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I.    INTRODUCTION 

Whenever a gun is fired,  a very intense blast wave is emitted from 
the muzzle with such severity that hearing loss is common in gun crews. 
Presently the U.  S.   government makes annual payments of over several 
million dollars to citizens with damaged hearing from muzzle blast.    In 
response to this and other hazardous noise problems,  the Surgeon General's 
Office recently issued MIL-STD-1474 (MI)v^) based on work performed by 
Mr.  Georges Garinther at the Human Engineering Laboratories.    This 
standard specifies what maximum side-on sound pressure levels are tol- 
erable for different durations of incident waves. 

To apply the hearing loss standard to field artillery muzzle blast 
problems,  one must be able to calculate peak pressures and durations 
around guns.    Such a calculation using computer codes is a very compli- 
cated procedure.    In fact,  whenever ground reflections are significant,  as 
in reality,   computer calculations are impossible unless one of the three 
geometric coordinates can be ignored.    On the other hand,   gun designers 
and field personnel must be able to establish safe locations to prevent 
hearing loss in gun crews.    They need simple design charts that permit 
accurate estimates after only a few multiplications or additions.    The 
fundamental question to gun designers and field personnel is where can 
crew members safely stand for a particular gun at an arbitrary angle of 
elevation,  propelling charge,  length of barrel,   etc. ?    These people do not 
wish to deal with indirect quantities such as pressure and duration,  because 
the basic quantity to them is distance.    For these reasons,  the primary 
purpose of this report is the creation of graphical procedures for estimating 
safe standoff distances around artillery. 

Unfortunately,  before results can be presented,   the code and its 
influence must be discussed so results and all derivations are placed into 
perspective.    This discussion is presented in Section II of this report.    A 
very serious problem arises when durations must be measured for artillery 
muzzle blast as specified in the code.    We are of the opinion that what the 
code requires and what instrumentation is capable of measuring are not 
compatible with one another.    This conflict must be unlerstood; otherwise, 
subsequent results presented throughout this report will be «-onfusing. 

Section III of this report contains design nomographs which can be 
used to establish minimum safe standoff distances around any closed breech 
gun.    This section is the heart of this report for those wishing to obtain 
numerical results.    The nomographs which are presented can be used on 
guns of any caliber,   barrel length, with any size propelling charge,  and 
fired at any gun tube elevation angle.    Until further work is performed, 
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these nomographs are limited to closed breech guns without muzzle brake, 
flash suppressor,  or other device to divert the flow of gases from a gu i 
muzzle.   In addition to presenting the nomographs in Section III, we also 
show how to apply them and demonstrate that they work by comparing pre- 
dictions to test data from actual gun firings. 

The basis for all relationships shown in Section III is dimensional 
analysis and then a subsequent curve fit to test data.    These derivations 
are presented in Section IV for readers with more fundamental questions 
such as how well are pressures,  durations, and times of arrival for re- 
flected shocks predicted?    The vast bulk of the test data comes from 105- 
mm howitzer test firings performed by Mr.  Mark Salsbury of Rock Island 
Arsenal on the Ml02 with a zone 7 charge, XM204 with a zone 5 charge, 
XM204 with a zone 7 charge,  and XM204 with a zone 8 charge.    These data 
together with a Naval gun test data compilation by Mr.  M.  F. Walthen^) 
are the basis for all curve fits,  especially those on pressure.    The range 
of weapons examined is extensive.    In addition to the four different howit- 
zers, the guns include S'VSS,  6"/47,  5,754,   5'738,   3"/50, 40 mm, 20 mm 
M3,   20 mm XM197,  and 20 mm Mark 12. 

The last section of this report.  Section V,   is a recommendation for 
future work.    Included is a short discussion on how solutions for guns with 
muzzle brakes can be developed.    The report concludes with a list of ref- 
erences. 
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II.    HEARING LOSS MIL STANDARD 

The mil standard presented in Reference 1 specifies what maxi- 
mum side-on sound pressure levels are tolerable for different durations 
of incident waves.    Figure  1 shows the limits for hearing loss from gun 
blast as presented in MIL-STD-1474.    Notice that three differeni curves 
exist in Figure 1.    As applied to the gunjblast p-oblem,  the W-curve is 
the threshold for no ear protection,   the Y curve is the threshold whenever 
either plugs or muffs are being worn,  and the Z curve is the threshold if 
both plugs and muffs are worn.    These curves,  based on a noise exposure 
rate of 100 per day, were obtained at HEL from various investigators' test 
data on monkeys,  themselves,  and soldiers until temporary but recover- 
able loss in hearing was experienced by 25% of the personnel subjected to 
a grazing or incident blast pressure wave.    It is assumed in the standard 
that repeated exposure to a temporary hearing lo£s would result in some 
permanent nonrecoverable loss in hearing.    The W curve is a continuation 
of requirements from earlier criteria,  TB MED 251.    Both HEL and the 
writers of this report feel that for short duration pressures,  the W pressure 
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levels should also increase with decreased durations; however, insuffic- 
ient data exist to offer a modified W-curve at this time. 

Because the hazardous noise standard was developed for other 
sources as well as guns, we must discuss the developer's thoughts on how 
to interpret the time axis for an impulsive muzzle blast noise source.    In 
general, a blast wave emitted from a gun must diffract and reflect from 
obstacles such as the gun carriage and ground.    The obstructions cause 
reflected blast pressure waves to interact with the incident air blast wave 
emitted from the muzzle of a gun.    For field artillery in particular, the 
ground becomes a very significant reflecting surface.    If other reflecting 
surfaces are assumed to be insignificant,  as they are relative to the ground, 
idealized transient blast pressure histories can be obtained as seen in 
Figure 2.    Three different pressure histories are shown in Figure 2,  be- 
cause the character of the pressure history at a point in space above a re- 
flecting plane differs depending upon the duration of the incident air blast 
wave and the time lag between the incident and reflected air blast fronts. 
In Figure 2a,  the reflected wave arrives after the incident wave is fully 
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time 
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FIC.URE 2.    INCIDENT AND REFLECTED GUN BLAST WAVES 
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dissipated.    Figure Zb shows an air blast wave in which the reflected wave 
arrives before the incident wave is fully dissipated.    Figure 2c illustrates 
an air blast wave in which the reflection has overtaken the incident wave 
to form a new blast wave in the Mach stem.    Because HEL,  as developers 
of the code, wished to avoid confusion as to how durations could be defined 
when decaying waves asymptotically approa.ch a baseline,  they specified 
that peak pressures should be measured and then envelopes established on 
both sides of the baseline at 10% of the peak pressure level or 20 dB from 
the peak as in Figure 3.    Figure 3 from the code is the illustrative example 
of how the durations are to be established for use in Figure 1.    The dura- 
tion according to the code is the sunn of the times from A to D and from 
E to F.    If no reflection existed,   the time would be that associated with 
the incident wave whenever all pressure fluctuations positive and negative 
are between 10% and 100% of the peak pressure level.    Unfortunately,  this 
illustrative example from the code looks nothing like an air blast wave. 

Figure 4 shows five different air blast waves measured at various 
positions around the mrzzle of an XM204,   105-mm howitzer with LC-33 
piezoelectric,  pencil gauges.    Notice that noise exists on all the records; 
nevertheless,  these traces would usually be thought of as recordings of 
excellent quality.    To follow the code quite literally,   and this is what is 
expected,   requires the user to carry the duration to point C in Figure 4a, 
point D in Figure 4c,  point F in Figure 4d,   point H in Figure 4e,   and be- 
yond recorded time in Figure 4b.    Quite frankly,   these deviations are not 
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FIGURE 3.    IDEALIZED PEL PRESSURE-TIME HISTORY 
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associated with the rarefaction wave from a muzzle Mast; they are associ- 
ated with instrumentation noise and the RC time constant of the recording 
system.    Perfect recordings cannot be made; instrumentation noise is al- 
ways present.    Piezoelectric elements are subject to thermal drift from 
such phenomena as the sun passing behind clouds and radiation from the 
gun's fireball.    Usually thermal drift is slow relative to positive duration 
from a compressive wave,  but not slow relative to durations 10 times 
longer than the positive wave with a low frequency instrumentation dis- 
charge asymptotically approaching a limit.    Figure 4b is probably an 
example of thermal heating from the howitzer's fireball.    Other sources 
of noise include cable whip,   shocks through the gauge,  flutter in the tape 
recorder,   dampness in connectors,  and noise on power lines.    Because 
the frequency response is in the AM ra iio band,  cables even when shielded 
act as antennae and present radio broadcasts as extraneous noise sources. 
The durations BC and DE that could be subtracted from the overall dura- 
tion F in Figure 4d are probably examples of one of the aforementioned 
extraneous noise sources.    These instrumentation problems are not unique 
to this program; everyone measuring blast around large weapons has these 
difficulties.    In telephone conversations with HEL,  they implied that test 
records could be repeated,  even where measured with different instrumen- 
tation systems.    Unfortunately,   all instrumentation systems used to piezo- 
electrically record blast pressure signals have low frequency responses 
in the area of 2 cps.    This argument simply means that systematic errors 
can be repeated.    Whenever we applied the code to Rock Island 105-mm 
muzzle blast records, we obtained negative envelope durations of 20 jf 7 
m. s.  except for a wave such as Figure 4b with thermal energy introduced 
into the recording system.    This result is probably a consequence of the 
low frequency response for the instrumentation and has nothing to do with 
negative blast wave durations.    Based on our analysis of hundreds of rec- 
ords,  we believe that the rarefaction durations cannot be measured around 
artillery,  and that observed results are measures of the instrumentation 
RC time constant and extraneous instrumentation noise sources which 
exaggerate the total pulse duration. 

