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FOREWORD

This report was prepared as part of the development program for a
suzzle brake to be used in connection with a Naval Ordnance Systems
Command Fxploratory Development Program; Large Caliber (203=m) Light-
weight FPield Artillery Weapon. In addition, the program aims to
advance the state-of-the-art of muxzle brake design procedures. The
work was cearried out under ORD Task No. 35C/501/090/1UF32353/517, a
NCSC program sponsored l'y the Marine Corps Education and Development
Command.

Thisa report has been reviewed and approved by J. J. Yagla and
R. Shank of the Special ?rojects Division.

Released by:

’Z%x
T;;S. E.Z;Y. Head

Test and Evaluation Department
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ABSTRACT

Experimental muzz2le brake performance t*sts were carried out at
reduced scale, using a 40mm free-recoil gun apparatus, for comparison
with available 105mm data. Results were sufficient to conclude that
muzzle devices can be accurately investigated and developed at reduced
scale, with considerahble savings of time and money. The apparatus
and procedures develoved are, with minor modifications, satisfactory
for carrying out reduced scale testing.
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NOMENCLATURE

bore area

speed of sound in atmosphere

caliber of gun (bore diameter at lands)
propellant grain diameter

propellant grain perforation diameter
muzzle brake efficiency

Young's modulus of muzzle brake material
force exerted on muzzle brake
gas-ejection impulse

height of point of interest in blast field
muzzle height

recoil impulse

impulse on muzzle brake by propellant gas
pressure impulse

travel distance

in-bore shot travel

propellant prain length

dimensions of objects in blast field
muzzle brake linear dimension:

in-bore portion of recoil impulse

mass of propellant

mass of projectile

recoiling mass with muzzle brake
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NOMENCLATURE (Contiaued)
recoiling mass without muzzle brake
recoiling mass (with or without muzzle brake)
number of perforations in propellant grain ’
pressure on muzzle bdrake -
engraving pressure
wuzzle pressure

peak overpressure

atmospheric pressure

specific impetus of propellant

duration of blast wave

flame temperature

elapsed time

chamber volume

projectile ejection velocity (muzzle velocity)
terminal recoll velocity with muzzla brake
terainal recoil velocity without muzzle brake
recoil velocity at instant of projectile ejection
terminal recoil velocity (with or without muzzle brake)
distance along line of fire

distance from axis of fire

barrel angle (Q.E.)

muzzle brake effectiveness

ratio of specific hemats of propc.iant gas
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‘01 INCLATURE (Continued)

ratio of spc .. heats of atmosphere

strain
model/pr ¢ caliber ratio
density »sle brake material

propellant density
stresy

arrival time of blast wave
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INTRODUCTION

BACKGROUND

The Armed Forcer are currently engaged in the development of
lightweight artillery for increased mobility. Such lightweight guns
must utilize every available means to reduce the maximum recoil force
transnitted to the gun carriage. Reduction of the transmizred recoil

fovce 18 necessary to prevent displacement of the lightweight gun
carriage during firing.

Whea & gun is fired, the burning propellant produces high temper-
ature, high pressure gas. This high pressure gas accelerates the
praiactile forward and also exerts a rearward force on the recoiling
mass. The time Integral of the recoil force is called the 'recoil
impulse,"” denoted by I. Most of the recoil impulse (typically 70 to
90%) occurs while the projectile is in the gun barrel. This portion
of the recoil impulse is called the "in-bore impulse," denoted by M.
Hovever, after the projectile has been cjected, the barrel still
contains hizh pressure gas, The "gas-ejection period" is defined as
the t: .e trow projectile ejection to the time when conditions in the
barrel recach equilibriums wich the environment. During the gas-
ejection period, as the prop=allant gas flows out of the barrel, the
gun closely resembles a rocket. The impulse exerted on the recoiling
perts during the gas-ejection period is referred to as the ‘'gas-
ejection impulse,"” denoted by G, and constitutes the remainder of the
recoil impulse exerted on the gun by the propellant gas. Thus,

I=M+GC (1)

for a gun vichout a muzzle device.

The recoil impulse consists of a recoil force which 1is typically
very large but is of quite short duration.® For closed breech
weapons, artillery weapen designers employ a hydraulic-pneumatic
recoil system to 3pread the response to the recoil impulse over a
longer time span, thus reducing the maximim force exerted on the
carriage. The particular recoil system variant known as the "soft
recoll"” or "firing out of battery" system sizply uses the same
principle to achieve an even longer time span and hence further
reduce the force on *he carriage, without requiring excessive recoil
length. Another method of reducing the maxizum force on the carriage
i8 to reduce the recoil impulse.

*For example, the peak recoll force in a 5°/54 Naval gun 18 on the
g 8

order of 1.1 X 10° 1b, but drops to about 10Z of this value within
about 15 ms.
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DESCRIPTION OF MUZZLE BRAXE

The net recoil impulse can be reduced through use of a "muzzle
brake" on the muzzle of a gun, A simplified muzzle brake is shown in
Figure 1, consisting essentially of a baffle mounted s/me distance
in (ront of, and rigialy connected to, the gun muzzle, with a port in
the baffle through which the projectile passes. As the propollant
gas rushes out of the muzzle, a portion of the gas impinges on the
baffle anéd 18 deflected from the axizl direction. This deflection
of higt--speed gas from the axial) direction by the muzzle brake resuvits
in a Gecrrase in the axial momentun cf the gas, and hence a forward
impulse on the muzzle brake. The forward impulse exerted on the
muzzle brake 13 denoted by ig. Since the muzzle brake is attached
to the barrel, the forward ispulse is in tum exerted on the recoil-
ing parts, thus reducing the net recoil impulse. The forwsrd impulse
can be increased by effecting a larger decrease in the axi{al momentum
of the propellant gas. This c2n bhe achieved by deflecting more of the
propellant gas, by turning the gas through a3 larger angle, and by
causing the gas speed to increase as the gas is turned. It {s
posaible, with a highly efficlent wmuzzle brake on certain guns, that
the forward {mpulse can amount to over 50X of the normal recoil
impulse, so that the resultant recoil impulse would be less than half
as large as that which would occur for the same gun without a muzzle
brake.

A restriction on the vee of auzzle brakes is thst the blast over-
pressure is considerably increzsed in the region behind the muz:zle,
wvhich includes the crew area. A more efficient muzzle brake ({.e.,
one vnich yields a larger forward impulse) usually resulis in s
higher tlast overpressure in the crew ares. It i{s possible, however,
tn achieve significant reduction of recoil impulse and yet maintain
an acceptable blast overpressure.

A possible disadvantage of the muzzle brake is thacr it has no
effect until after the projectile has been cjected from the barrel,
after most of the normal rearwvard recoil impulse has alrezdy occurred.
Thus the action of che muzzle brake in reducing the ret recoil impulse
can be safid to be "corrective” rather than "preventive.” The muzzle
brake can nevertheless be very advancageoue, since the total recoil
impulse which must be absorbed by the recoil mechanisa can be
considerably reduced. :

MUZZLE BRAKE PERFORMANCE PARAMETERS

The two primary -uzzle brake performance parametoers are the blast
overpressures and some sort of efficiency parameter. The blast over-
pressurens are usually specified simply as peak overpressure levels
and blast wave duratlons, at certain specified locations avound the gun,
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There is some difference of opinlon .~..cemi.: the beat parameters
for weasuring muzile brake efficiency ‘here are basicually two
efficiency parameters currently in use. The first, denoted by the
synbol E, is defined as the rat.o of the forward impulse due to the
muzzle brake to the total recoil irpulse without & muzzle brake,

Ee—2, (2)

This parameter c2r be accurately measured experimentally with relative
ease. The value of 1 can be obtaine: by measuring the recoil impulse
for shots without & murzle brake. “he value of Iy can be determined
as the difference in recoil fmpuls. for shots vith and without the

muzzle brake.

