
SoI

AD
TECHNICAL REPORT ARLCB-TR-84004

AN EXPERIMENTAL STUDY OF PERFORATED MUZZLE BRAKES

ROBERT E. DILLON Jr.

j HENRY T.NAGAMATSU

FEBRUARY1 984-3UI
US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER

LARGE CALIBER WEAPON SYSTEMS LABORATORY
BENET WEAPONS LABORATORY

WATERVLIET N.Y. 12189

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

K _ D.D TIC :

SEETAPR 5 1984 .
84 04 03 038 < A4

. - . , ,. - . '.- .- ,.



DISCLAIMM

Thefining inths rpor amnottobe construed a n ofca

Depart~ment of the Arx position unless so designated by other author..

ized documents.

The use of trade namie(s) and/or manufacture(s) does not con~sti-

tute an official indorsement or approval.

-I'

DISPOITIOEI

-J

Thestroythpis h report whniti no lone neee & o nDo ano refturit -

•-2~ ~ t tuhe anoffiginator. reet raprv

- i

-Il

..o the..o.or..".

*.~ ~ t



SKOURITY CLASSIFICATION OP THIS PAGE W.n Data Cntw*__
REPIORT b IMUENTATION PAGE READ INSTRUCTIONS

I* BEFORE COMPLETING FORM
1. REPR. T NUM81s " :, GOVACCEmONNO 3. RECIPIENT'S CATALOG NUMBER

4. TITLE(and Subttlu) S. TYPE OF REPORT Q PERIOD COVERI-0
AN EXPERIMENTAL STUDY OF PERFORATED tIJZZLE
BRAKES I

Final
6. PERFORMING ORG. nEPORT NUMBER

7. AUTHOR(m) S. CONTRACT OR GRANT NUMBER(a)

CPT Robert E. Dillon, Jr.
Henry T. Nagamatsu (RPI, Troy, NY)

S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

US Army Armament Research & Development Center AREA & WORK UNIT NUMBERS

Benet Weapons Labotatory, DRSMC-LCB-TL AMCMS No, 2080.lS.6000.0
Watervliet, NY 12189 PRON No. 1Al221B81AIA

11 CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
US Army Armament Research & Development Center February 1984
'Large Caliber Weapon Systems Laboratory .S NUMSER OF PAGES

Dover, NJ 07801 33

14. MONITORING AGENCY NAME & AODRESS(ll dcferant fhra Controlling Office) 15. SECURITY CLASS. (of this report)

Unclassified
-eS. DECL ASSI FI CATION/DOWNGRADI•(•

SCHEDULE

1i. DISTRIBUTI' .4 STATEMrNT (of this Report)

Approved for public release, distribution unlimited

17, DISTRIBUTION STATEMENT (of the ebstraut enteredIn Block 20, if diflerent from Report)

.SUPPEMUTARV NOTES jobe presented at the 17th Fluid Dynamics, Plasma
Dynamics • Laser Con erence, Snowiass, CO, 25 - 27 June '984, sponsored
by the AIAA.

-I.Y WORDS (Continue on reverse aide If nscomary and Identity by blocA number)
Perforated Muzzle Brake

Muzzle Blast
Shock Wave

/ 20 ARACT (Cth , reverse eb nse.em md fdesily by block mnuber)
ffiring test was conducted to examine the recoil efficiency and blast

characteristics of perforated muzzle brakes fitted to a 20-mm cannon. Recoil
impulse blast overpressures, muzzle velocity, sequential spark shadowgraphs,
and photographs of the muzzle flash structure were obtained. Three different
muzzle devices were used with one device equipped with pressure transducers to
measure the static pressure in the brake. Experimental results are compared
with the earlier predictions of Dillon and Nagamatsu. 4 /-

DD "N IM E,,• nON or v MOV es1SOLETE LNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (Whmn Data gntered)