To circumvent this instrumentation limitation,  procedures were 
developed for predicting peak pressures,  times of arrival for reflected 
waves,   and total duration of all wave fronts using only the positive or 
compressive wave durations.    This procedure is not in strict compliance 
with the code,   but we believe these to be the only times which can be ac- 
curately measured,  and are representative of blast pressure durations. 
Then,   so that negative times may be included to approximate the observed 
total duration as defined by the HEL code (an observation that we believe 
measures instrumentation noise^ and time constants) a factor N was intro- 
duced into the solution for the Y and Z criteria. 
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If N equals 1. 0, the duration is that associated with a decay inter- 
secting only the positive 20 dB or positive 10% envelope line.    No nega- 
tive durations are considered when N equals 1, 0.    An N of 5. 0 closely 
approximates the total instrumentation times (positive + negative) for 
105-mm howitzer firings whenever incident and reflected waves are sep- 
arated air in Figure 2a.    An N value of 10 more closely approximates the 
recordeo total durations for the 105-mm howitzer firings whenever waves 
are in the Mach stem as in Figure 2c.    Although these values are given 
as guidelines, we leave it up to the individual to decide what value of N 
is most appropriate for his weapon system. 
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III.    SAFE STANDOFF POSITIONS 

General 

Two procedures are discussed in this section,  one for computing 
the safe standoff position whenever no ear protection is offered,   and the 
other for computing safe standoff position with protection such as plugs 
and/or muffs.    No derivations of these relationships are presented in this 
section of the report; all derivations are presented in Section IV for those 
interested in an in-depth understanding of this approach and in a funda- 
mental review of scaling muzzle blast pressures,  durations,  and times 
of arrival.    Two separate solutions must be presented because the W no- 
ear ^protection threshold is independent of muzzle blast duration, whereas 
the Y and Z protected-ear thresholds are functions of duration (see Fig- 
ure 1). 

Solution for W Criterion 

The maximum free field overpressure around a gun muzzle over 
a reflecting plane such as the ground is given by: 

where 

Pc    i 
W 

? + €cos |— - 6 
9 

ß+Ycos|- - 6 
(1) 

I 

W 

e 

peak side-on overpressure 

caliber of gun 

barrel length 

effective energy release in propellant 

angular position of observer in radians from 
line of fire 

standoff distance of observer from muzzle 

§, €, y, 
6, ß,Y coefficients given by Table A which are functions of 

gun tube angle a 

mm ^MM M^MitaM mm^m 
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Several quantities in Eq.   (1) require further explanation.    The coordinate 
system for the observer's position relative to the muzzle of a closed- 
breech gun is a radial coordinate system with its origin as the perpendicu- 
lar projection of the muzzle onto the ground under the gun,  and its refer- 
ence line,  the projection of the line of fire onto the ground.    In other words, 
0   equal to zero is the line of fire,   G  equal to TT radius is directly aft,  and 
L  is the standoff distance from the muzzle when measured parallel to the 
ground.     No slant distances are involved from the ear of the observer to 
the gun muzzle. 

Equation (1) for pressure is not a strong function in the region 
measured of either the height of the muzzle h off of the ground or the 
height of the observer  H off of the g~-»und.    These parameters are there- 
fore not included.    The angle of the gun barrel  0. relative to the ground 
does make a significant difference; hence,  its influence is included in the 
numerical values for the six Greek letter coefficients (?,   e,  Y.   &i   Pi  and 
f).    Table A presents these nondimensional coefficients as functions of a 
for three different gun tube elevations.    Because these coefficients come 
from an empirical curve fit to experimental test data,  one standard devia- 
tion a for using these coefficients to predict pressure is also presented 
in Table A.    As can be seen,  one standard deviation for predicting pres- 
sure is essentially 25% jver the range of test results described in Section 
IV. 

TABLE A.    COEFFICIENTS FOR PRESSURE EQUATION 

q (radius) a 

0 28. 2% 

0.293 18.3% 

? ß Y 

-6.652      3.502       1.80        0.0 0.9352       0.3551 

•6.484      2.468       1.00        0.7854      0.7843      0.3601 

1. 197 12.9%      -8.635      0.365      0.457      1.454        0.2737      0.8618 

The final quantity requiring considerable discussion is the effec- 
tive energy release  W .    For use in Eq.   (1) and throughout this report,  W 
will be given by Eq.   (2). 

W     =    Tl N mV (2) 

10 
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where 

W 

E 

1     ^2 
-mV 

Tl 

effective energy entering blast 

energy in propellant 

kinetic energy of projectile at ejection 

nondimensional coefficient dependent upon chemistry 
and heat of a propellant 

Essentially,   Eq.   (2) is an energy balance.    It states that the energy in the 
propellant that does not enter the kinetic energy of the projectile goes into 
muzzle blast.    Actually, other forms of energy dissipation do exist,  par- 
ticularly thermal losses; however, provided these losses are directly pro- 

1        2 portional to  E-—mV   ,  Eq.  (2) will be valid.    The quantity E is deter- 

mined by multiplying the weight of propellant times the heat of explosion 
for the propellant.    The proportionality coefficient n is both a correction 
factor for thermal losses and a coefficient that depends upon the chemistry 
of propellants.    It does appear to be a nonlinear function of heat of explo- 
sion.    Table B presents values of n for propellants that we have encoun- 
tered in experimental tests. 

TABLE B.    NUMERICAL VALUES OF  T]  FOR ENERGY RELEASES 

Type of Propellant 

Navy NACO 

Army Ml 

Navy PYRO 

Unknown (20 mm) 

Dupont IMR 

Army M30A1 

Hercules Unique 

Heat of Explosion 
(ft-lb/lb) Tl 

0.92 X10+6 I.00 

0.98 xl0+6 1. 00 

1.05 X10+6 1. 00 

1. 16 X10+6 1.06 

I. 21 X10+6 0. 693 

1.36 X10+6 0.716 

1.69 X10+6 0. 511 

11 

mmmm MMMMM 



J|l.     III.I P.UU^^I  III! ppw P^PWPPHWPTOWIPf» PP|tHl^!T'^liWI.»W'J'P»-'W""i|*.l!H1piW^«.ll^H*^r,,"***,'lllWil«1  V^,*."*V* ' *»*"ywr-f-* J «1*« Mf»»'^^«TT^--        —^ ,-1"*#1»lfWf LJI.ll   il.«^ 

Because the W threshold of hearing loss criterion is a constant 
pressure criterion (see Figure 1), we have only to substitute the ampli- 
tude   Z   for  P   in Eq.   (1).    Whenever this substitution is made,  the solu- 
tion for threshold of hearing loss becomes a four-paramater space of 
nondimensional numbers that can be written in functional format as: 

-      2 
Zc    i 

W 
a 9. -I     o (3) 

The value for  Z  is 0. 0285 psi or 4. 104 psf if W   from Figure 1 is consid- 
ered_to be the appropriate threshold.    Equation (3) can also be used for 
the  Y  and   Z  thresholds if durations are greater than 200 milliseconds. 
Such a computation is an academic rather than practical consideration 
because a 40-in.   gun would be required for a duration around 200 milli- 
seconds.    If one believed that durations are a function of the instrumenta- 
tion SYJtem,  as has already been discussed,  and wanted to use a constant 
Y  or  Z   pressure for a constant duration from a given gun.   Figure  1 could 
be used to obtain   Z  and Eq.   (3) with the appropriate   Z would still apply. 

A four-parameter solution has the advantage that it can be displayed 
graphically.    Figures 5 are this graphical representation of Eq.   (3),   only 
rectangular rather than polar coordinates are being used.    The parameter 
Lj^   is the standoff distance from the muzzle perpendicular to the line of 
fire,  and   LM   is the distance parallel to the line of fire.    Negative values 
for  L||   are aft of the gun muzzle.    Each of the successive Figures 5 is 
for a different gun tube elevation a.    Any self-consistent set of units can 
be used when applying Figures 5,  as the parameters are all nondimensional. 

The isoclines throughout each figure are for constant values of Zc2 I 
W 

For a particular gun and propelling charge,   c ,   i,  and  W will be constants. 
Select the appropriate value for  Z   from Figure  1  (Z = 4. 104 psi if the W 
criterion is being applied) and compute the numerical value of the isocline 
Zc2 i 

W 
greater or less than the constant pressure hearing loss threshold.    Inside 

Z c2 A the limiting isocline of   —~— , we would predict hearing loss,  whereas 

Figures 5 show in gun tube calibers where the pressure will be 

W 
outside this same isocline, we would predict no hearing loss. 

