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FOREWORD

ARPA requested RAC assistance in a preliminary investigation
to determine feasibility of a system to incapacitate a person
. temporarily with a: 1iquid material. The 1liquid should be mrojected
as a stresm to a minimm range of thirty (30) feet with sufficient
accuracy to avoid affecting other persons close by. The liquid
gtream projector should be small and lightweight so as to be
carried by an individual and should present no hazard to the

operator. ARPA subsequently passed the problem. to RAC under Contract
sb-212. '

This paper addresses itself to the dbasic feasibility
investigation.

George A. Martinez
Chief, Advanced Tecknology
Division
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In an attempt to assemble rapidly a 11st of liquid agents vith
appropriate characteristics, a mumber of persons and groups vele

< contacted. These people were all known to have some related interest
in disabling materials. Visits were made to Army {nstallations at

. Fort Detrick and Edgewood, Maryland. Because they had recently

. purchased large quantities of an animal repellant, the Post Office

Department was called and they suggested contacting Animal
Repelliants, Inc., of Griffin, Georgla, the supplier of the Depart-
ment's material. Finally, & highly instructive discussion took
place with Dr. Ronald Spenser of the Department of Agriculture.

Table I summarizes, qualitatively, the essential results of
these contacts. It lists the materials which were most prominently
mentioned by the various experts and tabulates the characteristics
of each material in terms of the relevant parameters.

The material bought by the Post Office Department for use
against dogs is a 15 percent solution of capsicum oleoresin in a
vehicle of light mineral oil. Capsicum is a derivative of red
pepper. This material is available in 7.5 and 15 percent strengths
from Animal Repellants, Inc., and is sold in an aerosol-can »

R dispenser.

: Tt is possible to obtain capsicum in tincture form commercially.
For tests to be described, the alcochol was substantially boiled off

* and the remaining material dissolved in water. The interest in a

. vater-based agent is established in the later discussion on nozzles.

Ammonia is known to be an irritating material and is i{ncluded
because it was the substance most frequently suggested.

It was contended that a volatile liquid, if projected against
the skin or eyes of a person, would produce a painful or otherwise
disabling effect. This type of liquid is jncluded in Table I in
spite of the restriction against highly diffusing materials be-
cause the infcrmation was readily available and judged useful for
completeness.

To . substantiate the characteristics of the various materials
as reported by the several experts, & series of tests were con-
ducted at the facilities of the Army Chemical Center, Edgewood,
Maryland. One geries of tests was designed to establish medical
consequences and another to verify the effectiveness as & dis-

. abling material. A detailed summary of the Edgewood tests 1s at
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WEAPON

GUN
The initial phase of this project centered on obtaining

information on availavle fluid projectors. To this end, a
variety of toy water pistols was purchased and a patent search
was conducted. The patents revealed no significant changes or
additions to what could be learned from commercially available
pistols. Some designs were uncovered dealing with pistols de-
signed as fire extinguishers, but these did not differ in any
fundamental way from the toys.

The water pistols were used with both water and light mineral
oil and the effective range and shot dispersion for each pistol-
liquid combination was established. The maximum effective ranges
achieved were about 20 feet and, at that distance, the liquid
stream was dispersed well beyond the limit of 12 inches. On the
basis of these tests, it was determined that ordinary va.ter
pistols are not acceptable weapons.

The next attempt involved modified commercial CO, pistols
vhich are made to fire a .22 caliber slug. Four such weapons were
purchased and their operating principles analyzed. Two of the
guns were modified so that the expanding gas would drive a piston,
in turn expelling the liquid through a commercial nozzle. Tested
in the same way as the toy pistols, the COp devices showed rela-
tively improved performance but the stream characteristics were
poor in both range and dispersion. The most significant conclusion
drawn from tests with the COp pistols was that the nozzle would re-
quire careful design if the desired range and dispersion were to
be achieved. It was recognized that an experimental apparatus was
required with which the various cperating parameters (pressure,
liquid variables, nozzle configuration, etc.) cculd be separated.

A high pressure canister was constructed so that it could be
filled with the test liquid and it included a standard fitting on-
to which various nozzles could be attached. The canister was
connected to a tank of dry nitrogen at high pressure. Valving was
accomplished by means of a long-handled, large-apertiv-e switch on
the gas line. Straight tube nozzles varying in diameter -and
length were tested with this apparatus. Also tested was a short
contoured nozzle suggested by a consultant in fluid dynamics from
Bowles Engineering Ccrporation, Silver Spring, Maryland. As pre-
dicted by this consultant, it was essential that the exit face of
the nozzles be extremely fle.t , square, and have a sharp burr-free




edge. Dest results were obtained with a tube 1/8 inch 1.d. and .
six inches long. With this nozzle and a canister pressure of
about 450 psi, the maximum range obtained was 40 feet. However,
a very heavy mist appeared extending several feet to the gide of
the stream. , '

Experimentation with the high pressure canister produced two
very useful pieces of information. Figure 1 shows an effect pre-
dicted by the Bowles consultant. Note that the effective range
goes through a maximum as & function of canister pressure. This
point of diminishing returns, therefore, sets an upper limit on
the useful pressures. Figure 2 {1lustrates clearly the argument
previously mentioned in the discussion of capsicum in mineral oil
versus capsicum in water. Note that throughout the useful
pressure range the water trajectory is significantly flatter than
that for mineral oil. It is this difference wvhich suggests a
strong preference for the water-based agent.

These results indicated the advisability of undertaking two
separate feasibility tasks, one relating to the design of a gun
and the other involving optimization of nozzle performance.

Figure 3 is an assembly drawing of a gun designed to illus-
trate certain operating principles and is not intended to
represent a prototype or final model. Figure 4 is a photograph
of the same gun. The reservoir in this weapon has a volume of
160 cubic centimeters. Expanding gas 18 used as the source of
projection energy. The gun can be charged either by puncturing
a loaded COp cartridge or by £111ing from a high pressure source
such as a tank of dry nitrogen. Valving is accomplished by pulling
the trigger which is linked to the nozzle tube. A hole in the
nozzle tube is thereby aligned with the exit port of the reservolr.
The nozzle tube returns to its closed position by the action of a
spring on vhich the compression can be biased to achieve variable
burst lengths '

The principal results of experimentation with this gun are
that an in-line mechanical action i1s shown to be desirable and
that a valving action involving sliding through O-ring seals 1is
technically sound. A prototype can now be constructed incor-
porating these techniques but with greatly reduced size and weight.




