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FOREWORD

This report was prepared as part of a research and development program to
determine a method of reducing the noise levels of naval weapons, particularly
the noise created by the blast wave of large naval guns. The report has specific
application to operations conducted at naval training ranges. The island train-
ing ranges of Kahoolawe in the Hawaiian Islands and Vieques in the Puerto Rican
Islands were of particular concern. Early work was funded by the Naval Science
Assistance Program (NSAP) at the request of COMTHIRDFLT and by the Navy Independ-
ent Research Program. The majority of work was carried out under the Gun Blast

Effects Program, NAVSEATASK 653/497/004-1-50956.

This report has been reviewed and approved by F.H. Maillie and J.F. Horton
of the System Safety Division (N40) of the Combat Systems Department(N).

Released by:

A 7 Zf@v
NRATSC 2w/ S (&_

THOMAS A. CLARE, Head
Combat Systems Department
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INTRODUCTLON

Noise from the operation of major-caliber naval guns has long been a source
of environmental concern. Closing training and testing facilities or even plac-
ing an operational restriction at the training ranges can limit the effectiveness
of the Fleet in combat situations. Consequently, the Navy is keenly interested
in finding a way to reduce blast noise in the far field without restricting

training and testing operations.

Investigation of conventional '"silencer" technology yielded devices with
enormous size and weight requirements.l The requirements were so large, in fact,
that any adaptation of conventional "silencer" technology to a major-caliber
5"/54 gun was totally impractical. As an outgrowth of that investigation, a
unique approach of producing a potentially feasible mechanism to reduce muzzle
blast associated noise was discovered. The previous search for literature deal-
ing with existing "silencer" related subjects revealed a paper on the reduction

2 and related noise from the detonation of large

of explosive blast overpressure
explosive charges. It was reported that if an explosive charge was covered with
an unconfined aqueous foam in the order of 20 charge diameters, significant noise
reduétions, in the order of 20 dB, were obtained. To reduce gun muzzle blast and
associated noise, the approach of shooting the projectile through a cylindrical
muzzle-attached device filled with aqueous foam was investigated3 at a reduced
scale. The scale model gun was a 7.62-mm rifle. The results of the reduced
scale experiments yielded significant reductions in muzzle blast overpressure and
its associated noise level, and muzzle devices that were significantly smaller
than a conventional silencer yielded the same results. As a result of this work,

it was decided to design, fabricate, and test a full-scale 5"/54 muzzle device

to verify the results obtained from the scale model.

The effectiveness of the method is greatly influenced by the density of the

foam. Thus, the parameter of foam density was investigated experimentally.

Part of the full-scale test dealt with answering questions of important de-
sign considerations: Would particulate collect in the device? Would foam leak-

ing into the barrel create a problem in the interior ballistics? What would the
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pressures in the device be? In general, questions about the environment had to

be answered so that an efficient design could follow.

EXPERIMENTAL APPARATUS AND PROCEDURES

GUNS

Two 5"/54 guns were used to test muzzle device effectiveness. One gun was
the Mk 28 Mod 0 with the muzzle device attached to it. The muzzle of the other
gun, the Mk 28 Mod 3, remained bare to provide reference information about sound
pressure levels (SPL) in the far field. Both barrels were set in Mk 39 gun

mounts.

The two guns were located 26 feet apart and were aligned with firing
lines parallel to within 1.0 degree. Obstructions on the test range required
that each gun be slightly elevated. The gun with the device was elevated 2.0

degrees, while the reference gun required an elevation of 4.0 degrees.

The arrangement of the guns is pictured in Figure 1. The effect of these
differences on far-field SPL is not significant. For example, a 1.0-degree
change in directivity represents less than 0.2 dB change in far-field SPL.4
Indeed, the error introduced is smaller than the measurement accuracy of con-

ventional sound measurement equipment.

Peak level sound pressure measurements were made in the far field for each
gun firing. First, the gun with the muzzle device was fired and the SPL was
recorded. Approximately 15 seconds later, the bare muzzle gun was fired and
again the SPL was measured in the far field. The later measurement serves as the
baseline value from which the difference in sound pressure between the two gun
firings is found. Thé effeqtiveness of the muzzle device is evaluated according
to this change in pressure level, expressed in decibels of sound. The guns were
fired as close together in time as possible so that atmospheric conditions might
be treated as constant for each data set. Over the entire far field, however, it
is impossible to ignore the possibility for atmospheric disturbances such as

shifts in the wind. These disturbances, when they occur, affect the measured

results.
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The muzzle device was tested for several conditions, i.e., several different

foam densities. For each condition, an average of three data sets was obtained.

AMMUNITION

Projectiles of the blind loaded and plugged (BL&P) type and full-service
depot-loaded propelling charges were used. This minimized the round-to-round
variation in projectile velocity and in far-field overpressure. The projectiles
were Mk 92 Mod 1 with a nominal weight of 70.0 pounds. The charges were of
SPCF-11185 propellant, each with a weight of 20.48 pounds. The propelling charge
cases were Mk 9 Mod 0; the primers were Mk 42 Mod l; the plugs were Mk 9 Mod O
(cork); and the wads were polyethylene. All projectiles and charges were from a

single lot and all were conditioned to 90°F for firing.

MUZZLE DEVICE

A foam-containing device, measuring more than 9 calibers in length and
5 calibers in diameter, was mounted on the muzzle of a 5'"/54 naval gun. Such a
device is normally attached to a gun muzzle to reduce blast, but a second purpose
in this testing was to obtain information about the blast environment. Accord-
ingly, the design of the device was very conservative. Not only did the device
1 2ve to withstand a very dynamic set of loads, but provisions had to be made for
instrumentation. The shape of the device is cylindrical along the axis of the
gun; perpendicular to this axis are flat front and rear endcaps, as well as a
baffle located at the center of the device. The implemented design is best
described by Figure 2. The internal geometry and overall dimensions are speci-
fied in more detail in Figure 3. The design is essentially scaled from a device

previously tested on a 7.62-mm gun and discussed in Reference 3.

The primary design criterion was that the device withstand a static 5 ksig
internal pressure and have a safety factor near 2. The use of conventional low
or medium carbon steel for fabrication would have resulted in a device weight of

more than 7,000 pounds. Therefore, the high-strength alloy ASTM 4340 steel was
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used. The muzzie device assembly weight was then reduced to about 3,600 pounds,*

and many of the handling and assembly problems were alleviated.

Fabrication of the completed device was made more difficult, however, by
this choice of metal. The high-~strength steel required preheat temperatures of
500°F to 600°F and a slow, controlled post cooling to ensure a reliable weld. To
accomplish this, a heating furnace had to be constructed that allowed for weld-

ing while still maintaining heat input to the surrounding material.

MUZZLE DEVICE SUPPORT

A clamp mechanism was devised to attach the foam~containing device to the
muzzle of an ummodified gun barrel. The forces that work to separate the muzzle
device from the gun are largely axial. As a projectile exits the muzzle, the
escaping high-pressure gases exert a force on the walls and baffles of the device
and this axial baffle force is transmitted to the clamp. The clamp design turns
a component of this axial force into an increased clamping force. Also, as a
result of the weight of this device, there is a large inertial force that is
encountered when the gun begins to recoil. To react against these axial forces,
the design of the clamp relied on the shear strength of the lifting ring at the
end of the barrel to supplement friction generated from its clamping action

against the barrel.

The lifting ring on 5"/54 naval guns has a nominal height of only 0.050
inch. After six rounds were fired, it was apparent that the lifting ring could
not survive further testing. The device was welded directly to the barrel for
the remaining test shots. Note, however, that the clamp design maintained align-

ment of the device with the centerline of the gun barrel throughout the testing.

A cradle was fabricated to provide support for the muzzle device while at
the same time allowing the device to recoil with the gun barrel. The cradle,
which contained four support rollers, was mounted on a wooden platform which was

constructed to the height of the gun barrel (see Figure l). Each roller was

* Different steels will probably be required, along with accurate internal pres-
sure information, to reduce muzzle device weight to acceptable values.

| e
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positioned with a separate hydraulic jack. When secured, the four jacks served
to support the muzzle device uniformly so that the excessive weight of the pro-
totype device did not cause the barrel to be unduly stressed. The cradle, muz-

zle device, and barrel clamp are shown in more detail in Figure 4.