The  100-caliber square region aft of the muzzle has been enlarged 
and inserted in Figures 5a and 5b as this domain covers the area where 
gun crews stand.    Notice that the most severe muzzle blast occurs when- 
ever the gun is fully depressed to 0 degrees.    For artillery this condition 
may be too severe a restriction in the field,  as essentially all rounds are 

12 
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fired with a gun tube elevation of at least 300 mils (16. 8 degrees), the 
second graph.    The only time an artillery piece is fired at 0 degrees is 
whenever a position is being overrun,  a time for kill or be killed with no 
concern for hearing loss and the positioning of people.    The code'   ' inci- 
dentally does recognize and accept the existence of such circumstances. 
Figure 5c for a gun tube elevation of 68. 6° does not cover as large a field 
as the other two figures because the data being curve fitted did not cover 
as large a domain.    Ideally,   the contours should be normal to the   L    /c 
axis at  L   /c = 0  as is the case in Figure 5a.    The bulges aft of the muz- 
zle in Figure 5c are primarily due to the limited number of measurements 
at large standoffs for a gun tube elevation of 68. 6° 

To illustrate the use of Figures 5,  consider a 105-mm,  XM204 
howitzer firing a zone 5 round.    We will presume that the propellant is 
M-l type; henre,   ^ = 1.0.    For this particular system,   the heat of explo- 
sion would equal 0. 980 x 10+6 ft-lb/lb, the weight of propellant is 1. 38 lb, 
the weight of the projectile is 33. 0 lb,  the muzzle velocity is  1090 fps, the 
length of the gun is  140 in. ,   and the caliber of the gun is 4. 133 inches. 
Substitution into Eq.   (2) indicates that the effective energy release W = 
7.439 X 10+5 ft-lb.    With  Z  = 4. 104 psf for the  W   criterion,   the isocline 

——— equals in nondimensional units 7. 625 X 10     .     Figure 5a shows that 

within a region 200 calibers (68. 9 ft) aft of the muzzle,   655 calibers (225. 6 
ft) forward of the muzzle,  and 615 calibers (211. 9 ft) perpendicular to the 
muzzle,   hearing loss can be expected unless ear protection is worn.    The 
region encompassing hearing loss with no ear protection extends out even 
further for guns with larger propelling charges such as zones 7 and 8. 
Because the gunner and assistant gunner positions are essentially 55 cali- 
bers aft of a 105-mm howitzer,  hearing loss should be antic pated unless 
these individuals wear ear protection. 

Mr.   Mark Salsbury at Rock Island Arsenal has supplied muzzle 
blast test data on zone 5,   7,   and 8 firings from 105-mm howitzers.    All 
of his gauges at 0 degrees gun elevation were located at various positions 
up to maximums of approximately 100 calibers along radial lines spaced 
15 degrees apart.    Every one of these gauges measured pressures greater 
than 0. 0285 psi; that is,  the blast pressure recorded by all gauges was, 
according to the W   criterion,   sufficient to cause threshold hearing loss 
at each gauge position.    This result is consistent with the predictions stated 
in the previous paragraph. 

Solution for   Y  and  Z  Criteria 

For muzzle blast durations of less than 200 milliseconds (which 
is true for all known guns) and ear protection in the form of either plugs 

16 
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and/or muffs,  the hearing loss thresholds as seen in Figure 1 are func- 
tions of both pressure and time.    Because the   Y  and   Z   criteria from 
Figure 1 are parallel straight lines on a log-log plot of maximum pressur< 
P   versus duration  T ,  the equation for these lines can be written as: 

PT 
0.345 

Z (prot) (4) 

The exponent 0. 345 is the slope of the  Y  and   Z   lines seen in Figure 1. 
The parameter   Z(prot)  for level of ear protection has units of Ib-ms^1 ^    /ft 
and is a constant dependent only upon the type of ear protection.    For the 
Y  level of ear protection  Z(prot)  equals 562. 0 lb-ms^- -^-"/ft^,  and for the 
Z  level of ear protection it equals  1180. 0 lb-ms0- 345/ft2. 

Both pressure and duration equations are needed to substitute into 
Eq.   (4) and develop a functional relationship.    Equation (1) for maximum 
side-on overpressure is still valid as the blast pressure field is indepen- 
dent of the type or lack of ear protection.    The total free field duration for 
muzzle blast around a gun muzzle over a reflecting plane such as the ground 
is given by: 

T i 
bill 

-..„1/3   5/12 
NW        c 

(a + bB) - 
le - fe2| (5) 

where 

T 

N 

a, b, d, 
e,f 

W, SL,c, 

L, e 

=     total duration of all cornpressive waves 

-     nondimensional factor to account for negative durations 
as well as positive durations 

coefficients given by Table C which are functions of 
gun tube angle  a 

=     parameters already defined in Eq.   (1) 

Just as Eq.   (1) for pressure was not a strong function in the region 
tested of either the height of the muzzle  h  off of the ground or the height 
of the observer  H ,   so,  too,   duration is treated as being independent of 
these two parameters.    The angle of the gun barrel  a   relative to the ground 
does make a significant difference; hence,   its influence is included in the 
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numerical value for the five coefficients (a,b,d,e,  and f).    Table C pre- 
sents these nondimensional coefficients as functions of a  for three differ- 
ent gun tube elevations.    Because these duration coefficients come from 
an empirical curve fit to experimental test data,  one standard deviation 
a  for using these coefficients to predict duration is also presented in 
Table C.    As can be seen,   one standard deviation for predicting duration 
is essentially 25% over the range of test results described in Section IV. 

TABLE C.    COEFFICIENTS FOR DURATION EQUATION 

q (radians) a 

0 23. 0% 

0.293 26.0% 

1.197 22.7% 

0. 1192 

0., 1971 

0.05603 

• 0.04871  0.04200   0.0 

-0.02346      0.03224      -0.001215      28.0 

42.0 

0.02280      0.05617       +0.004501      42.0 

Whenever the coefficients from Table C are substituted into Eq. (5), 

the scaled duration 
rl/3,5/12 

will have units of 
1/3,K1/3' 

After th: 
NWi/Jc3/^ ft1/JlbJ 

effective energy release as defined by Eq.   (2) has been substituted into the 
scaled duration,  the duration  T   is obtained in units of milliseconds.    The 
duration T ,  as has already been discussed in Section II,   is the sum of all 
the positive durations associated with compressive blast wave pressure de- 
cays intersecting only the positive 20 dB or positive  10% envelope line.   No 
negative or rarefaction durations are considered unless   N  equals a number 
greater than 1.0,    The parameter  N  is a nondimensional factor for approxi- 
mately estimating the sum of all positive and negative durations as defined 
in the code.    We have already discussed that for the muzzle blast field 
around artillery,  measured results reflect the low frequency RC time 
constant and instrumentation noise rather than the reality of an accurately 
measured duration associated with a rarefaction.    The choice of an appro- 
priate value for  N  is left up to the individual.    For blast fields measured 
around 105-mm howitzers,  we have indicated that an  N   of 5. 0 approxi- 
mates negati/e instrumentation times whenever incident and reflected 
wave? are separated,  and an  N  of 10. 0 approximates negative and posi- 
tive durations for waves in the Mach stem. 

If waves are to be in or out of the Mach stem and have different 
values of N  assigned,   one must be able to predict where the triple point 

18 

mmtäitlta tamnkf "i.ii »<■ iirt i .n «.vii.-ir.nrt>.-, mi n nMiBMilililBiiiilMMiiliaiiMr mm Mm ..- — 
■■ • --  . ^ 



■'«""■I i ii I.» il.iii ni,wi.)iiiiiiw MM wi    JI.IPW,HI. .     11 ii, [mnfim,mmm mm -^  
l ip i. .miiwwnmiJm-mfm'w   mww • nm.*» wm* 

W^mf^f^.-xmammmmm nmni"-:' 

passes when guns are fired at different angles over a reflecting plane. 
For gun tubes at angles of 16,8° and 68. 6°, the gauges were not located 
over a sufficiently extended region to predict passage of the triple point. 
All of these higher gun tube angles had transducers measuring separate 
incident and reflected waves.     For a gun at 0° QE, we were able to de- 
velop from time of arrival curves described in Section IV the standoff dis- 

tance — along various radial lines   9  for which the triple point passes 

essentially at ear level.    An algebraic expression from these a = 0°   curve 
fits is given by: 

[—| =   70.46 + 2.216 
triple 
point 

(6) 

Equation (6) indicates that at   9 = 0.262 radians (15°),  =• = "0. 6 calibers; 
L C 

at 9 = 1. 571 radians (90°),  — = 75. 9 calibers; and at  9 = 2.880 radians 
L c 

(165   ), — = 88. 3 calibers for the passage of the triple point at ear level. 

For distances beyond these values, an observer would be in the Mach 
stem and an N of 10 is more appropriate. Inside these values, N is 
closer to 5 provided you accept the instrumentation as being adequate. 

A graphical solution for the  Y and_Z   criteria can now be developed 
similar to that already presented for the W   criterion.    To develop this 
solution, the pressure equation (Eq.   (1)),  the duration equation (Eq.  (5)), 
and the equation for the hearing loss threshold (Eq.   (4)) must be combined. 
Unfortunately,  the resulting expression is not an explicit one in either 

— or   9 .    In functional format,  the result is another four-parameter space 

given by: 

Z(prot)c 
1.855   1. 14 

L  N 3«wl, 115 
a. 9 ■J] =   0 (7) 

This four-parameter solution can also be presented graphically on three 
different plots for the different a values.    Figures 6 are then graphical 

representations of Eq.   (7) with polar coordinates   9  and  — having been 
LL             L,,      C 

transformed into rectangular coordinates   and    .    Because the iso- 
„    1.855   1. 14 C C 

clines in Figures 6 are for       -      ■  —    'lie' a quantity that has not been 
N  " "      W   " 
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made nondimensional by using constants such as the speed of sound in air 
and ambient atmospheric pressure,   units of measure for these charts 
must be in milliseconds,  feet,  and pounds. 