This report summarizes a project, the objective of vhich was %0
establish the feasibility of disabling an individual momentarily at
distances up to 30 feet by projecting a 1iquid stream of incapaci-

 tating material. The action of the liquiad should be very rapid and

highly effective in disabling a person, the effects should be fully
reversible within a reasonable amount of time, but the reaction
should last at least ten seconds. This latter requiment is based
on the assumption that other methods of control can be carried out
within a period of ten seconds. Because the operator of the weapon
will not be protected against the effects of the 1iquid, the material
should hawe a minimal tendency to diffuse. The projection weapon
should be sufficiently small and lightweight so as to be easily
carried by the operator, and aiming aids should be simple and
accurate. Sufficient liquid should be carried to permit at least
five shots (bursts) and the weapon should not leak liquid at any
time, even after firing. The weapon and the liquid should remain
operable for a period of cne month without maintenance and the per-

- formance of the system should remain constant at temperatures from

o°F to 100°F. Stream dispersion at the maximum range should be

-about 12 inches in diameter.

Formal reliability analysis is not treated in this paper but
will be given prime consideration when the fabrication of a proto-
type is undertaken. In the present context, the requirement for
high reliability is a prime eriterion in the selection of
alternatives.

This paper treats separately the subjects of the disabling
1liquid and the weapon. The discussion of the weapon is further
divided into a section relating to the housing and valving
mechanisms (hereafter referred to as the gun) and another section

dealing with nozzles.




.

Th:s investigation was conducted to establish the feasibility
of projecting to a distance of at.least 30 feet a 1iquid material
wvhich would, on contact, incapacita’.e a human momentarily. Of the
various materials studied, capsicum oleoresin, a derivative of red
pepper, vas judged to have the characteristics desired. A gun vas
designed and fabricated to demonstrate the essential features.
necessary for properly housing and valving the liquid agent. A
nozzle has been achieved which permits projection of the liquid to
ranges as great as 40 feet with a dispersion of about 12 inches in
diameter. With this nozzle misting is minimized. Further effort.
will be required to combine these elements into a prototype model.

gy e m—————ramea e —— U

K



e VT

* Appendix A. A brief sumary follows.
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Five agents were used in both series of tests:
1. 15% Capsicum Oleoresin, 85% Mineral Oil.

2. T.5% 'Capsicum Oleoresin, 92.5% Mineral Oil.
3. 100% Light Mineral Oil (for comtrol ).

L. S50 Volume Percent Ammonia Solution, 50 Volume
Percent Water, plus one (1) milliliter Water
Softener. ’

5. Capsicum Tincture concentrated to approximately
15% Capsicum, 85% Alcohol-Water Mixture, plus
one (13 milliliter Water Softener.

The medical tests involved pcuring measured amounts of the
agents into the eyes and mouths of dogs. No permanent or severely
injuriocus damage was produced by any of the substances. Although
it is reported that cases of distemper developed, there 1is no
clear csusal relationship established. Furthermore, forcing the
liquids down the throats of the animals is a gross exaggeration of
vhat is likely to occur with humans.

Effectiveness tests consisted of spraying the faces of dogs
previously gelected for their bad dispositions. In addition to
observers from AMF and RAC, the tests were recorded on color
motion pictures. This fiim is on file at Edgewood and is classified
CONFIDENTIAL, The various agents produced results consistent with
the characteristics reported by the experts. The Edgewood report
indicates that agent Fo. 5 did not seem to deter the animals as
effectively as agents No. 1 and No. 2. These results are sub-
Jectively observed and are in contradiction with the view of the
AMF and RAC observers. The animals were confined in relatively
small pens and could not retreat very far. Therefore, the
differences in reaction to the various agents were more subtle
then they would have been i{f the dogs had more freedom in selec-
ting a means of defense. For the purposes of this report it is
concluded that agent No. 5 did not differ significantly in effec-
tiveness from agents No. 1 or No. 2.

Capsicum in either mineral oil or water is ueen, in Table I,
to be very nearly ideal for the intended purpose. The principal
1imitetion is that this substance must reach the eyes in order to
prcduce maximum effects; the nose and mouth are affected to a -
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1imited extent. However, when the eyes are subjected to capsicum 7

the subject is almost immedistely (i.e., in less then one secord)
preoccupied with a gseveré burning sensation and great difficulty
in seeing. These effects last for geveral minutes (typically
three to four minutes), after which all discomfort disappears.

A few hours later it is virtually impossible for a doctor to de-
tect any remaining irritation. R

The two parameters for which the oil and the water vehicles
differ are temperature and relative range. Mineral oil becomes
more viscous with decreasing temperature, thereby irhibiting pro-
Jection of this material. The difference in relative range is a
result of differences in density and viscosity and will be
described more fully later. -

CS is a substance similar to tear gas and is usually used in
its aerosol form. It is possible to produce CS solutions, vut
+hese are reported to have reduced effectiveness. Personnel at
Fort Detrick warned that CS may be fatal or damaging to certain
infants and predisposed or elderly people. ’

The principal objection to ammonia solutions is that they
produce serious injury with sufficient frequency to be inappro-
priate in the present context.

Dr. R. Spenser of the Department of Agriculture has done
¢considerable testing with volatile liquids for animal control and
reports that these agents are ineffective at more than about eight
feet, probably do nothing beside frighten the subject, and are not
likely to affect humans in any way. At very ghort ranges per-
manent eye damage is a possibility.