FOAM GENERATION EQUIPMENT

The decision to evaluate the effectiveness of a full-scale 5"/54 muzzle
device carried with it some problems of equipment development. Prior to each
round fired, foam generation equipment was needed that could fill the prototype
device rapidly and uniformly and with foam of a known density. The development
of a foam-making apparatus to fill the full-scale device is described in Appen-
dix A. Also discussed is the procedure used for filling the device and for moni-
toring the foam expansion ratio during the testing. The foam generator was capa-
ble of producing a stable foam in a range of from 100:1 to 350:1 expansion
ratios. To attain a foam at lower expansion ratios, a nozzle was designed for
use with the liquid solution supply system., A larger diameter was used to allow
for greater foam volume production per minute. A less dense agitation aggregate
was also used. With this system, aqueous foam could be produced in a nominal

range of 20:1 to 70:1 expansion.

As part of the general procedure used to fill the muzzle device with foam, a
blanking disk was used to restrict the foam and keep it from entering the gun
barrel. During the filling operation, the disk was inserted at the breech end of
the gun and positioned at the muzzle of the barrel. The blanking disk was de~
signed so that it could be withdrawn from the foam-containing device without
suction so that the foam was not drawn into the gun barrel upon removal of the

obstructing disk.

The prototype device was filled with foam from the muzzle opening. The rate
of foam generation chosen allowed for reasonable control in filling the device.
The rate selected was about 4 to 8 feet®/minute depending on the expansion ratio
being produced. For the most uniform and complete foam distribution, the device

was filled from the rear toward the front or open end of the device.
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INSTRUMENTATION

GENERAL

Several types of measurements were taken for the test program. These in-
cluded far-field SPLs, together with the near-field blast level established from
each gun firing. Pressure and strain gauges were carefully located on the muzzle
device so that the internal pressure distribucion could be established and in-
formation could be provided about the strength requirement of the device. Pres-
sure inside the gun barrel was also monitored. In addition, the speed of the
projectile as it exited the muzzle device was recorded. A common time signal was

used for the pressure and the strain data and for the near-field blast records.

The far-field SPLs are of primary importance. They were needed so that the
effectiveness of the muzzle device with its various expansion foams could be

established.

The internal barrel pressures and the projectile velocity measurements pro-
vide pertinent information about the practicality of using such a device with ex-
isting weapons. The effect of the muzzle device, particularly when the device is
filled with a foam, upon the internal pressure of the barrel is important since
that can influence the ballistics of the projectile. The life of the gun barrel
can even be jeopardized. The projectile velocity records were used to make a

preliminary assessment of ballistic influence.

The near-field data and the gauge response obtained on the muzzle device
were taken primarily to expedite advanced development. A weight optimization of
the device is needed before a final feasibility determination can be made. The
internal pressures and strain data for the muzzle device were obtained so that

loading conditions could be established for use in a structural model.

MEASUREMENT OF SOUND PRESSURE IN THE FAR FIELD

The sound produced from the test firing of the 5"/54 guns was measured

using an arrangement that requires two sound level meters. A schematic of the

10
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instrumentation technique 1is provided in Figure 5. General Radio precision
meters (model 1982) were selected to measure the sound level. These use a
0.5-inch random incidence microphone and provide a dec voltage output that is
linear in decibel over a 70-dB range. The sensitivity is 60 mV/dB over the 70-
to 140-dB range selected for the testing. The meters, which were set to measure
flat response peak levels, had been modified to hold the peak level observed un-
til the device was reset. The meters were also adjusted to allow a remote signal
[ to effect a reset just prior to each event. The instruments were calibrated us-
3 ing General Radio calibrator model 1567. The dc voltage output was verified at
the data logger, and the system error was found to be only *0.08 dB. The refer-

ence used was 117 dB peak at 1 kHz.

‘ The topography of the test site dictated that the instruments be located at
| an angle of 107 degrees from the line of fire and 900 feet from the gun muzzle.

l The configuration is depicted in Figure 6.

The technique used for data acquisition was a great deal simpler than would
have been required if the meters had been located within the zone of bow shock
influence. In the region roughly defined by the first 63 degrees from the line

of fire for the gun, overpressure readings are complicated by the presence of an-

other shock wave. This shock is created by the motion of the projectile as it

travels through the atmosphere. Although limited in its range of influence, the

RS

! bow shock may actually exceed the blast wave in peak overpressure. As a result,
data taken in this region require that a provision be made in the measurement

system to distinguish between the two phenomena.

MEASUREMENT OF PRESSURE IN THE GUN BARREL

The use of aqueous foam in the muzzle device posed a question of how the
operation of a full-scale gun might be affected. Of particular concern was the

possibility that the device would reflect shock waves back down the barrel. To

help determine if use of the muzzle device affects the in~bore ballistics of the

gun, pressure data were taken on the interior of the barrel.

Pressure in the barrel was monitored at eight locations along the length of

the gun. The axial locations are tabulated in Table 1 and the gauge stations are

11
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identified in Figure 7 according to their angular orientation about the gun barrel.

The instrumentation setup is depicted by Figure 8.

MEASUREMENT OF PROJECTILE VELOCITY AT THE MUZZLE

Projectile velocities were recorded at the muzzles of the reference gun and
of the gun with the muzzle device attached. Exit velocity of the projectile is
information that can be used to provide a preliminary judgment about the influ-
ence of the foam-containing device on interior ballistics. The measurement is
computed via the Doppler Measurement System. A Doppler technique is used which
measures the projectile velocity to within *0.5 foot/second. The Doppler radar
measurement device is shown in Figure 9. The associated data reduction schematic

is not shown.

Table 1. Gun Barrel Pressure Gauge Positions

Gauge Distance from Clock
Station Breech Face (in.) Position
Bl 36.25 9:00
H1 36.00 10:00
J2 140.00 12:00
K1l 180.00 10:00
K2 180.00 4:00
Ll 220.00 8:00
L2 220.00 2:00
Ml 258.00 8:00
M2 258.00 2:00

MEASUREMENT OF PRESSURE AND STRAIN IN THE MUZZLE DEVICE

Pressures were recorded to describe the environment within the muzzle device
during a gun firing. There were 16 positions considered. Data were taken with
foam in the device as well as for the foamless condition. The arrangement of the
gauge locations is depicted in Figure 10. The transducers used were Piezotron-

ics, Inc., model 11A23, and the response was recorded on Honeywell, model 101,
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wide-band magnetic tape recorders. Figure 11 is a schematic of the instrumen-

tation setup.

The test schedule did not allow time between the rounds fired for connec-
tions to be repaired or for gauges to be replaced. It should be noted that in
several cases, gauge replacement would have required a major disassembly of the
device and was, therefore, quite impractical. Particularly sensitive were those
gauges located within the device (specifically, gauges P16, P15, and P9 through
P12). Piping was used to protect the transducer leads coming from these inner
gauge locations, but the integrity of these adaptations in the blast environment

was questionable.

Strain measurements were taken at 10 locations about the muzzle device. The
locations are shown schematically in Figure 12 and the tabulations are shown in
Table 2. Three types of gauges were used according to the individual placements.
A single-element type gauge was used to measure the axial strain in the attach-
ment bolts for the muzzle device. Along the outer surface of the device where a
principal axis of strain was known, a two-element type gauge was employed. A
three-element gauge was used on those parts of the device perpendicular to the
flow field. With this type of gauge, the principal axis of strain could be deter-

mined.

The instrumentation setup for data taking is represented in Figure 11 to-

gether with that for the pressure measurements in the muzzle device.

The technique used to retrieve the data and provide hard copies for analysis

is represented schematically in Figure 13.

