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SUMMARY

A review is given of analytical methods for predicting the
muzzle velocity of compressed gas guns. Steady adiabatic
expansion theory, quasi-steady theory and unsteady theory are
all examined, with emphasis placed on simplified analytical
methods applicable to subsonic and transonic muzzle velocities,
New formulae are obtained and compared with numerical results

from a full theoretical treatment of the gas flow. The
comparisons show that the new analytic results are remarkably
effective and can therefore be used for gun design. The

effects of atmospheric counter pressure are treated separately
and a new method of correcting the predicted velocity is given.
An analysis of data from actual subsonic guns highlights the
importance of muzzle pressure reflections in reducing the
retarding pressure at low subsonic speeds. The observed
muzzle velocities are about 10% below the muzzle velocities
predicted by theory. Finally, nitrogen, helium and hydrogen
are compared as potential driver gases for transonic guns.
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1. INTRODUCTION

This report is concerned primarily with the gas dynamic theory underlying gas
guns operating with muzzle velocitics in the transonic range. A good reference
to the fundamental theory of unsteady gas motions is the review of Seigel(ref.1)
who has applied the theory to two-stage hypervelocity launchers in which a moving

piston is used as a gas compressor. More than this, Seigel has given a compre-
hensive coverage of the theory of single-stage gas guns such as are considered in
this report. The bulk of the design charts in reference 1 apply to single-stage

guns and are therefore relevant to the present investigation. A few of the many
papers concerned with gas dynamics, hypervelocity launchers and the use of moving
pistons as gas compressors are given in references (2,3,4,5,6,7). Reference 2

is included as an example of a book providing an introduction to unsteady gas
dynamics. References 3,4 and 5 contain additional bibliographies. Reference 6,
on the other hand, is concerned solely with the use of a moving piston to compress
gas to a very high pressure. Reference 7 describes the application of a piston
compressor to drive a hypersonic wind tunnel.

Interest in gas guns began at Weapons Research Establishment ten years ago.
During an investigation into the flight of lifting projectile shapes, it was
suggested that a gas gun could fire single projectiles, mounted in sabots, and
that measurements could be made of their subsequent flight. A gun of 127 mm
bore and capable of operating at pressures up to 3000 kPa was constructed and
has been in almost continuous use since its first firing late in 1967 (ref.8).
Sabot speed is measured at the muzzle of the gun. The gun has supported tasks
ranging from the statistical study of projectile impact patterns to assisting
in the development of a W.R.E. image synchronization camera. Early in 1973,

a larger gas gun of 384 mm bore was commissioned to study the flight of larger
projectiles and clusters of small projectiles(ref.9). This gun operates at
pressures up to 1000 kPa. The two gas guns, together with associated instru-
mentation, provide a facility for aerodynamic rescarch(ref.10,11) and the develop-
ment of small munitions in a close-to-the-laboratory environment where remote

and extensive equipments such as those at Woomera in South Australia are not
necessary.

The gas guns, a control and recording building and pressurizing equipment are
located at one end of an area approximately 1100 m by 600 m in size. The ground
instrumentation includes some fixed wide-angle ballistic cameras which are suit-
able for trials at night to determine projectile position, attitude and velocity
throughout flight. Two lights flashing at a frequency of about 50 Hz are
carried in the projectile and the light flashes recorded on the ballistic camera
plates. During dav firings performance of the sabot and subsequent flight of
the projectile may be recorded by high speed cameras.

The W.R.E. gas guns continue to be used extensively. For this reason, pre-
liminary consideration has been given to the design of a gun capable of much
higher speeds. Since aerodynamic problems of a varied nature frequently occur
at transonic speeds, any such gun should be capable of testing projectiles at
speeds up to at least a Mach number of 1.2, and preferably up to a Mach number
of 1.5 or SO, The purpose of the present report is to provide the necessary
theoretical design basis. As will be seen, the report relies heavily on work
carried out by other investigators.