As can be seen in Figures 6,  the most severe case occurs when 
the gun tube is fully depressed to 0 degrees.    Once again as in the discus- 
sion with the  W  criterion,  designers would probably be justified in using 
the 16.8° gun tube curve. 

To illustrate the use of Figures 6,   consider a 105-mm,   XM204 
howitzer firing a zone 8 round.    We will presume that the propellant is the 
hot M30A1 type; hence,   "n = 0. 719.    For such a system,  the heat of explo- 
sion equals 1. 36 X 10+6 ft-lb/lb,   the weight of propellant is 4.419 lb,  the 
weight of the projectile is 33. 0 lb,   the  muzzle velocity is 21 33 fps,  the 
length of the gun is 140 in. ,  and the caliber >.f the gun is 4. 133 inches. 
Substitution into Eq.  (2) indicates that the effective energy release W 
equals 2. 629 X 10+" ft-lb.    If we assume   N = 5. 0 and wis_h to determine 
safe standoff positions for gun crews with ear plugs (the   Y  criterion with 

1.855    1.14 0. 345     2 Z c 
Z  = 562. 0 Ib-ms       /ft  ),  then the isocline 

N0-34V-115 
5.10 X 10 

Figure 6a is then entered and by extrapolating between the 4. 0 X 10      and 
7. 0 x 10"^ isoclines, the threshold for safe standoff distance is established. 
The continuous line in Figure 7a is this analytical result. 

It is interesting to compare predicted safe standoff distances with 
experimentally measured results.    As has already been indicated,  test 
data on the XM204 firing a zone 8 has been obtained by placing blast pres- 
sure transducers at various locations around gun muzzles.    The different 
dots in Figure 7a represent transducer locations.    Both the maximum 
pressure and the sum of all positive durations were recorded outside the 
20 dB envelope.    These average recorded durations were multiplied by 5 
to obtain an average estimated positive and negative duration.    Figure  1 
from the noise standard was then entered using average pressure and dura- 
tion to assess whether or not hearing is damaged.    Blackened-in dots indi- 
cate that Figure  1 predicts a definite hearing loss, whereas the white or 
open dots indicate no hearing loss.    All partially shaded points in Figure 7a 
indicate that this location was within one standard deviation for pressure 
(within 25%) of the  Y  threshold from Figure  1.    Scatter does occur in 
pressure measurements,  and such a procedure is a method of denoting 
uncertainty caused by this scatter.    If the location showed that the thresh- 
old was exceeded by less than 25%,  the dot has its lower half colored.   If 
the location on the average was close to the threshold but under it,  the 
dot has its right hand side colored.    As can be seen in Figure 7a,   the 
predicted threshold appears to separate hearing loss and no loss of hear- 
ing domains appropriately. 
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O NO HEARING LOSS 
9 UNLIKELY HEARING LOSS 
a POSSIBLE HEARING LOSS 
• DEFINITE HEARING LOSS 

O NO HEARING LOSS 
» UNLIKELY HEARING LOSS 
O POSSIBLE HEARING LOSS 
• DEFINITE HEARING LOSS 

O NO HEARING LOSS 
9 UNLIKELY HEARING LOSS 
O POSSIBLE HEARING LOSS 
• DEFINITE HEARING LOSS 

FIGURE 7.    COMPARISON BETWEEN PREDICTED AND MEASURED 
SAFE STANDOFFS FOR XM204 HOWITZER 
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Eight other Figures 7 are also presented to show that hea_ring loss 
and no loss of hearing domains are predicted accurately for the  Z  criter- 
ion as well as  Y  criterion, various values of N ,   other angles of gun tube 
elevation,  and zone 7 as well as zone 8 charges.    In all these figures,  all 
blackened and open dots appear in the appropriate region and only occas- 
ionally do partially shaded dots appear in the wrong domain.    Whenever a 
partially shaded dot is incorrect,  it is close to the predicted threshold, 
and any errors are random.    The fact that none of the partially colored 
dots are incorrect aft of the muzzle is probably good fortune rather than 
well conditioned physical behavior.    By comparing the various Figures 7 
with each other,   readers can obtain a feel for how changes in gun tube 
elevation,   propelling charge,  N factor,  and level of ear protection influ- 
ence safe standoff position. 

For a )05-mm howitzer gun crew,   gunner and assistant gunner 
positions are essentially 55 calibers aft.    Figures 7 imply that no hearing 
loss should result provided crew members wear either ear plugs or muffs. 
Earlier predictions for the   W criterion with no ear protection have demon- 
strated that loss of hearing should be expected whenever 105-mm howitzer 
crews wear no ear protection. 

;. 
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IV.    DERIVATIONS 

General 

The safe standoff thresholds presented in the previous section re- 
quired explicit expressions for the maximum pressure,  duration of an 
event,  and (of less importance) time of arrival for a reflected wave rela- 
tive to an incident muzzle blast wave.    All three of these relationships 
have been developed empirically by first conducting a model analysis so 
results can be nondimenjionalized for application to all weapons and then 
curve fitting the nondimensionalized parameters or pi terms to experi- 
mental test data. 

The test data used in all curve fits come from one of two sources. 
Reference 2 by Mark Walther is a compilation of all Naval Weapons Labora- 
tory muzzle blast test data.    Included in this compilation are data obtained 
by both NWL and its contractors (such as by the senior author of this re- 
port).    Unfortunately,   most of the information is peak pressure for various 
locations around the muzzle of many guns,   including 20 mm,  40 mm,   3"/50, 
5,738,   5,754,  6'747,  and 8'755 guns.    No angle of gun tube elevation a  is 
reported although the writers know from personal conversations that the 
angles are near 0  .    The height of guns,  heights of gauges,  durations,  and 
arrival limes are unreported; hence,  these data are largely limited to peak 
pressure fits for an a of zero.    The second source of data comes from 
105-mm howitzer test firings conducted by Mark Salsbury of Rock Island 
Arsenal.    Tests on an Ml02 howitzer firing zone 7 propelling charges are 
reported in Reference 3; however, the vast bulk of the data is as yet un- 
reported XM204 tests firing zone 5,  zone 7,  and zone 8 charges at gun tube 
angles of 1. 5°,   16.8°,  and 68.6°.    All parameters are known in these ex- 
periments,   including height of gun,  height of gauges,   pressures,   durations, 
and times of arrival for reflected shocks.    Gauges were usually placed 
along radial lines every 15    from 15° to 165   .    A diagram showing gauge 
locations is represented by the dots or gauge locations on Figures 7. 
Atlantic Research LC-SS pencil gauges and a magnetic tape recorder with 
a frequency response of from 2 cps to 20, 000 cps were used on all tests. 
In the appendix to this  report, we present compilations of average maxi- 
mum pressures, average total positive durations from all peaks to the 
positive 20 dB envelope,  and average times of arrival for reflected waves 
from the ground relative to incident muzzle blast waves. 

Model Analysis 

Various investigators have previously used model analyses to 
evaluate the blast field around the muzzle guns. Probably Westine' ' 
presents the most complete review of these programs.    The earliest 
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(5) 
efforts at Princeton       under BRL sponsorship and at David Taylor Model 
Basing' for the Navv lead to an accurate,  but awkward-to-apply replica 
modeling law.    Provided rigorous geometric similarity was maintained, 
projectile masses and propellant energy scaled as the cube of the geomet- 
ric scale factor,   and projectile velocities were invariant,  the Princeton 
and DTMB efforts correctly stated that at homologous locations,  pressures 
would be identical and times would scale as the geometric scale factor. 
These statements are a direct extension of Hopkinson's Law'') of 1915 
for scaling air blast around H, E.  charges.    The major limitation to this 
early replica modeling law is that changes in some key parameters such 
as barrel length,   amount of energy in the propellant,  mass of projectile, 
and/or projectile velocity prevented new predictions of the muzzle blast 
field until new experiments had been conducted. 

The next effort to overcome replica modeling limitations and scale 
pressures only was at Armour Research Institute^' where an equivalent 
spherical explosive charge was located on the bore axis at a distance from 
the muzzle.    To create an approximation to the peak pressures.  Armour 
created a "reduced energy" using Eq.   (2).    Creation of this equivalent 
energy release simplified future model analysis by using an equation in- 
stead of independently modeling projectile mass,   projectile velocity,  and 
total energy in the propellant.    Three weaknesses existed in the Armour 
approach.    First,  all contours were spherically symmetric instead of being 
elongated as in nature because a stationary point charge was envisioned as 
an equivalent muzzle blast source.    Second,   the same equivalent energy- 
release used to predict pressures would not predict durations,  and third, 

I 
the scaled barrel length  — was not included in the analysis because all 

c 
weapons tested at that time possessed virtually the same scaled barrel 
length. 