TIME SYNCHRONIZATION OF DATA

Four magnetic tape recorders were used to record transducer output. As a
result, it was necessary to have a record common to each tape unit so that all
data could be referenced to a specific point in time. A pressure gauge, posi-
tioned at gauge location J2, was used for this data correlation. The transducer

location is detailed in Table 1 and in Figure 7.
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Figure 11. Schematic for Data Acquisition from the
Muzzle Device and from the Near-Field Blast

20

BRI e T Y <% & 7~ B _ gy
e o T e———



J1qeWAYDS SuoLledo] abnen uieuys 8dLAeQ alzzny ‘g1 aunbiry

ONIINA3Y 1SY18 372NN
Q3113 WVQ4 SNONOY SN0
IISEX HILINWVIG TV G “v5N

F'l-l d ‘ d _ d .— 4 _-.hlt i'\!.ﬁ

[k 3 3 CIC
hst an Pt 22en ovr Sve s

=]

19 2
- ”. - AN Anyl "
—— RIS © Il - o ons | a0
v
IV seen M Iied Wm eul wis | FS0I-ER ' wo amn| !
v
T Avver i PRl o) wvie | $60TE0N : <X
t902-Cve LIG 0 AHOWR MY
JuIeatie aviow) wvde | OOT Y M
(& - []
eV agveim e ‘S a1y Dizree | TPEO0S s o onn| '
3
SmweaIv sVt ' PR 0AVD JzEAm | TV-SEvN d 1m0 pls. 11 !
TC30T<va IR SaiRin vl 904) | oo cou . N
~ LuRdI MG gRVI) 12PN
Mee imvide eRVYI DY, htstalhichd ¢ !
Bvie Tasve | YOE0 e M
— D F902-Cv ¢ 4
) mis | 2024em ] .
1he JEminiveitie €400 € * .
£0avIn03) wltva Ovs Wnemes | MO0 € ot M
ypamel] uigve SDws Ve hedaih ' h
==
—
Leviend evagy amem | 40T ON b M
_— =
B JmimnIve  wdomray | S4O¥EvE A '
0" )
nus ace1? dea sen Sh | *7O T M M
8i%] 00 JWg)
s 0y sBome b Jows dew 2 [0 Y60V [ €
a "
Hus WY I 6 0 Dois dew 2)s [FIOVEY . ¢
041 0w TSR
RS 3061 SDowm: t Flem dare sew 2fs [* %0 O hd *
-2 e -
ﬁuﬂlma! ot o
B‘Fh 2 L O
i K n .
1 011D iy Swsmvsie st M
L ] . V- ¢ v )
- 40 WA -7 “av3 Su 3 T9308 * 41908 [ Tw de Wm0 o
p—

\\\MN\\\\/ <
= =2l Al
8 /“\\ \&\ \;A
A N4 /4 \.-J
2 (D)
SN
'm; .ﬁ:%//

21



9 31xed jo

IeTpex uUo 310q 9 1xed jo adatd (suawaa
03 Jeyndipuad i9)9uieIp IPISINO [yoed U0 3uo |UI3MI3Q ,021)
-13d - Juawaya [ 00:21 woxjy Alreipex .G (9) 9de3 uoay JUSWATI € O01g ¢6g
dooy - juawala | G¢1 aed jo pua (S1) @dey
dooy - juawaia 1 00°1 juoay woxj ,8/€-2 -InS IPISING (o06 IUSWITD T 8g
dooy - juawala | 61 3aed jo (S1) 9deg
310q - JUAWITI | 00:1 pus Ieax woij ,6€ -ans IPpIsing |,06 IUSWITD ¢ ig
G1 3xed
dooy - uawala | JO pus 3juoaj (G1) 9deg
310q - JUIWITD [ 00:1 woxy ,91/6-82 -ins apIsing | ,06 IUAWI[I 7 9g
¢1 jaed
dooy - juawala | Jo 20eJ 1eax (S1) 9dey
310q - JUIWITI [ 00:1 woxy ,,.91/6-%1 -INS IPISINQ [ o,06 IUSWRTI ¢ Sg
dooy - juawaia | GI 1aed jo pua (S1) 2oeg
310q - UIWIATI | 00:1 ieax woxi ,91/1-¢€ -ans Ip1sIng |06 uawaia g vg
0€:L - %s
0€:¢ - %g vV ATquassy jo auo 13yjo JUaWATI
axog oc: 11l - Ig 9oep] I3 WOIY 2 A1ana (@) 318u1g g ‘2g ¢Ig
StxXy aiog ung | ayzzny e 3uijyoo] | uoriedoq aduelsIqg 1S0Z-EYN JO 38neg adf] *ON UOTI3EBIO]
03 uotjelay Y3ITM | uotlTsod ¥d2072,0 () 'oN 98neyn ureilg

STXY JU3WIINSeaR

3ied 01 paydelly

uorjedso] pue adA| abney uieuis

¢ ?lqel

22

«

h

T O SN T o R, AT P o




ANALOG TAPE RECORDER
HONEYWELL

MODEL 101

40 KHZ

\ 4

WAVEFORM RECORDER
BIOMATION CORP.
VARIABLE SAMPLE RATE
4096 SAMPLES MAX

v

l

FIBER OPTICS
OSCILLOGRAPH
HONEYWELL
MODEL 1858

HEWLETT PACKARD
DESK TOP COMPUTER
MODEL 9825A

l

HARD COPY
PRESSURE/TIME
RECORDS

X-Y PLOTTER
HEWLETT PACKARD
MODEL 9862A

A s iy % Vo 3 o B

}

DIGITIZED PRESSURE/
TIME RECORDS

EXPANDED AND
UNIFORMLY SCALED
HARD COPY
PRESSURE/TIME
RECORDS

Figure 13. Schematic for Data Reduction of Pressure and
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The barrel pressure data are all recorded on a single tape recorder. The
interior ballistics of the 5"/54 gun are known, so that each pressure record can
be related in time relative to the J2 record. The three other tape units were
used to record the internal pressure and strain of the muzzle device. The J2
pressure record was also recorded in each unit. Thus, the pressure and strain of
the device can be related in time to the barrel pressure records. Time synchro-

nization was achieved with a resolution of 0.05 ms.

EXPERIMENTAL DATA

SOUND PRESSURE IN THE FAR FIELD

The most important aspect of the testing was to ascertain the effectiveness
of a foam-containing device in reducing far-field blast intensity from 5"/54
naval guns. To accomplish this, data were taken by two sound level meters lo-
cated symmetrically off the gun line of fire (Figure 6). Although more locations
would have been desirable from a statistical point of view, the orientation
selected is adequate for the assessment. The justification for this lies in the
nature of gun blast overpressure far away from its source. Testing has shown
that the effect of a muzzle device in reducing noise at a point far away from the
gun is not dependent on angular position relative to the line of fire or upon the
actual distance from the gun. This result was reported in Reference 2 for the
case of a 7.62-mm device. It was then investigated experimentally to see if it

applied for larger caliber guns.

Sound pressure data were obtained at the two far-field locations for a total
of 18 gun firings. The main parameter under consideration was the foam density
used in the device. Expansion ratios from 30l:1 to the more dense 20:1 were
evaluated. There was also a set of data obtained without any foam in the device.
In general, three rounds of data were taken with each particular expansion ratio

foam. The peak value readings are displayed in Table 3.

Meter readings were recorded at both locations each time the guns were
fired. The data are registered according to the peak sound levels obtained after

the bare muzzle gun was fired, together with those obtained after the gun with
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the foam-containing device was fired. Sound levels are expressed in decibels.
The effect of the foam-containing device is found by taking the difference be-
tween the readings of the reference gun and those obtained when the muzzle device
is used. This difference is tabulated in Table 3 and the results are presented
graphically in Figure 14. 1t should be noted that even when no foam was used in
the device, some pressure reduction was obtained in the far field because of the
muzzle device itself. For the prototype design, the average effect of the device

alone was 4.35 dB.

In most instances, there is a disparity between the sound level reading of

the two meters. A large fault in these cases is that atmospheric conditions are

not the same over the entire far field. The propagation of sound intensity is

i ' affected by wind shifts and temperature gradients between the gun muzzle (where
' the sound is produced) and the meter that records the level. For this test and

S

the associated short separation distance between the gun muzzle and the sound

level meters, wind shifts are the major cause of the disparity observed.