However, the parameter {s not Aactual(y & measure of the performance
of the muszzle brake design. Rather., §¢ is a seasure of the performence
of the suzzle brake when used on a specific gun. The fn-bore impulse
M {i. essentially independent of the precence of & muzzle h=<ke¢, since
the nwuzzle brake is operative vuly during the gaa-ejectior ‘riod.

Yet, the {n-bore impulse ?. ‘ard, lliewise, the gas-ejection. i12pulse )
can be a significantly diisc ere fraction of the total recofil f(ampulse

1 for different gun designt. Tlass, a given auzzle¢ brake desipgn could
be tested on two guns which had the sane vajue of | but differeat values
of C, with the result that signifticantly di{ferent values of efficiency
E could be obtained. The importunce of this is that the parameter
cannot be eegsily used to compare and evaluate different muzzie brake
designs unle~s prototypes of each hrake have been tested on the same
type of gun. In additfon, there {3 no clear urper lim{t for the value
of L against wvhich th. performance of a wuzzle brake design can be
compatred. T'e conclusion of the writet is that the efficiency
pars~ecter L {a not adequite for comparis-n and evaluation of muzzle

brake designs.

The second muzzle drake performance parameter currently (n use
is denoted {n this report by the avmbol 8 and is called "suzzle brake
effectiveness,” also known as "momentum {ndex" or "muzzle brake
-efficlency.” It is defined as the ratio of the forward impulse due
to the muz:le brake to the gas election impulse G without ¢ muzzie

brake,
g =L, (3)

This {s a more meaningful measurement of muzzle brake performance
since Iy {s norzalized by G, which ia the {mpulse that tne muzzle
brake can affect. Experience indicates that the value of 8 is

el )
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relatively constant €for a given brake design, even when the brake
design is used on differeat guns or on the same gun with different
propellant charges. Thus, the parsmeter B is quite useful for comparing
performance of differeat muzzle brake designs.

The magnftude of the muzzle brake effecriveness, 8, han some
physical significance. If all of the gas were turned through an angle
of exactly 90°, then Iy would be equal to C, and so the value of 8
would be 1 (equaticn 3). 1If all of the gas were turned through s
angle of 180°, then Ig = 2C and B8 = 2, vhich is the upper limiting
value for B. Thus, 0 < 8 < 2. This picture of the operation of a
auzzle brake is admictedly oversimplified. For example, the possibil-
ity that the speed of the gas could change as the gas is turned is
ignored. Ncnethealess, at least limited physical significance can be
attached to the value of 8.

The primary disadvantage of the muzzle brake effectiveness para-
meter B is that the value of C is not casy to determine accurately.

DESICN PROCEDURES

Designing & muzzle brake to yield a large forwvard impulse, yet an
accaptable blast overpressure in the crev areas, and of a reasonable
size, weight, and sufficient strength, 1s a formidzlle design problem.
In the past, muzzle brakes have been developed largely by experimental
trial-and-error on the full-sized gun for which they were being
designed. Such design procedure is expensive in terms of both time
and msoney. In addition, accurate muzzle brake performance data are
very difficult to obtain on conventional gun mounts. “he present wotrk
is a portion of a larger effort to provide a leas expensive and more
fruitful method of muz:zle brake development.

This report describes a technique for eccurate experimental test-
ing of wuzzle brake performance at reduced scale, wvhich can greatly
reduce the cost of murzle brake development and testing. A further
advantage 1s that a muzzle brake could be developed, at reduced scale,
for a large gun that is in the "feasibility study" stage of its
evolution,

A concurrent investigstion, conducted by Dr. F. H. Maillie (1)* of
the Naval Veanons Laboratory, 13 conceruned with analytical prediction
of muzzle brake performince. Such an analytical teclmique would be
usdd to guide the desiygn and optimization of muzzle brakes, wvith
developaental testing carried out at reduced scale. Only limited full-

Aumbers {n brackets refer to numabered references listed at the end of
this report.
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scale testing would be required ior final verification of the performance
of the brake design at fuli =cale.

The analytical technique is currently limited tc axisymmetric muzzle
devices. For guns that must fire cver earth, such as Aray and Marine
artillery, the bottom of the muzzle brake must be cloned to avoid dust
obscuration. The tup uf the muzzle brake wust also be closed t(c prevenc
unbalanced forces normal to the gun barrel. Flcw through such a waz:le
device 1s highly three-dimensional; current computer hydrococes aTe not
suicvable for analysis of such three-dimensicn2l unsteady gas dynamic
situatfons. Design of vuch a muzzle brake would have to bde primarily
empirical. Howe.er, the analytical technique can provide valuable guid-
ing information even for such designs.

OBJECTIVE

The purpose of the present work is to investigate the feaaibility of
re *d ncale testing of muzzle brake performance. Parameteras of primary
in st include muzzle tvake effectivoness, recoil force-time nistory,
the .iast overpressure . 1d, and strength of the brake and attachment
hardware. In addition t. reducing cost, using a small gun fac{litates
use of a "free-recoil" gun mount, which appecars to be the bent test
vehicle for investigating wmuzzle brake perfcrmance.

A furcher objective 18 to develop a suitable free-recoll gun mournt
test apparatus and procedur2ss f{or use /n future murzle brake develop-
pent. The same apparatus could also be used to study a: reduced scale
other facets of gun performance.

THEORETICAL SCALING CONSIDERATIONS

The events of primary {nterest {n muzzle brake investigation occur
during the gas-ejs2ction period, aince this is when the muzzle brake {s
operative. It {a desived co instrument ani test a small gun equipped
with a muzzle brake to predict the behavior of a wuch larger gun and
muzzle brake. This requires that the gas flow during the gam-ejection
period of thc model gun be geometrically and dynamjcally "simf{lar” (in
the strict similitude senax) to the gas-ejection pericd gas {low of the
prototype gun. Note that the rejuirement that the gas flow be geomet-
rically similar requires the mocel gun barrel to be a scale replica of
the prototype. Also, the requirement of dynamic simlilarity requires,
as a neceasary condition, that *he initial conditions of the gas-
ejection period must scale. Theie conditions are the final conditions

of the in-borz period.

It appears that the most precticable method of achieving a scaled
gas-ejection period 18 to also require a scaled in-dore period. Such
an approach has the add{tional advantage that the apparatus can be used
to study, at reduced scale, other phenomena which occur during the in-
bore pericd as well ss the gas-ejection period.

6




The noproach used to achieve accurately scaled gun and muzzle brake
perfortince is to scale in detail the interior ballistics of the proto-
type ¢ ., based on a scaling analysis by Dr. J. East (2). The scaling
analysis proceeds in the nomal manner, in which 3 set of significant
diaensional parameters is chusea and then comtined into a set of
dimensionless gzinmilarity parsmeters by means of the techniques of
dimensional analysis (Buckingham x Thecrem}). The list of dimencional
parameters cunsidered to de aignificact is shown in Table 1, with one
possible set of similarity parametcrs showa in Table 2.

For a correctly chosen set of dimensional parameters, maintaining
the same value of esach similarity rarameter for model and prototype
results in valid scaling. Consideration of the similarity parameters
leads to a "model law," a detalled zccounting of how esch dimensicnal
parameter must scale. The caliber ratio, denoted by ), is defined as:

c-odel
A = caliber ratio = ————— (4)

prototype

Geometric similarity (ror {astance, ¥ groups 1 throvgh 4) requires
that all linecar dimensions have the scale factor ). Atmospheric
conaitions will be (at leawt ncarly) the same for model and prototype,
80 Py, 25, and yo must all have 3 scale factor of unity. This in

tutn requires that all pressures and velociti{es have a scale factrr of
upity. as can be seen by comparison of ¥ groups 10, 15, 19, and J0or
12 and 14. This is 8 realistic requirement, since most guns of interest
regardiess of size, have roughly the same projectile muzzle velocity.
31n e pressure has a scale factor ol unity, w)p shows that force hrs a
ocaly factor of A2, Then ¥,, stovs that density has a scale factor of
unity. Further reasoning along the same lines leads to the model law
shown {n 1able 3. Of particular interesat is the fact that Young's
modulus, dinsity, Jtress, and strain of the muzzle Srake mzterfal all
have a scale factur of 1, 8o that the same marerial can be uned for
the muzzle brake model and prototype. Furcher, the strength of the
muzzle brake can ulso be easily investigated euxperimentally at reduced
scale.

