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ABSTRACT 

Results are presented from an analytical study to develop means of 

reducing the back-blast pressures produced on the tall boom of an AH-1G 

helicopter by the firing of a 105-mm wing-mounted recollless rifle. 

Computer codes were developed for predicting the back-blast fields and 

are partially substantiated by comparisons of calculated pressures with 

results from recent Plcatlnny firing tests.    The desirability of reducing 

back-blast pressures through use of a multiple nozzle and by varying the 

firing chamber pressure profile Is explored.     It Is found that the blast- 

field pressures can be reduced significantly by decreasing the average cham- 

ber pressure during the first 4 milliseconds after dlaphram burst. 
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1. INTRODUCTION 

As a result of recent U.S. Army Interest in the development of recollless 

guns to be mounted on airborne vehicles, a number of experimental and analytical 

studies have been performed to assess the back-blast pressures produced by 

such guns and to assess their damage potential for the launching vehicle. 

It has been found from such studies that the back-blast fields of such guns 

can present severe hazards to the launching vehicle, whl«.h. In turn, can 

severely limit the muzzle velocities which can be safely obtained with a given 

projectile, either with or without supplementary rocket-assisted propulsion. 

However, as yet, no satisfactory analytical or empirical techniques have been 

developed to provide accurate estimates of back-blast pressures and damage 

for untested configurations. 

As part of this general development of recollless airborne guns, the 

U.S. Army has been developing a lOS-mn rifle to be used on the AH-1G (Cobra) 

Helicopter. As an aid to this development effort, Kaman AvlOyne has developed 

several computer codes for predicting the back-blast pressure fields of recoll- 

less rifles, applied these codes to predict back-blast fields for a wide 

variety of firing conditions, and evaluated various measures for reducing 

the back-blast pressures. Results of these studies are presented in this 

report, arranged as follows. 

Section 2 Indicates the basic helicopter-gun system under consideration. 

Section 3, supplemented by Appendices A-C, describes the flow idealizations 

and computational procedures developed and used for computing back-blast fields. 

-1- 



Section 4 presents a partial evaluation of the reallio of the developed com- 

puter codes  through comparisons of calculated back-blast pressures with 

recent Plcatlnny test results. 

Sections 5 and 6 deal with theoretical calculations of back-blast 

pressures for a variety of nozzle configurations and firing chamber profiles. 

As a basic ground rule for these studies.  It Is assumed the AH-1G can with- 

stand reflected back-blast overpressures of 5 psl, and methods arc sought to 

reduce back-blast pressures to this level. 

Section 5 presents an evaluation of the feasibility of reducing back- 

blast pressures by replacing the standard gun nozzle by a multiple nozzle. 

Section 6 presents and discusses calculated back-blast pressure fields 

for a wide variety of gun firing chamber pressure profiles and Indicates 

various means for reducing the back-blast fields by varying the profile. 

Sections 7 and 8 present the major conclusions and recommendations 

obtained. 

-2- 
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2. THE AH-16 HELICOPTER 

The present study was primarily centered on the evaluation of back-blast 

pressures on the tall boom of an AH-1G helicopter due to the action of a 

recollless rifle mounted on the wing» 60 Inches from the tall-boom centerline. 

The basic helicopter and gun geometry Involved are shown In Figure 1. Also 

indicated In Figure 1 and In Table 1 are the locations of several positions 

on the helicopter (A, B, C) for which pressure field calculation results are 

presented in later parts of this report. 

The first position (A), hereafter called the critical position. Is about 

96 Inches behind the nozzle exit in the helicopter panel section running from 

boom stations (B.S.) 59.50 to 80.44. According to calculations by Southwest 

Research Institute for Uatervliet Arsenal for the AH-1G helicopter (Ref. 1) 

and experimental results from the "Dial Pack" high explosive test for the 

UH-1B helicopter (Ref. 2), this position appears to be in a critical area for 

structural failure from a 105-mm recollless rifle back blast. 

The second position (B) corresponds to a rear tail-boom section arbitrarily 

taken as 240 Inches behind the nozzle exit (B.S. 214). The third position (C) 

is near the rear tip of the vertical tail. 

"^ 



3. BLAST-FIELD CALCULATIONS 

This section describes briefly the sssunptlons and procedures used In 

this study for computing f'je blast pressure field produced by the back blest 

from a recollless rifle. 

3.1 Analytical Approach 

The overall back-blest problem was Idealised as shown In Figure 2. The 

gun chamber Is considered to be a chamber having prescrlbsd pressure and 

density time histories, end which Is connected through e diaphragm to a 

convergent-divergent critical flow nozzle exiting Into an Initially undisturbed 

atmosphere. The diaphragm Is assumed to break at some prescribed pressure 

(several hundred pal), after which the chamber gas Is assumed to flow adla- 

batically through the nozzle according to the transient one-dimensional flow 

relationships for a perfect gas of constant speciflc-heat ratio. The entire 

flow field Is considered to be axlally synmetrlcal. 