TABLE OF CONTENTS

ACKNOWLEDGEMENTS iii

INTRODUCTION

DESCRIPTION OF THE EXPERIMENT 2

Conduct of the Experiment 5

Experimental Results 6

Free Field Blast 6

Muzzle Brake Interior Pressure 7

Recoil Reduction 8

DISCUSSION OF RESULTS 9

CONCLUSIONS 13

REFERENCES 16

TABLES

I. 20 mm MUZZLE DEVICES 4

II. RECOIL AND VELOCITY DATA 9

LIST OF ILLUSTRATIONS

1. 20 mm Experimental Setup. 20

2. Blast Overpeessure Measurements for Device #1. 21
3. Blast overpressure Measuremnents for Device #2. 22

4. Blast Overpressure Measurements for Device #3. 23

5. Spark Shadowgraph of Flow Field -110 us Bare Muzzle. 24

6. Spark Shadowgraph of Flow Field -110 Ps Device #1. 24

7. Spark Shadowgraph of Flow Field -14 us Bare Muzzle. 25

8. Spark Shadowgraph of Flow Field -14 us Device #1. 25

di

% ,



9. Spark Shadovgraph of Flow Field 139 pe Bare Muzxle. 26

10. Spark Shadowgraph of Flow Field 139 Us Device #1. 26

11. Spark Shadowgraph of Flow Field 250 pe Bare Muzzle. 27

12. Spark Shadowgraph of Flow Field 250 pe Device #1. 28

13. Static Internal Pressure Device #2, -. 119 vR from Muzzle. 29

14. Static Internal Pressure Device #2, -. 064 m from Muzzle. 29

15. Static Internal Pressure Device #2, -. 01 m from Muzzle. 30

16. Comparison of Predicted and Measured Blast Overpressure Levels. 30

iit



ACKNOWLEDGEMENTS

The authors wish to thank Dr. Edward Schmidt and his associates at BRL's

Fluid Physics Branch for their generous assistance in conducting the firing

tests. The authors are especially grateful to Messrs. Ed Baur, Bill Thompson,

Don McClellan, and John Carnahan.

I

'vl
A-c

~'.TAB3£

01



INTRODUCTION

Recent trends in the development of light armored assault vehicles (LAV)

equipped with high velocity tank cannon have initiated a need for a medium

efficiency muzzle brake. The principle function of the muzzle brake is to

reduce the recoil impulse to a level that is acceptable for a light assault

vehicle. Equally important is the need for accuracy and lightweight. Because

of the accuracy criterion, the muzzle braKe must not adversely alter the

exterior ballistic trajectory and thereby affect weapon precision. The brake

must be capable of acconwidating both fin and spin stabilized kinetic energy

rounds. Since the LAV has an overall system weight limit due to air

transportability requirements, the muzzle brake likewise has a weight

zonstraint. Based upon the considerations mentioned, the most promising

approach appears to be a perforated muzzle brake.

Reference 1 presents a numerical procedure for predicting the performance

of perforated muzzle brakes. The present report describes a firing test

cinducted to study the performance of these devices. The experimental results

reported here will be a useful aid in refining the numerical procedure set

forth in Reference I and in studying the performance of these deviees.

There are rmrnerous reports which describe experimental efforts at

analyzing the performance of many different types of muzzle devices (refs

2-21), but no quantitative details have been repotýed on the functioning of

perforated devices.

References are listed at the end of this report.
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DESCRIPTION OF THE EXPERIMENT

A program was conducted to obtain experimental data on perforated muzzle

brakes. These data would be used in a comparison of the predictions of brake

performance described in Reference 1. Tests were conducted in the

Aerodynrmics Range of the Army's Ballistic Research Laboratory at Aberdeen

Proving Ground, Maryland (ref 22). The firing tests were conducted to measure

the free field blast overpressures around the weapon and the recoil impulse of

the weapon fitted with different muzzle brakes. The blast and near muzzle

flow field were further analyzed by taking spark shadowgraphs of the muzale

flow field at various times.