The model lav shown {n Table 3 is quite detailed and may seen
uawel{ldv, but is actually not difffcult to use. It i{s, however, not
ueually possible to satixfy all requlrzements of the model law exactly.
For exaz=ple, the specific impetus (fT,) of the propellant is one of
the most izportant parazseters for obtaining a given gun performance,
but {n practice its value varies for different propellant lots. To
oblain accurately scaled gun porformance, it may then be necessary to
vary some other parameter such as chamber volume or mass of propellant.

Another difficulty i{s that exact scale replica propellant grains are
usually not availabdle.
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Tadle 1. Significant Parameters for Scaling of
Gun and Muzzle Drake Performence

Quantity Fundanental Dimensions
Cun_Ceowecrry

distance along line of firc length

distance from axis of fire lengt:

wuzzle height length
height of point of interest length
barrel angle (Q.E.) radians
in-bore shot travel length
caliber of gun (bore diameter at lands) length
dinensions of other obstructions length
bore area lmgthz
chamber volume lcnxth3

/abient Atmospheric Environment

atmospheric pressure Iorce/lengthz

|
ratio of specific heats of atmosphere dimensionless !
speead of sound in atmosphere length/time

Interior Ballistics

mass of projectile Iorce-tilczllen;th
projectile ejection velocity (muzzle length/tize
velocity)
engraving pressure forccllcngth2
elapsed time time
mass of propellant force-tine2/length
8




Tadble 1.

Quantity

specific impetus ("Foirce" of
propellant)

rati{o of rpecific hesats of
propellant gas

lame tewperature
propellant density
propellant grain diaxeter
propellant grain length
nusber of perforations

propellant grain perforatfcn
diameter

Blest Feld

peak overptessure
pressure impulse
arrival time

duration ol viast wave

muzzle pressure

Significant Parameters for Scaling of Cun and
Muzzle Brake Performance (Continued)

Pundamental Dimensions

lenschzltiuez
(length-force/mass)

dirensior.iess

temperature
2 4
force-time“/length
length
length

dimensionless

length

force/lengthz
!orce-ti-ellengthz
tine
time

force/lcngthz
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Teble 1. Significant Param~ters for Scaling of Gua and
Muxzle Brake Per! mance (Continued)

Quantity
Mugzle Brake

muzzle brake linear dimensicns
pressure on muzzle brake

stress

etrain

density of muxzle brake uaterial
Young's modulus of muzzle braka
force exerted on uzzle bdrake
recoil impulse

{n-bore ispulse

a08-ejection impulse

impulse on mugzie brake by
propellant gns

nuzzle brake effectiveness

Fundamental Dimensiono

length

fotcs/lcnx:hz
iorco/lcnsthz
dimensionless

force-time’/lengch®
forcellmgr.h2

force

Jorce~time
force-time
forca=-time

force-tinme

dimensioniess
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Table 3.

Quantity
Linear Dimensions

Areca

Volume

Pressure

Sonic Velocity
Velncit:

Mzas

Density

Time

Energy
Temperature
Force

Stress

Strain

Young's modulus
Impulse

Pressure Izpulse
Specific Impetus

Dimennionless
Paraazeters

Angles

A = celiber ratio =

Model Law for Scaling G Performance,

Includiug Huzzle Brake

Fundamental
Dimensions

length

lenathz

lcn;th3
forcc/lcngthz
length/tine
length/tix:

3
force~time /length

furce-tinezllenath‘

time

force~length
temperature

force
force!lenxthz
dimensionless
force/len;thz
force-time
forcc-tilcllen:th2
lcngthzltlnnz '

dimensionless
radians

cnodaL__
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Adjustment in parameter values may also have to be made to
compensate for variatione in parameters not included in the =odel law.
Several parameters wvere not included because either they were considered
to have a negligible effect, or they wvere extremely difficult to predict
and coatrol. Examples of such parameters include the effect of case
crimping and rotating band engraving on shot-rtart pressure, friction
effects, rotational kinetic energy of the projectfle, gas leakage,
variation in thermodynamic properties of the gas, and heat transfer
effects., Exprerience has iudicated that sucsessful scaling can bde
achieved by minor adjustments in other parameters, at least 1f model
and prototype are of basically similar design.

EXPERIMENTAL APPARATUS AND PROCEDUPZS

DESIGN OF EXPERIMENT

The scaling technique described must Le varified vefore it can be
used with confidence. Satisfactory veriflcation could bLe made if
accurate muzzle vrake performance data for a large gun were avaiisble
&nd could he reprcduced at reduced scale usirg the wodel law.

Budget limitations 4id not allow ibhs large gun expevimental data
to pe obtained as parc of the cursent program. FHowever, apparently
satisfactory data were available, from the research of Selsbury (3),
for a 1050m Howitzer mounted in a free-recoil gun mount. Salsbury
tested a number of muzzle brakes, consisting of flat circular disks of
varivus diameters, wounted at various distances from the muzzle,
Values of muzzle brake effectiveness and of blast overpi‘essure at
locations behind the muzzle are given for each brake corfiguration.
The values of moat parameters listed in the model law arhy avaflable
for the 105mm Howitzer used by Salsbury.

Th2 verification of the scaling technique cunsisted of duplicating
selected portions of Salsbury's 105mm experiments at reduced scale,
veing a 40on free-vrecoil gun mouvat apparatus. Agrecment of lirake
effectiveness 8 ani viast overpressure resultes would provide verifi-
cation of the sc.ling technique. 7The apparatus and cechniqua ¢ould
then be used wich confidence in future muzzle brake design programs.

JREE-RECOJL GUN MOUNT TEST APPARATUS

The apparatus used in the muzzle brake scaling investigation {s
% "free-recoil” gun mount. The term "free-recoil" means that the
recoiling parts are free to reccil with no retarding force present.
This situation cannot actually be achieved because of the presence of
friction, tut can be approached by reducing friction as much as
possible. The advantage of a free-recotl gun mount is that the motion
of the gun can be ecasily related to the recoil forces acting cn the gun.
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The gun used in the free-recoil gun mount 18 a 4Cxa Naval salutirg
gun with a hand-operated sliding breech. The berrel is a MK 1 wvater-
cooled barrel with the cooling ja-ket vyemoved to reduce weight. The
40om gun {s particuiarly suitable as a model 2un for a number of
reasons, including that it is of basically similar design to wost large
guns. Also, the overall barrel length is slightly over 56 calibers,
which is "longer" than most largar guns; a replica barrel can be
achieved simply by cutting off the 40mm barrel to the proper length.