We begin with the simple flow model described by Perfect(ref.12). This model
is extended to higher subsonic speeds in Section 2.  For supersonic gas speeds,
a different model is necessary and one based on unsteady expansion waves is
described in Section 3.  Throughout, the emphasis in on simplified analytical
methods which may be applied readily by gun designers. Section 4 introduces
the retarding effect of atmospheric counter pressure acting on the front face of
a projectile. The performance of existing subsonic gas guns is examined in
detail in Section 5 in order to assess the precision with which muzzle velocities
can be predicted. A summary of the recommended design procedures is given in
Section 6. An example is presented in Section 7, to compare hydrogen, helium and
nitrogen as driver gases for a transonic gas gun. Finally, conclusions are given
in Section 8.
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The reader interested solely in design application should begin by reading
Section 1.1, followed by Sections 6 and 7.

1.1 Steady internal flow model

Notation for the analysis of gas gun performance is illustrated in figure 1.
A projectile of mass m is accelerated by compressed gas along a barrel of
length L;.. Initially, the gas pressure is applied to the projectile by
opening a quick-acting valve or bursting a diaphragm. The equation of
motion of the projectile is

& x d
m dtf = mu-53~ = (pd - pr). A (@))

where Py is the accelerating or driving pressure and P, is the retarding

pressure.
Gas conditions before firing
Reservoir Barrel
Pressure Po P1
Speed of sound ag a,
Ratio of specific heats Yo Y
o e eNe e
1

LR

RESERVOTR
7777
Do sl L BARREL . I Dy

Gas mass G fgé/
L B S M S, PROJECTILE

\\\ Mass m

\\k-Velocity u

l e e Ly

Reservoir area A, = (7/4)D}

Reservoir volume V, = Ajl,

Barrel area A, = (7/4)D,?
Volume ratio K = V,/A L,
Muzzle velocity U = (u)
X=L|
Mass ratio G/m PoVo Yo - K. PoAi Ly
m mag
Figure 1. Notation
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Perfect (ref.12) presents a simple solution to equation (1) by using a
steady flow model. The driving pressure Py is calculated from an adiabatic

expansion of the reservoir gas from its initial volume Vo to the volume
(Vo + A1 X). At the same time, the retarding pressure is taken to be the
same as the initial pressure in the barrel. Therefore

{‘ : - 70
Py @ Poi Vo / (Vo +A1X)J (2a)

and
Py = B, (2b)

The solution to equation (1) is now found to be

/ ~(Yo-1
v o o= :M e 2 { i _Aih\i Ga=1) _ 2piA Ly
\ / ————
(Yo-1)m S A o
: o - (Yo-1
or o Amedal R 3 { 1 X1\ e 2pi A
m (Yo -1) K/ mn (3)

where K = (Vo/Ay L), the ratio of the reservoir volume to the barrel volume.
The analysis to follow will begin by ignoring the effect of the retarding
pressure since, for transonic guns, the initial reservoir pressure is
expected to be very much greater than the initial retarding pressure. With
this in mind, it is convenient to write equation (3) in the alternative form

R (1

m

U = ).

Equation (4) will be used in subscquent analysis of atmospheric counter
pressure effects,

2. QUASI-STEADY INTERNAL FLOW MODEL

The steady flow model of Section 1.1 above relies on an adiabatic expansion
of the reservoir gas. This means that the Mach number of the flowing gas is
always assumed to be small. It is, however, straightforward to derive a
correction to equation (2a) and so develop a quasi-steady model. Such a model
is discussed in reference 9.
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2.1 General theory

Following reference 9, the basic idea is to regard equation (2a) as giving
the stagnation pressure. A new expression for the driving pressure Py is then
found using standard compressible flow formulae such as are given in reference
2 for example. We find that

/ \ 2 | Yo/ (Yo-1)
Yo -1 u
Py * B ) (50)
. ay |
1 %
where [)\: = }"oi\ \'()/[\;0 t+ 1\1 )&) { (Sb)

and a_, the stagnation speed of sound, is given by the square root of the

l,’
temperature ratio found from the adiabatic expansion. i.e. (ag/ao)=(TS/T9)‘
| i g
: o | (Yo-1) (5¢)
and so0 a° = 4j Vo/ (Vo + ArX)
Equation (1), with the retarding pressure P, omitted, now leads to the

equation of motion

1
mu S = Arp (6)
C C

P -

lhis equation cannot be solved analytically as the variables u and x are not

separated, because of the form of equation (5a). Numerical solution on a
computer is simple and straightforward. An analytic solution can, however,
be found by seeking a low Mach number solution. Then, from equation (5a)

we write

- Yo u
Pg = P, | 2 5
s
-1 Yo 7 2 | N
or  py = po| Vo/Mo + Aix) TP | Vo/(Vo + Ay x)J ;
- <39 L

using equations (5b) and (5¢).
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The solution to equation (6) can be shown to be