Finally,   Westine in 1968       and 1969 modified the Armour ap- 
proach and developed the procedures in use today.    In these reports, 
Westine recognized that th^ Armour concept of an equivalent energy re- 
lease greatly simplified any analysis,  and that it could be applied without 
using the concept of a point charge provided a model analysis is conducted. 
The most detailed of these model analyses by Westine appears in Refer- 
ence 4.    We will follow the procedure used in Reference 4 to briefly re- 
construct that model analysis for this study. 

Any model analysis begins by defining the problem so parameters 
can be listed. Our problem is to determine the pressure-time history at 
some arbitrary point in space above a rigid reflecting plane, the ground. 
The blast pressures are created by a closed-breech gun with no muzzle 
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brake or flash suppressor also located above this same reflecting surface 
and having an equivalent energy release W .    A polar coordinate system 
will be used with its origin directly below the gun muzzle but in the plane 
under the weapons.    The  6=0 axis will be the projection of the line of 
fire upon the reflecting surface,  and the standoff distance  L will be the 
distance in the reflecting plane of an arbitrary location of interest from 
the projection of the gun muzzle onto the plane.    The gun itself will be of 
caliber  c ,  barrel length I ,  and have an equivalent energy release W 
based upon Eq.   (2).    Its muzzle height above the reflecting plane is  h, 
and it has a gun tube angle  a relative to the horizon.    A point or location 
of interest in space is specified by 9   and L  and the height  H over the 
surface.    This location in space will experience   )eak overpressure  P, 
duration  T ,  and time of arrival   T of a reflected wave relative to an inci- 
dent wave. 

Three ambient atmospheric conditions are needed to complete this 
model analysis and permit the blast wave to propagate through space. 
Although the choice of these parameters is somewhat arbitrary, we will 
use atmospheric pressure   P   ,   sonic velocity  a   ,  and the ratio of specific 
heats Y0'    Table D lists the significant parameters presented in this mod- 
el analysis together with their fundamental units of measurement in an 
engineering system of force  p,   length x,  and time  t. 

Several different procedures exist for obtaining pi terms from a 
list of parameters,   several of which are demonstrated in various texts 
or the reader can follow the procedure presented in Reference 4,    Because 
these procedures involve only tedious algebra and no new assumptions, we 
will present only the results.    If pi terms are obtained by solving in terms 
of the exponents on  c , W ,   and a0 ,  the 11 nondimensional ratios presented 
in Table E will result from the 14 parameters listed in Table D. 

The lirst seven pi terms are statements of geometric similarity, 
pi terms 7 and 8 place environmental restraints on the system,  and the 
last three pi terms are the responses which are of interest.    This analy- 
sis shows that scaled response for a muzzle blast wave is a function of 
geometric similarity and two environmental restraints.    In functional ana- 
lytical format the response for either scaled pressure,   or scaled duration, 
or scaled time of arrival may be written as: 
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TABLE D.    LIST OF SIGNIFICANT 
MUZZLE BLAST PARAMETERS 

Symbol 

Geometry 

9 

L 

h 

c 

i 

H 

a 

Quantity 

reference angle in polar coordinate system 

standoff distance in polar coordinate system 

height of muzzle 

caliber of gun 

length of gun barrel 

height for location of interest 

angle of gun barrel with the horizon 

Fundamental 
Dimensions 

A mb i a at Atmospheric Environment 

P atmospheric pressure 
o 

a sonic velocity o 7 

Y ratio of specific heats 
o 

Energy Release 

1 2 
W equivalent energy release   n (E - — MV   ) 

Response Parameters 

P maximum overpressure 

T duration 

T time of arrival for reflected waves relative 
to incident waves 

p/x 

x/t 

px 

p/x 

t 
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Pc 
W 

Ta 
o 

T a 

£     L     h    H     Q 
PoC 

-,—.-,-,   9, a. —-— .   Y^ 
c      c      c      c W o 

(8) 

TABLE E. PI TERMS FOR MUZZLE BLAST 

TT, 

TT 

TT, 

2 c 

h 
c 

H 
TT, 

n5  = e 

TT6   =  a 

P   c" 
o 
W 

"8    =   Yo 

TT 
Pc^ 

9 W 
Ta 

TT 

TT 

10 c 
T a 

11 

> 
Geometric similarity 

Environmental restraints 

p>- Response pi terms 
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Equation (8) can be simplfied further by deleting constants.    For 
all practical purposes,  ao , Y0 ,  and Po  are constants,   provided we re- 
strict ourselves to muzzle blast under sea level ambient conditions and 
weak shocks without ionization or disu.ssociation of the air.    Neither of 
these  -onditions creates an invalid analysis when we delete  a0 ,   P0 ,  and 
Y     from Eq.   (8) and obtain: 

Pc 

3 \ 

c'c'c'c'-W (9) 

Equation (9) is the most general solution.    It does present an eight- 
parameter space for curve fitting to experimental results.    Further reduc- 
tions in this experimental space and the development of curve fits must now 
be evaluated in separate discussions for pressure,  duration,  and time of 
arrival. 

Predicting Pressure 

To predict maximum overpressure,  we apply Eq.   (9) in the format 
of: 

^HT-6'" (10) 

Equation (1) requires four empirical observations before this approximate 
format can be substituted for Eq.   (9).    The first of these observations is 

that   —   is insignificant,  the second is that 
W    „2 

Pc- 
W 

and   -   may be combined 
c 

to form ,  the third is that   -   is insignificant,   and the fourth is that 
H W C 

—   is insignificant. 
C 3 (4) ,   ,        cJ 

In 1970,  Westinev      demonstrated tuat   — was insignificant for 

predicting pressure by plotting scaled pressure versus scaled position in 
c 

space for a wide variety of weapons with different values of ——.    Because 

scaled pressure as a function of scaled position plotted as a single unique 
c3 

function,  the results showed that   — was unimportant.    This observation 
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was made using 12 different weapon systems and included a range in   TTT 
-7 -7      2 W 

of from 2. 5 x 10      to 3,490 x 10      in   /lb,  a range of over three orders 
c c of magnitude.    If the term   ——   is rewritten as    r-rz ,   it can be inter- 0 W w * '3 

preted as a statement of geometric similarity,  and an analogy can be 
r (7) 

noted between it and   —r-rr   in Hopkinson's scaling law       for the blast 
wl/3 

field around an explosive charge.    An alternate method of rewriting Hop- 
r 

kinson's law is to write   — ,  where  d  is a charge diameter.    Similarly, 
c c  r—   can be thought of as   —  where  d  is a linear dimension associated 

•wl/3 d 
with the energy release.    Physically,   the insignificance of this parameter 
implies that positions of interest in space are large relative to weapon 
caliber or relative to  d.    No contradictions for this empirical observation 
are to be found in Rock Island howitzer firings when the only change in 
XM204 tests is the energy release  W   because of a zone 5,   zone 7,  or 
zone 8 experiment. 

Westine    ' also made the second empirical observation that 
scaled barrel length could be combined with the dependent normalized 

Pc2A 
pressure term to form one term   ———.    Experimental tests on very short 

barrel weapons such as a 0.45 pistol and several 40-mm grenade launchers 
agreed with more conventional long barrel weapons only when these terms 
were combined.    The difference in barrel length expressed in calibers for 
a 0.45 pistol and a 22 caliber long rifle is one order of magnitude of from 
approximately 8.8 to 92.    Physically this second observation implies that 
PcZZ 

W 
sure 

can be thought of as pressure relative to an effective chamber pres- 
W 

c2£ 
,  not actual chamber pressure but rather an effective one for an 

adiabatic process.    No contradiction to this empirical observation exists 
from the Rock Island 105-mm howitzer firing with zone 7 propelling charges 
in the 26. 6 caliber long M102 or the 33. 9 caliber long XM204 guns. 

The last two empirical observations concerning the insignificance 
h H 

of scaled muzzle height   —   and scaled location   —   on predicted pressure 
c c 

are somewhat harder to substantiate.    All observations on the influence of 
these two parameters come from this  study.    Rock Island does report the 
muzzle height on their howitzer firings; however,  the variation in this 
parameter is very limited.    For 0° to 1.5°  gun tube elevations,   howitzer 

muzzle heights   —   only varied from 7. 26 calibers to 9.86 calibers above 
c H 

the deck.    In these same experiments,   gauge locations   — ranged from 
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7. 26 to 13. 07 to 18. 87 calibers for the M102 tests,  and 10. 65 to 14. 52 
calibers for the XM102 experiments.    Within such a limited range,   no 
trend could be noted.    In the Navy gun resume,  Walther'^' does not report 
either muzzle locations or gauge heights.    For the 3"/50 and 8"/55 Naval 
gun experiments,  we know that these weapons were 17.4 calibers above 
the ground,  as the senior author of this report witnessed these tests.   With 
a wide variation in weapons of from 20 mm up through 8"/55 Naval guns, 
we can probably presume with some degree of assurance that muzzle 
heights and gauge positions varied.    All comparison of scaled pressures 

u 
for different weapon systems proceeded based upon the assumption that  — 

H C 

and  —  were not highly significant. 