A schematic of the apparatus is shown in Figure 2. Pigure 3 is
a photograph of the facility. The 40mm gun is mounted on a carriage
wkish consists of two l-in. (25.4mm) thick steel plates on which the
gun {8 mounted, 2pd which are connected to the bushing housings. The
gun and carriage are free to wove &8s & unit in the axlal direction by
means of four recirculating-dall linear bu~hings. Each of the twe
bushing housings contains two of the ball lineat bushings. The tush-
ings run on (wo 4-4{n. {10l.€=m) dismeter, S-ft (1.52m) long precisi¢
steel shafts and provide very samall frictivnal drag. The drag force
for coastant valocity of the gun carriagze has Leen measurvd and found
to be about 11 1b (5 kg). e total weight of the recoiling nass
(gun and carriage) is about 600 1b (272 kg), so the coefficfeut of
friction is about 0.Cl8. Assuming there are no moments on the gun,
the impulse of the friction force during the in-bore and gas-ejection
period amounts to less than 0.3X of the total zecoil impulse. The
shafts are arranged one above the other to allow easy access to the
gun and *o provide a narrow apparatus (maxi{mum width 10 in. or 25.4 cm),
which results in a8 minimum of interference with the blast field. The
shafts and the gun Larrel were leveled to within 0,001 in. per f:
(0.08z=m per meter) so that gravitational effects could be ignored.
The eatire apparatus is structurally very rigid. A dashpot decelerates
the recoiling mass. The free-recoil distance is 7 in. (178mm) before
the carriage contacts the dashpot, which is sufficient for all events
of interest to occur.

The recoiling masa was “balanced” so that the center of mass was
lccated near the centerline of the gun bore, to minimize recoil
moaents. Such reccil moments can be very large. For exazplc. the
peak chamber pcessure in the current experiment was on the order of
35,000 psi, and the bore area was about two square inches, which
results in a peak recoil force of about 70,000 1bLf, exerted along the
bore centerline. If the center of mass were located 1/4 in. from the
bore centerline, a peak recoil momen: of about 1500 ft-1lb would occur,
resulting in a contribution to the .bearing load of about 600 1b. If
the center of mass werce located exactly on the bore centerline, this
moaent would be zero. The apparatus was balanced so that the center
of mass was within 1/4 {n., of the bore centerline.

14
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Additional bearing loads are due to the weight of the recofling macs
(600 1b) and rifling torque reaction. The rifling torque resction was
estirated to be about 40) ft-1lb maximum, an equivalent bearing load of
less than 100 1b. The Learings are rated for S00) 1lb.

The round configuration used for the «xperiment is shown schemat-
ically in Pigure 4. The projectile f{e a 40mmm MK 2, wodiffed by
shortening the tapered base 0.5 in. to reduce the weight of the projec-
tile. The modified projectiles wore inert loaded to the desired weight.
The 40ma MX 3 steel case was used. To reduce the chamber volume to
the desired value, the case was partly filled with Stonhard Company
“stonf1l,” a material sinilar to concrete. The propellant was ignited
by a 20mm electric primer cap, MS52A3B1, toosted by one gram of FFIFg
black powder in a small sf{lk bag. The primer cap wvas mounted in a
special socket made of a BNC female electrical connector.

INSTRUMENTATION

The instrumentation included a timing sigral, prcjectile velocity,
myzzle pressure, and blast gages at various locations «round the gun.
The displaceoent anl acceleration of the recoi{ling mass were also
recotded. The displacement and elapsed-time records were used to obtain
the velocity of the recoiling mase. Theso data are sufficient to deter-
mine muzzle brake eftactiveness and blast fleld paraseters.

All raw data were recorded on a Sangamo Sabre lII l&-channel tape

recorder, with 80 KHz (IRIC wideband Group I) record boards, A schematic

of the i{nstrumentation system is shown in Flgure S.

Two accelerometers were used, both located on the recoiling mass.
The accelerometers were Bell and Howell 4-202-0001 (4250 g) linear
accelaroneters. The signal from each accelcrometaer was fed {nto an
exdeveo 4470 signal conditioner wvith a8 4471.1A vol.age-regulated hridge
conditioner, then into a Newport Model 60 dc aaplifier, and finally into
the tape recorder.

Muzzle pressure was recorded dy means of a Xistler 607 pressure
gage located in the gun tude 0.5 calibers (rom the muzrle. The signal
vas fed to a Kistler 503D6 charge amplifier, thea to a Newport Model
60 dc amplifier, and then into the recorder.

Two types of blast pressure gages were used, located at varfous
poritions sround the gun. The dlast gages used were Crystal Research
free-air pressure tourmaline ("lollipop”) gages and an Atlantic Research
(Celesco LC-1] pencil gage. Fach signal was fed fnto an Endevco Model
4470 signal conditioner with a 4477.1 charge aaplifier, then into a
Newport Model 60 dc asplifier, and then fato the recorder.
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The timing signal was genevated by a Tektroaix Type 184 Time-Mark
Cenerator, fed directly into the recorder. Timing marks at 0.1, 1,
and 10 ms were used.

The projactile velocity wvas measured by means of two, 200-turn
wvire-wound coils whuse locations along the line of fire were accurately
known. The coil locations were nominally 25 ft and 75 ft from the
muzzle. The signals generated vhen the magnetized projectile passed
through a coil were used in conjunction with the timing marks to
dcternine the mean projectile velocity between 25 ft and 75 ft from
the muzzle.

The displacement of the recoiling mass was measured by means of
a photodiode and perforated strip. The pecrforated strip was a stainless-
steel tape with .030-in. wvide slots at intervals of 0.1 in. and moved
wvith the recoiling mass. A stationary light source and photodiode were
1.-~ated on opposite sides of the perforated strip and viewed it through
small diameter aligned wles. The photodiode was connected in series
wvith a battery and resistor. The change in resistance of the photo-
diode ceused & change in the voltage drop across the resistor. Thus,
an electrical pulse vaes generated for every 0.1 in. of displacemeint of
the recoiling mass.

EXPZRTMENTAL PROCEDURES

The most important procedures for this experiment are those
procedures required to achieve scaled g1 performance. The major
problem area in achieving the required zcaled gun performance is
accurately scaling the interior ballistics.

Table 4 shovs parameter valuzs which were directly controlled in
the present experimeut. 7The values shown in Table & are values for
the protutype (105m) gun, the ideal or desired values for the model
(40mm) gun according to the model law, and the values sctually used
for the model gun. Response parameters, such as blsst wave peak
overpressure and muzzle brake effectiveness, are not listed in Table 4;
they will be examined in detail later in this reporct.

The acaliag analysis and resultant model lawv discussed carlier
indficate that scaled performance can be achfeved. In actual practice,
exact scaled performance will not usually be achieved because it 1is
not usually practical to scale all of the independent variables
exactly. Iln the present experimen: (Table 4), the greatest departure
from exact scaling was the propellant. The Arsy 105em How!*rer is
particularly difficult to scale in this respect because it uses two
different propellant grafas in the charge. The gun was chosen as the
prototype gun because it is the only gun for which sultavle muazle
brake performance data were available. No available propellant grains
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Quantity
Caliber, ¢

In=bore shot
travel, 1

Bore area, A
Mass of projectile, -P
Type of propellant

Specific iapetus, lTo

Mass of propellant, =

Crain geometry

Chazber volume, Uc

Projectile velocity, vp

X p
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Table &. Scaled Parumeter Values

Prototype
Value

105=m

110 in.

13.65 in.2

33 1b

o)
2
10.13x10°% £

t [ J

2

2.828 1%

0.624 1b of SP, .014-
in, web, 2.204 1b of
MP, .026-in. webd.
(M67 charge, Zoue 7)

153 in.>

1620 fps

st SESSPR

Ideal

Scaled Value

4Om

41.9 in.

1.98 10.2

1.824 1b
M1

2
10.13x10%-£5-

sec”
0.156 1b
0.034 1b of SP, .00~

in. web, C.122 1b of
MP .010-1n. web.

8.46 in.”

1620 fps

N

‘ : ' - . K - =
R - . - ‘
_ : .
; - | ‘

— - . .
: y \{
- \ A
N\, g | l
‘ N\
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Actual Model
Gun Value

40zn
43.25 in.

