theory
of break-up is developed Ly correlacing the wave length .of the mgst
unstable ‘ripple with the diameter of the most. frequent drop in the
drop spectrum. This leads to the conclusion that the "main® drop
will have dimensions proportional to

/3, -4/3 173 R R Y

o . f.

where is the viscosity of the liquid T its surface tension and |V
is the wind velocity. The elaboration of tils theory nredtcts a .
drop size distribution which is ir fair agreement with that found
experimentaily. The theory has been iested for & range of values
of u ard V. Change in V gives a variation in drop size which is in
satisfactory agreement with the theory; there is less satisfactory
agreemeltt with the results in which u is varied. The surface ten-
sion ! cannot be varied to any considerable extent with organic
liguids. If a tough surface s<in is formed with the rubber; gels .
referred to in (ii) this will in effect give a very large increase

in Ty this may account for the results observed with these charg-
ings.

Fragmentation of liquids ejected from weapons by an explosive
echarge presents a different problem. It is clear that the fraugmenta-
tion occurs before, or at the moment of opening of ths container; suh-
sequent shattering by projection through the air is of little 1mport—

8nca,
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Direct evidence for this conclusion is givon by high speed
cinematography of tursting weapors carried out by the French.
The cloud of {fine spravy is evident at the moment of ajection,

Fvrcher evidencs hag been obtained firom expariments with
Bomb grouasd 6 1b. wrhich Dx». G.8. Hartley has found us2ivl for
amall scale work., Thils bomd consists of a tain cylindrical steel
ocntalrar about 4" ia Jdiemeier ard 3% long and holds abeut 1 litre
of liquid One end ia closed by a wilded sieel plate which is
thrown o7. when the boub is fuirctioned; the small bursting charge
(6 gms. of gunpowder) is siiuated at the other, stronger end of
the bomb. C

It such a bouh is functioned at an angle of 45° so as to
throw the e jected liguid inte the air, it is found in still ailr
that nons of the liquid travels iuriher than 20 yds. frem the
btom>, Scme large drops up  to B mm. diameter are found near the
bork and scme smaller ones at various distances mostly near the
20 yd. limit. The bulk of the liquid (non~viscous) is shattered
into very fine drops which 811 at intermediate distances., Now it’
is easily possible by means of a coarse spray to throw large water
drcps more than 20 yards without the production of fine spray en
rouve. Hence the high degree of fragmentation found in the bomb

- is not mainly due to prcjiectiion of the liquid through the air.

in another experiment the steel end plaie of the Loud was
replaced *y a rubber diaphssgm which could siretch and would take
a longer time to burst. Muach coarssy fragmentation was given by
this arrangcment. This ¥y bve interpreted as follows.

The 1liguld is split/into fine particles by the explosive shock;
if these are held tcgether for a short time interval they will
coalesce and form larger aggregzates, '

A third experiment wss made with three miscidle layers cof
liquids of different dunsity and coloured with different dyes. It
was found that the large d~uprs near the pomk were all prodaced by
the lowest layer nearsst the burst:*» and that cnly a very small
number of drops showed eny mixing o the layers. This indicates
that in this weapon fragmenictron iz least for that part of the
liquid which is the lasi to leave the bomb and shows clearly that
fragmentation occucrs before there is any mixing of the c~-ntents of
the bomb hy turl:ulence.

These preliminery experiments have led to the following general
picture of the process of fragmentution which may be useful in
directing further research. In short fragmentation is caused Tty

cavitation of the liquid. It is not gquite clear whether the
passage of the explosive shock wave through the fluid leaves behind
a cavitated liquid which is then ejected tefore.the cavities have
time %o collapse or whether it is more nearly true to regard the
contents of the bomd as a liquid under compression whicn on sudden
r=lease ol the preesure when the container opens forms cavities. In
either caue fragmsntetion is due to cavitatlon which in turn is due
to exvensior of the liguid 81¥ing tensions in excess ol the tensile
strearih of the liguid,