L Absolute values of sound level reduction should not be emphasized because of

b the scatter present in the data. A general trend can be established by averaging
i the readings of both meters and all the rounds of a given data set. Over the
! range of foam expansion ratios from the most dense ratio of 20:1 to about 140:1,
the muzzle device achieved a sound reduction effect that was very nearly linear.
The highest density foam tested effected a reduction i1n the far field of 15.4 dB.
The sound reduction observed by the device when 1t (ontained 140:1 foam was much
less, only about 5.8 dB. For greater expansion ratios, the effect approaches
that of the muzzle device without any foam; the rate at which the reduction

declines is much slower, however. Figure 14 illustrates this effect.

PRESSURE IN THE GUN BARREL

The peak pressure responses for the eight barrel gauge locations are pre-
sented as part of Table 4. Data are given for cases where the muzzle device was

filled with foam as well as for the case of an empty device. Foam expansion

ratios of 300:1, 140:1, 55:1, and 20:1 are represented. It should be emphasized

that in all of these cases, the foam was restricted to the muzzle device and
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there was no problem with foam entering the gun barrel. The latter possibility

was investigated separately, as reported in Appendix B.

For each set of data, the pressures were evaluated according to the mean
value and the standard deviation (0) attained. These results are tabulated in
Table 5. The gauge locations designated by the letter '"M" are of the greatest
interest because these transducers are nearest the muzzle. Even at these loca-
tions, there 1is nothing to distinguish the pressure levels from those that may
occur in a gun with a bare muzzle. This point is illustrated in Table 6. Data
for several rounds (taken from Appendix B) are presented for the bare muzzle gun
as a comparison with those records where the muzzle device was attached (Tables 4
and 5). It is apparent that the internal barrel pressure is unaffected by the

presence of the device attached to the muzzle, with or without foam.

One should not conclude from this that the barrel pressures cannot be af-
fected by foam. The experiment reported in Appendix B studied the effect of
actually injecting foam into the muzzle end of a 5"/54 gun barrel. It is clear
from these tests that there is a limit to the depth that the foam should be per-
mitted to penetrate the gun barrel. Beyond this point, the internal barrel

pressures are affected. For a 35:1 foam, this distance 1is about 30 inches.

PROJECTILE VELOCITY AT THE MUZZLE

Velocity measurements were taken on both guns to determine how fast the pro-
jectile was moving as it left the muzzle. Data were collected for each round
fired in the gun containing a muzzle device, and in the bare muzzle reference
gvn. The measurements taken during this test series are tabulated in Table 7.
The results are listed according to firing order, and an overall average value is
provided. Also provided is the standard deviation of the velocity measurements
for each gun. It 1is clear from this limited statistical information that the two
guns launched projectiles at velocities of the same magnitude. The difference in
average velocity between the gun with the foam-containing device and the refer-
ence bare muzzle gun was only 4.4 feet/second, while in both cases, the standard

deviation was in excess of 13 feet/second.

29

e ——————=




UCIIBIABP PICPUY G = O
aanssaad uvay = ¢
‘I 91qel 03 S13JaY o
200°L €Ce L LS9°6 6268 8LC°Cl1 VAT R 0SZ %€ 889°8% = d 18
i
g1 0 €8€°0 €8€°0 %70°0 20C°0 S%0°0 68C°0 0{9°C =0 L1 f
980° ¢ 69€° L €I8 6 9%6°'8 8L6°11 02611 660" %€ 8Ly = d 91 O
3
cI
12270 ¢€T0 1€0°0 LEOTO L8070 690°0 60%°0 697°'l =0 71
0LL L €Yy L 16L°6 I€1°6 102°71 L16°11 VIR % (8L°8% = d €l
rA
%80°0 %2170 GoL°0 1€0°0 %90°0 8¢0°0 68670 {10°¢ =0 1t
GBI L VAL A 9(6°6 801°6 qre-ct 6L6°11 Tl ve 68679y = 4 01
6
SIT 0 VA2 ] %61°0 cc6°0 G90°0 1,070 2oL 0 198°0 =0 8
08¢€°L LTl ¢t 610°01 2L9°6 ViR GA S [co-¢t 696" %¢ Wil = d L =
9
9L(2°0 69.°0 98¢0 980°1 880°0 IG1°0 8610 1[L'0 =0 q
8G6° L 9/6°8 099°6 6686 LS0°C1 87811 %€0° €€ 009°8y = 4 Y
€
801°0 28570 967°0 RI1°0 48 A hl o L9870 €68°1Ll =0 4
%T6° L 00t 8 018°6 SL9°6 20121 Zy6°11 G9¢ €L G8e°Ly = d I
CH IR 1 11 (4, 19! IH | “ON
xU0T1ed0T 3%neg [aiieq ‘py

(Payoelqy 3d21A3(Q 3|ZZnW) S3UNSS3UJ [3JUBY 404 UOLIBLAS(Q PABPURYS PUB 3UNSS3Ud UBAY G 3[qe)




‘un3 wiem e Ul PIaAIISQO Iq pInom ueyl

13y81y A1aydi[s aae sanjea ayl ‘snyy ‘pue spunoi SuTwiem I0J It eIEp Ia0qe 3IY3 Jo IV :HION

‘T 9198 01 SI9)3Y

%9° ¥ VA 8¢” 19° O UOTIETAS3(Q plepuElg
87°8 0% 0t 20" 01 7676 VANt d 9Inssaid ueay
6L S°6 86 6°6 [ § -- -- -- 6L-91-¢ 0z
6 11 %6 L6 6°¢l -- -- -- 6.-91-¢€ ST
L8 1t 9°01 7°01 el -- -- -- 6L-S1-€ €1
8L 6°6 ¢ ol 701 7 91 - -- -- 6L-Y1-¢ €
8¢ %01 [ 9'6 6-Cl -- -- -~ 6l-%1-¢ [4
[ K 21 17T [ ™ IH & paitg 33e(q “ON

xU0T1ed0] 38ney [aileg ‘py

(uny a|zzny aaeg) HLSY [dJUBg BY] UL dUNSSaJLd YBId 9 d|qe]

W o tr

31

T R T T G R T AW ot AW o,

-



(R RS ~ s v ki -

—

6°CLl¥ G'€IF = UoT3eTAI(
piepuelg 1exaaQ
8°€£99¢ %°659C = £3120713p
uesl] [1eI3AQ
6L/1€/8 9.9 1:881 0L9¢ 81
6L/1€/8 0°199¢ 299¢ 1:¢z1 §°2L9T 1492 L1
. 099¢ %192 9l
0L9¢ ¢99¢ St
6L/1€/8 £°9.9T £L92 weo {-oN 079997 1492 VA
£89¢ 5997 €l
9¢9¢ %99¢ [A
6L/1€/8 074992 299¢ 1:0¢ £'€99¢ $59¢ |41
£192 .92 o1 ~
(28] -
8.9 999¢ 6 .
6L/1€/8 £°£992 0¢€9¢7 1:66 071692 159¢ 8
299¢ 9¢£9¢ L
999¢ 999¢ 9
6L/51/8 9°£99¢C 8G9¢ 1:0%1 0°599¢ 969¢ S
£99¢ €192 ki
999¢ 069¢ €
6L/G1/8 £°999¢ 9197 9 6r9¢ _ 5€9¢ 4
669¢ 1:00¢ 0€9¢ I
S B
paatg [(23s/13) Aitoorap (29s8/13) otley (93s/33) A1 (sp (93s/131) *ON
ajeq ueval 195 eIE(Q Ki1o0719A o1zzny | uotsuedxy| ueay 195 eie( A110079p 3rzzny Py
weoJ
ung 3dTAI([ I[ZZNY ung ayzznp Iaeg

sjuawasnseay A310013A 3Lx3 ajLydaload °/ alqey

S e———




It is reasonable to conclude from the results obtained from the muzzle de-
vice gun that the foam had no apparent effect on projectile velocity. Statisti-
cally speaking, however, a much larger sample of test data would be required to
achieve a degree of confidence for this observation. In general, no appreciable
influence from the use of the muzzle device was observed through the projectile

velocities.