Based on these considerations it has been concluded that
capsicum is the most likely candidate for use as & -disabling
1iquid. The choice between a mineral oil and water base should
be mede primarily on the ground weapon requirments. It also
remains as a problem in weapon design to maximize the probability

of delivering the agent to the eyes.
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hiere vere indicstions thet slgnificant improvement in stream
characteristics could be achieved by a more detailed analysis and
design of the nozzle. Consequently, a subcontract was let to the

Bowles Engineering Corporation, Silver, Spring, Maryland, a company

specializing in fluid dynamics. A detailed summary of their work
is at Appendix B. A brief summary of the work conducted and
results obtained by Bowles follows. C

. he-stream characteristics vhich are the object of this en-
deavor involve a smooth, uniform, coherent flow. Lacking these
qualities a stream tends to break into droplets which experience
increased air resistance and therefore cannot be projected to
maximm ranges. Break-up of the stream also results in transverse
velocities causing misting. '

There exist several theoretical treatments of fluid flow
through reducing sections. These theories were reviewed and their
applicability to the present problem established, resulting in a
nozzle profile as illustrated in Figure 5. The reason for using
this comtour is to achieve a uniform flow with a minimum of trans-
verse velocity. The nozzle used in the experiments to be described
was fabricated with this contour. It is a stringent requirement
that the surface of the nozzle be extremely smooth and great care
has been exercised to satisfy this requirement. .

A stream will tend to break up if there exist vortex motions
or if there are centers of turbulence. In order to straighten the
flov (i.e., to eliminate vortices) vanes in the form of parellel
tubes £i11 an approach section to the pozzle., Centers of turbie-..
lence are eliminated by preceding the nozzle with a series of
screens selected for optimum mesh and minipum solidity. An experi-
mental apparatus was constructed using a double-reduction nozzle
preceded by straightening vanes end screens. Flgure 61s a
diagram of this device inserted in a high pressure pipe. A photo-
grapn of the experimental apparatus is shown in Fgure 7. For
comparison purposes, a 1/8 inch i.d. tube six inches in length
was attached to the same system. This tubular nozzle was one
vhich produced best results in the earlier experimentation with
the high pressure canister. Tests with this assembly consistently
showed that the new nozzle achieved a 30 to 50 percent improvement
in range and a significant decrease in misting. Observations were
made at pressures up to about 500 psi. High speed thotographs of
the streams from the two nozzles appear in Appendix B.

13
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Fig. 7—Ph§fogruph of the Experimental Nozzle Apparatus
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.- 'This work has clearly demonstrated that ranges of 30 to kO -
feet and digpersions of approximately 12 inches in diameter can
be achieved at moderate pressures vith water, provided that the
nozzle is designed and fabricated using the techniques described.

CONCLUSIONS

This feasibility project has been satisfied in the sense
that a disabling liquid of nearly ideal character has been found,
techriiques have been established for satisfactory housing and
valving of the liquid in a gun, and the ‘detailed design criteria
for a nozzle have been established. It remains for these
various elements to be combined in a prototype model which should
very closely resemble a production model in appearance and oper-
ating characteristics. '

This project was directed at demonstrating the feasibility
of projecting a stream to a maximum range and with a relatively
small dispersion. It is conceivable that applications may exist
vhich would require a greater dispersion at reduced range. That
would be a less severe requirement and therefore more easily
achieved., In fact, it should be entirely feasible to construct
the weapon so that the trade-off between range and dispersion
could be selected by the operator.

17




S APPENDIXA

DESCRIPTION OF LABORATORY USE TESTING
MATERIALS
Five test solutions were used and identified as follows:

1. 15% Capsicum Oleoresin, 85% Mineral oil. .

2. T7.5% Capsicum Oleoresin, 92.5% Mineral oil.

3. 100% Light Mineral 0il (for control). :

k. 50 Volume Percent Ammonia Solution, 50 Volume Percent
Water, plus one (1) milliliter of Water Softener.

5. Capsicum Tincture concentrated to approximately 15%
Capsicum, 85% Alcohol-Water Mixture, plus one (1)
milliliter of Water Softener.

LABORATORY TESTING
Method

Ocular doses of 0.05 and 1.10 ml and intratracheal doses of
1.10 ml and 0.50 ml of each of the five test solutions, were ad-
ministered to mongrel dogs. One animal each received a dose of
either 0.05 ml in one eye and 0.10 ml intratracheally or 0.10 ml
in one eye and 0.50 ml intratracheally of each test solution.
Undiluted solutions were used throughout.

Ocular administrations were performed by dropping the solutions
into the sack formed by the lower eyelid. The eyes were not washed
at any time after dosing.

Intratracheal administrations were performed by puncturing the
trachea below the larynx with a hypodermic needle and injJecting the
solutions directly into the respiratory tree.

All animals were observed for at least ten days post dosing for
any gross signs of effect. Gross and microscopic pathological
examinations were then performed.

Results

Of the five solutions tested, none produced eye effects at

either 0.05 ml or 0.1 ml doses which persisted as long as forty-

eight hours. Gross pathological examinations of the eyes were
negative in all cases.

18
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Intratracheal injections of Solutions 1, 2, and Lk produced groes
effects at both dose levels which persisted for less than twenty-four
hours; Solution 5 produced effects at only the high level vhich per-
gisted for less than twenty-four hours. Solution 3 produced no
effects. Gross pathological examinations indicated lung damage,

_ possibly compound {nduced, in animals receiving doses of 0,10 ml and

0.50 mL of Solution 1. Compound induced pneumonia was reported in
the animal receiving 0.50 ml of Solution 2. This was the second
animal tested at this dose level. The animal receiving 0.10 ml was
not affected. Solution 3 produced no effects. Pneumonia, possibly
compound i{nduced was reported in the animal receiving 0.50 of
Solution L, but not in the animal receiving 0.10 ml. Pneumonia was '
reported in the animal receiving 0.50 ml of Solution 5. This animal

" was the second test at this dose jevel. Kidney damage, probably

compound induced, was reported in the animal receiving 0.10 ml of
Solution 5. This animal died 28 days post -exposure and wvas the
second tested at this dose level.

Repeat testing was performed with Solution 2 at the 0.10-0.50
ml level due to loss of the animal's jdentification tag in the:
kennel. Solution 5 was repeated at both the 0.05 - 0.10 ml level
and the 0.10 - 0.50 ml level; since both animals had been grossly
diagnosed as having distemper .and the fact that the animal re-
ceiving the 0.05-0.10 ml dosage died nine days post dosing and
pathological examination of the dog receiving the 0.10-0.50 ml
dosage jndicated pneumonia, probably compound induced.

These test results are summarized in Table A-l.
USE TESTING
Method

Subsequent to the 1aboratory tests described above, each solu-
tion was tested against aggressive dogs.