The free field blast around the muzzle was measured using an array of

static pressure transducers placed on an arc .6 m (30 calibers) from the

muzzle of the gun. The transducers were arranged on angles measured from the

axis of the gun from 10 to 150 degrees. The transducers used were Kistler

20185 Piezotrons, or the equivalent, mounted in sharp edged semi-circular

plastic discs having a diameter of .07 m. The discs were aligned such that

the plane of their surface passed through the axis of the gun. The output of

the transducers was recorded on magnetic tape after being processed by a

Physical Data, Inc. Mbdel 515A Transient Recorder and a Hewlett Packard 9845B

Computer.

In addition to the free field blast pressure measurement, the recoil

impulse was obtained utilizing a free recoil mount. This mount presents very

little resistance to the rearward movement of the gun for a distance of about

0.1 m. By measuring the recoil velocity and knowing the mass of the recoiling

parts, the total impulse can be determined. The recoil velocity was obtained

2

a'~kL



by displaying the interruptions of a helium neon laser beam directed through a

calibrated grating tixed to the moving parts into a photodiode, The output of

the photodiode was displayed on a Nicolet Mbdel 204 digital oscilloscope. Sy

measuring the tlme elasped betwe.in known distances of the grating, the recoil

velocity was obtained. The recoil momentum was computed from this velocity.

Spark shadowgraphs were obtained by directing a one-microsecond spark

light source onto a large Fresnel lens. The shadow caused by the flow field

properties cast upon the Frensel lens was directed into the camera. A delay

counter was used to trigger the spark light source at a specific time. This

allowed the flow field to be observed at different times. This technique

proved to be very useful in obtaining sequenced shadowgraphs of the flow field

development (ref 4). An open shutter camera loaded with color film was used

to monitor the flash characteristics and any secondary combustion in the

exhaust flow.

The projectile velocity was measured at six stations from 4.6 a to 13.85

m measured from the muzzle of the gun. At each of these stations, a light

screen was connected to a time interval counter. The projectile triggered the

light screen which caused the time interval counter to stop. The velocity was

obtained by recording the elapsed time between any two stations.

The weapon used in the firing tests is a 20 mm cannon with a shoz travel

of 1.43 m, a chamber volume of 4.17xC10"m 3 , and a twist of rifling of one turn

in 25 calibers. The projectile is that of the standard 455A2 training round

(inert) weighing 0.098 kg. The propellant for this round is WC870 ball powder

with the following properties:

3



Specific Force _ 9.8X1s M2/8s2

T - 1.24

The M35A2 round has .0389 kg of propellant w•itch produces a nominal muzzle

velocity of 1045 m/s with this gun* The teat set-up is shown In Figure 1.

The reaults of three mutate brake configurations will be reported. One

brake was constructed to house three PCB model HI13A23 pressure tratoaducers to

record Inbore pressures. The output ol these pressure transducers was

recorded on . Nicolet Model 204 digital oscilloscope. These gages gave a

record of the static pressure inside the brake during firing. The vent holes

of this brake were aligned so that the interference from the exhausting gases

on the transducer leads would be minimized. All brakes had vent holes of the

following description: three rows of 1.6 mm diameter holes with twelve holes

per row, three rows of 3.2 mm diameter holes with twelve holes per row, and

four rows of 4.8 au diameter holes with twelve holes per row. The vent holes

were of constant diameter and were located perpendicular to the axis of the

gun bore. The configuration produced a very simple brake with which to

conduct the test. The brakes tested are described in Table I.

TABLE 1. 20 tm .4UZZLI9 DEVICES

Numher Description

1 Perforated Muzzle Brake, 21 mm Projectile Hole
AR - 3.38 L/D - 5.75

2 Perforated Muzzle Brake, 21 um Projectile Hole
AR - 3.38 L/D - 10.7, 3 Static Pressure Taps

Perforated Muzzle Brake, 21 tra Projectile Hole
AR- 3.38 L/D - 1.78 __-
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In Table I AR refers to the vent area ratio or

AV
AR - -

AB

where AV - Total vent area

AB - Bore area

vent lengthad L/D
vent diameter

These two parmeters are of importance In determining the recoil efficiency of

these devices.