PRESSURE AND STRAIN IN THE MUZZLE DEVICE

The muzzle device was instrumented to measure the pressure distribution on
its interior and the strain in its components. These data are most useful for
design development toward an optimum weight muzzle device. Although an important
consideration, funding constraints made it impossible to complete this aspect of
the muzzle device feasibility question. The transducer records are available for
those with an interest in pursuing an answer to this problem. The retention
period of the data will be at least a year from the date of release for this

report.

These data have not been reduced completely, but the pressure records from
the gun firings were inspected qualitatively. A preliminary analysis revealed
two problems. First is the problem of data loss due to instrument failure.
These occurrences are hardly surprising considering the harsh environment created
at the muzzle when the gun is fired. Time limitations of the test program made
it impossible to replace gauges that malfunctioned; consequently, information at
several locations was lost and usually for a significant number of che gun
firings. A second problem in evidence on most of the pressure records was bi-

asing of the gauge response caused by thermal induced stress.

A record of the pressure data obtained is charted in Table 8. An investi-
gation of the effects of thermal stress is needed before a degree of confidence
can be placed in these data. It is known, for example, that muzzle blast tem-
peratures can generate thermal stress and that such stress induces a negative
component in the output of a pressure gauge. The difficulty is that the amount

of bias induced is dependent upon the degree of induced stress for each gauge;

the bias is not linear. Also, thermal stress influences gauge output to a larger
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extent over the pressure decay period than it does during the rapid rise to peak

pressure.

The effect of thermal stress is illustrated in Figure 15. The transducer
responses of two gauges and two successive firings are displayed. Gauge loca-
tions PS5 and P12 were chosen because they are representative of the effect
observed when the muzzle device contained no foam. The data uncertainty is asso-
ciated primarily with the positive phase duration and the rate of pressure decay.
An analytical prediction model has indicated agreement with the transducer re-
cords for the duration of the pressure rise (approximately the first 10 milli-

seconds).

The data obtained when the muzzle device was filled with 20:1 expansion
ratio foam do not exhibit the effect of thermal stress. (This can be seen in
Figure 16.) The gauges at locations P5 and P7 are representative, and it is
evident that the negative component observed previously is not present in these
records. The 20:1 ratio foam provided enough thermal protection for the gauges

to perform accurately.

An interesting attribute for the use of 20:1 expansion foam is that it
suppresses visible muzzle flash. This suppressed muzzle flash was first observed
in the scale model tests of Reference 3. Also the internal peak wall pressures
within the muzzle device are substantially reduced (~%) when using 20:1 foam ver-

sus an empty device.

CONCLUSIONS AND RECOMMENDATIONS

The results of this test show that use of a muzzle device filled with aque-
ous foam significantly reduces the far-field SPL produced from a full-scale naval
gun. For the 5"/54 gun, the reduction was in excess of 15 dB. The principle
behind the sound reduction has been validated, but work remains to fully assess

the feasibility of applying the technique.

Additional work in the design of the device is necessary. The primary aim

must be to establish a thoroughly weight-optimized device. At this time, the
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Figure 16. Muzzle Device Pressure Records Showing No Sign of
Thermal Induced Stress on Pressure Gauges
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total weight of a production device has not been established. The pressure

loadings realized inside the device were less than half that of the design load-
ings. From this standpoint alone, the thicknesses of the device components can
be adjusted to substantially reduce the weight. Substantial savings in weight
can also be achieved with the use of exotic materials. Although expensive in
prototype development usage, such materials combine strength with unusually

light weight.

Work has been done to modify the clamping technique used to fasten the
device to the gun muzzle. It has been concluded that a secure attachment re-

quires modification of the barrel.

For a complete assessment of the muzzle device concept, additional consider-
ations must be resolved. One such consideration is how the gun will react with
an unsupported weight at its muzzle. It is essential that the performance of the
gun not be adversely affected. Similarly, it is known that the presence of too
much foam inside the gun tube is detrimental to performance. A method to prevent
this occurrence is in the conceptual stage. A major question concerning the
effect of the foam on the projectile and its fuse must be answered. In addition,
specialized foam production techniques would have to be developed to meet the
requirement of rapid fire. For the study of these questions, an experimental

approach, coupled with an analytical method, is recommended.

More experimental data are also needed to determine if the muzzle device has
an adverse effect upon projectile trajectory. However, there is no evidence from

the work done with the prototype model to suggest that this is the case.

REFERENCES

l. L. L. Pater, Techniques for Reducing Gun Blast Noise Levels: An Experi-
mental Study, NSWC TR 81-120, Naval Surface Weapons Center, Dahlgrenm, VA,
April 1981.

2. A. Clark, et al., The Reduction of Noise Levels from Explosive Test Facili-
ties Using Aqueous Foam, Royal Armament Research and Development Establish-
ment, Ft. Halstead, Seven QOaks, Kent,, U.K,, 1976.




3. L. L. Pater and J. W. Shea, Use of Foam to heduce Gun Blast Noise Level. .
NSWC TR 81-94, Naval Surface Weapons Center, Dahlgren, VA, March 198].

4. L. L. Pater, Gun Blast lar Field Teak Overpressure Contours, NSWC TR 79-
442, Naval Surface Weapons Center, Dahlgren, VA, March 1981.




APPENDIX A

AQUEOUS FOAM GENERATION
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OBJECTIVL

The objective of the work reported in this appendix was to develop a means
of producing aqueous foam for filling the full-scale prototype 5"/54 muzzle de-

vice for full-scale firing experiments.

FOAM AND FOAM PRODUCTION EQUIPMENT REQUIREMENTS

The 7.62-mm scale model experiments3 utilized foams with expansion ratios*
between 10:1 and 20:1. For the full-scale 5"/54 experiments, it was required that
foams of various expansion ratios be tested to determine if expansion ratio is a
critical parameter regulating the degree of noise reduction obtainable. Expan-
sion ratios in the range from 20:1 to 400:1 were of interest. It was further
desired that the foam produced for the 5'"/54 muzzle device tests have a uniform
bubble size and structure and maintain them as long as possible, since several
minute delays would be encountered from the time of the foam filling to gun
firing. These delays would relate to the time required after filling to remove
the foam-making equipment from the muzzle area, to load the round, and to clear
personnel to shelter. Bubble size was not a specified requirement except how it

might relate to foam stability.

All aqueous foams exhibit what is generally referred to as a natural quarter
life. Most foams return to a liquid state in some period of time. The time it
takes for 25 percent of the liquid solution to drain from the foam is known
as the natural quarter life. The greater this time factor, the greater the sta-
bility of the foam. Well proportioned and generated foams have a quarter life of
several minutes, i.e., an estimated 2 to 5 minutes. Thus, the foam generator
must be capable of producing foam at a rate that can fill the 5"/54 muzzle device
in a few minutes. The muzzle device would contain 12 feet3 of foam; therefore,
the generator(s) must produce from ~4.0 to 6.0 feet3 of foam/minute (minimum) at
the desired densities. The muzzle device must be filled through the muzzle open-
in a manner that ensures that the device be at least 90 percent full.

* Expansion ratio = Volume of produced foam/volume of liquid constituents.

R o ——




The 7.62-mm tests were first conducted with commercial shaving cream and
later an aqueous protein-based fire fighting foam. The resulting sound level re-
ductions were unchanged by the use of substantially different foam compositions.
Therefore, the composition of the foam produced for the 5"/54 muzzle device test
was unspecified; however, an aqueous* foam, rather than a chemical one,** was

desired. Of course the composition was required to be nonflammable.

EVALUATION OF COMMERCIAL AQUEOUS FOAM GENERATING EQUIPMENT

In surveying the commercial means of foam generation available and their
potential for use in the full-scale tests, it was determined that two classes of
foam generation equipment existed. One class can be said to encompass fire-
fighting aqueous foam generation and the other to encompass dust suppression
aqueous foam generation. The latter consists basically of denser type foams in
the order of 50:1 maximum expansion ratio, for use in such areas as rock drilling
or subsurface injection. The firefighting foam generation equipment, on the
other hand, can range from the production of 5:1 expansion ("wet water") up to
1000:1 expansion foams. In all cases, the production of aqueous foam requires

three prime ingredients: water, foam liquid, and air.