A gun barrel with a projectile Inside Is connected to rfe front end of 

the chamber. The theoretical exit velocity of the projectile is estimated 

by neglecting projectile air drag and friction and the pressure drop from the 

chamber to the projectile. Since muzzle velocity is only computed to indicate 

trends of chanber-pressure histories, these idealizations sre considered 

acceptable. 

For convenience, the back-blast flow problem was broken down into two 

computer codes, one to compute the internal nozzle flow, designated SID, and 

-4- / 



another to compute the external field flow, designated S2D. Brief descrip- 

tions of these codes are given In Appendices A and B and related assumptions 

on needed gas thermodynamlc relationships are discussed In Appendix C. 

3.2 Nozzle Flow Code (SID) 

The SID code computes the time histories of pressure, density and fluid 

velocities at the exit of the nozzle for given chamber pressure and density 

time histories and was originally developed for use In determining Initial 

conditions for the S2D external flow code. However, It was found that exit 

conditions calculated from the SID code (for transient nozzle flow) differed 

so little from predictions made on the basis of simple quasi-steady one- 

dimensional flow equations that there was no need or Justification for 

extensive use of the SID code in the present study. 

This point is illustrated in Figure 3, which presents time histories of 

nozzle exit pressure according to the SID code and to the steady-state flow 

equations (note the discontinuity in the time scale). The exit pressures for 

the two calculations are seen to be very similar except for the first quarter 

of a millisecond. During the latter time, the SID code predicts the passage 

* 
of a high intensity but short duration shock wave out of the nozzle exit . 

However, the duration of this shock wave is only 0.1 millisecond, which proved, 

according to S2D calculations, to be too short a time to have any significant 

effect on the peak external field pressures in regions of interest for the 

It might be noted that recent Picatinny measurements of nozzle internal pres- 
sure during Test Round 48 (Ref. 3) indicated no definite large shock of this 
type passing through the nozzle. 
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helicopter problem.  For example, for the critical position A on the hellcop- 

ter (see Section 2), the peak field pressure was only 10Z higher with the 

nozzle exit conditions predicted by the SID code than by the quasi-steady 

method, and there was no significant difference for the other two positions 

considered (B and C). 

In view of the above considerations, use of the SID code was discontinued 

and all calculated results presented hereafter in this report are based on 

quasi-steady nozzle flow relationships for the Internal flow stage of the 

back-blast problem. By the term quasi-steady Is meant that the flow at the 

nozzle exit corresponds to the steady-state flow that would exist for the 

same Instantaneous condltlonfi in the chanber. 

3.3 External Flow Code (S2D) 

The S2D code treats the problem shown in Figure 4, where a gas of known 

time-varying pressure, density and fluid velocity flows from a set of coaxial 

annular nozzles into an ambient field of known initial pressure and density. 

The figure illustrates the nozzle configuration for a 3-stage nozzle. The 

flow Is assumed to be axlally symmetrical and governed by the perfect-gas law 

with a constant specific-heat ratio. 

In the computer simulations, the geometric flow field is composed of a 

set of coaxial annular cylindrical cells, having arbitrary radial thlcknes» 

(Ar) and the same »xial length (Ax), as Indicated in Figure A. For most of 

the studies the axial cell length was taken as about 7 inches and the radial 

cell thickness as about 3 inches. 

Further discussion of the S2D code, Including sample printouts, is given 

In Appendix B. 

-6- / 



H,    CORRELATION OF CALCULATED AND EXPERIMENTAL BLAST FIELDS 

This section presents an evaluation of the degree of realism of the 

Kamen AvlDyne S2D computer code described above for computing back-blast fields 

by means of comparisons of calculated field pressures with experimental data 

recently obtained by Plcatlnny Arsenal from firing tests of a recollless rifle 

(Refs. 3 and 4). These firings were conducted using the Army 105-mm recollless 

rifle standard nozzle (450/150, 4:1 area ratio, 3.43 inch dia. throat), here- 

after called the standard nozzle. 

Some experimental results of these tests are given in Figure 5 and 

TabIs 2, where Figure 5 presents chamber pressure profiles and Table 2 pre- 

* 
^      sents values of experimental peak free-field and reflected overpressures for 

■^r  various locations in the blast field (x and r in Figure 1). The latter data 

••v 

were obtained with pressure transducers imbedded in a ground reflection plane 

located below and parallel to the gun axis. Also presented in Table 2 are 

calculated values of peak free-field and reflected overpressures, using the 

S2D code, where the calculated reflected overpressures were obtained by multi- 

plying the calculated free-field overpressures by the theoretical reflected 

** 
overpressure ratio for a normal shock . 

\ 

All field pressures discussed in this report are expressed as overpressures 
(above ambient pressure). 

All calculated peak reflected pressure« presented in this report were cal- 
culated in this manner. 
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The calculated peak overpressures In Table 2 vary from about 25Z to 150% 

of the experimental values, being usually below the experimental values at the 

higher overpressure levels. For the test with the most extensive instrumenta- 

tion and most consistent appearing experimental results (Round 13), agreement 

Is considerably better, with the calculated values (in parentheses) varying 

from about 65Z to 130% of the corresponding experimental values. 