Conduct of the Experiment

The firing test began with a series of five shots with the bare muzzle

configuration to establish the baseline data. Shots were then fired with each

muzzle brake to obtain the data needed for compatisou. This procedure

provided good data to be used in the analysis of this design approach.

The test procedures followed were identical for every round fired. This

standard procedure minimized error and observed rigid safety standards. For

each shot the room was darkened, the shadovgraph and flash obsurvation cameras

were loaded, and the shutters opened. The gun was loaded and then moved to

the most forward position in the recoil isount. In order to insure the gun was

not fired with technicians in the firing room, each technician zarried a key

that had to be inserted into the firing console before the weapon would fire.

When the firing room was loaded and cleared of personnel, the computer and

oscilloscopes were armed for data acquisition. The velocity screens and the

time interval counters were cleared and the firing sequence was initiated.

Once Littiated, the sequence started the time interval counters, set the spark

5
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light source power supply, and fired the sun.

After each shot, a technician applied the necessary time delay setting

for the spark light source and reloaded the cameras and gun. While the gun

and cameras were reloaded, the oscilloscopes displayed their data and then

stored it on a magnetic disk. The computer automatically displayed the blast

pressure traces and produced hard copies. When the computer completed the

last plot, it was armed for the next shot and the cycle was repeated. The

flash monittoring photographs were polaroid and thus were quickly available.

The spark shadowgraphe needed seven minutes for developing the film. This

gave the crew enough time to repeat a shot in the event a shadowgraph was not

obtained due to light failure or other reasons. This system worked very well

and enabled many data to be acquired in a very short time.

Experimental Results

Free Field Blast

The free field blast was measured to determine the effects caused by the

addition of the perforated muzzle brake. The blast pressures for each muzzle

configuration are shown in Figures 2 through 4. The flow field generated by

the various brakes was recorded via the spark shadowgraph technique.

The blast and flow fields generated by a perforated brake tested are

shown in the following sequence of spark shadowgraphs. Figures 5 and 6 show

the Flow field 110 lis prior to shot ejection. In these figures, the precursor

shock wave and plume details are readily visible. The flow field at 14 ls

prior to shot ejection is shown in Figures 7 and 8. Note the propellant gas

flow issuing froi, the first Eew rows of vent holes (see Figure 8). In Figures

6
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9 and 10 the flow field is 139 Pis from ShOL ejection, the projectile has

cleared the muzzle, and the main propellant d-Aven blast is forming. The

fully developed blast flcw is seen 4 Figures 11 and 12. These show the

projecti.le out of the shock waves, t . fully developed muzzle exhaust plume,

and the high density gas cloud formed by the propellant gas as it discharges

into the atmosphere from the vent holes.

Muzzle Brake Interior Pressure

The pressure in the interior of the muzzle brake was measured during the

test. The output of the PCB pressure transducer for one shot is presented in

the next set of figures. The output from gage #1 located at the entrance to

the brake -.119 m from the muzzle of the brake, is shown in Figure 13. The

weak pressure rise associated with the precursor is seen at early times

followed by the sharp rise caused by the passage of the projectile. Once the

projectile has passed the gage, the pressure decays due to the loss of mass

through the miuzzle brake.

The pres~sure history for the gage located -.064 mn from the muzzle of the

brake is shown in Figure 14. The pressure history follows the trend of the

previous gage with the effects of the precursor, projectile passage, and

blowdown. The peak pressure is seen to be lower from this second gage than

for the first gage. This is due to the propellant gases being vented through

the first six rows of vent holes located between these two gages.