Prior to administration of the test solutions each animal was
provoked to the point where it would attack. At this point, a dose
of 10 milliliters of the test golution was directed at the animal's
head (in the form of & stream) from & hypodermic syringe or @ vater
pistol. Response times and recovery times were then recorded.
Control tests were performed with Solution 3 (100% light mineral
oil) and with a preparation dispersed as an aerosol from a pressure
cm. . N
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‘Results

None of the five solutions produced efrects which could be con-
gsidered to be incapacitating or debilitating to the degree that the
dogs would not attack. Of the four solutions, numbers 1 and 2 pro-
duced the most severe irritation but their duration of action was
too short to significantly reduce aggressiveness.

Animals dosed with the aerosol preparation were markedly
effected, One of two dogs tested agalnst this device could be
approached for 2 minutes after dosing, after vhich time he again be-
came aggressive but would shy when shown the spray can. The second
dog, an extremely vicious animal, although severely irritated by the
spray, could not be approached immediately after dosing.

Twenty-four hours after dosing all test animals appeared gross-
ly normal. A summary of these observations is shown in Table A-2.

The results of pathological examinations performed on the
animals used for these tests will be reported in the final project
repcrt with the microscopic pathological examinations of tissues
from those animals receiving ocular and intratracheal doses.

Summary of Toxicity Determinations

None of the compounds tested produced ocular effects at doses
of either 0.05 ml or 0.10 ml which persisted longer than 48 hours.
No permanent eye damage was detected by gross pathological
examination.

Gross signs of lung damage apprared after intratracheal ad-
ministration of the Capsicum-mineral oil, Capsicum-tincture, and
ammonia-water solutions. The compounds might have been a pre-
disposing factor. Mortalitles were produced in both animals
receiving the 0.05-0,10 ml doses of Capsicum tincture and kidney
damage was reported in the repeat animal. Light mineral oil pro-
duced no effect.

Applications of compounds in the forms described under use
testing produced only transitory effects which disappeared com-
pletely in less thaa twenty-four hours.
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APPENDIX B

4 FLUID DYNAMICS OF PROJECTING A.JET OF LIQUID
INTRODUCTION
The Bowles Engineering Corporatich gstudied the fluid dynamice
of projecting a pulse of liquid from location A to location B.
As general objectives, it was desired that:
The distence A-B should be 30-40 feet.

The jet dispersion normal to tralectory at location B
should be of the order of 12 inches.

The pulse should contein approximately 1 cc of liquid.

It should be feasible to generate a train of pulses.

The contribution of Bowles Engineering Corporation was to
furnish guidance vwhich would help establish the design parameters
and feasibility of these objectives.

INTERNAL FLUID TRANSFER

This portion of the problem covers transfer of fluid from a
reservoir to a nozzle.

Gas - Liquid Interfaces

One method of driving liquid is with a pressurized gas. It
this is accomplished under conditions vherein the interface
velocity is low, then the gravitation field is adequate to keep
the gas from causing severe mixing problems unless the gas is
soluble in the liquid. (For example, a COp - H0 interface under
pressure will result in carbonated water which will release gas
bubbles as the mixture flows through the nozzle., The resulting
Jet will change to spray at & reduced range compared to a contin-
uous liquid Jet due to transverse velocity perturbations introduced
by the release of CO2 bubbles.) If the gas - liquid interface at
the trailing surface of the liquid column is under high acceleration,

- then a dramatic and severe disturbance of the liquid volume integ-

rity occurs. The gas volume penetrates the interface center forming
a hollow liquid cylinder. Subsequently, the penetrating gas finger
ertrains 1liquid from the surrounding 1iquid cylinder, introduces
instabilities within the liquid cylinder; the instabilities grow

23

LSS




as a fine mist.

: " Presence of a gas interfacé at the leading gurface of the
1iquid column also results

and a gas - liquid mix is cre

ated which will eject from the nozzle

in severe distortion. Wall drag causes

the periphery of the leading surface to lag the center portion and

- destroys sharpness of the leading portion of the Jet. In addition,

1f the passage is locally wetted by surface droplets, ‘then those

portion of liquid flow and

Thus, it 1s important

‘ droplets will generate ‘destructive instabilities in the leading

go destroy Jet integrity.

that the internal passages of the weapon

be filled entirely with liquid and that the liquid be driven either
by a liquid-solid interface or by a low velocity 1iquid-gas inter-

face vherein the gas has a
with the liquid.

Straightening Vanes

16w tendency to dissolve in or combine

Flow around obstructions or bends in the flow channel will
introduce turbulence, vortices, and non-uniform velocity profiles.
Such inhomogeneity 1s detrimental to the jet performance.

Straightening vanes are useful in reducing the amplitude and
scale of larger size high amplitude vortices, eddies, turbulences,
and misaligned flow conditions. '

Straightening vanes of slim design should be used. An NACA
633-018 profile is a good one to use. However, sheet stock with
rounded leading edge and symmetrically sharpened trailing edge
shoul.d be adequate. The vane chord should be no less than twice
the vane separation. Two sets of vapes with a gap separating the
two sets and/or any screens 1s recommended. The gap should be no
less than twice the vane chord length.

Screens
o

The function of the screening is to provide a low turbulence
level and parallel, uniform flow of the fluid to the nozzle entrance.

The screen solidity is the projected wire area (shadow) per
unit of total projected area vhen viewed in a direction uwormal to
the plane of the screen. If the solidity is high, the screen can
introduce turbulence rather than provide the desired attenuation.
We were able to obtain a stainless steel screen having zolidity cf
the order of 0.3. This was felt to be accertable, although 0.2 was
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indicated by calculations to be more desirsble. If the screen is
. yiewed other than along this "normal” line, the apparent solidity

. 48 increased. Similarly, the screen offers a high resistance per
. unit area to flow inclined to the "normal" than is offered to flow

i{n the normal diiection. :

gsure drop across the screen is greater

_In addition, the pre
ow than for low velocity

. - for high velocity portions of the fl
portions. The screens tend to:

"Even out the flow velocity distribution. '

Make the flow direction normal. to the plane of the screen.

Reduce turbulence level.
Reduce turbulence scale, 1.e., size.
The best screening combination tested consisted of five layers

having 50 x 50 mesh of .003" diemeter stainless steel wire. Use
of lower solidity screen and more layers of screen would provide

an improvement.

Additional screen sections had negligible effect in ocur test
getup due to excessive screen solidity.