The expansion ratio of the foam produced by a particular piece of commercial
equipment is generally limited to a set value or a very narrow range expansion
ratio (100:1 to 300:1 as an example). Also the firefighting foam generators
are generally designed for the production of very large volumes of foam per
minute. The volumes can range from =50 feet®/minute to as great as 22,000
feet3/minute. The dust or friction suppression foam generation equipment is

generally designed for the production of small volumes of 2 to 10 feet3/minute.

* The liquid constituents of the foam are mostly water.

bt

=% Foam bubbles result from chemical reaction, rather than mechanical agitation.
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The aqueous liquid foaming agents® used with both classes of foam generators
have a wide range of chemical compositions related to their particular designed
usage. Perhaps the most common is the conventional protein-based foaming agents.
The foaming agent to water mixture ratio ranges from 1:100 to 6:100 parts depen-
ding on the foam characteristics desired. These liquid foaming agents can be
divided into two basic classes of foam production according to expansion ratio;
i.e., one for low expansion (<100:1) and the other for hig~ ¢-~ansion (100:1 to

1000:1) foam generation.

Firefighting foams, first introduced in the latter part of the nineteenth
century, were originally known as chemical foams because the foam bubble was pro-
duced by a chemical reaction. Chemical foams are now obsolete in firefighting,
having been replaced by mechanical or air foams.”* It is important to note that
the chemical foams may have utility as related to potential use in a gun blast

reduction device.

Several types of liquid foaming agents and commercially available foam
generators were purchased for evaluation of operating principles and foam quali-
ty. It was intended to utilize one of these for the production of foam for the
full-scale 5"/54 muzzle device tests. These items were purchased after a limited
investigation of the available aqueous foam-making apparatus. Therefore, they do
not necessarily constitute the limit of available commercial equipment that might
be adaptable to an automated foam-filling system for an advanced muzzle device

design.

Because smaller {(hopefully negligible) effects on the gun and projectile
ballistics could be expected as the foam expansion ratio increased and density

decreased, equipment capable of producing high expansion foams was of major

* A composition of protein, synthetic with protein additives, or pure synthetic
based solutions, that when mixed with water and air will produce expanded foam

when agitated.
*% Foam produced by a physical agitation of a mixture of water, air, and foaming

agent (also called airfoam).
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interest. To produce moderately high expansion foam (from 100:1 to 250:1), a
Rockwood 'Super JET-X" foam generator and "JET-X" foaming agents were procured.®
Since it was not known how high the expansion ratio of the aqueous foam could be
before the sound reduction effect was diminished, the equipment had to be capable
of producing a foam with expansion ratios up to 500:1. For this purpose, a
Rockwood JET-X-2 foam generator was procured. Both Rockwood generators utilize
an in-line solution proportioning eductor to provide the proper mixture of liquid
foaming agent and water. 1In addition to the JET-X foaming agent, Rockwood 'Aqua-
foam AFFF" liquid foaming agent and Rockwood "Double Strength 3 percent liquid u

foaming agent" were procured for experimental evaluation.

Because of the large volume of foam produced per minute, neither one of the
Rockwood foam generators could be utilized in filling the muzzle levice. Accu-
rate control over filling could not be obtained to ensure that the device was at
least 90 percent full. However, certain principles of operation were invaluable
in developing the foam generator used in the tests. The generator is described

f
' in a later section.
!

Since the 7.62-mm tests were principally carried out using a 20:1 expansion

ratio foam, it was necessary to produce or know how to produce a low expansion

i (50:1 or less) foam in sufficient quantity to fill the fullscale muzzle device in
! less than 3 minutes. For this purpose, a batch type foam generator system,
! manufactured by the Mearl Corporation, Roselle Park, New Jersey, was procured.
The system is primarily designed for the production of foam for subsurface in-

jection such as producing porous concrete. It is used for producing foams from a

10:1 to 350:1 expansion ratio. The unit is described as a model 0T-10 and 1is

capable of producing 7 to 8 feet3 of foam per minute at a 20:1 expansion ratio.

This unit operates on the principle of a premixed solution tank under pressure.

The 1liquid foaming solution and a separate compressed air feed are metered

through manually set proportioning orifice valves into a nozzle filled with an

aggregate to mechanically agitate the solution. In addition to a Mearlcrete

foaming agent, the Fluoro-Protein 3 percent, Ultra X-SD, and the Artic LT6(6

* Rockwood System Corporation, 82nd Street, South Portland, Maine 04106




percent) Mearl toams were procured for evaluation. Expansion of over 30:1 could
not be obtained with any of the Mearl liquid foaming agents procured when used in
the OT-10 system. In attempts to use the Mearl liquid foaming agents (at various
solution ratios from 1 to 6 percent) to produce higher expansion foams, the
drainage rate* was very rapid. However, the low-expansion foams produced were
very stable. Results using the Rockwood, double strength 3 percent and JET-X
liquid foaming agents in various solution ratios from 2 to 6 percent in the Mearl
0T-10 produced excessively wet foam with very poor stability. The Rockwood AFFF
produced a highly stable 20 to 30:1 foam.

In summary, the Mearl OT-10 system could not be utilized effectively with
existing Mearl nozzles to produce satisfactory foam with an expansion ratio

greater than 30:1.

During preliminary experiments conducted to determine the effect foam in the
gun barrel would have on barrel interior pressure, it was discovered that the
Rockwood JET-X foam underwent a rapid physical breakdown due to an unknown reac-
tion. The reaction was established when the foam came in contact with the powder
residue (Naco) on the gun barrel walls. 0il contact was also determined to cause
a rapid physical breakdown of the foam to a liquid state. For the foam-in-barrel
tests, a small generator was fabricated to produce high expansion Rockwood JET-X
foam in expansion ratios from ~200:1 to ~500:1. During the same tests, the Mearl
OT-10 system was used to produce a =<30:1 expansion foam with the Mearlcrete
foaming agent. The decay rate was observed to be substantially reduced with the
denser Mearl foam; however, a reaction was still present. 3ince this reaction
would seriously hamper maintaining a full muzzle device, it became imperative
that a foam be produced that would be stable under these conditions. The foam
would have to exhibit the ability to retain structure and water content in the

gun/muzzle device environment.

To study the decay of foam at different expansions, several fired Naco
powder cases (5"/54) were obtained to facilitate observations of foam stability.

The general results are tabulated in Table A-1.

* The rate at which liquid drains from the foam.
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It can be seen that all the foams of either protein base or containing pro-
tein additives typically break down. The Rockwood Aquafoam AFFF, however, did
not exhibit any reaction characteristics in either low- or high-expansion foam.
This foam is purely synthetic based and has no protein content. To further
verify that a synthetic based foam would exhibit stability under the condition
described, a heavy-duty cleaning detergent (purely synthetic) was used to produce
a toam for observation. The detergent is identified as Besco No. 98. The foam
produced in a low-expansion condition also was stable. Difficulty in producing a

high-expansion foam was encountered; therefore, the stability was not observed.

During the process of determining the various foams' stability with gun
powder residue, an important discovery was made. As various foams were produced,
a trial muzzle device fill-up was attempted using a full-scale tramsparent plas-
tic mockup of the 5"/54 muzzle device. This mockup conformed to the 5'"/54 device
internal diameter and length dimensions as well as to the inside diameters of the
gun barrel and baffles. The mockup is shown in Figure A-1. It was determined
that a low-expansion foam of between 10:1 and 80:1 expansion ratio would not fill
the device. The foam would flow over itself and run out the baffle and muzzle
openings when the device was approximately five-eighths filled. A principal
property of aqueous mechanical firefighting foams is the ability for the foam to

flow freely over itself to facilitate spreading.