It may be noted that there appears to be a tendency for the experimental 

overpressures to significantly exceed the calculated values, particularly for 

large downstream distances. This is partly to be expected since most of the 

calculated values represent average values over distances of about 7 inches 

(typical axial cell length) or, equivalently, averages over times of about 

0.5 millisecond, whereas some of the experimental values represent peak val- 

ues of appreciably shorter duration. 

A comparison of experimental and calculated time histories of free field 

overpressures is shown in Figure 6 for the conditions of Picatinny Arsenal 

Test Rounds 13 and 48 (Ref. 3). It may be noted that the calculated time 

histories follow the main trends of the experimental data fairly well and 

appear to represent an average of the experimental data over about several 

milliseconds. The calculated time histories for the greater distance from 

the nozzle (x - 179") are seen to be displaced in time from the corresponding 

experimental time histories. However, this tine difference does not necessarily 

have much significance since it is of the same order of magnitude as the uncer- 

tainty in the time at which the nozzle diaphragm bursts (which time had to be 

relatively arbitrarily selected for the calculations). 

-8- 
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With respect to details, there are obvious differences between the calcula- 

ted and experimental time histories In Figure 6, particularly for the field 

location closest to the nozzle (for x - 83" In Figure 6).  The experimental 

curves (for x = 83") are seen to contain more frequent and larger peaks and some 

high frequency spikes and oscillations. One reason for the lesser detail struc- 

ture in the predicted curves arises from the finite grid size, which, for the 

grid used, gives calculated pressure averages over a time period of about 0.5 

millisecond rather than Instantaneous pressures.  However, it appears more 

likely that these experimental Irregularities and larger peaks result from 

deviations of the chamber-pressure time history from the assumed smooth pro- 

files of Figure 5 (e.g., some profiles actually have large short-duration 

pressure spikes In the early pressure buildup stages).  Also there Is con- 

siderable experimental evidence and some calculated confirmation that some of 

the gun propellant Is ejected unburned from the nozzle and burns in the exter- 

nal field, which effect (not Included In the present S2D code) could lead to 

both higher and more Irregular external field pressures than those calculated 

without considering this effect. 

The major results of the above comparison tend to confirm the predictions 

of the KA S2D code, and indicate that this code offers a fairly realistic tool 

for investigating effects of gun configuration and propellant factors on the 

blast fields.  From the four runs compared, no conclusive trends of difference 

between the experimental data and the code predictions are evident, so the 

predictions of the Kaman S2D code are used hereafter directly as computed. 

-9- 



5. EVALUATION OF MULTIPLE-NOZZLE CONCEPT 

A significant part of the present study was devoted to consideration of 

the possibilities of reducing back-blast pressures by replacing the currently 

used single nozzle by a set of multiple coaxial nozzles (e.g., see Fig. 4). 

The basic ground rule for this study was to determine whether such a nozzle 

could be constructed which could reduce the reflected pressures on the AH-1G 

to 5 psl without requiring an Increase In the total gun length from Its present 

length of 157 Inches to more than 170 Inches. 

The following assumptions and calculations were made to explore this 

concept. Each nozzle segment was taken to expand the flow to Mach 2.65 at 

the exit, as It turned out that higher Mach numbers gave higher pressures In 

the field. The percentage of flow In each nozzle segment was varied In sepa- 

rate computer runs for each multiple nozzle In order to minimize the peak over- 

pressure along a line 60 inches laterally from the nozzle axis extending from 

the nozzle to an axial distance 26 feet downstream from the standard nozzle 

exit, the most rearward point of an AH-1G. The chamber pressure profile used 

for all S2D code calculations for multiple nozzles was chosen for convenience 

as a step pressure rise to 7722 psl. The corresponding calculated total gun 

length required to reduce the peak reflected overpressure to 5 psl (compared 

to the standard gun length of 157 Inches) for this hypothetical step-pressure 

chamber profile is given in Figure 7. 

Estimates of the corresponding gun length requirements for a realistic 

chamber profile, with a time-varying pressure selected as the profile for 

/ 
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Picatinny test Round 13 (with a peak pressure of 7750 psl and a calculated 

muzzle velocity of about 780 fps for a 25 pound projectile), are also presented 

In Figure 7. These gun lengths were scaled from the step-pressure results by 

using the 30-percent decrease In nozzle extension obtained for a single nozzle 

with the variable pressure profile, according to S2D calculations. 

The resulting total gun length estimates given in Figure 7 indicate that 

the minimum gun length that could be achieved with a multiple nozzle of 6 seg- 

ments for the variable pressure profile is about 255 inches. Further increases 

In the number of nozzle segments would not be expected to reduce the overall 

gun length by more than an Inch. 

The above observations indicate that the desired field pressure reductions 

to 5 psl cannot be obtained with a 170-Inch multiple nozzle alone. However, 

when used in conjunction with other pressure reduction measures discussed 

below, the demonstrated pressure reduction capabilities of multiple nozzles 

may still prove of practical value. 