The pressure history shown in Figure 15 is that of the third gage,

located -.01 mn from the exit of the muzzle brake. As seen in the previous

~ muzzle brake pressure traces, --his trace displays the features seen in the

other two, i.e., precursor passage, and blowdown. The maximum pressure for
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the third gage has dropped considerably from the level seen in the first gage.

This indicates that a considerable amount of propellant gases have been vented

* through the holes in the brake.

Recoil Reduction

The recoil impulse was determined for every muzzle configuration used in

the firing test. This was accomplished by utilizing the free recoil mount.

The mount permits, as much as possible, free recoil of the weapon during

firing. By measuring the output of the photodiode caused by the calibrated

grating breaking a laser beam, the recoil velocity can be readily determined.

Knowing the mass of the recoiling parts permits the momentum of the recoiling

mass to be calculated. This momentum is equal in magnitude to the impulse

generated from firing the gun.

The efficiency of the muzzle brake can be determined by measuring the

recoil impulse for the brake and no brake configurations. The experimentally

determined gas dynamic efficiency can be computed by

- (wo-Iw)/(Iwo-MpVe)

wherehwo - impulse without muzzle device

Iw - impulse with muzzle device

Mp M mass of projectile

Ve - projectile muzzle velocity

The term MpVe is the impulse associated with firing the projectile. When this

I is subtracted from Iwo the remainder is the residual impulse of the propellant

gases available to do work on the brake. The overall recoil efficiency of the

muzzle brake is given by

8
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The experimental results for the brake efficiencies are presented in Table II.

A further point of interest in Table I is the increase in muzzle velocity

associated with the use of these muzzle brakes.

TABLE It. RECOIL AND VELOCITY DATA

LwO Iw Vmuz
Configuration (N-s) (N-s) (M) (M) (m/s) Flash

20 mm Bare Muzzle 148 - - - 1044 No

#1 - 130 13 42 1058 No

#2 - 129 13 42 1060 No

#3 - 125 15 52 1058 No

DISCUSSION OF RESULTS

The blast overpressures for each muzzle configuration are shown in

Figures 2 through 4. In these figures the ..•hifting of the blast levels at

each gage location is evident. Note that the blast overpressure with the

perforated muzzle urake is higher along the axis of the gun than the hare

muzzle case. At locations between 90Q and 35" however, the blast

overpressures are lower with the perforated muzzle brake. The increase in

blast overpressure to the rear of the weapon is due to the radial venting of

the propellant gases as opposed to the normally axial efflux encountered with

the bare muzzle case. The increase in blast overpressures forward of 900 from

the muzzle is due to the mechanism generating the blast wave, namely the

opening of the brake vent holes. The projectile uncorks each row of vent

9
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holes causing the propellant gases to vent and create a shock wave and plume

structure. As the projectile passes each subsequent row of vents, a starting

shock wave is created and the strength of the outer blast is increased. The

focusing of the outer blast in the predominantly forward direction is the

result of the sequential venting of the brake which tends to producestronger

blast in the forward direction.

The reduction of the blast overpressure in the lateral position of the

muzzle, 35Y - 90, was not expoected but follows from the previous observa-

Si tions. The amount of energy a weapon and cartridge combination can deposit to

the atmosphere is fairly constant. If one raises blast overpressures in one

area, it follows that the overpressure should be reduced in some other area.

A further contribution to the lower blast overpressures in the lateral

positions is presumed to be due to the geometry of the muzzle brake. The

presence of the many holes presents a more diffuse energy source than a

baffled brake configuration or the bare muzzle. This configuration then

produces a weaker blast wave in the lateral positions. This phenomena was

observed in Reference 33 with the supersonic jet noise. In Reference 1 the

Godunov code predicted pressure increases over the bare -uzzle case on the

order of 70 percent at the 150* location due to the use of a perforated muzzle

brake, cf. Figure 16. The measured pressure increase at this location wasp
iound to be 63 percent. This agreement is considered quite good considering

the Godunov Code does not model the precursor effects, the boundary layer

buildup and other viscous effects in the vent holes, and the turbulent mixing

ethat occurs in the external jet fiow field. All of these physical phenomena

tend to attenuate the strength of the blast wave which puts the Godunov

10
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,II

predicted prassure in a much better perspective. For the purpose of this

investigation and considering the assumptions made in applying the Goduuov

Code to this regime, this agreement is considered quite good.