2.02 1a.2

1.824 1b
Ml
2

10.13x109-555

sec
0.184 1b
SP .014§ {n. web

(smaller of tws grains
used ir the stardard

105mm M6? Zane ' round).

Also 1 graa FFFFg black
povder primer booster.

8.13 in.>

1597 fps average
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wvere found which were acale replicas of the prototype propellant grains.
lack of time and funds prevented having special scale replica propellant
grains menufactuvred. Interior ballistics computer calculations indicated
that, undar these limitations, the best approximation of scaled perfor-
mance could be obtained by simpiy using the s=aller of the two proto-
type propellant grains as the model propellant, vith the chamber volume,
in-bore shot travel (barrel length), and mass of propellant udjusted

to yield the desired muzzle velocity and pressure.

On the basis of interior ballistic calculations, three tria) round
configurations were selected and tested. All parameter values were
as shown in Table 4 except mass of propellant, m., and chamber volume,
Ues these values, and the resulting projectile velocities, are shown
in Table 5. On the basis of these results, the final values shown {n
Figure 4 were pelected.

Table 5. Scaled Chirge Determination Test
(Test Data: 1 Hay 1973)

:2::e203£ds B Uc 3 vp
__Ficed [¢15) (n.7) {fps)
1 .150 6.78 1420
3 172 7.45 1556484
2 .183 8.13 1616+3*

*Total Variation

Initial firings resulted in 2isfires. The problem was found to be
absorption of wmoisture from the stonfil by the propellant. To minimize
this effect, all future rounds were loaded with propellant and assemblcd
immediately before each test.

The experimental procedures used during testing were simple. Before
beginning the zest, all instrumentation wvas checked out and calibrated,
and the ~ounls were assesbled. The muzzle brake configuraction to be
teited a8 1asvalled, and & round was loaded into the gun and [(ired.
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DATA REDUCTION PROCEDURES

Raw data obtained during the test consisted of pressure for each
of three blast gages, acceleration of the recoiling mass (two acceler-
ometers), muzzle pressure, breakwire, pulses obtained from the mag-
netized projectile passing through the velocity coils, & pulse for
each 0.) in. of recoiling mass displacement, and elapsed time. All
data wvere recorded on mugnetic tape at 120 ips, and latr~ played back
onto a strip chart recorder. Typical raw data are shown in Figure 6
at a 1:1 playback ratio. The data records used for actual data
reduction were expanded by replaying the tape at 7-1/2 ips, with a
strip chart recorder speed of 120 ips (playback ratio 16:1), so that
1m8 =z 2 in. on paper. Data reduction procedures are described in
detail below. Sample calculations for the data shown in Figure 6 are
included.

The only information extracted from the blast pressure records was
the peak overpressure. The vzlue read from the record was corrected
for pressure gage "finite size" rise time effects using the method of
reference (4). The location of each blast gage relative to the gim
muzzle and line of fire was also known. Values of blast wave duration
and time of arrival were not measuvred since these data were not
available for the prototype (105mm) gun and muzzle brakes.

The accelerometer data are thought to be valid, but were not
reduced quantitatively for reasons discussed later in this report.

Examinarion of a typical muzzle preasure data trace (Figure 6)
shows a large-amplitude, short-duration spike followed by a pressure
relaxation curve. The spike is believed to be due to the passage of
the rotating band past the pressure gage, plus possibly some strip
chart recorder overshoot. The value used for wuzzle pressure at
ejection was cbtained by reading the value at the beginning of the
pressure relaxation cevrve.

The projectile velocity was determined by measuring the elapsed
time between the zero crossings of the two velocity coil signatures.
For the test round shown {n Figure 6, t = 30.94 mas. Using the known
discance between the twa coils (50 ft), the projectile veloscity can
be calculated o8 1616 fps. It should be noted that this value is not
actually the projectile muzzle veiocitv. Rather, it i« the mean
projectile velocity in the re¢gion between the two velocity coils, in
this case between 25 ft and 75 ft from the m:zzle. The response of a
projectile during the time perfod immediately after ejcction, including
any velocity chante, is a topic of current research interest.
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Curves of free-recoil velocity and displacement of the recoiling
mass for a realistic acceleration history are shown in Figure 7. With
the present perforatad strip instrumentation technique, only the ter-
minal recoil velocity, after the end of the zas ejection period, could
be determined with adequate accuracy. For the data shown in Figure 6,
z2ll after the end of gasx ejection period, 40 pulses occurred in
64.5) ms, yielding a terminal recofl velocity of 5.166 fps. These
pulses occurred between 2 and 6 in. of displacement.

The value of muzzle brake effectiveness may now be calculated. The
definition of muzzle brake effectiveness {s:

o, (5)

vhere:

I8 » forvard impulse due to muzzle brake;

G = gas-ejection impulse.
The value of Ig 18 the difference in recoiling mass {inal momentum for
shots with and without a muzzle brake, f.e.,

h=® V2" n (6)

wvhere:

-r2 recoiling masa withoit muzzle brake;

el vrecoiling mass wvith muzzle brake;

Vrz =» terminal recoil velocity without muzzie brake;

th = terminal recoil velocity with muzzle brake.

The value of the gas-ejection impulse G is move difffcult to deter-
mine. A satisfactory method would be to measure the value of recoil
velocity at the instant of shot ejection. This value could be used to
determine the momentua of the recoiling mass at the {nstant of shot
ejection, which (neglecting friction) is equal to the in-bore impulse.
With the in-bore impulse and total recoil impulse known, the gas-
eljection {mpulse would easily be calculated usiag equation (6).
However, it was not possibie to measure recoil velocity at the instant
of shot ejection with the present instrumentation. Thus, two alternate
methods of determining G were used.
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Of the two methods used to determine a value for G, one is

experimental and one is theoretical. The experimental method relies
on assuaing the in-bore impulse is given by:

&
c
M= (-p + T)Vp. (7)

Here = is the projectile mass and m. ic the propellant mass. The
formula assumes, as is comyonly done in interior ballistics, that the
propellant gas velocity is linearly disctributed from zero at breech to
the projectilc velocity at the muzzle, and that there is uniform
density throughout the burned propellant. The total recoil impulse

is simply the product of the recoiling masas and the terminal recoili
velocity. Thus (neglecting frictiom),

C
G=1-M -rzvrz - (-P + z)vp. (8)

The projectile velocity V, showed significant round-to-round variation
for the scaled round confggnration used. The terminusl recoil velocity
varies directly with the prujectile velocity V,. Sufficient data were
avallable to obtain a plot of the recoil veloc;ty Ve2 (without a
muzzle brake) as a function of Vp. PFor edch muzzle brazke test round,
the value used for Vg was that which corresponded with the value of
Vp for that test round.

The theoretical method (5) 1is:

] RT m \'
" < 1342 o _ P ;P 2 (9)
C Ic(l + —-12.9) (——-—‘ ) -—*loa .0433 + .1486 -c (1000)

This value for the 105=a prototype gun is 277 lbf-sec, which yields
a 40nm2 pcalea value of 15.3 1lbf-sec. A value of B was calculated by
each method for each muzzle brake test round.

RESULTS AND DISCUSSION
SCALING FEASIBILITY
One of the two objectives of the present work was to demonstrate
the feasidility for reduced scale testing of muzzle devices. Selected

portions of Salsbury's 105mm muzzle brake experiment werc repeated at
reduced scale using the 40mm free-recoil apparatus., Comparisons of
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nmuzzle brake effectiveness data for the full-size (105mm) and reduced-
scule (40mm) tests are shown in tabular form in Table 6 and in

graphical form in Figure 8. The complete set of experimental data is
presented in Appendix A. Worst-case experimental uncertainty for the
present test (40mm) was estimated by means of logarithmic difrerentiation
uncertainty analysis (Appendix B) and was found to be + 17Z. This is
significantly smaller thaa had been previously attained. It is unlikely
that worst case would actually occur. Maximum votal variation in
effectiveness values for a given brake configuration wae approximately
4% in the prescn: experiment. The values shown in Table 6 and Figure 8
are average values obtained for three test rounds for each brake
configuration. The uncertainty of the 105ma dats is unknown, but is
thought to be significautly larger than + 17X (10). The variation of
effectiveness values for a given brake configuration is also unknown

for the 105am data.