. Fewer screen sections provided a noticeable increase in Jet
gurface turbulence.

¢ Four layers of stainless steel wire screen gshould be used.

- The screen solldity ghould be approximately .2. See Jet Stabil-

ity section of this appendix for parameters of wire diameter.

Surface Finish

channel surface finish establishes the

We found a distinct improvement wvhen
1ished to an 8 microinch finish. our
a surface of between

The nozzle and approach
jet surface turhulence level.
a 16 microinch surface was po
£inal test nozzles were polished to provid
L and 8 microinch finish. ,

We believe that a I microinch gurface finish would be a worth-
vhile objective for a production model. 7
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The objective of this nozzle design is a ﬁnifdm po.rillé.i Jet
having a smooth surface and zero vorticity. Such a Jet will travel
a maximum distance. ‘ ' S .

" Turbulence and vortices have associate velocity components
unormal to the direction of Jet motion. Once outside of the nozzle,

_there is no sclid boundary to limit the associated liquid displace-

ments and one of two actions result. If these disturbances are
sufficiently large, they will cause the jet to diverge and disperse
as & spray. If these disturbances are small, they will cause the
Jet surface to become wavy. It is a characteristic of subsonic
flov that pressure distributions will be developed by the reiative
motion of the surrcunding air which will cause these wavy pertur-
bations to grow and be amplified. .As the perturbations grow, the
local liquid Jet is no longer following and shielded by the pre-
ceding portions of the Jjet. Consequently, there is an increased
drag and the Jet is further distorted. This distortion causes a
necking of the liquid to an extent that surface tension causes the
Jet to segment. These segments then form into drops. As the drops
scatter, they encounter "glower" air and disperse farther to the
gside and break into smaller droplets.

The approach to nozzle design is to:

Provide straightening vanes to remove large scale
vortices and eddies in the approaching flow.

‘Provide screersto improve uniforhity of the wvelocity
profile of the approaching flow and remove small
scale turbulence.

Provide a nozzle profile vhich will accelerate the
f£luid from a slow uniform parallel flow to & fast
uniform parallel flow.

Provide a sharp exit and a smooth surface finish to
minimize jJet surface displacement perturbations.

The straightening vanes, screens, and surface finish have been
discussed. The nozzle profile design, nozzle size and nozzle tests
will follow. '




Nozzle Profile Deaig‘ -

Several methods are vailable for the design of contracting

* sections which will give a uniform velocity distribution at a
. nozzle exit. These analyses are based on potential theory, and

hence no boundary layer effects are taken into account. An ex-
. pression for the velocity potential is found from a solution of
g . Laplace's Bquation. From this potential, the velocity components
e | : can be obtained by differentiation, and these, when integrated,
: yield the stream function. .

One_nozzle wvas constructed using the method proposed by
Thwaiteal. A monotonic axial velocity distribution in the form of
a Fourier Series wvas assumed. Further restrictions were that the
contraction section be bounded by equipotential surfaces, and that
the velocity component pormal to the nozzle axis be positive every-
vhere within the nozzle, and zero at the end sections. This would
insure a uniform velocity distribution at the exit.

i Truncation of the series gives a velccity distribution that
. is not truly uniform, vhich is apparent from the fact that the
: walls at the exit section are not parallel, Figure B-1. The
{ nozzle shown is the result of a 3-term series and the computations
with & more complete series becomes unruly. In order to improve
the exit section flow pattern, the slope one nozzle width from the

° design exit section was chosen to be one half the slope at the

design exit section. This was then faired into a parallel wall
» : . section three nozzle widths from the design exit sectiom. Thus,
H. . the nozzle wvas lengthened three design nozzle widths beyond the
design exit section in order to avoid complicated calculations.

The nozzle thus constructed was to be compared with a theory
presented by Shimae, gsince experimental data vhich substantiates
the validity of his theory is contained in the paper. Shima's
development parallels Thwaites', but the former uses a Taylor
Series. The velocity distrivution of Thwaites was substituted in

k 1. Thwaites, B. "On the Design of Contractions for Wind Tunnels o
o AR, C RaM #2278, March, 1946.

| 2. Snima, A. "Method to get Profile of Nozzle with Given Velocity
j Distribution along Nozzle Axis/Report 2" FRep. Inst. Hign. Sp.
i . Mech. Japan, Vol. 1h (1962/1963), Peges 135/152.
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Fig. 8-1—3-D, Potential, No B. L. Correction
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the method of Shima and the mathematics carried out to the poinmt

where they became impossible to calculate with & desk calculator.

 Without the aid of a computer, the comparison could not be made

further.

The above axially symmetric nozzle design is shown by
Figure B-2 and is the design pruposed and tested.

Sample Calculation

In solving the differential equation for velocity potential
and appropriately differentiating, Thwaites f£inds the wvelocity
component to be _ : ’

. ,
--a+p§lt,(coopx)lo(pr) (1
This gives
(&%) - - Pay(oinpx)lo(pR) @
a‘,'.n, p.] ‘P 4 P

To satisfy the restriction of a monotonically velocity on
the boundary, . must be chosen such that

-‘?—‘1) ==B (1 + cos x)“-1 ein x B>0 (3
dx r=R .

Expanding and equating equation 2 & 3 glves, for K = 3,
Ip(1) a; + 485 5(2) cos x + 383 15(3) (4 cos? x=1) = B(1+2 cos x + cos? x)

Hence, by equating coefficient,
.‘lo(l)“3.3lo(3) 4‘210(2) - 12‘310(3) -B
1 2 1
on taking a; =1,

20 (1) 1, (1)
.2 B m— ‘3 W c——
Sy (2) 15 lo (3)
Then from the solution for the stream function vhich was
derived,

VRE LN .'53 (B (conp) L (p0) @
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end of the boun j ;
1 (05517 403510, 1,(035) et a1 (0) + a3 1) (108) }

" and equating the value of the stream
ding streamline (1.e.,

funct

% (D) -3 0 1y(2) + Fa3 (3 )

can be found, and then from (&),
found (call this ¢y =¢* ).
streamline can be found from

Now the ordi

v .-;-..r’ + ’2_1 %l(eo- px) I, (pp)

The constants computed were:

& =1
= 0.22216

0.01729

= 1,11481

y* = 0.14614

Using the constants (equation 7 ) in equation 6, r vs x can be
found for the bounding stre

Nozzle Size

One of the requirement
ameter. For larger Jets,

small surface perturbations.
surface tension also tends t

subsequently become spherical.

graphs of this report.