An empirical curve fit for predicting peak pressure was developed 

based upon the validity of Eq.   (10).    Many plots of 
W 

versus   —   for 
c 

constant values of 6   and a were made for many different weapon systems. 
Included in these plots were three different a  gun tube elevations of 0   , 
16.8°,   and 68.6°.    Scaled pressures were plotted along radial lines for 
15°  increments from   9 = 1 5 to  165 degrees.    Eight of these plots may be 
seen in Figures 8 as examples of this effort. 

The first four graphs in Figure 8 are for a = 0°.    If more than one 
gauge were on a pole in a howitzer experiment,  the maximum pressures 
were averaged and plotted in these figures together with guns from Refer- 
ence 2.    The scatter is very little,  especially when one considers the range 

of weapons which are involved 

were relatively insignificant for this variation in test conditions 

h H These results help to imply that  — and  — 
c c 

The last four graphs in Figure 8 are for ct's   of 16.8 and 68.6 de- 
grees.    Many less data points are on these graphs because only the XM204 
with zone 7 and 8 propelling charges were fired at these higher angles.   No 
averaging of pressures for two gauges on a pole was performed in these 
tests,  as we wished to emphasize that sometimes the lowest gauge recorded 
the highest pressure, whereas on other occasions the highest gauge recorded 
the highest pressure.    In all the  16.8 and 68.6 gun tube experiments,   gauge 
heights were either 10. 65 calibers or 14. 52 calibers off the ground; hence, 

the variation in — is small.    As can be seen in Figures 8,   scaled pressures 
c 

also correlate for the higher gun tube elevations,  but peak pressure is a 
strong function of a. 

The straight lines through the data points in Figures 8 are the 
curve fits to these data given by Eq.   (1) in Section III.    Equation (1) and 
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its numerical coefficients given in Table A constitute an explicit expres- 
sion for Eq.   (10).    As can be seen,  results are fairly accurate.    One 
standard deviation for these data points about the curve fit can be found 
in Table A.    A higher standard deviation exists for a = 0 than for a = 
16.8 or 68. 6 degrees because the curve fit is over a larger variation in 

—   for the lowest angle and because some uncertainty exists in some re- 
c 
suits from Reference 2.    Scatter may appear to be larger in Figures 8 

Pel 
for larger angles,  but this result is deceiving,  as   ———  covers three 

rather than one order of magnitude for gun tube elevations of 0 degrees. 

The method used to determine the coefficients of Eq.   (1) is known 
(11) i.     i as the method of successive linearizations.1     '     To simplify the procedure, 

the pressure equation was transformed by taking the natural logarithm of 
both sides of the equation.    The resulting Eq.   (11) is nonlinear,  as long 
as the parameters  Y and 6   are unknown.    Careful observation of the pres- 
sure plots in Figures 8 resulted in approximate values of these two param- 
eters.    Substituting the initial 

•=   £ + € cos 6    +     ß + Ycos i.6 II -i (ID 

guesses for   Y and   6 into Eq.  (11) along with experimentally measured 
c      Pc2l 

values of  ~ , 
L '     W 

written: 

and  9 allows the following matrix equation to be 

in (Pj) 

In (P2) 

*n ^N) 

1.0   )    ^Ii),cos(^-6°)).n(£|    cos(!i-6° 
1 

i-0. '"ig-H^-60), 'n 
9 

.ij cosl^-60 9 

..o,   H£j)C0.(!N.6o|ilnj£j   coaj!N.6. 

r r51 
e0 

00 
w0     1 

(12) 
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where 

N     = the number of experimental observations 

» 
1 

Pc2 H 
P,    =  I———I     =   nondimensionalized experimental pressures 

W 

and the superscripts on the Greek letters indicate that Y , 6 , ? , € , ß , 
and Y0 are initial estimations to the coefficients of Eq. (1). Equation (12) 
can be written more concisely if we let [P] 

[Pi   =   [C][b0] (13) 

represent the   1  xN  matrix of nondimensional pressures,  [C ] represents 
the  4 x N   scaled position matrix and [b0] represent the   1 y  N  matrix of 
undetermined coefficients.    Equation (13) can be solved by premultiplying 

IT \-1 T 
[C]    [C])      [C]    .    Equation (14) is the re- 

sulting matrix equation.   In order to obtain a more exact value for the 

,TrÄ [b0]  = ([c]T[c]|"1[c]T[p] (14) 

coefficients of the pressure equation, expand Eq. (11) in a Taylor series, 
about the point b" = (?*, f ", ß" , Y 0, Y i & °) and keep only the first order 
derivatives. 

P(b)   =   P(b0) +|| 

?P 

a- t.0) + 
ÖP 
?€ 

C 0
(C-0)+IT (p-ß0) + 7f 

?Y 
(Y - Y0)   + 

9P 
?6 

(6- 6°) 

(Y - Y0) 

(15) 
6° 

Expanding the derivatives and collecting like terms results in Eq.   (16): 

P(b) - P(b0)   =   (?-  ?0) f (€ .c0)cosj^- b\ + Inlj] (ß - ß0) +(Y - Y0) in 

c_ 
cos |— - ö    + — 

Y        I      ,..0,2 
(Yu) 

ß0+ Y0  in z]]sin{yc 6°    (Y - Y0) 

■ 

ß0 + rÄn(£)]si in|io  -  60|  (6-   6°) (16) 
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Again, this can be written in matrix notation as 

PjW-P^b0) 

PN(b)-PN(b0). 

9     r 
_N_ 

(Y0)2 L 

1.0 ,   AnJ^-       ,    COST!*   ,    Anj^-j    cos n«     , 

• • • • 

1.0,    (n[||N ,   co.r^ ,    injlj^cos^, 

P" +T0in|| (ijj'in^    ,      [P^'"'»^) 
N 

sin t] 
N 

F . f0l 
C  - f0 

ß  - 3° 
Y - UfO   1 

Y - Y0 

6 - 60J 

(17) 

Equation (17) can now be solved in the same manner as Eq.   (14).    The new 
approximations to the pressure coefficients are determined by adding the 
solution of Eq.   (17) to the previous guess: 

K1     =    b0   +  (b.   -  b0) 
1 111 

(18) 

Finally,  if the difference 0 is not arbitrarily small,  replace  b 
0 

by hi   and begin another linearization with Eq.   (17).    By using the method 
briefly described in this paragraph the coefficients summarized in Table A 
were obtained.    The standard deviation reported for each gun tube elevation 
was obtained by ratioing the experimentally observed nondimensionalized 
pressures with the calculated scaled pressures. 

The Appendix to this report contains computer printouts of all 
measured average pressures for Rock Island M102 and XM204 experiments. 
All pressures for other weapon systems used in this curve fit are found 
in tables fror i Reference 2. 
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Predicting Duration 

To predict total positive duration (N = 1. 0), we apply Eq.   (9) in 
the format of: 

T i 
5/12 

wl/3   5/12 
W        c 

-. e, a 
c (19) 

Equation (19) requires three empirical observations before this approxi- 
mate format can be-substituted for Eq.   (9).    The first of these observations 

I ,.. r T^/12 
nr/r 

T      c0 

is that   -.    —. and —   combine to form 
c W 

5712 the second is that 

h H 
—  is insignificant,  and the third is that   — 
c e c 

is insignificant.    All three of 

these observations were made in this study using data from Rock Island 
howitzer test firings.    Although some durations were reported in a few 
Naval gun firings,  these times could not be used,  as they are not measured 
on the same bases as the howitzer records.    For all howitzer blast rec- 
ords, the 10% or 20 dB positive envelope was established, and durations 
were the sum oi all times for compressive incident and reflected waves 
whose amplitude exceeded that limit. 

Figures 9 show eight plots of scaled duration 
T It, 5/12 

1/3   5/12 
W        c 

versus 

For gun tube scaled standoff  —   for various constant values of 9  and a 
c 

elevations of 0 degrees,  test results include data for the M102 firing a 
zone 7,  XM204 firing a zone 5,  XM204 firing a zone 7,  and XM204 firing 
a zone 8 propelling charge.    At the two higher gun tube elevation angles, 
16.8° and 68.6°,  data only exist for the XM204 firing either a zone 7 or 
zone 8 round.    Different orientations of the symbols in Figures 8 do note 
whether the gauge measuring the blast wave was on the lowest,  middle, 
or highest pole position.    The details of gauge height and muzzle height 
locations have already been presented in the blast overpressure discussion. 
As can be seen in Figures 9,  no systematic trend appears to indicate that 

scaled time should be a function of scaled gauge height —.   We also pre- 
ll "        C 

sume that scaled muzzle height   — will have a similar neglible influence. 

c 
ings 

5/12 
The terms   — 

c 
—,  and   — were combined to form 
W c -:H W 

1/3 

because of observations made with the zero degree howitzer fir- 

The only change in all zero degree,  zone 5,   zone 7,  or zone 8, 
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c3 
XM204 howitzer firings was the W  parameters in the   —  term,    Dura- 

tion data points from tests on these three weapon systems appeared to 
T c3 T 

correlate best when   — and   — were empirically combined to form   —TT^. 
c W w.l/3 

Similarly,  the major change in zone 7 firings with the XM204 and zone 7 

firings with the M10Z,   105-mm howitzer was in the term   —.    The M102 
c 

has a barrel 110 in.  long, whereas the XM204 has a barrel 140 in, long. 
H 

This is not a large change in   —,  but considering that observations were 
'■' c 

made on eleven different a = 0  radial lines, the data were sufficient to 
T i.                                                           T j?,5/12 

imply that   —r-rr and   — should be combined into   —-r-ri—TTTT.    The re- 
.„1/3 c                                                         w1'3    5'12 
W                                                                                W        c 

suit of these empirical observations is that Eq.   (9) becomes Eq,  (19). 