Cunsicspation of the results of experiments on cavitation pro-
duced 1y irtense supersonicwaves indicates that both compieceion
waves and relecase from general pressure may play a part. Cavitation
in a 1ligwid by such waves can be inhibited (a) by outgassing which
raises the effective tensils strength and (b) ty applying extiernal
pressure which can act by reducing the amplitudes of the tension
phase of the ultrasonic wave to a value less than the tenalle
gtrength. This is shown in the diagram alongside, The full curve

B
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Tensile atrength.

indicates the instantaneous pressures and tensions slong
the track of the wave with an initial pressure zero whilst
the dotted curve represcnta the conditions when a considerable
general pressure is maintained in the fluid. )
When a fluid is8 exposed to explosive shook there will
be both a general rise of pressure and the formation of a '
pattern of intense compression waves moving through the
liquid with the velocity of sound and reflected from the
wells of the vessel. Some direct evidence has been obtained
from oscillegraph piezo gauge studies. Up to the present it
hss not t:een possible to obtain gauges which will withstand
the pressures uséd to burst weapons but with a tourmaline
gaugs and a small exploaive charge which doas not «pen the
weapon gome pressure-iime curves have been obtainad of the
ferm shown in the diagram. These show a general rise in

A prassure with superimposed higner freguency piesgiu'a waves
which have a fregue2r.2y of the
3 ] /N ' ' right order of magnlitude for
\P sound waves -reflezted to and fro
3 in the weapon. When the weapon
2 '///F/ \\, opens cavitation ocan be produced
{ L 7y
Milliseconds.
i i N Y
',' ‘2-

{a) Ty release of overall pressure, (b) locally by the ten-
sion phase of the compression waves and (c) by reflection
of these waves at liquid-air surfaces giving a change of
phase from compresslon to tenslon. Much further work 1is
required to sscertain the relative importance of these
‘processes and 1t is desirable t»n develop gauges which
will withstand higher presasurss and increase materially
the epeed of the recording oscillograph and camera.

The production of cavities depends clearly on the ten-
sile strength of the liguid and the amount of energy which
is stored in compression. It is found in fact that water
which has a lov compreseiblility and a high tensile
strength is fragmented much less. than organic liquids ‘
unider compsrable conditions. Of these two properties
compresaiility cannot be controlled and tensile atrength
can only te increased notably by outgassing {which is
impracticakle) or by dissolving in the liquid certain
suhstances of high molecular weight which elso notably
increase the viscosity. Indeed it is not yet clear
whether the improvement found with viscous liquids is
dus to the viscoslity per se or is partly due to the con-
éomitant increase in tensile strength.

.
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A more detailed consideration of the process of fragmen-
tation is helpful 1im discussing tais gquestion., At the moment
of explosion the cawities in the liquid must be very small .
since they can only cccupy & small fraction: of the total
volume. When the weapon copens they will expand rapidly and
successlive siages may be plctured as in diagrams, 1.,2., and 3.
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1, Compressed . - 8. Bxpanded liquid - 8. Ligquid free

liquid. - with numerous : of container
small cavities. cavities rap-

idly enlarging.
Further rapid: expansion of the wavities leads to an un-

stable vapour-in-liguid froth which inverts tc a stable
"liguid=-in-vapour® spray as in diagrams 4, 5 and 6.

== = o.°

4, _ 5. _ 6.

It is unlikely that increéase in viscosity will tend to
reduce, the number of cavities in stage 8. It is more likely
to have the reversp effact. since retardation of the rate of
growth of' the ‘cavities firgt formed will mean.  that they do
not so rapidly relieve the litrain on the liguid and others may
form later. Any 1increase in tensile strengih produced by the
thickening agent will of course tend o réduce the number -of
initial cavitids.. An effect of viscosity in redusing the degree
of ghatter is more probable in stagés 3 - 6. The kimetic energy
of the liquid particles yhich are moving away from one another
will be degraded.to heat more rapidly in a viscous fluid and
the average size of the cavities will be.less.  Pewer of the
cavitiegs will¥ reach an’ unatable size and there will ®e greater
chances of coslescence or collayse to the original state.