The nozzle tested h
We recommend that the fi

a high surface ten

amline (Figure B-1).

¢ on the boundary can de
nates of this bounding

(6

s for this nozzle was a small det 4i-
gion tends to reduce

However, in small Jet sizes, the
o break the jet into particles which

feasible but in no event less than

sizes will both reduce Jet range and

cation tolerances.

.025 inch diameter.

This is shown by the jet photo-

Smaller

¢ e g

e e et
the w1ntg“g-0."l-0. 35; X=p7, '-l)

()

ad an exit internal diameter of .137 inches.
nal diameter selected be as large as is

require more stringent fabri-
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- Test Apparatus. . Figure B-3 shows the general system used for -
tests conducted. Weter from the city mains vas used as a supply. .
Maximum consistent pressure attainable at the test apparatus was
25 psig. This provided steady state long duration tests to examine
details of the Jet structure. ) : '

The configuration was also used for tests at pressures.above
100 psig. In these tests the pistol assembly was first charged
with water. Subsequently, high pressure air wvas applied, instead
of city water pressure, and provided short duration tests a
pressures up to 700 psig. The pistol assembly is suitable for
tests at higher pressures as it is constructed of 3000 psi pipe.

Figure B-I illustrates an alternate arrangement used in a
subsequent test. The tank was first f£illed with water. Next, the
quick opening valve was opened and the compressed air entered the
tank to provide steady static pressure over the range of 1 to

T8 psig.

Figure B-5 is a cross sectional view of the pistol assembly
of Figures B-3 and B-2.

A copper flow pipe separated the liquid supplied to the "old"
or reference nozzle from the liquid supplied to the new nozzle.
Thus, the pressure loss of straightening vanes and screens associ-
ated with the new nozzle did not effect flow to the old nozzle.
Figure B-5 shows only one set of straightening vanes preceded and
followed by a spacer and a heavy duty screen. Five "Pine" screens
are shown followed by a large contraction followed by a small
contraction. Each of these contractions provided a potential flow

area reduction of 5:1.

The old nozzle was a 6" length of .125" ID brass tube reamed
to .127" ID with a high internal polish. This was used to pro-
vide a reference Jet.

Due to assembly problems, the old mozzle exit was six inches
downstream of the new nozzle exit. Consequently, two scales are
given in each jJet comparison photograph. Each scale represents
distance from the nozzle exit for the associated Jet.

Figure B-6 presents’ the .flow.stralghténing vane dssembly used
for most of the tests. Three sets of straightening vanes are




LTE R D ETENIY ey g ¥ AT TR S TR

—————

. . ~PASTOL ASSEMELY
oLD NOZZLE-

NEW NOZZLE

i Fil. VALVE i
. PRESSURE GAUGE
° REGULATOR
COMPRESSED AR SUPPLY
-——
‘ QUILK OPERATING SWITCH
20 GAL. PISTOL ASEEMBLY
- : TAVK
| ' oLD NO2ZLE
NVEW NDO22LE
. ' PLASTIC P\PE
E Fig. B-4

CONFIDENTML

. :



COPPE'E "Low 'P\VE
\ Kom’:a 3000 PSS\ PIPE

oLy

II//Y////////]////

7722222 2 LLL

NOZ22LE EXIT

DIRECTION
or FLOW

—

' "\-Nsw NOZZLE
exiT

//////////////////A/////V 4

SMALL
CONTRACTION
LARSE CONTRACTION

SCREENS UPSTRERM(S GHOWM)

Fig. B-5—Pistol Assembly With One Set of Straightening Tubes
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provided rathe

r tha.ix_ a single set as iiluhtraftéd 1in Pigure 'B-S..
The large contraction and small contraction fitted smugly within
the copper flow tube downstream end at assembly.

Use of circular rather than pie-shaped sections left some
residual vorticity in the flow; however, tests did not indicate
it was the source of jet nutation which persisted to the final
tests. . _ . ’

To evaluate effectiveness of the straightening vanes, tests
were conducted wherein the straightening vanes were removed and
stagnant water was driven toward the nozzle by a piston. There
was no discernible difference between the photographs of Jets

supplied by this flow and that of flow controlled by straightening
vanes. '

Test Series A, Figure B-T compares the Jet of the "oLd"
Nozzle A and the new Nozzle B. Note the new nozzle Jet is
pictiired at a location six inches farther from its nozzle exit
than for the old nozzle Jjet, hence, the two distance scales.
Also, the photographs are such that the Jets are 1:1 scale. The
tape measure is at a greater distance from the camera and so is
at a reduced scale and exhibits parallax.

It is apparent that the new jet is significantly better than
the "old" or reference jet. The old Jet has started to segment
at a range of one foot four inches, vhile the new Jet is still
continuous at the last observed point, 4 . 3", The new Jet is,
however, nmutating about its centerline as if the nozzle was being
swept around a circle concentric with the nozzle centerline pro-
viding a conical surface having an apex semi angle of 1 radian.

Note how the segments of the old Jet try to form spherical
shapes at 2' - 6" but start to break up into smaller globes at
ranges over 3' due to increased air resistance encountered as
their displacement from the Jjet centerline increases.

36
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" Basic dats for this test follovs:

Nozzle "A" - .125 - .127 I.D. Tube(Reference)
Nozzle "B" Double Coatraction Nozzle
. ‘ ' .137 Bxit I.D. (New)

Supply Pressure 25 PSIC _

_ Screens Upstream =------===-== 3 = 50 X.50 Mesh, .003 Wire
Spacer Screens --e=e----eec===- 2 :
Straightening Tubes --=cee==== 3 sets
Photograph Time ------ee-----= 2 Micro Seconds

Test Series B. Figure B-8 shows the improvement provided by
increasing the number of fine screens from three to five. Other
data constant as in Test Series A. There is a slight decrease in
the jet spread at greater ranges.

Test Series C. Figure B-9 shows the effect of changing the
fine screens from 50 x 50 mesh, .003" diameter vire, (comparative
salidity 0.30), to screen having 30 x 30 mesh of .0065" diemeter
wire (comparative solidity 0.39). Other data constant as in
Test Series A.