-11- 



6,    PARAMETRIC CHAMBER PRESSURE STUDIES 

In order to evaluate the effect upon back-blast pressures of varying the 

chamber pressure history,  calculations were made of field pressures for the 

standard nozzle with the KA S2D code for the chamber pressure profiles shown 

in Figures 8-13 (see also Table 3).    Results of these calculations, which are 

summarized In this section,  offer a guide for estimating and reducing hell- 

copter back-blast pressures over a wide range of conditions. 

Calculations were made for chamber profiles giving muzzle velocities 

between 850 fps and 1800 fps for a 25-pound projectile.    The lower limit is 

the minimum muzzle velocity stated to be of interest in the present contract 

specification and is somewhat higher than the velocities measured for all 

recent relevant Picatinny Arsenal test rounds known to KA (Refs.  3-4). 

Field pressures are presented here for the three positions in the back- 

blast field designated in Section 2 as A (critical position), B (rear position) 

and C (tip position)   (see Fig.  1). 

For convenience of presentation, this section is divided into separate 

discussions of the following topics: 

1. Description of chamber pressure profiles considered 

2. Variation of peak reflected overpressure with peak chamber pressure 

3. Effect of chamber pressure rise rate 

* 
The zero time reference point in all chamber pressure profiles represents the 
time of nozzle diaphram burst, not the earlier tine at which the chamber 
pressure begins to rise after explosive ignition. 
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4. Effect of  chamber pressure decay shape 

5. Variation of peak chamber pressure with muzzle velocity 

6. Variation of peak reflected overpressure with muzzle velocity 

7. Summary of principal results 

6.1 Chamber Pressure Profiles 

The chamber pressure profiles No. 1 to 4, shown In Figure 8, are the 

basic profiles selected for determining the effect of chamber pressure varia- 

bles on peak reflected overpressure In the field. Profile No. 1 Is similar to 

the measured profile of Pica tinny Round No. 13 and would give an Ideal muzzle 

velocity of about 850 fps for a 25-pound projectile. Profiles No. 2 to 4 are 

designed so as to maintain the same muzzle velocity while progressively redu- 

cing the peak chamber pressure. The initial pressure for the profiles Is 

eqval to 500 psl, corresponding to equal diaphragm bursting pressures. 

Variations of Profiles 1 and 2, referred to hereafter as Prof lie-Families 

1 and 2, respectively, were obtained essentially by simply scaling all pressures 

by a constant value. The resulting profiles are Indicated by primes or double 

primes, üS for example Profiles 2* and 2" shown in Figure 9. The chamber 

pressure for Profile 2, times the ratio of the peak chamber pressure for 

Profile 2" of 12,800 psi to the peak value of Profile 2 of 5,750 psl. As a 

slight departure from this rule, the initial pressure Is maintained equal, as 

before. 

In order to evaluate effects of chamber pressure rise rate, a second set 

of chamber pressure profiles, based on Profile 1, was generated by linearly 

increasing the time scale for all chambers pressures up to the time of peak 

chamber pressure. The resulting modified profiles considered are shown as 

Profiles 5 and 6 in Figure 10. 

-13- 



A final set of profiles, shown in Figure 13, was selected to examine pro- 

files with short (less than 4 msec) times to peak chamber pressure.  (All other 

profiles had times to peak pressure greater than 4 msec.) This set consists of 

the profile for Ficatinny Round 1 and an arbitrary truncation of this profile 

to a peak chamber pressure value of about half that for Round 1. 

6.2 Variation of Peak Reflected Overpressure with Feak Chamber Pressure 

The variation of peak reflected overpressure, p , at the critical position 

(A in Figure 1) is plotted in Figure 14 for Profile Families 1 - 6 as a func- 

tion of the peak chamber pressure p . . 

It is evident from Figure 14 that, in general, the peak reflected over- 

pressure is not a simple function of the peak chamber pressure alone, since 

there is as much as a 2:1 variation in peak reflected overpressure at the lowest 

peak chamber pressure considered. However, for the Profile Families 1 to 4 of 

Figure 8 (including Profile I1, 2* and 2"; the calculated peak reflected over- 

pressures in Figure 14 can be approximately considered to depend only on peak 

chamber pressure according to the empirical equation 

A third set of modified profiles, also of Interest to evaluate chamber 

pressure rise rate effects, is shown in Figure 11.  These profiles were derived 

from Profile 4 by shifting the Profile 4 curves, for times greater than 2 msec, 

to the right by 4 msec (for Profile 4A) or 10 msec (for Profile 4B) and arbi- 

trarily selecting a low-pressure low-rise-rate variation for the initial pres- 

sure buildup stage. 

The fourth set of modified profiles was generated to examine the effect of 

the chamber pressure decay rate.  The resulting modifications of Profile 2 are 

designated as Profiles 7 and 8 in Figure 12. 
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_0.6 
Pr - 0.029 pch  (critical position) (1) 

shown on the figure.  (Similar 0.6-power laws were obtained for positions 

B and C.) 