It was later determined that the smooth plastic muzzle device mockup con-
tributed to the problem because it was possible to completely fill the actual
prototype steel device with the same foams. Part of the problem observed in
tilting the plastic mockup was that it was exposed to direct sunlight and was
quite warm when the filling trials were run. The actual muzzle device was so
massive that the interior walls remained relatively cool during the period of
testing. It is important to note that incomplete filling of a muzzle device

undergoing rapid fire may be a problem as the interior walls of the device may

heat up substantially during firing.
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FOAM GENERATCOR DEVELOPMENT

As stated earlier, the basic concept of mechanical aqueous foam-making
equipment is to produce a solution of water and foaming agent, in specific pro-
portions, and to agitate the mixed solution to form an expanded foam. The water
and foaming agent can be premixed or proportioned by special equipment. The
solution is supplied through a line under pressure to a nozzle. At this point,
air, a mechanical agitant, or both are introduced to produce the foam output.
, The quality (stability), quantity, bubble size, and expansion ratio are dependent

on the combination of many variables. Some of the variables involved are liquid
pressure and flow rate, proportioning percentage of foaming agent to water, type
of foaming agent, aspirating-air pressure and flow rate, agitation mechanism, and

physical nozzle configurations.

The foam generator design was developed through a trial and error approach.

The variables were identified, adjustments controlled, and variables combined

e t— .t . o

until a working combination was achieved that yielded the desired output.

The design of the generator (see Figure A-2), utilizes the Mearl OT-10 pres-
surized tank as a premixed solution dispenser. The premixed water and foaming
agent are suppplied to a nozzle under regulated pressure. The nozzle is a typ-

ical house furnace o0il burner nozzle, which is modified to facilitate an in-

creased flow rate. The nozzle position is adjustable to provide uniform wetting
of the screens in front of the nozzle. The wetting screen is made of four layers
of conventional window screen material, formed in a conical shape, to aid in
liquid film forming over the screen. In front of the wetting screens is an area
of aggregate to create a mechanical solution agitation. The aggregate (not used
for foams > ~150:1 expansion) is composed of small plastic hollow cylinders and
is held in place by another piece of window screen. A piece of cheesecloth is
located over this screen to produce a desired small bubble structure (to enhance
the ability of the foam to pile upon itself). The screen and cheesecloth layers
are held in place by the extension tube. The offline angular output opening of
the extension tube facilitates filling of the 5"/54 muzzle device through the

muzzle opening. Another piece of window screen is placed over the end of the

A 1 A e AT R, U, 10 A O
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extension tube to create a slight back pressure or resistance to facilitate a

uniform foam output. The air is supplied by a high-volume blower, through a
2-inch diameter flexible plastic tube. The air flow is controlled by a valve on
the blower input. The liquid solution is turned on and off by an electrically
operated valve between the OT-10 tank and the nozzle. Solution flow rate is con-
trolled by regulated OT-10 tank pressure and a manual inline valve or the solu-

tion flow control orifice valve on the OT-10 on/off handle.

The foam expansion ratio is varied by the degree of solution agitation, air
and liquid flow rates, and the size of the bubble forming screen. Also, the
proportioning of the foaming agent and water affect the resultant foam density

and stability.

All of the foaming agents described earlier in Table A-1 were tested in the
previously described generator. Combinations of parameters (see Table A-2) were

evaluated to determine foam production capability.

The stability of a foam, as discussed earlier, was the limiting factor as to
how much experimentation was done with a given type of foaming agent. Once a
foam was produced, with any given foaming agent that was stable in contact with a
clean steel surface, the stability with burnt Naco gun powder residue was
checked. If a rapid drainage rate was observed, no further work was done. As a
result, the major portion of the experimentation to obtain desired expansion
foams of 50, 100, 200, and 400:1 was conducted with Rockwood aquafoam AFFF, which
had the highest stability factor.

A foam generator was calibrated, using Rockwood Aquafoam AFFF, to produce
foam expansion ratios of 80, 100, 200, and 350:1, as measured directly out of the
generator. This represents the range over which a full column steady flow of
foam, without excessive air blowing, could be produced from the extension tube of
the generator. Excessive air blowing causes nonuniform filling of the muzzle
device. The generator produces 80:1 foam at a rate of over 6 feet3/minute and
requires a maximum of 2.0 minutes to fill the muzzle device through the muzzle
opening. The muzzle device can be filled to over 90 percent volume (see Figure
A-3) with foams 2 ~80:1 expansion ratio. The buhble size produced varies with

density, but appeared to range from ~1/32-inch diameter for 80:1 foam up to 3/32-
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Table A-2. Controlled Foam Generator Parameters

A. Type of foaming agent (Table A-1)

B. Foaming agent percent or proportion (1 to 6 percent foaming agent
to water)

C. Nozzle size (three sizes used)

D. Nozzle tip distance from wetting screens

E. Number of wetting screens
F. Aggregate volume, type, and size
G. Number of layers and kind of material in bubble forming mesh

H. Solution orifice valve setting (OT-10 on/off handle)

I. Solution tank regulated pressure

e

J. Manual solution valve position

K. Expansion blower flow rate (regulated by intake valve positions)

inch diameter for 200:1 foam. For 350:1, it ranges upwards to ~1/4 inch. This
is an observation and not an exact measurement. Because of the involved proce-
dures, equipment, and a large setup cost, measurements of bubble size and wall
thickness were not accomplished. The OT-10 system, using a standard nozzle, was

calibrated to produce expansion ratios of 20:1 to 50:1 using the Aquafoam AFFF.

The foam produced with Rockwood Aquafoam AFFF is nonreactive with the burnt

Naco powder residue created from 5"/54 gun firing. The foam has a uniform bubble
structure at all densities, and its synthetic base has a claimed minimal environ-
mental impact (i.e., fish toxicity, chemical and biological oxygen demand, and

total organic carbon). It can be produced with either fresh or salt water.

All aqueous foams have a certain drainage rate that causes the expansion

ratio and bubble size to increase progressively. The Rockwood Aquafoam AFFF
yields the slowest drainage rate observed of all the foaming agents tested for

any given high-expansion ratio (~100:1 or greater). The low-expansion foams

e R




generally had very low natural drainage rates, regardless of foaming agent. This
drainage rate in effect means that, due to the delay from the time of muzzle de-
vice filling to gun firing, the expansion ratio of the foam has increased. The
quarter life of the 200:1 Aquafoam AFFF produced was observed to be =3 minutes.

During the first 2 minutes after production, very little drainage was observed.

To determine the expansion ratio of the generated foam at the time of gun
firing, a simple procedure can be followed. Using a known volume container with
a lowest point drain hole (see Figure A-4), the expansion ratio of a given foam
can be obtained at any time after production by monitoring the foam weight.* The
muzzle device must also have a lowest point drain hole to allow drained solution
to drain from the device. As observed in experimental tests, the foam volume

does not begin to decay until ~50 percent or more of the solution has drained out

! of foam suspension.

' ’ In order to fire the gun with a foam of a specific desired expansion ratio,
’ the muzzle device is filled with a slightly denser (lower expansion ratio) foam.
Halfway through filling the muzzle device, the bucket is filled with the same
foam. The weight of the foam is monitored in the bucket and when it reaches that

t which corresponds to the desired expansion ratio, the gun was fired.

RECOMMENDATIONS

In the event that further development beyond the testing of the full-scale
5"/54 muzzle device is carried out, it is recommended that consideration be given
to development of an automated foam-filling system. Existing industrial exper-

tise should be utilized for such a project, particularly if a chemical foam is

contemplated.

* The bucket volume must be large enough to yield foam expansion ratio accuracy,
when considering the accuracy of the weight measurements. The weight of the

bucket must also be known.
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APPENDIX B

BALLISTIC EFFECTS OF FOAM IN THE
MUZZLE OF A 5"/54 GUN




INTRODUCTION

One concern with the development of a full-scale foam-containing muzzle
device is the effect of foam seeping into the muzzle of the barrel. The purpose
of this test was to investigate the effects of the foam seepage on interior

ballistics.

BACKGROUND

A 5"/54 foam test was initiated in August 1978. The plans were to fire sev-
eral rounds, with increasing amounts of foam in the muzzle. A protein-based foam
with an expansion ratio of 20:1 was used. This is a relatively dense foam with a
consistency similar to shaving cream. After firing one round with 40 inches of
foam in the muzzle, excessive pressures were measured at 12 and 50 inches from
the muzzle. The program was halted at this point for further amalysis. Star
gauging of the barrel indicated a 0.025-inch permanent expansion, 20 inches

from the muzzle.