The higher solidity screen slightly increases the mutetion
angle burst amplitude.

Screen comparative solidity of .2 was desired; however, such
screen would have been a special order and could not fit within
the available time scale. Such lower solidity may be able to
provide the next improvement in Jet characteristics.

Test Series D. Figure B-10 diflers from the preceding in
that only one set of straightening vanes and two sets of spacer
screens were used.

The spacer screens have a comparative solidity of .552.

While these tests were primarily to evaluate the straightening

vanes again, the two high solidity screens were removed and
achieved an improvement in nutation angle almost recovering
the ground lost in going from a solidity of 0.30 to 0.39 in the
fine screens.

37
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" Note that in all of the preceding figures, the ‘quality of the

pev Jet is deﬁnitelyf‘superior‘to‘ that ot-the,mfe:encé Jet. Grouad
impact range was 50% greater for the new Jjet than for the old jet.

Test Series E. A'ﬁg‘urea B-11 and B-12 compare the reference and
new nozzle .,ets at pressures from 17 psig to 50 psig.

At pressures above 25 psig, the nutation amplitude increases
with supply pressure. The mitation wave length also increased with
a non-longitudinal_dimension. This further indicates problems
associated with screen gsolidity but is not conclusive.

Photographs using a nirror to get similtaneous top and side
views proved the nutating nature of the jet profile. '

Other Tests. At hign pressure the jet divergence angle in-
creases. Mean droplet size decreases &s pressure lncreases. Also,
mean droplet size decreases as the droplets come out from behind
the shield provided by the 1iquid, vhich remains on the Jet
centerline.

The new nozzle performance was significantly better than the
old nozzle performance &t all pressures tested. The improvenment
became progressively more noticeable with increasing pressure
above 20 psig up to about 400 psig. At higher pressures things
became very foggy. '

- Conclusions
The new jet represents a major improvement over the old Jet.
Surface finish of four microinch quality is needed.

The jet is a good one but it nutates at a small angle st
about 1500 cps.

If this nutation can be eliminated, encther major improve-
ment can be provided.

There is evidence to support the hypothesis that the fine
screens are the source of the nutation perturbation and
that this effect can be reduced by change of the fine screen
design. This design change would include a reduction of
gereen solidity from the test value of .3 to the original
design point of .2. Such screens are special order items
but are available.

Improvements in useful range of sbout 50% over those pro-
vided by the reference nozzle were achieved during this
program.
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. ‘Flow pulsing initially promised to provide a vay to conserve
* " £luid and still maintain weapon effectiveness.

Two approaches
. ‘ were tried to pulsing or Jet duration control. One approach used
' ) o moving parts and might be termed a mechnaical approach. A gecond
o F . method utilized Jet interaction. ' ‘

o Although pulsing techniques were not pursued ﬁo completion
because of the size of iritial models and fund limitations, the
results are presented for future reference. , .

" Pulse Duration

Let us make &8 simplified analysis to establish the pulse
length. A

Assumptions:

Range = R = 4O £t
Allowable drop = S =1 £t

: { , Then the liquid flight time r in a vacuum is:

. = .25 sec.
The corresponding Jet velocity v 1is
R

vV = a—

r

= 160 fps
Aémmptions:

Nozzle diameter = d =
Liquid Volume = V=1cc 2
The nozzle Are = A = L0795 cm

The length of the 1iquid slug = f =12.5T em
The velocity v =160 fps = 4872 cm/sec




'rhe pulse dufa.t_zj.on =t .
t = 12.5T/4872
= 2,58 milliseconds

This is rather short for conventional hyd'r‘anlic‘devices.

Mechanical Pulse Generators

We examined two means of generating the fluid pulses via
mechanical controls. ; ) :

Spool Valve Mechanical Pulse Generation. Figures B-13 and
B-14 show one arrangement using two gpool valves as an oscillator.
This was assembled to examine the characteristics of mechanical
pulse generation.

The assembly was tested using 1/4" polyflow tubing connec-
tions (which are sufficiently flexidble to present a capacitance
effect) and pressures in the range from 40 psig to 80 psig.
Oscillation frequency was adjusted by restricting ven (x). As
a mechanical trigger mechanism was not included in the test set-
up, the left spool valve was opened partially, the air was turned
on slovwly, and oscillation was initiated by opening vent (x)
rapidly. At higher frequencies, vent (y) was opened simultaneousl;
with vent (x).

The frequency was varied between 10 pps and 40 pps by adjust-
ment of vent (x). The frequency could also be varied by change
of the supply air pressure.

The spool valves utilized provided only a 50% duty cycle on
the water port open or close cycle. However, suitable port and
spool arrangements can be provided to achieve other duty cycles
as desired. Other modifications are also feasible such a3 having
the open port condition occur during the highest spocl velocity
and thus supply two pulses per spool cycle.

Perforated Piston Mechanical Pulse Generation. .The device
shown in Figures B-15 and B-16 was designed to manuslly generate
a succession of discrete water slugs. Thae assembly consisted
basically of two concentric tubes having a sliding fit. The
inner tube carried a 1/16" nozzle on one end, and vas provided
with ten 1/8" diameter holes in the tube wall, all in line and
equally spaced on 3/8" centers. The inner tube vas keyed to the
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outer tube tov preciude rotation of the inner tube as it moved in
an axial direction. The ten holes in passing successively past
a supply port in the outer stationary tube produced a geries of

. water slugs. The assembly vas tested at various water supply

. pressures ranging from 20 to 60 psig. Translation of the innter
tube was manually imparted. The unit produced discrete water

. ‘ slugs (observed under stoboscopic 1ighting); however, in the crude

form tested, it did not provide either well defined or uniform
slugs. The latter vas primarily attributed to the inability to
manmually produce uniform translation of the inner tube. Increased
supply pressure increased the range of the water slugs but caused
proportionate degradation of the water slug parcels. The nozzle
utilized in these tests was not the final configuration but was

@ make-shift model which could be provided quickly. The obJective
of these tests was to examine a mechanical pulse generation
technique.

An Embodiment

Flgure B-17 illustrates one possible simple embodiment of the
1 ) foregoing in a weapon. The perforated piston is used to provide
: i : a sequence of pulses.