Further evidence that the peak reflected overpressure cannot, in general, 

b« simply related to peak chamber pressure can be obtained by examination of the 

peak reflected overpressures for Profiles 3 and 6, which profiles are presented 

together in Figure 15.  It is evident from this figure that if peak chamber 

pressure were the dominant factor influencing the peak reflected overpressure, 

then the peak reflected overpressures for Profile 6 would be expected to be sig- 

nificantly greater than for Profile 3.  However, the calculated peak reflected 

overpressures for Profile 3 (with the much lower peak chamber pressure) are 

greater than for Profile 6, or in other words, for this profile pair, a signifi- 

cant decrease in peak chamber pressure (from Profile 6) results in an Increase 

in peak reflected overpressure*. 

With respect to the question of scaling peak reflected overpressure data 

for a given peak chamber pressure to apply to similar chamber pressure profiles 

with different peak chamber pressures, it was found from calculation results for 

Profile Families 1 and 2, presented in Figure 14 (compare square and diamond 

symbols with Equation (1) curve), that the peak reflected overpressures vary 

approximately as the 0.6-power of the peak chamber pressure or (restating 

Equation (1) in a more general form) : 

The reason for the greater field pressure for Profile 3 is that the early-time 
chamber pressure rise rate is greater than for Profile 6 (see Section 6.3). 

-15- 
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Pr " Pr.o   (Pch/pch.o) 
0.6 

(2) 

where the subscript o designates  the chamber and reflected pressure values for 

any known  condition.    Equation  (2),  used with pressure values from Table 3 

could be expected to give at least s rough estimate of peak reflected over- 

pressure for chamber pressure profiles similar to those of Table 3, and parti- 

cularly so for the near-conventional Profile Families 1 and 2. 

6.3    Effect of Rate of Chamber Pressure Rise 

In view of the above evidence that peak chamber pressure Is not,  In general, 

an adequate Index of the peak reflected overpressure for arbitrary chamber 

profiles,  consideration Is given here to the effect of the rate of rise of the 

chamber pressure prior to reaching Its peak value. 

Figure 16 compares the calculated peak reflected overpressures for three 

chamber profiles (shown In Figure 10) having the same peak chamber pressure of 

8300 psi but different rise rates.     (The overpressure ratios In this figure 

are plotted for the critical field position A in Figure 1, but also apply fairly 

well for positions B and C.)    The data in Figure 16 demonstrate that decreasing 

the chamber pressure rise rate (i.e.,  increasing time to peak chamber pressure) 

results in decreased peak reflected overpressures.    More specifically,  it is 

seen that a decrease of chamber pressure rise rate of about 60%  (corresponding 

to an increase in time to peak chamber pressure of 4 milliseconds) yields a 

reduction of peak field pressure to about 79% of the initial value for a typical 

test profile shape (Profile 1).    It should be also noted that this reduction of 

peak reflected overpressure is accompanied by an Increase of predicted muzzle 

velocity from 850 fps to 1135 fps  (Table 3). 

-16- 



Another comparison for chamber pressure profiles having similar shapes 

but different initial rise rates can he made by comparing peak reflected over- 

pressure values from Table 3 for Profiles 4, 4A and 4B of Figure 11.  These 

data indicate substantially lower peak reflected overpressures for the profiles 

with lower initial chamber pressure rise rates.  More specifically, reducing 

the initial pressure level and rise rate from that of Profile A to AA reduces 

the peak reflected overpressure for the critical position by 45 percent and 

going to Profile AB reduces it by 50 percent.  It might also be noted that for 

the last case (Profile AH), which corresponds to a muzzle velocity of 900 fps, 

the critical position In Figure 1 for all of the profiles listec" In Table 3 are 

plotted against these two parameters In Figures 17 and 18, respectively. 

The peak pressures for Profiles 2, 7 and 8 In Table 3 are identical and are 
represented by a single point In both Fig. 17 and Fig. IP. 

-17- 

the peak reflected overpressures are well below 5 psi for all positions. 

^ The above observations suggest that the rate of chamber pressure buildup 

strongly Influences the peak reflected overpressure and may be much more 

influential than the peak chamber pressure.  Furthermore, it appears probable 

from an analysis of our limited number of calculated peak reflected overpressures 

(in Table 3) that it is not the maximum rate of chamber pressure rise which is 

important, but rather some average or effective rise rate which occurs within 

2-A msec after diaphragm burst (which Is the zero time reference in all our 

chamber pressure profiles). As two relatively arbitrary Indicators of this 

/ effective rise rate we selected the values of chamber pressure at A msec, 

p . ., and the average chamber pressure over the first A msec (after diaphragm 

burst), p  . Calculated peak reflected overpressure data (from Table 3) for 



Considering first the parameter based on the chamber pressure at 4 msec, 

the data in Figure 17 indicate that the peak reflected overpressures for times 

to peak chamber pressure, T, greater than 4 msec appear to depend only on the 

parameter p . . and can be approximately described by an empirical square-root 

relationship (shown in Figure 17) of the form 

P = 0.095 p l , 
r        ^ch4 

0.5 
(critical position) (3) 

for the critical position, and by similar square root relationships for 

other positions. 