The scatter seen in Figures 9 does appear to be very large,  but 
before drawing such a conclusion,   remember that Figures 9 are plotted 
on very enlarged geometric scales, whereas Figures 8 for pressure were 
plotted on log-log paper.    The continuous lines seen in the various Fig- 
ures 9 are the equations obtained from the empirical curve fit to these 
data.    Table C and Eq,   (5) from Section TI are the coefficients and the 
functional format for Eq,   (19) used to predict scaled duration as a function 

of   — ,   6,  and a.    We have also demonstrated that,   for all practical pur- 
c 

poses,  one standard deviation for scaled duration is essentially 25%, the 
same as one standard deviation for predicting scaled pressure. 

The method used to determine the coefficients in Eq, (5) from the 
duration data is similar to the curve-fitting technique used for pressure. 
Equation (5) was first transposed into Eq.   (20) by multiplying both sides 

of the equation with N = 1, 0 by   Id + — I . 

nn   .5/12 T I 

w1/3   5/ 
IW c 

-    (d^)   =   (a+be|t+   (e-(e2)   jd+tj ,20, 

This equation can easily be solved for the coefficients  a,  b,  e,  and  f pro- 
viding d  is known.    Observation of the duration plots,   Figures 9,   showed 
that variations in the   d  caused no significant coefficient variations in pre- 
dicted scaled durations.    Once the value of the  d  coefficient was set,   Eq, 
(20) was written in matrix notation as: 
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M-^ 

T*\d + -Z 

-    -ei)d+- c1     1    ) c1       , cl ' 

-e
2 C2    2 C2     ' 

^]< 

**m 

or more concisely: 

:N    '     CN    N 
d + 

CN     ' 
CNI   N 

[f(d+^] = [c][b] 

where 

(21) 

(22) 

[T]   is the   1 X N  matrix of exp« rimentally observed scaled 
durations 

[C]   is the  4 X N  scaled position matrix 

and [b]    is the   1 X N  matrix of undetermined coefficients. 

Finally,  Eq.   (22) can be solved for the undetermined coefficients by pre- 
IT \    1       T 
[C]    [C]j      [C    ]  to obtain: 

w = i^TM"V)m^ii (23) 

The coefficients found in Table C were obtained from Eq,   (23).    Several 
runs were made with varying values of d ; in no case was the standard 
deviation more than 0. 008 higher than the value reported in Table C.   This 
result substantiates the observation that predicted' scaled durations are 
relatively insensitive to variations in the  d  coefficient. 

All average values for durations from Rock Island Arsenal howit- 
zer firings and used in these curve fits can be found in the Appendix to 
this report. 
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Predicting Time of Arrival 

Time of arrival for reflected blast waves relative to incident blast 
waves is not of any importance to the latent hearing loss standard provided 
this standard is interpreted literally.    Unfortunately, we needed to develop 
a relationship for time of arrival because of the factor  N used to estimate 
negative blast wave durations from durations for positive or compressive 
waves.   In Section II an N  of 5. 0 was used whenever the triple point as- 
sociated with the formation of the Mach stem passed below the point of 
interest,  and an N of 10. 0 was used whenever the triple point passed over 
the point of interest. 

Equation (9) as developed in the model is the complete equation in 

functional format for predicting time of arrival.    The parameters   — and 
H C 

—   for height of gun muzzle and point of interest over the ground are sig- 
c 
nificant parameters for predicting time of arrival,  as the major reflecting 
surface is the ground.    This result is unlike that used in the prediction of 
pressure or duration.    Also unlike the results obtained for pressure and 

i c durations, the parameters   —  and   —  become insignificant whenever time 

of arrival is predicted. 

After the observer has removed himself 10 or more calibers from 
a muzzle blast, the maximum overpressures are usually 6 psi or less. 
Such a domain is a region of weak shocks with fronts propagating at a ve- 
locity only slightly greater than that for the speed of sound.    In this domain, 
the size of the energy release and rate at which it is released,   phenomena 

c3 % 
associated with   —   and   — ,  do not influence the velocity of propagation. 

W c 
Because standoff distances of interest to us are greater than 10 calibers, 

3 I c we are justified in treating   —  and   —  as insignificant parameters.    This 
C W ' 

manipulation reduces Eq.   (9) for scaled arrival time to Eq.   (24). 

'- - rß, Z, h, a, e) (24) 
c « c     c     c I 

Equation (24) can be reduced further to Eq.   (25) by considering the 
respective lengths of the paMis that incident and reflected waves travel. 

T 

C 

Kfl 
=   F (-. a,  e) (25) 
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The straight line path in calibers from a gun muzzle to a transducer lo- 

cation is given by n) c      c 
A reflected wave will strike the 

ground and reflect along e path such chat incident and reflected angles of 
reflection are numerically identical.    The length of the path in calibers 

for such a reflected wave is given by  y I—I 
c      c 

Because weak 

shocks, as have already been discussed, travel at essentially the speed of 
Tao 

sound a   ,  the scaled time of arrival     will be equal to the difference 
o c ^ 

in calibers for the lengths of these paths.    On the other hand,  a     is a con- 
stant which can be treated as an abstract nondimensional coefficient; hence, 

we can write after dropping a     and factoring out   I — I from each expression 
for the length of the path. 

(rHrlh/H^I  - VHMI (26) 

Usually the height of gun muzzles and gauge locations are small relative 
to the standoff distances.    This observation permits us to use the binomial 
expansion for expanding the terms under both square root signs.    The re- 
sults of this expansion are: 

IIHT 1,ihi+hH_+iH_        i     i iL. + ll ü     i M? 4 
22      LL      22"     '22     L L ' 2 T 2 

L Li L L 

(27) 

Dividing Eq.   (27) through by j—I I—j  and ignoring higher terms in the ex- 

pansion gives: 

(!l(?l 
a Irl 2   H + .1 (28) 

T     h H 
Because Eq.   (28) shows that the terms —,  —,  and  —combine to form 

T ' c     c c 

, we are justified in using Eq.   (25) as an approximation to Eq,   (24). m 
The functional format given by Eq.   (25) is the relationship used in develop- 
ing empirical curve fits to test results from 105-mm howitzer firings. 

47 

--—    -   ■ - -  —  ..■,..,■.■.. -— ■■»    aaatrfM-i 



mmmmmm mmmm Bimwmv        ■    '• " *■'*"■ ' " "iwi."■""■"■>■ "■ ■■ •*""»**" lujuimpiJuiiLiiwiiiiiii «^ im 

Figures 10 show example plots of scaled time of arrival 
C 

III If 1 
versus scaled standoff  —   for various constant values of   9  and a.     Be- 

c 

cause all time of arrival data come from the same series of experiments 
as duration data,  the same variations are evident in time of arrival as in 
durations.    Once again,  orientation of the symbol denotes height of gauge. 
The details of gauge height and muzzle height locations have already been 
presented in the blast overpressure discussion.    Much less scatter is evi- 
dent in time of arrival results than in other measurements.    As can be 
seen in Figures 10,   the data do form nearly a single relationship even on 
these plots with geometric scales.    At standoff distances greater than 70 
or 80 calibers on the  a = 0  plots,  the times of arrival are zero,  as inci- 
dent and reflected waves have coalesced to form a Mach wave.    At the 
larger angles of gun tube elevation,  gauges were not placed far enough 
away from the muzzle to record blast waves in the Mach stem.    This limi- 
tation prevents us from extending curve fits to time of arrival so triple 
point location can be predicted for gun tube elevation angles of 16. 8 and 
68.6 degrees. 

The equation used to curve fit a functional format fr r Eq.  (25) to 
test data is: 

m = (S1+s2e)+{S3+s4e)(t)+(s5+s6e)(^) (29) 

where 

coefficients which are functions of a 

Table F contains the numerical values for the time of arrival coefficients 
and the standard deviation which is obtained using these coefficients.    In 
using Eq.   (29),  all angles must be in radians,  time in milliseconds,   and 
distance in feet.    One standar i deviation for using Eq.   (29) is on the order 
of 10 to  15%.    Two diffe/ent values for standard deviations are presented 
for zero degree gun tube elevation angles,  because the larger value is a 
misleading one based upon the technique used to determine  a .    After ob- 
taining coefficients from a curve fit, a   was computed by dividing computed 
values into experimentally measured values of scaled time.     This proced- 
ure creates a large sample with a mean of approximately 1. 0; however, 
large standard deviations result if many numerically small values of 
scaled time are in the distribution.    Whenever numerically small numbers 
near zero are divided into observed results,  the percentage error becomes 
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TABLE F.    TIME OF ARRIVAL COEFFICIENTS 

a(r*dians) 

0              31.1%/ 0.1148 -5.431xl0"3 -2.452xl0"3 2. 373xl0'4 1.117xl0"5 -1.432xl0"6 

22. 1% 

0.293          10.3% 0.08151 -1.985xl0"3 -1.401xl0'3 1.439xl0'4 7.693xl0"6 -8.461xl0"7 

1.197            7.6% 0.02676 3.lOlxlO'3 -1.863x10"* 1.857xl0"5 6.1l6xl0'7 -3.276xl0'7 

large,   even if the error is small in absolute terms.    The second standard 
deviation in Table F for a = 0°   was' obtained by ignoring all data with 

scaled time 
c 

l!ll? 
less than 0, 01 and is significantly smaller, 

The solid lines passing through the test data in Figures 10 are the 
appropriate form of the curve fit, Eq. (29). As can be seen visually, re- 

sults are excellent.    Equation (29) must be used for values of   —   between 
c 

0 and the lowest positive root when scaled time equals zero.    Negative 

values for 

M 
are not valid and mean that T = 0 with the blast wave 

c » ' c 
being in the Mach stem.    By setting scaled time equal to zero for a = 0, 
and curve fitt'.ig results to predictions along eleven different radial lines, 
we obtained the approximate relationship,   Eq,   (6),  presented in Section II 
for location of the triple  point. 