Table 6. Comparison of Muzzle Brake Effectiveness Data

Muzzle Brake

Configuration Muzzle Brake Effectiveness, 8
4 O0cmm,
Disk Distance Using Approx. 40mm Using
Diameter From Muzzle 105zm Experimental Theoretical
(Calibers) (Calibers) {(Salsbury) Value of G Value of G
3.63 0.73 0.70 0.86 0.77
3.63 2.18 0.93 1.06 0.9
3.63 3.63 0.70 0.74 0.66
6.05 0.73 0.78 0.84 0.75
6.05 2.18 1.17 1.39 1.24
6.05% 3.63 0.97 1.16 1.04

The raximm disagreement between 4"mm and 105z=m effectiveness values
was 227, while the average abaolute vaiuve disagrecement was L0X. These
are well within the limits of experimental accuracy. The 105mm data
was reduced using & theoretical value of G calculated using equation (9).
A comparison of the 105em data with the «~Oum data reduced using the
theoretical value of C showed a maximum disagreement of 10X and an
average absolute value disagreement of 6. In light of the large
experimental uncertsinty, difficulty of scaling the 105zm Howitzer,
and the preliminary nature of Lhe work, the agreeméent is considered to
be good. With planned improvements in instrumentation and experimental
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Figure 8. Comparison of Muzzle Brake
Effectiveness Data
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Test Data: 16-18 March 1973

procedures, which are discussed later in thies report, and for prototype
guns less difficult to scale, significantly Leiler resulte are expected.
The conclusion js that wmuzzle brake effectiveness can be successfully
studied at reduced scale.

The second response parameter of primary interest in this reduced
scale investigation was blast overpressure in the region behind the
muzzle. Scaling of blast overpressures has been achieved in the past
(7,8). Successful scaling of blast field wvith a ccnical muzzle device
vas reported in vefecence (9). Also, some blast data obtained in the
present experiment (Table A-2) can be compared with available 105em
blast data taken at NWL (10). Detailed blast data obtained during the
test repo.-ted in (10) are shown in Table 7. Comparison of average
blast overpressures for the 105sxa and 40mm without brakes is showmn in
Table 8. The agreement is excellent. This result s especially
inportant because the gages are located in a region behind the muzzle,
in the crev area, vhich {s the region of most interest for muzzle brake
investigation. Thus, there 18 sufficient {information to conclude that
blast overpressures can be successfully studied at reduced scale.

Table 7. 105am Blast Data

Test Description: 105=m Howitzer, M67 Zone 7 Charge, No Diffuser -

Blast pressures measured at various locations around

the gun.
Blast Pressure (psi) @ location
Chargu

Round Temperature

No. (°F) 135°, 20.3 Calibers 165°, 20.3 Calibers
24 90 1.2 0.9
25 90 1.3 1.0
26 90 1.2 0.9
27 90 1.3 1.1
28 90 1¢2 0.9
29 0 1.2 1.2
30 (o} 1.2 I
k)] ] 1.2 1.1
32 (¥ 1.2 1.2
3] 0 1.2 3.4

3o




Table 8. Comparison of Blast Overpressure
Results Without Muzzle Brake

Gun, Charge Blast Pressure (psi) @ Location
Temperature

(°r) 135°, 20.3 Calibers 165°, 20,3 Calibers
105z=, 90°F 1.2 1.0
105sa, O°F 1.2 1.1
40mx, = 70°F 1.2 1.2

The blast overpressure data with muzzle brakes present did not show
good agreement between the full-size (10%em) and reduced-scale (40mm)
tesr results. Coepariscn of rzsults frow Tables A-5 and .-6 and froms
reference (3) is shown {n Figure 9. All data po/nts are average values
of several rounds. The most obvious diacrepancy is that the 105=m blast
data are considerably higher than the reduced scale (4Omxz) data. There
{s a posaibility that the 105=a blast gage location reported (3) is in-
correct and that the gage was {n fsact much closer to the muzzle (6).

If this wvere the case, the dincrepancy wuld be explained. Other
possible sources of disagreement are as follows. The reduced-scale 4O
gun uri{lized a muzzle collar that, f{or construction reasons, was larger
than an exact scale model of the collar used un the full-size 105em gun.
This “larger" collar had no apparent effect on the effectiveness of the
muzzle brake, but may have provided some shielding from blasc effects.
Also, the blast gages used in the present 40Omm test were not cospletely
satisfactory tor meacurcment of mmall caliher blast. The validicy of
the 105=a blast data (s ur¥nown; these data were obtained by methoda
which, by today's standards, are quite unsvophisticated. Thus, while no
conclugsions ara drawn from these data, the results dincussed {n the
previous paragraph are sufffcient to conclude that blast overpressure
can be successfully studied at reduced scale.

DEVELOPMENT OP AFPARATUS AND PROCEDURES

The second objective was to develop apparatus and procedures for
use {n future reduced-ncale investigations of muzzle devices. Important
aspects include the free-recoil gun mount, scale round configurations,
and procedures for accurately scaling and measuring the performance
paraseters of {interest.

The free-recoil AGmm gun mount apparatus is quite matisfactory.
In particular, the concept of using ahafcs and lincar ball bushings
to carry the gun was found to be highly satisfactory. This arrange-
ment offers less friccion, more positive guldance, greatly si{aplified
construction, and lesa maintenance than the wheels and tracks systea
used for previous free-recoil gun mounts.
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The round configuratica used vas not completely satisfactory. Tho
bigsest problem vas f2irly large rcund-to-round variations; for example,
projectile velocity varied from 1568 to 1619 ft/sec, with an average of
1597 ft/sec for 32 rounds. The most probable reason for these variations
vas variazions in the chamber volume, a result of using Stonfil to reduce
the chamber wlume., The level of the Stonfil was difficult to contrel
closely. Also, the Stoniil was permanently deform»d Juring ririug, 48
evidenced by a drop in the Stonfil level. hHowever, the amount of
deformation wvas not consistent. Moisture from the Stonfil was also
a problem. For future te="=, 6 cartridge case volume will de reduced,
vhen necessary, by means of metal slugs.

Other round conf{iguration prohlems wvere the primer and the propellant.
The small electric primer cap will be replaced by a standard 40Omm per-
cussion ~ap vith an extended flash tube. The propellant uscd was not |
A true scale replica of “he =~=-_>typ~ propellant. In tests in which
very accurate scaling is required, special scaled propellant grains
could be manufactured.

It was originally planned to directly measure recoil force as a
function of rime. Such {nformation wuld be valuable to the gun designer,
uvspecially during design of recoil systems. The technique used was
acceleroaeters on the recoiling mass to measure the acceleraticn as a
function of time; *7ith the gur ‘n free recoil and the mass known, the
recoil force as a function of time could easily be czlculated. The
accelerometer record was expected to lnok like the curve shown In
Figure 7, lustead, it showed large oscillations, as shown in Figure 6.