For the two profiles with times to peak chamber pressure less than 4 msec, 

the calculated peak reflected overpressures are seen to he higher in Figure 17 

than for times greater than 4 msec, hence the usefulness of the p . , index and 

the associated Equation (3) appears limited to profiles with times to peak 

chamber pressure greater than 4 msec. 

Next, considering the average chamber pressure index p , , the calculated 

peak reflected overpressure data in Figure 18 appear to depend approximately 

only on p .  for all profiles and can be approximately represented by the 

empirical equation . 

0.6 
p    - 0.068 p . rr rcha (critical position) (4) 

Hence, the parameter p .  appears to be the most useful and basic indicator of 

peak reflected overpressure which we have considered. 
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6.4 Effect of Chamber Pressure Decay Shape 

The effect of the shape of the decay portion of the chamber pressure 

profile on peak reflected overpressure was calculated for the three profile 

variations shown in Figure 12.  The results, given in Table 3 (see Profiles 2, 

7 and 8), indicate essentially the same peak reflected overpressures for these 

three profiles, indicating that the decay or late-time shape of the chamber 

pressure profile has little influence on the peak reflected overpressures. 

6.5 Variation of Muzzle Velocity with Peak Chamber Pressure 

To relate some of the preceding observations of peak reflected overpressure 

to muzzle velocity, the following equation for ideal muzzle velocity is used. 

Here the chamber pressure is related to muzzle exit velocity, v, by integration 

of the projectile equation of motion over the time the projectile remains in 

* 
the gun barrel, approximately as 

{a/mfpch dt 

ch 

For further purposes, it is useful to develop an approximate relation for 

muzzle velocity In terms of peak chamber pressure. For each considered family 

\ 

All values of muzzle velocities presented In this report are ideal values based 
on Equation (5).    Actual muzzle velocities would, of course, be somewhat differ- 
ent due to muzzle friction and pressure changes from the combustion chamber 
to the barrel. 

-19- 

(5) 
y    un 

where 

a      is barrel cross-sectional area 

m      is projectile mass 

PMU is instantaneous chamber pressure 



of similar chamber pressure profiles with different peak chamber pressures, 

the muzzle velocities  calculated from Equation  (5)   turn out to be usually 

almost linearly proportional to peak chamber pressure  (p ,)  and can be 
ch 

expressed as 

v -  (v/ich)0 ich (6) 

where (v/p . )    is the value of v/p .   for any member of the family,  and could en o en 

be estimated from ehe data in Table 3 for the profile families in this report. 

Use of Equation   (6)  provides an estimate of muzzle velocity as a function of 

peak chamber pressure, which is used in Section 6.6 to relate reflected pressure 

variations to muzzle velocity changes. 

6.6    Variation of Peak Reflected Overpressure with Muzzle Velocity 

The present study results indicate that the relationship between peak 

reflected overpressure and muzzle velocity depends in too complex a manner on 

the parameters of the chamber pressure profile to permit any simple statements 

here for predicting peak reflected overpressure in terms of chamber pressure 

parameters.    However,   ehe calculated data of Table 3,  as partly analyzed  in 

Sections 6.2 and 6.4,  do permit formulation of the following approximate scaling 

relationships and some comments can be made on what minimum peak    reflected over- 

pressures can be expected for various muzzle velocities of Interest. 

From the results of  the preceding studies of peak reflected overpressures, 

chamber pressure and muzzle velocity In Sections 6.2 and 6.5,  It follows by 

combining the approximate Equations  (2) and  (6)   that the scaling relationship 

between peak reflected overpressures and muzzle velocity for similar chamber 

pressure profiles is given approximately as 

»r " 'ro ^V0'6 C7> 
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where the subscript zero designates the values of peak reflected overpressure 

and muzzle velocity for any member of the same profile family. 

Equation (7) Indicates that for similar chamber pressure profiles, the 

peak reflected overpressure varies as the 0.6-power of the muzzle velocity. 

This relationship is also demonstrated in Figure 19 which presents values of 

peak reflected overpressure and muzzle velocities for the Profile Families 1 to 

4B and several 0.6-power-law curves. 

With regard to the lowest peak reflected overpressures which can be obtained 

for various muzzle velocities, it was calculated that for a 900-fps muzzle 

velocity (one of the lowest muzzle velocities considered of interest for this 

study), the peak reflected pressure for the critical position (A) could be 

reduced to 1.9 psi (to 1.9 psi for Position B and 3.7 psi for Position C) by 

using Profile 4B (Fig. 11). 

No studies were made of profiles giving very low reflected pressures 

for muzzle velocities higher than 900 fps, but it might be noted that even 

the not particularly favorably shaped Profile 6 (Fig. 10), with a predicted 

muzzle velocity of 1135 fps, has a peak reflected overpressure of only A.5 

psi for the critical position (A) and pressures of 9.8 for positions B and C. 

For the more nearly conventional chamber pressure profiles of Profile 

Families 1 to 4 in Figure 8, estimates were made of the maximum muzzle veloci- 

ties which could be obtained without exceeding 5 psi at the critical position. 

These values were obtained from the 0.6 power lines In Figure 19 and are 530 

fps for Profile Family 1, 790 fps for Profile Family 2, 890 fps for Profile 

Family 3, and 1350 fps for Profile Family 4. 