The curve fit itself for obtaining coefficients to Eq.   (29) is a least 
squares procedure.    Equation (29) was written in matrix notation as: 
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i.o    8     [-!      e- 

i.o , e„,    l^1 
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1   i 

2   > 
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1    ) 

2   > 

N N 

2 
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{30) 

or more concisely as: 

[-]   =  [C][S] 

where 

(31) 

[ T ] is the 1 X N matrix of experimentally observed scaled 
times of arrival 

[C]   is the 6 y N scaled position matrix 

and [S]   is the 1 X N matrix of undetermined coefficients. 

Equation (31) was solved for the undetermined coefficients by premultiply- 

ing both sides of Eq.   (31) by    (LCT][C])'    [C    ] to obtain: 

[s]  = ([c^Hc])'1 [C
T
][T] (32) 

All coefficients found in Table F were obtained from Eq.   (32) from 
three different computer runs,   one each for the different values of a.    All 
data on time of arrival came from Rock Island Arsenal howitzer firings. 
The average values for time of arrival used in these curve fits can be found 
in the Appendix to this report. 
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V.    RECOMMENDATIONS AND SUMMARY 

The procedure and resulting nomographs which have been developed 
work well for closed breech weapons; however,  these guns do not yield 
the most severe conditions in a crew area.    Whenever a flash suppressor 
and particularly muzzle brake are attached,  the blast field is enhanced in 
the crew area.    The procedures which have been applied in this study can 
be extended to predict limiting safe standoff distances around guns with 
specific muzzle brakes.    If muzzle brakes with several different efficien- 
cies had their blast fields measured and the data nondimensionalized ap- 
propriately ,  additional nomographs could be drawn for use by weapon de- 
signers and gun crew members.    From a limited amount of data on the 
M 102   with a medium efficiency,   single baffle brake (WTV-F8769538), we 
had sufficient funds for obtaining only an equation to predict peak over- 
pressure.    If exactly the same six-coefficient equation,   Eq.   (1),   is used 
to predict overpressure with a brake as was used without a brake,  the 
accuracy is essentially the same,   one standard deviation of 28. 7% at 
a = 0  instead of 28.2% when no brake was present.    The muzzle brake 
overpressure coefficients to be used for this specific brake at  a = 0  are 
| = -4, 151,   c = 1. 105,  ß = 0.700,   Y = 0. 165,   v = 0. 306,  and   6 = -0.265. 
Figures  11  show three plots of scaled pressure versus scaled standoff 
for  a = 0 ,   9  - 45,   90 or 135 degrees with a WTV-F8769538 muzzle brake 
on an M102 howitzer.    The solid lines are the curve fits obtained by using 
Eq.   (1) and the preceding coefficients.    At   9 = 135°,  the gun with a brake 
has overpressures three to four times those in a gun without a brake.    At 
9 = 45   ,   the gun with a brake has 60% lower overpressures close to the 
muzzle than a gun without a brake.    As can be seen,   the presence of a 
brake amplifies and rotates the contours.    If MIL-STD-1474 is to be ap- 
plied to guns with brakes,  the approach used in this study can be extended 
to handle these weapons. 

Another group of weapons which will need to meet MIL-STD-1474 
includes recoilless rifles.    The blast pressures and their durations from 
recoilless rifle back blast can and have been scaled.    This observation 
means,  that with very little effort,   nomographs for limiting safe standoff 
could be drawn for this class of weapon.    More experimental measurements 
alongside recoilless rifle gun tubes where gunners have their heads would 
be valuable if accurate contours for safe standoff are to be established. 

All overpressure,  duration,   and time of arrival curve fits for 
a = 16. 8    or 68. 6° were made over a very limited 20 to 70 caliber range 
in standoff positions.    Although standard deviation for any of these re- 
sponses is small,  the small magnitude may be caused by sampling data 

over a very narrow ranee in   —.    Extrapolations beyond an   —   of 70 for 
' c c 
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FIGURE 11.    SCALED PRESSURE VS STANDOFF FOR GUNS WITH A MUZZLE BRAKE 
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these higher gun tube elevation angles could yield inaccurate estimates 
for pressure,  duration,  or arrival time.    Should extra data become avail- 
able, the curve fitting procedures should be applied once again to obtain 
new coefficients for  a = 16.8° and 68. 6    in Tables A,  C, and D. 

In Section II of this report, we disagreed with how durations are 
determined and applied in MIL-STD-1474.    We strongly recommend that 
HEL reevaluate blast record and hearing loss experiments so that the posi- 
tive duration from initial peak to wherever the trace crosses the baseline 
can be used with the duration axis from Figure 1.    In addition, we believe 
that the W  criterion is presently too conservative for short duration im- 
pulsive noises.    We would expect that the W   criterion for short duration 
impulsive noises would also parallel the   Y and  Z  criteria lines in Figure 1, 
Finally,  it is disturbing to_those of us with a mechanics background that 
the short duration  Y and  Z lines do not terminate in a constant impulse 
criterion,  that is,   do not terminate with PT = constant.    This result may 
be a consequence of using the 20 dB envelope for both compressive waves 
and their rarefactions to establish a duration that we believe is unrelated 
to muzzle blast. 

The pertinent results from ^his study can be summarized by refer- 
ring to several equations, tables, and figures.    The effective energy W 
entering the blast field is obtained by using Eq.   (2) and Table B.    If one 
wishes to predict peak overpressures,   Eq.   (1) and Table A should be used; 
blast wave durations,  Eq.  (5) and Table C should be used; and/or time of 
arrival,   Eq.   (29) and Table F should be used.    Weapon designers and gun 
crew members,  wishing to directly estimate limiting safe standoff positions 
for any closed breech gun,  can use Figures 5 if no ear protection is to be 
worn, and Figures 6 if plugs and/or muffs are to be worn.    These specific 
equations,   tables,   and figures are our results stated concisely. 
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APPENDIX 

This Appendix contains a summary of the average test data accu- 
mulated by Mark Salsbury of Rock Island Arsenal.    For each test condition, 
the weapon system, weapon orientation,   gauge and muzzle height above the 
reflecting plane and gauge position in polar coordinates are given along with 
the measured responses:   peak pressure (psi),  positive duration (ms) and 
time of arrival (ms).    Characteristics of the individual weapons are found 
in Table G.    The peak pressure presented below was generally the initial 
compressive blast pressure,  although the reflected wave was occasionally 
more severe than the initial wave.    The positive duration presented below 
is the time in milliseconds that the recorded pressure at a particular gauge 
location was above the ZO dB line,  for both initial and ground reflected waves. 
In some cases the measured pressure traces were exceptionally noisy or 
inconsistent and were therefore eliminated from the curve fitting procedure. 
The words "-NREC-" in the duration column indicate that for that particular 
test condition no duration was recorded.    The symbol "+" after an entry in 
the duration column indicates that the duration recorded for that test con- 
dition appeared inconsistent relative to durations for other test conditions. 
In these cases the average durations usually had a significantly higher stan- 
dard deviation than was true for the test conditions.    The time of arrival is 
the delay time in milliseconds between the arrival of the initial wave and 
the ground reflected wave at a particular gauge location.    An arrival time 
of zero indicates that both blast waves have coalesced into a single Mach 
wave.    The words "-NREC-" in the arrival time column indicate that the 
measured arrival time was not included in the curve fit for that particular 
test condition. 

TABLE G.   SUMMARY OF INTERIOR BALLISTICS FOR 
THE HOWITZER WEAPON SYSTEMS 

XM10Z XM204 XiM204 XM204 

Interior Ballistics Zone 7 Zone 5 Zone 7 Zone 8 

Shot travel (ft) 9.16 11.65 11.65 11.65 

Projectile caliber (ft) 0. 345 0. 345 0.345 0. 345 

Projectile weight (lb) 33.0 33.0 33.0 33.0 

Nominal muzzle velocity (fps) 1617.0 1090.0 1655.0 2133.0 

Propellant weight (lb) 2.828 1.38 2.828 4.419 

Propellant type Ml Ml Ml M30A1 

Propellant heat of explosion 
(ft-lb/lb) 

6 
0.98x 10 0. 98 x 10 0. 98x 10 1.36y 106 
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