The measured static pressures at each gage location in br:,•e #2 are shown

in Figures 13 through 15. These pressures follow the trend predicted by the

Meethod of Characteristics (MOC) presented in Reference 1. The pressure at the

first gage location, placed at the entrance to the brake, was o-ieasured to

within 10 percent of the value calculated by the MDC. At the exit of the

brake the agreement is not as good. The MOC underpredicted the pressure at

the exit of the brake by abo'xt 49 percent. This discrepancy is seen to be

attributed to the assumption made in applying the MaC to the flow in the

muzzle brake. The MDC assumes a perfect gas and one-dimensional flow. The

vent nozzles are assumed to open immediately upon projectile passage and flow

fills the vent holes. The viscous and inertial effects such as boundary layer

choking of the vents or the occurrence of separated flow near the upstream

side of the vent-bore juncture are not modeled. The one-dimensional

approximatior- does not take into account the cross bore gradients in the fluid

properties caused by the venting outflow. All these assumptions lead to a

higher mass outflow through the vent holes being predicted than that which is

observed in the actual flow. Thia causes the MOC predictions of pressure to

be lower at the exit of the brake than those seen experimentally.

An interesting trend was seen in the ircrease in the muzzle velocity with

the addition of the muzzle brake. Table 11 presents the muzzle velocity for

each configuration tested. The M0C predicted an increase in muzzle velocity

of 2 m/s over the bare muzzle case for the brake tested in this firing test.

III
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The actual brake produced muzzle velocities 13-15 m/s higher than the bare

muzzle case. The causes of the MDC prediction to be lower were determined by

those discussed in the previous paragraph. Since the MDC overpredicts the

emount of propellant gases venting through the brake, it will underpredict the

resultant muzzle velocity due to there being less propellant gase available to

push the projectile. Nevertheless, the Increase in muzzle velocity achieved

by these brakes is seen to be of significance and is a favorable occurrence.

The recoil characteristics of each configuration are also presentel in

Table II. The HOC predictions of recoil impulse were typically lower than the

experimentally determined values by about 1-3-17 percent. This level of

agreement was achieved in all the measurable quantities concerning recoil

impulse. The M0C predicted values for the muzzle brake efficiency were seen

to be slightly higher than those determined experimentally. This was to be

expected following the observed trends seen in the measured pressure inside

the muzzle brake. The MWC predictions of the overall efficiency, *, were seen

to be within 15 percent of the experimentally determined values. This

agreement is considered quite good.

The MOC predicted values for the gas dynamic efficiency, 8, was about 30

percent over that determined by experiment. This is an interesting departure

from the usual 13-17 percent trend in the other error observed. The most

probable explanation for this lies in the computation of 0. a is determined

by
(-13) (-14)
(IWO -w)

(IwO - MpVo)
(-13) (-4)

12
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toA determined by

(-13) (-14)
Iwo -lw

Iwo
(-13)

The error associated with each constituent qjuantity is shown in parentheqis.

It is clear that the computation of g3 has an unbilanced error which is seen to

be additive over the existing error between prediction and experiment. The

computation for * has error, but since it is associated with all the

quantities in *i is of the same value, the error cancels out and closer'

agreement is obtained.

An interesting observation is the reduction of brake efficiency that

occurs with larger wall thicknesses, as shown in Table Ile Brake #1 has

LID - 5.75 as opposed to brake #3 with L/D - 1.78. The efficiency reduction

due to the thickness of the walls is presumed to be due to either the added

wall friction or the buildup of pressure on the upstream wall of the vent

hole. In either case, this occurrence will be looked at more closely.