-21- 
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6.7 Suamary of Principal Results 

The above-described parametric studies indicate that substantial reductions 

in back-blast peak reflected overpressures may be realized by modifying recent 

test chamber profiles in such a manner that the average chamber pressure over 

the first four milliseconds after diaphragm burst is reduced. 

Through possible (although not necessarily practical) applications of 

these modifications it has been calculated that the peak reflected overpressures 

could be reduced below 5 psi for all positions of interest (see results for 

PosUions A, B and C for Profile 4B in Table 3). 
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7. CONCLUSIONS 

The principal conclusions of the studies described herein of back-blast 

pressures produced on an AH-1G helicopter by a recollless rifle blast are 

presented below: 

1. Calculations of free-field pressures at the helicopter tall boom 

using the Kamen AviDyne S2D code for the flow external to the 

nozzle and either quasi-steady relationships or the KA SID one- 

dimensional transient flow code for determining nozzle exit flow 

conditions gave about the same free-field pressures, Indicating that 

a quasi-steady representation of the internal flow is adequate for 

back-blast calculations. 

2. Free-field and reflected overpressures calculated using the S2D code 

are in fair agreement with experimental overpressures measured during 

recent firing tests of a lOS-nm recollless rifle at Picatinny Arsenal. 

3. Back-blast pressures for a multiple-nozzle system, calculated by the 

S2D code, have shown that such a nozzle could produce appreciably 

reduced pressures on the tall section of an AH-1G helicopter. How- 

ever, the length of nozzle required to reduce the reflected over- 

pressures on the tail to 5 psi, by use of a multiple nozzle alone, 

appears to be too long to be considered practical at present. 

4. Calculated back-blast field pressures for a variety of chamber pres- 

sure profiles indicate that reductions of peak reflected overpres- 

sures can be obtained without sacrificing muzzle velocity by modifying 

chamber pressure time histories to reduce the average chamber pressure 

during the first four milliseconds after diaphragm burst. 
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5.  For the considered chamber pressure profile which gave the lowest 

field pressures (Profile 4B In Fig. 11), with a muzzle velocity of 

900 fps for a 25-pound projectile, calculations Indicate that the 

peak reflected blast overpressures on an AH-1G helicopter fuselage 

could be reduced below 5 psl. 
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8. RECOMENDATIONS 

The considerations of this report indicate that it should be possible to 

obtain muzzle velocities of at least 850 fps for a 25-pound projectile from a 

105-mm recoilless rifle without producing back-blast damage to an AH-1G hell- 

copter, based on the criterion of a 5-psi peak reflected overpressure  Such 

desired muzzle velocities could be obtained either by modifying the chamber 

pressure profile (as indicated herein), by adding a multiple nozzle, by harden- 

ing the present structure, or by some Judicious combination of these measures. 

The following program is recommended to develop these possibilities. 

The practicality of obtaining more favorable chamber pressures as indica- 

ted herein should be explored. This process would require test measurements 

of chamber pressure profiles for promising chamber-propellant configurations 

but would not require extensive field measurements (except for final selected 

configurations), since the KA codes appear adequate for estimating the major 

blast field effects of chamber pressure profile changes. 

It would also be desirable to conduct further analytical parametric studies 

of the effects of chamber pressure profile variations on back-blast pressures, 

in order to better define what would be the most desirable chamber pressure 

profiles that could be obtained for various desired muzzle velocities. For 

example, the present studies have indicated that suitable modification of the 

initial stages of the chamber pressure profile could greatly reduce field 

pressures, but not enough cases were considered to furnish detailed guidelines 

for optimum chamber pressure profile design. 

-25- 
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As part of the above recommended analytical studies It would be desirable 

to Include consideration of multiple nozzles of several segments In order to 

obtain a more optimum gun design than could be obtained by consideration of 

chamber profile changes alone. 
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Figure 2. Overall Blast Field Problem 
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APPENDIX A 

SID CODE 

The SID computer code wee developed to solve the problem of unsteady non- 

uniform one-dimensional sonic-throat flow through a convergent-divergent nozzle of 

arbitrary variable cross section. For the convergent section of the nozzle, 

the flow is assumed to be quasi-steady with sonic velocity at the throat. For 

the divergent section, the flow process Is calculated by an extension of the 

numerical finite-difference procedure of Reference 5. 

The SID computer code receives as Inputs time histories of chamber pres- 

sure and density and provides as outputs time histories of exit pressures, 

densities and velocities and also provides profiles of Internal nozzle pressure 

distributions at selected times. 
* 

A sample time history of nozzle exit pressure obtained from the SID code 

is shown by the dashed line In Figure 3, and a sample pressure profile Inside a 

nozzle is given in Figure A. 1. The latter figure applies to a time shortly sfter 

flow initiation (0.2 ms), where the flow has not yet had time to reach the nozzle 

exit. Figure A.l indicates a nearly quasi-steady pressure decay for short 

distances from the throat of the nozzle (less than 0.4 ft), a shock structure 

moving toward the nozzle exit for intermediate distances (0.4 - 0.8 ft), and 

undisturbed air at atmospheric pressure near the nozzle exit (>0.8 ft). 
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APPENDIX B 

S2D CODE 

i 

The S2D computer code was developed to solve the axially-symmetrical 

external flow problem of the exit of a prescribed flow (with arbitrary time 

histories of exit pressure, density and velocity) from a set of coaxial 

nozzles (see Figure 4) Into an Initially undisturbed atmosphere. 