The reason for this behavior is as follows. Recall that the gun
carriage is essenti{ally composed of a gun located between two bushing
housings, conaected by yoke plates (Figure 2). When the gun (s fired,
it begins to move. The massive bushing housings at first lag behind
the gun.” Then the yoke plates, acting like cpringn, accelerate the
bushing housings untll they actually pass the gun. The plates then
accelerate the gun past the bushing housings, and so on. The result
{s a more or leas sinusoidal vibracory motion superimposed on the rigtd
body motion due to the recoil forces. To investigate this mction, a
computerized vibration analysis was carried out by Mr. T. F. Morris of
NWL. In this analysis, the gun carrfage was modeled as a system of
springs and massea, The results (ndicated that the relative displace-
ments of the gun and bushing housings relative to the center of mass of
the recoiling mass were very saall, on the order of 0.001 {n. This
was expected, si‘nce the gun carriage was deaigned to be structurally
very 7igid. However, the accelerations of the gun and bushing housings
relative to the center of miss vere as large as + 50 g, vhile the
maximus acceleration of the center of mass war 127 g. The analytical
acceleration history agreed quite wvell with the experimental results.
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Changes made i{n parameter values {n the analysis indicated that the
problea vas not feasible to solve by increasing the stiffness. Thus,
the acceleration of the recoiling mass will not be used to determine
the recoil force-time history. The recoil force-time history could be
obtained from other data, such as recoil velocity-time history, but the
accuracy might be questionable. Even approximate recoll force da.a
would, hovever, be of use to the gun designer.

The greatest dravback of the procedures used in the current test was
lack of an accursie experimental determination of the gas-ejection
impulse, G. A Zesirable method of accurately determining C would be to
accurately messure the .‘ecoil v:-locity at the instant of projectile
ejection, as well as th/, terminal free-recoil velocity. Then one could
use, with or without a vazzle brake,

C= .r(vrt - vrp)' o

where:
vrt » terminal recoil veloucity;
vrp = recoil velocity at the instant of projectile ejection.

The required accuracy is extreme. A Jogarithmic differentiation uncer-
tainty sanalysis shows that for a recoil vesocity on the order of 5 ft/
sec, the gas ejection impulse G could be determined within + ST if the
recoil velocities could be determined with an uncertainty of + 0.02 ft/
sec (+ 0.41). The terminal recoil velocity was meusured {n this exper-
inent with an uncertainty of + 0.16X (Appendix B). The recoil velocity
at the instant of projectile ejection f{s much more di{fficult to measure,
primarily because the recoil velocity 18 changing rapidly (FPigure 7).
Very fine resolution of both time and displacesent are required. Very
sccurate measurement of elapsed time offers no difficulty. Hencé, tre
problea comes down to accurately measuring the displacement of the
recoiling mass. . »roaising possibility s a commercially available
device known as a "linear encoder.” This device uses a very fine,
accurately~-scribed grid on a glass strip, along with a phototransietor,
1ight source, and electronic circuitry, to emit an electrical pulse for
every 0.0005 {n. of displacemeat. It appears that this device could be
successf{ully used to measure the recoiling mass displacement with suf-
ficlent accuracy. A very accurate determination of the fnstant of
projectile ejection vill also be requtired. This will probably be
achieved by a breakwire located such that the circuit {s broken just

as the base of the projectile passes through the muzzle plane. Finally,

an efficfent data reduciion procedure would be re
such detafled data. duired to ueilize
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In conclusion, the apparatus and procedures developed during this
test, with minor modifications, are suitable for reduced-scale testing
of muzzle devices.

SIMMARY OF CONCLUSIONS

Comparison of results of the present experiment with previous results
of other experimenters has resulted in good agreement for values of wmuzzle
| brake effectiveness and blast overpressures. In addition, good results
for scaling of blast overpressure had previously been cbtained. Thus,
sufficient data are available to conclude that wuzzle devices can be
accurately investigated and developed at reduced scale, with consider-
able savings of time and wmoney.

The experimental apparatus and procedures necessary {or reduced
scale vuzzle brake testing were developed during this test. The
apparatus and procedures that have heen developed are, with minor
wmodifications, satisfactory for carrying out reduced-scale testing of
muzzle devices.
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[ Table A-1. Masses of Apparatus
i

t Recoiling Mass Weight (1b)

[‘ Without muzzle brake 601

! With large disk 612

! With small disk 607

b

i =

(= +—§) - 1.916 1b

where:

= = 1.824 1b
P

| m = 0.184 1b
c
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Test Date:

Test Description:

Table A-2. Experimental Data

1 May 1973

rans

78
78
78
83
83

Charge Determination Test - Last two rounds provide
daza for comparison with NWL 105am blast data. No
muzzle device present. Charge temperature approxi-
mately 70%

Blast Presaure (psi)
@ location (type of gage)
90°, 20.3 135°, 20.3 165°, 20.3

vp Calibers Colibers Calibers

(£s/sec) (lollipop) (loilipop) (lollipop)
1420 3.61 1.27 1.02
1548 3.99 1.27 1.02
1562 3.53 1.24 1.06
1538 3.68 1.27 1.31
1619 4.17 1.26 1.06
1613 4.06 1.16 1.19

A-2
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Test Date:

Test Description:

Round

No.

vP
1595
1597
1598
1594

1593
1620

Table A-3. Exper.mental Data

24 May 1973

No muzzle brake. Final round configuration, 83.5 grana
propellant. Useful pressure data obtained. Displace~
ment transducer malfunctioned, so valid values of
terminal recoil velocity were not obtained. Temper-
ature approximately 70°F.

Blast Pressure (psi)
— 8 Location (tyre of gree)
Muzzle 90%, 17 270°.17 142°, 28.4
Pressure Calibers Calibers Calibers
(psi) (lollipop) (pencil) (lollipop)

3300 4.58 4.76 1.00

3300 4.66 4.76 0.98

3300 4.46 4.48 1.00

3400 4.62 4.72 1.02

- 4.46 4.68 1.00

3600 4.54 4.52 0.95
A-3
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Table A-4. Experimental Data

Test Date: 7 June 1973

Test lescription: HNo muzzle brake. Measured pressures and recoil

velocity.

Blast Pressure (psi)
Terminsl @ Location (type of gage)

Muzzle Recoil 90°, 17 270°, 17 142°, 28.4
Round P Pressure Velocity -alibers Calibers Calibers

No. (fps) (psi) ~ {(fps) (lollipop) (pencil) (1ollipop)

1 1597 3000 5.858 4.91 4.65 0.91

2 1606 3000 - 4.71 4.57 0.88

3 1593 3100 5.187 4.7 4.53 0.86
A-4
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Table A-5. Experimental Data
Test Date: 20 June 1973

Test Description: Muzzle brake configuration as indicated.
muzzle brake test.

distance.

This test is the reduced-scale
Recoil velocity is average from 2-in. to 6-in. recoil

Muzzle Prake

Configuration Blast Preasure (psi)
Oistance Terminal € Location (type of gage)
Disk from v Recoil Muzzle 90°, 17 142%, 28.4
Round Diaveter Muzzle P Velocity Pressure Calibers Calibers
No. ~(in,) — (in.) (fps) (fps) (pst) __ (lollipop) (pencil)
1 - - 1603 5.826 - $.43 0.92
ey ".: 2 - - 1666 5.847 3200 §.38 0.92
3 - - 1584 5.800 3100 4.64 0.96
[ 9.524 5.715 = - 3300 6.08 1.72
5 1596 §.880 3100 6.49 1.72
6 ) 1600 4.892 3200 6.23 1.85
7 3.429 1600 4.727 3500 12.60 3.60
8 - 1578 4.66° 3100 11.20 2.64
9 1597 4.714 3000 11.50 2.84
v
10 1.143 1581 5.059 2900 9.29 2.21
g 11 - 1.143 1588 5.102 2929 8.28 2.28
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Table A-£. Experimental Data
Test Date: 21 Juyne 1973