The agreement of all the numerical predictions with the experimental

values is quite good. The models used in the analysis are seen to adequately

describe most of the flow regimes.

CONCLUSION4S

The experimentally measured quantities of the performance df the

perforated muzzle brakes was found to validate the numerical predictions

presented in Reference 1.* The simplifying assumptions made in order to apply

the MCC to this flow regime were found to cause higher predictions in muzzle

13



brake efficiency than those found by experiment. The experimental results

give good indications as to how to modify the current model to better predict

the performance of the devices.

The experiments further verified the capabilities of the Godunov scheme

developed in Reference 24. The experimental results have revealed an accurate

modeling of the flow field by the Gcdunov Code in Reference t. As was found

with the M3C results, the assumptions made in applyirg the Godunov Code caused

the predicted results to vary from the experimental results in an anticipated

direction. The Godunov Code is a valuable tool in predetermining the blast

field structure and signature for these type of muzzle brakes.

The s•aple perforated muzzle brakes were found to be a useful muzzle

device both in terms of producing a satisfactory braking force and in

modifying the blast signature of the weapon exhaust field. The perforated

brakes tested, as anticipated, did not produce any flash.

The perforated brakes studied produced an increase in projectile velocity

by 13-15 m/s. This amounts to a 1.5 percent increase in the muzzle velocity

which is a desirable effect.

The perforated muzzle brakes tested were observed to produce a weaker

muzzle exhaust plume because of the propellant venting out of the brake. This

is seen as a favorable occurrence, as the reduced plume strength is presumed

to have a favorable effect on the initial yaw rates of the projectile and on

the projectile stability in the intermediate ballistic region (ref 25).

The perforated brakes used in this study did not experience any

observable wear or erosion due to the hot (1705*K) propellant gases. This is

14



a favorable observation since reduced wear of these devices can result in the

use of lighter materials and/or an increased service life.

The strong dependence of muzzle brake efficiency on the wall thickness or

LID ratio was significant enough to require an examination of it to determine

tlie optimal wall thickness for a given brake design.

15
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Figure 1. 20 am Experimental Setup.
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Figure 2. Blast Overpressure Measureraents for Device #1.
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Figure 3. Blast Overpressure Measurements for Device #2.

22



* M BARE MUZZLE

0 DEVICE # 3

Idl

- ,

f I

wS

a

.3 U

%.AA ib.oo sbw4bao 1. ,. .a sbS-00 sfo.a 1%.w i7M.W

Figure 4. Blast Overpressure Measurements for Device #3.
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Figure 5. Spark Shadougraph of Flow Field -110 us Bare Mluzule.

Figue 6, SarkShaowgaphof Flow Field -110 us Device #1.
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Figure 7. Spark Shadowgraph of 'Flow Field -14 ies Bare Muzzle.S

Figure 8. Spark Shadowgraph of Flow Fleld -14 u's Device #1.
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Figure 9. Spar~k Shedougraph of Flow Field 139 us Bare Nuzzle.
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Figure 10. Spark Shadowgraph of Flow Field 139 ius Device #1.
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Figure 13. Static Internal Pressure Device #2, -.119 m from Muzzle.
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Figure 14. Static Internal Pressure Device #2, -. 064 m from Muzzle.

29



E+2
1.4

1.2

I aI

1.
'.4

.2~

.030

-.2 Time (sec)

-1.0 0.8 1.0 2.3 E-3

l-igure 15. Static Internal Pressure Device #2, -.01 mn from Muzzle.

EXPERIMENT

- * GODUNOV PREDICTION

,.0 1.0.• .. .. ... .WE is= aot.m . ... .
. -, •lO•.I.

Figure 16. Comparison of Predicted and Measured Blast Overpressure Levels.
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