Simple calculations show that a foam with an expansion ratio of 20:1 trans-
lates into approximately 1 inch® of water per inch of length of barrel in the
foam region. If all of this foam was reduced to its liquid state (void of air)
and distributed evenly on the interior surface of the barrel, the liquid film
would be approximately 0.064 inches thick. It is then theorized that the projec-
tile rode over some portion of the fluid contained in the foam and caused the
over stressing of the barrel near the muzzle. It was concluded that introducing
40 inches of 20:1 aqueous foam would cause significant damage to the gun barrel.
It is also believed, however, that the amount of foam seeping into the muzzle
could be limited to considerably less than 40 inches of penetration in practical
application. Insignificant effects were observed for penetrations less than
*30 inches. Also, foam of greater expansion ratios introduces less fluid into

the muzzle.
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Experiments were conducted with a full-scale plexiglass model of the muzzle
device to determine how much foam seepage into the gun barrel could be expected.
The results showed that a maximum of about 20 inches of foam would extrude into
the gun muzzle before flow developed out of the larger muzzle opening of the
device. This, however, is only true for the filling rate used. It would be
expected that a more rapid filling rate would produce a higher back pressure and

result in further penetration into the gun barrel.

OBJECTIVE

The purpose of this test was to investigate effects of aqueous foam on in-
terior ballistics when the gun muzzle was filled to lesser degrees than previ-

ously tested and foams of various expansion ratios were used.

TEST DESCRIPTION

For completeness, the test results of both August 1978 and March 1979 are
included. In this appendix, they are referred to as Test I and Test II, respec-

tively.

A 5"/54 Mk 18 Mod O Gun, Serial No. 16155, machined to accept pressure
gauges along its length, was used. The gun was star gauged before Test I, be-
tween Tests I and II, and after Test II.

Barrel pressures, along with muzzle velocities, were measured for all
rounds. The muzzle velocities were measured by Doppler radar with an accuracy of

+5 feet/second.

For Test I, eight Kistler 607A pressure transducers were installed in the
gun barrel at the lettered stations (as shown in Figure B-1). For each pressure

station along the barrel, there are two opposing pressure ports available. The
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clocked positions of the pressure taps are provided in Figure B-1. For Test I,

one of the two pressure taps at each lettered station was arbitrarily selected.

For Test 1I, the pressure measurement at Station A was deleted. Also, addi-
tional pressure gauges were installed in the opposing pressure taps at Stations

J, L, and M to provide additional data in these critical areas.

For Test 1I, three strain gauges were installed on the barrel to measure
hoop strain. These gauges were positioned 12, 24, and 50 inches from the muzzle

as shown in Figure B-1.

The various foam densities were prepared from commercial concentrates and
the foam was generated with either a commercial or an NSWC-designed nozzle.
Samples of the foam were weighed in a known volume to determine the exact expan-
sion ratio. The foam expansion ratios, foam type, solution mix, and nozzle type

are provided in Table B-1.

RESULTS AND DISCUSSION

The results of Tests I and II are provided in Tables B-2 and B-3, respec-
tively. The first three rounds fired in Test T were reduced charge. The next
three rounds of Test I and the first three rounds of Test II were fired at full
charge with no foam to establish baseline data. The first round fired on a given

day is considered a warming round; it exhibits a data variance.

The impact of foam density and the length of foam in the barrel on the muz-
zle velocity were analyzed. It was assumed that the muzzle velocity, as a func-

tion of length of foam for a given foam density, is
vV = V0 - Bg?
where
V is the muzzle velocity (feet/second)
V0 is the muzzle velocity with no foam (feet/second)
B is a constant to be determined

£ is the length of foam (inches)

B-4
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VY was found by taking the average velocity of the round with no foam and was

found to be 2,618 feet/second. The B constants were determined by a least-square

curve fit for each of the foam densities which are

Bys = 0.01312

Booo = 0.00601
Bsgo = 0.00216

It was further found that the B constants may be expressed as a function of the
foam density ratio
B = c10”K
where
C and K are constants to be determined
Z is the foam density ratio
From a least-square curve fit

c 0.0141

K 0.00165

Thus,

V=2,618 - 0.0141%22 10‘0.001652

Muzzle velocity, as a function of length of foam for each round, is plotted
along with the calculated curves in Figure B-2. The standard deviation for ac-
ceptance of a powder lot is *10 feet/second. Also, the error in the muzzle
velocity is 15 feet/second. Thus, the measured velocity of a given round could
vary *15 feet/second from nominal. From the 35:1 curve of Figure B-2, a %15

feet/second deviation translates into 32 inches of foam.

A similar numerical analysis of the effect of foam on barrel pressures could
not be easily obtained. In general, as more foam is introduced into the barrel,
large pressure spikes appear which, in some cases, exceed design limits. These
pressure excursions are reflected as maximum pressures in Tables B-2 and B-3. The

pressure spikes measured on the low side of the barrel were sometimes higher than
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their counterparts measured on the upperside of the barrel. This is probably
due to fluid draining from the foam and accumulating on the low side of the barrel
or in the recessed pressure portholes. This accumulated fluid then creates
hydraulic shock when the bourrelet of the projectile passes over the pressure
tap. Examples of this are the pressure traces at locations J-1 and J-2 with no

foam (round 20) and with foam (round 17). (See Figures B-3 through B-6.)

It was noted during the 200:1 foam portion of the test that the foam was

unstable; i.e., the foam degenerated to a 1liquid form quickly. Therefore,

more foam was introduced into the barrel than nominally required for a given
stable foam length. In general, this caused a pressure spike for relatively

short lengths of foam in t!e barrel.

With the exception of rounds 14 and 16 (which used 200:1 foam), 30 inches of

foam or less in the muzzle caused no significant change in barrel pressures.

Analysis of the strain-gauge data showed no permanent distortion of the bar-
rel at their respective locations. However, star gauging of the barrel (Table
B-4) showed a permanent distortion of the barrel resulting from both test series.
For Test I, there was a 0.025-inch bulge of the interior diameter (I.D.) 20
inches from the muzzle. For Test II, there was a 0.015-inch bulge of the I.D. 2
inches from the muzzle, as well as a 0.01l-inch I.D. bulge 30 inches from the
muzzle. From the pressure records, it is plausible to assume that the damage
occurred from the tests where foam penetration exceeded =30 inches; however,
the test results do not conclusively prove that extended foam was the cause for

the bulge observed after the conclusion of testing. i

CONCLUSION

If the length of 35:1 foam in the muzzle of a 5"/54 gun is less than =30
inches, the reduction of muzzle velocity of a given round will be within the un-
certainty band of 15 feet/second. If care is taken not to introduce surplus
liquid into the barrel, =30 inches of 35:1 foam in the muzzle will not affect

chamber pressures.
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Table B-4. Star Gauge Readings (Inches)

Distance from | Before Test I | After Test I After Test II
: Muzzle 6-29-78 9-11-78 Difference 3-28-79 Difference
: 0 5.003 5.001 -0.002 5.015 0.014
! 1 5.003 5.001 -0.002 5.020 0.019
2 5.009 5.022 0.013 5.037 0.015
10 5.011 5.032 0.021 5.028 -0.004
12 5.009 5.027 0.018 5.026 -0.001
! 15 5.002 5.022 0.020 5.018 ~0.004
; ‘ 20 5.001 5.026 0.025 5.024 -0.002
’ 25 5.001 5.014 0.013 5.016 0.003
30 5.001 5.005 0.004 5.015 0.011
i 35 5.001 5.003 0.002 5.007 0.005
, 40 5.001 5.003 0.002 5.003 0.000
'é 45 5.001 5.001 0.000 5.001 0.000
50 5.001 5.000 -0.001 5.000 0.000
55 5.001 5.000 -0.001 5.000 0.000
60 5.001 5.000 -0.001 5.000 0.000
65 5.001 5.000 -0.001 4.999 -0.001
70 5.001 5.000 -0.001 4.999 -0.001
75 5.001 5.000 -0.001 5.000 0.000
80 5.001 5.000 -0.001 5.000 0.000 :
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