Test Descriprfou: Same as 20 June 1973

Muzzle Brake

s

\ . ' =~

. s ',-’_'
M
- * S - } — -
- R - e - — ; -

Configuration Blast Pressure (psi)
Distance Terainal @ Location (type of gaze)
Disk froa v Recol) Muzzle 99°, 17 142%, 28.4
Round Diazeter Muzzle p Velocity Pressure Calibers Calibers
No. _(in.) _(in.) (fps) (fps) (psi) {lollipop) (pencil)
1 9.52% 1.143 1616 5.166 3100 8.69 2.18
>
]
- 2 5.715 5.715 1593 5.210 2800 5.76 0.99
3 1595 5.232 2900 5.86 .92
4 : 1594 5.222 3100 - .76 0.89
3.429 1586 4.961 3000 .8.38 2.18
1594 5.001 2500 8.18 1.72
7 J 1557 4.992 3100 8.28 1.75
8 1.Y43 7 1590 5.126 2800 6.97 2.05
9 1594 5.131 3100 7.88 2.38
10 v o 1607 5.164 3000 7.58 2.08
11 - - 1568 5.727 3100 4.44 0.%6
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Table A-7. Reduced Experimental Data for
Muzzle Brake Effectiveness
Muzzle Brake Muzzle Brake
Configuration Effectiveness, B
Distance Based on
Disk From Experimental Based on
Test Round Diameter Muzzle Approximation Theoretical
Date No. (in.) ~(in.) of C Value of G
6/20/73 4 9.524 5.715 - -
1.16 1.04
6 N 1.16 1.04
7 3.429 1.39 1.25
8 1.39 1.23
9 v 1.40 1.25
10 1.143 0.85 0.75
11 0.82 0.73
6/21/73 1 0.85 0.27
v L J
5.715 5.715 0.75 0.87
k| 0.73 0.65
4 ’ 0.74 0.66
y
3.429 1.06 0.94
6 1. Pl 0.93
? 1.07 0.%3
v
8 1.143 0.85 0.76
9 0.86 0.77
10 v v 0.87 0.79
A-7
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EXPERIMENTAL UNCERTAINTY ARALYSIS

This appendix presents estimates of the maximum uncertainty, or
posaible error, in experimentally measured quantities.

PRESSURE MEASUKRFMENTS

The errors in che pressure necasurements are most difficult to assess
for both the muzzle pressure and free-air blast pressure. A large part
of the difficulty {s becauvse the pressure is highly transient. Sources
of error include caltlbration f{naccuracies, thermal sensitivity, over-
sloot, rise tizme, and uncertainty in the location of the gage. Another
source of error In measuring peak overpressure {8 rise¢ time due to the
finite ({.e., not infinitesimal) size of the gage sensing element. The
acasurenents {n this experiment were corrected for this effect, accord-
ing to the method described fa reference (5). Errors can also appear as
a result of the data rvecording and playback apparatus., The aftuation is
turther complicated by the fact that the actual pressure is not neces-
sarily consistent, for example, due to round-to-round vartations in the
projactile and charge assembly, Examination of test vecords, plus past
exnirience, indicate that the uncertainty {n free-air blast pressure
oeosarements {s on the order of + 10X, The uncertainty of the muzzle
pressure neasurements is e¢stimated to be of the same order, perhaps
soucwhat saaller.

LOCARITHMIC DIFFERENTIATION TECHNIQUE

Because of experimental uncertainties in measured uantities, there
is also uncertainty in che value of any calculated parameoter that in-
volves measured quantities, Such uncertainties are estimated in this
report by means of the "logaritimic difterentiation” technique.

As an example of the logarithale differenttation technique, consider
a hypothetical parameter ), deffned an:

2
Q-.B.E_

S .

wvhere 38, S, and W are hypothetical, experinentally-measured quantities.
Taking the natural log of both sides of this equation ylelds:

1nQ = lnB + 2InW - InS.

Differentfating both sides of this equation yfelds:

dQ _ 48 , ,dw _ dS
Q B W 3
8-1
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The differential quantities are taken to represent the uncertainties
in each quantity. For example, dB represents the uncertainty in the
measured value of B. Similaricty, dQ represeata the uncertaincy in
the calculated value of Q. The maximum uncertainty in the calculated
parameter Q can be obtained by taking absolute values:

dB dW ds
IRI1<11+2]151+1% 1

This technique is applied to the present experiment in the following
paragraphs.

8]
PROJECTILE VELOCITY

The projectile velocity vas measured by measuring the elapsed time
for the projectile to traverse 8 known distance.

v -.[_'
o] t

Using the logar{timic differentiation techiique,

b Y 2 |,|$|
vP - L t 3

The velocity coils vere located at 25 ft and 75 ft, so L = 50 ft, with
an uncertainty of dL = + 0.5 in. = + .042 ft. The elapsed time was
about 31 ms, wvith dt = + 0.05 ms. Thus, Vp = 1612 ft/sec, vhich results
in an uncertainty of 0.25%, or 4 ft/sec, in the muzzle velocity.
Measured values of Vp show more variation because of round-to-round
variation. It is noted that this value of V, is not the true "muzzle
velocity" because of the blast vave 1n:cractgon wvith the projectile,

and drag, though it is probably different by only a few feet per second.

TERMINAL RECOIL VELOCITY
The terminal vecoil velocity of the recoiling mass was determined

by measuring the elapsed time required to travel a distance of 4 in. at
constant velocity. Thus,

o
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The uncertainty of the travel (L = 4 in.) results from inaccuracies in
the location of the slots in the perforated strip, wvhich were nmeasur‘d
to be dL = + ,003 in. maximum. The minimum elapsed time was about

57 ms, wvith an uncertainty of dt = + .05 ms. For Vpp » 5.8 ft/sec,
the uncertainty in the termiral recofl velocity is + 0.0l ft/sec, or
0.16%.

MUZZLE BRAKE EFFECTIVENESS

The value of muzzle brake effectiveness is calculated from:
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The impulse due to the muzzle brake was calculated from: I
|
.
Iy " %2 Ve2 " %1 Vire

logarithaic differenciation ylelds:

dxb - .ervrz * vr2d.r2 - -rldvrl - vrld‘rl
XB 'rzvxZ - -rlvtl

or, for worst case:

b S ' favi, [+ ¥, [, | ooy |V [ +Vy |9y, |
Iy~ %2 r2 " " 'n

- B=)

[




4

< ~ S .
“\ \
., \

=

- R N B B = e
' A L .
,
.

—

. .

—

Using the following values:

B, " 601 1b d-r2
=, " 612 1b daﬂ
V™ 5.820 ft/sec av.,
V., = 4.880 ft/sec cvu
the result is:
;—Il = + 6.22.
B

“+210
“+21b
= .0093 ft/sec

= ,0078 ft/sec

The value of C wvas calculated by two methods: one of vhich was by
means of a theoretical equation; the other from experimental data.

The experimental method used the equation:

C

Logarittmic differentiation yields:

®
+ £
- .rzlavrz - vleé'rz| (a +3 ),dvp + vp(|¢.plf x/zld.cl)
-é— - -c 4 -
-l'z Vrz - (-P + T) vp
Using the values:
=, = 601 1b da_, = *21b
V., = 5-820 ft/sec dv_, = + .0093 ft/sec
. da =+ .011b
m o+ 3 « 1.916 1b
P da =4 .4g=+ .0011b
V. = 1600 ft/sec -
P dvp * 4 ft/sec
the result {s:
dc

c * *10.61.
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Collecting results,

8 - : 16'8!.

The difficulty in accurately measuring muzzle brake effectiveneas can
be seen. Actually, the uncertainty may be somewhat larger, sfnce the
expression used to calculate the value of C is only a good approxima-
tion. No formal uncertainty estimates for previous muzzle brake per-
formance data wvere found. It is believed that such uncertainties
were of the order of + 30Z. An uncertainty in 8 of + 17X represents
a considerable improvement. Planned future improvesents in instru-
mentation and procedures are expected to further reduce this uncer-
tainty to about + 10X, primarily by reducing the uncertainty in the
value of gas-ejection impulse G.
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