8o far, only normal "Néwtonian" liguids have been &on-
sidered. If the liquid shews structural. wviscosity - or thixo-
tropy with repid accommodation --it worild be the low valus of
the viscosity corresponding tq the high rate o6f shear which
ghould be effective in-controlling break-up.. In harmony with
this view it has Been found tHat a stiff but-highlg thixetronie
paste of bentonite in weter i3 fragmented almost as much as
pure water. ‘ T -

The gels whikh have been found so effective in controliing
fragmentation are characterised by having marked elasticity of
form. This property mev play an important part in stages 3 -~ b
of the fragmentation procesa. With a low viscosity expunsion
will proceed as in the case of a normal liquid but the open
structure 5 will have less tendency to invert to 6 since the
elasticity will causc the incipient fragmenis to collesct and
assume their original form. Purthermore extunded and indented

s
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fragments produced at the later stages will resover a com-
pact form with elastio gels but will split intd a number of
small fragments if they are composed of a nonaeglestic fluid.
This is indicated diagramnatically below. -

~"|)'i

It must be stressed, however, that thﬁ elastic aoefficient

'and tha ‘viscosity are rot a complete description of the fluid

gels which have been found to resist fragmentation. A table
Jelly for example has & much Licher slastic coefricient for
small displacements than th: éitute rubber gels. Recovery
from suéh displaceminta ieg rapid and complete with the table
jelly but slow and incorplsc with the rubber gels. ILarge
displacements easlly exceed *“he elastic 1limit of the_ table
jelly whioch fractures; the rubber gel,on the other hend, can
be Btretched into very long:"ropes" and maihtained stretched
for long periods without frasture. 1t seems to be this tough-
neas and ropiness which gives the rubber gel its valuable
properties and the development of the lsboratory methods of
testing which could be correlated with field tests would be
of great value. -

. More recently WOBk - has.been carried outhbx,Brofsﬁsor
Whytlaw-Gray, P.R.S. (V.728) eon the fragmentation of
liquids confined behind an alumirium dlaphragm which is ruptured
by an spplied gas presgure. The course of the pnenomenén has
been followpﬂ by spark photography and preéssures  up tb 130
atmpppheies have been used. Experiments with double dia-

.. .phragms-have also been made and measurements of the size
distribution and mess. concentration qf the dispersed liquid

have been’ carricd out. .
© .The’ general conclusion reached at preaent ig ﬁhat the
dlspersion is due mainly to the formation of a Wwibble of gas
with a thin outer film of liquid which rapidly expands and
explodes. The next most important cause of breakup is the
shearing of liquid by the passage of a papid current of gas
over its surface.

\These experiments are cohtinuing, and will h&~1ude a
study of the effect of gas pressures up.,to 1000 atm. High
explosive bursters will te alsc examinsd, Lo
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8 Y AND CONCLUSIONS

1, BEmpirical Results,

The drop size distribytion of liquid chargings ejected
from weapons can be controlled to some extent by increasing
the viscoslty of the charging and toc a greater extent by the
use of gel chargings.. p

Fine &lspersion san ¢ attained in shell and bombs when
degired tut loss in efficiency occurs because the c¢cloud pre-
duced has too large dimensions in a vertical _.lane and ton
low a concentration at ground level.

2. Mode of Action,

The break-up of alrcraft spray appears to be initiated
By the formation of unstable ripples on the liquid surface in
contact with the air stream.

The break-up of liquids ejected from shell and bombs
geems to be initiated by cavitation caused by (a) sudden re.-

lease from pressure and (b) passage of intense compression
waves through the fluid.

3. PFurther investigations. It is desirable to develop

sui table gauges which could be umged vo determine pressure-~ting
curves in burating weapons. These might te valuable, not

only for fundamental investigations, but also for the invest-
igation of faulty performance and for the development of
improved designs of weapons.

The above memorandum wae preparad hy Prof,3. 8ugden,R.R.S.

(sgd) A.E. Childs,

8upt. of Repearch nni Deavalapment,
ror Chiet Saperintendeni, C,D. Bxpil.Sine.
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