Same of the design features not covered by the sketch are:

. A mechanism to permit release of the pulses on an
individual basis rather than as a train of pulses.

Means to insure that the nozzle will remain full of
liquid until the first pulse is fired and between
individual pulses.

Jet Interaction Pulse Generation

A jJet can be clearly chopped into pulses by interaction of a
gecond jet. This approach would allow initiation of Jet motion
within the weapon, release a Jet slug, and cessation of Jet
motion within the weapon.
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" . Mgures B-18 th'muﬁt
sequence consisting of frames. Frames 1 through 8 show

B-23 18 a high speed motion p:lctm

jnitiation of the first jet. In frames 9 and through 16, one can
observe growth of the blunt head of the slug as aerodynamic drag
peels back the initial 1iquid front and it is overtaken by the
following liquid. Frames 17 through 24 show initiation of the
second jet which is directed from two o'clock towards the first
Jet. Fremes 25 through 32 show the second Jet approaching inter-
section with the first jJet. Frames 33 through 40 shovw inter-
ruption of the first Jet and the character of its trailing segment.
There should be no dribble associated with such a shut-off system.

Frames 41 through bl show how completely this interruption can be

maintained and the combined Jets deflected into a catcher within
the weapon for return to the charging chember_withaut leakage.
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After careful review of the texts and reports available, it
is clear that there is no universal agreement as to the exact
mechanisms of Jjet instability.

The following summarizes the jet breakup process in a fashion
that more or less presents a concensus of the various opinions.

Jet flow (liquid into air) arrives with some degree of
residual turbulence. This turbulence can be considered to con-
sist of two categories: Jet body turbulence and surfece turbu-
lence. The wave length of this turbulence and the nature of the
Jet determine the degree of amplification of the disturbance.
The amplification and frequency character are defined by the ORR -
Summe rfeld equation.. :

If the disturbance is of a wave length that is amplified,
then the most minute initial disturbance will eventually result
in rough edges along the jJet - air interface. These perturba-

‘ tions will grow until they are formed into spheres by the action
’ of surface tension. At this time the Jet becomes a segmented
{ series of droplets travelling with high velocity.

The relative air velocity in the environment of these drop-
lets presents a non-uniform flow profile. Just as a ping pong
ball will be stabilized in an air jJet, these droplets are
scattered by the inverse air Jet situation which they encounter
upon moving away from the Jet centerline through the entrained
air into a regime of stagnant air. Basic air resistance theory
has shown that air resistance or drag does not play a significant
role until the Jjet stream becomes segmented.

All reports agree that the degree of initial turbulence is
a parameter of the distance a Jet can be projected before breakup.

From the Orr - Summerfeld equation a domain can be plotted
vhere a disturbance signal is amplified (see pp 389-390 etc. of
Schlichting).

a In jet flow, the 5 can be taken as half the jet width.
a 18 defined as 4% when N is the disturbance vave length.




' The nature of jet flow is such thet there is an “inflection
point in the boundary velocity profile. This means that as the
" Reynolds Number increases toward = , the unstatle region is
bounded (see Figure B-24). This is similar to the case of
frictionless unstable flow. As a result, vhen the Jet is operating
at high Reynolds Numbers, the various effects are negligible and
can be discounted. For the designs discussed, this is the case of

Ry = 10°.

Data on jets show that N = 4.4d is amplified the most.

A= 2n '
« = 2L
or if 4.4d
4.5c< 4 (me widath of the estimate)
then
2n 2n
T3 <ad < 88

.15 < ad <15

.wvhich shows that to correlate with other data, the mixing boundary
of a jet must be a small part of its diameter. '

Data from neutral stability curves gshow that a § glves the
maximm amplification.

Thus, the range from 1/2 a8 to 1-1/2 a & must be avoided
and disturbance wavelengths fo from 8.8 d to 3 d must be avoided
at the Jet.

Disturbances originated within the nozzle or its epproach
section are distorted by passage through the nozzle. There is
gsome controversy over the nature of this distortion. It would
appear that disturbances in the direction of flow are stretched
vwhile disturbances normal to the flow are compressed in scale.

As this design utilizes an axially symmetric nozzle con-
figuration, the inlet velocity component u , and the outlet
velocity componeni u, can be considered to be related by the
areas 8o that ’

up Ay = ug Ay

2 2
ul dl - nz dz

d,.2
“l(:l-:-) = Ug




7Y Thus, @ :
. be ‘stretched

(I

in scale by & factor (%.I.)

" In a single contraction of the nozzle design gelected, the
area ratio was approximately 8:1. Applying this to the dangerous
critical wave lengths at the Jet of 34 to 9 d, the corresponding
upstream critical vave lengths are 3.8 4 to 9/6 d. In a double
contraction nozzle of the type tested, the overall area ratio is
64:1 and the corresponding critical wave lengths are 3 4 to
oL

For & = 137" the r critical ranges are

3/8 4 = ,O51L" simple contraction
9/8 4 = ,OL54"
3/64 a4 = ,006L" double contraction
9/64 4 = ,0019"

Unfortunately the only fine screen available not only had a
gsolidity of .3 instead of the desired .2, but also had a wire
size of .003" diameter which introduced disturbances vhich would
be amplified in the jet. The mesh scale of .020" was outside of
the critical regime. The Jet nutation observed is therefore
attributed to the fine screen which was used. A suitable screen
can be fabricated but was not available within the time scale.

Conclusions

Screens and vanes must be used in conjunction with a good
smooth nozzle design if one is to project the Jet a maximum
distance. However, every effort must be made to prevent eddy
formation by these devices vherein the eddy size 1is within the
eritical wave lengths specified. FPoor arrangements or sharp
corners will lead to an increase of turbulence and jet instability.

A large contraction ratio permits low Reynolds Numbers at the
screen and vane locations; however, it does not provide suffi-
clently low Reynolds Numbers to essure that no eddies will be
formed, or that any eddies which are formed will be damped out.
Therefore, one must design the flow straighteners and screens
such that the perturbation formation diameter is such that it
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does not fall within the critical range of wave lengths. It is
important to stress that a rough nozzle of good contour is much
worse than a poorly designed nozzle which is very smooth. The
surface finish of the order of I microinches is most appropriate
for the problem at hand. Additional improvements can be
achieved by tests incorporating the corrected screen design and
an improvement in nozzle surface finish.
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