The code computes the flow In a cell system similar to the one shown in 

Figure B.l. The cells are taken axlsymmetric about the nozzle axis, as shown 

in the figure, so each cell is a ring having a rectangular cross section. The 

flow from cell to cell Is computed using the Godunov technique (Ref. 6), which 

has been employed in nuclear blast-field calculations by Thompson and Ruetenik 

(Ref. 7). 

It should be mentioned, however, that Thompson and Ruetenik (Ref. 7) use 

a moving cell system with the cells so configured that shock waves in the problem 

fall along cell boundaries. With this scheme the shocks are computed using the 

Rankine-Hugoniot equations. However, the method Is done at the expense of con- 

siderable complexity in the formulation of the computer program due to the moving 

cell system. 

For the present problem a fixed cell system has been employed, as described. 

The effect on the pressure field of using fixed cells was studied by Ruetenik 

(Ref. 8) for several simple one-dimensional problems. The principal effect of 

the fixed mesh was found to be that shocks become compression waves having the 

pressure rise take place over a distance of a few cells. From this study, it was 

concluded that satisfactory accuracy could be expected for the back-blast problem 

using the more readily programmed fixed mesh. 
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Returning to the cell layout of Figure B.l,  the Input flow to the cell 

field comes from the exit of the nozzle at the cell boundaries corresponding to 

nozzle exit.    This flow Is computed using the chamber conditions and steady- 

state nozzle flow equations.    The solid boundaries of  the nozzle are represented 

by Impenetrable cell boundaries.    At the outer boundaries of the cell system the 

boundary condition of no reflection Is used. 

Output from the S2D computer code Is available In a variety of options, 

ranging from selected tables of field pressures,  densities and velocities to 

three-dimensional plots of the pressure field. 

One of the most convenient output forms Is a map of the maximum or peak 

pressure reached at every point  (cell) In the external flow field.    A sample 

printout Is shown In Figure B.2.    This same information can also be presented in 

a pictorial three-dimensional form, as is indicated in Figure B.3 for a three- 

stage multiple nozzle situation.    Locations of the three nozzle segments in this 

figure are designated by the three solid bars numbered 1,  2,   3 at the top of 

the figure, and all pressure values over 30 pel have been truncated to 30 psl 

to keep the figure to a tolerable size. 

Similar plots to Figures B.2 and B.3 can also be printed out for the 

Instantaneous pressure fields at any selected times. 
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APPENDIX C 

THERMODYNAMIC CONSIDERATIONS 

The  following thermodynamlc considerations were involved in the develop- 

ment and operation of the computer codes discussed in the text. 

C.l    Chamber Thermodynamics 

Estimates of chamber density and temperature for blast field calculations 

were made for various pressure profiles by several methods.    Chamber temperature 

was estimated by one of the following three methods: 

1) Chamber temperature constant and equal to flame temperature 
at maximum chamber pressure 

2) Chamber temperature conatant and equal to 0.9 of flame 
temperature at maximum chamber pressure 

3)    Chamber temperature varying adiabatically from the flame 
temperature at maximum chamber preasure 

These different methods led to calculated free field peak pressure differences on 

the order of 10X.    Method 2) was concluded to be the most realistic and was used 

for sll final comparisons of calculated and experimental data. 

Chamber densities were calculated from the pressures and temperatures from 

the general gas law 

p - zpRT • 

where z was assumed conatant and was determined from results of thcorsticsl cal- 

culations for conditions representative of maximum chamber pressure and tempera- 

ture (Ref. 4). 
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C.2 Nozzle Internal Thermodynamics 

The fluid dynamic process from the combustion chamber to the exit of the 

nozzle was assumed to bi> adiabatic with a polytroplc exponent equal to the 

ratio of specific heats of Y " 1.22.  This assumption appeared fairly realistic 

for the range of temperatures, pressures and velocities and gas composition 

Involved. 

C.3 External Field Thermodynamics 

The two-dimensional S2D computer code utilized In this report required the 

use of a single value of specific heat ratio y to characterize the fluid flow 

process external to the nozzle.  Since in actuality Y could vary from a mini- 

mum of about 1.2 in the hot combustion products directly at the nozzle exit to 

a maximum of 1.4 in the surrounding low temperature air, some compromise was 

necessary.  In our calculations we used values of either Y " 1«2 or Y ■ 1.4. 

The latter value gave field pressures in regions of interest on the order of 

}0 percent larger and gave better agreement with experimental pressures.  It 

was our conclusion that the larger value of Y is more appropriate to evalua- 

tion of the peak field pressures (which occur in the air where Y " !•♦) and 

this value was used for all data correlation comparisons. 
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