2= 2 (paVo/(Yo-1)m) i Vo \7090V°/ma% s Vo C(r0-1))

[1- (opoVo/(Yo-1)mad)] t&@:{,}) "\ Vorks/ I

Hence the muzzle velocity is given by

~Yo poVo /mag ~-(Yo-1
B e 2 @eVo/Wolm) | e oMY Vo
[1 - opoVe/(o-Dmad)] | 'K \ %/ 7
where K = (Vo/A;L;). When Vo is very large, equation (7) becomes

.‘.’ﬂé !

P s 5| 1 e TomoVo/Knad | |

in agreement with equation (3) when p; = 0 and (poA;Li/ma3) is small.
Denoting the muzzle velocity from equation (3) by Uy, we have

(Uo/a0)* = 2 (poAiLs/mad).

Hence, when V, is very large, the result can be written as

/
/

y . 2 2 \\ / i~ \\ -
Ufeh = = ] | empl - Yo (3 /a3))
N 0 . \ - /

or, since we have assumed that the Mach number is small,

W3/a3) o1 - e (llf,/ag)J

U fad

11

Hence we obtain

U/ag

(Uo/a0) .| 1 -3, (u%/asﬂ : (8)

This result shows in a very simple way the magnitude of the quasi-steady
correction in terms of the muzzle velocity Uy calculated from the steady
flow model. In the general case, equation (3) shows that this is

- -1 Y = -(Ye-1) '
Upfog = | leSlad™ 5 O ) ] 9)
* ma(z, - i 70-1 ( K )
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Equation (8) is compared with the exact result from equation (7) in table 1.
The pertormance of equation (8) is surprisingly good even at high subsonic
speeds. The effect of the parameter K is seen to be of secondary importance.
Consequently, equation (8) is taken to be a satisfactory first approximation
for all values of K and 7,. Equation (8) is recommended for use in design
calculations.

An alternative method of allowing for quasi-steady effects is to use a
simplitied form of the '"Pidduck-Kent Special Solution'" discussed in Appendix I.

TABLE 1. QUASI-STEADY MACH NUMBER CORRECTION

Uncorrected Corrected mach number (U/ag)
mach number Ratio of B
N From equation (7) From
(Uo/a0), from | specific equation (2)
equation (9). heats, 7. K=1 K=2 K=o Mean q
L SIS
el 0.483 0.482 0.483 0.483 0.483
0.5 1.4 0.475 0.472 0.479 0.475 0.478
5/3 0.467 0.401 0.475 0.468 0.474
1.1 0.693 0.692 0.696 0.694 0.692
0l 7S 1.4 0.669 0.662 0.682 O 6721 0.676
5/3 0.645 0.629 0.670 0.648 0.662
r 1.1 0.872 0.869 0877 0.873 0.863
1.0 1.4 0.822 0. 805 0.848 0.825 0.825
S/3 QOcTIS 0.740 0.824 0.779 0.792
I.__.__-‘___.,“_m. Hisoes s 18 OIS ; [ T

2.2 Barrel density effect

An additional effect may be incorporated in computer versions of the quasi-
steady model. By allowing for the decrcase in gas density as Mach number
increases a change in the mass of gas, and therefore the pressure, in the
reservoir can be calculated. The starting point for our analysis is the
compressible flow density relationship

- — 1/ (Yo =1)
ooy, = [ 1- (%) ~] (10a)

el
y o

We now assume that the gas in the reservoir is at rest since, for gas guns,
the reservoir area Ay is considerably greater than the barrel area A,. The
gas in the barrel is taken to be moving with the projectile velocity u.

The mass of gas in the barrel, when the projectile has travelled a distance
X, is pA;x which may be written as pﬁA.[x(p/pg)l. Thus, in calculating the

steady-state adiabatic expansion, the reservoir behaves as though the pro-
jectile had only moved a distance px/pg. i.e. the stagnation pressure in

the reservoir is given by

- ’70
])S 2 Po o Vo/; Vo + f\lx(l)/PSHJ (lOb)
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and the speed of sound is given by
" ( (Yo -1)
a; = a .| Vo/AVe + Aix(p/p) | : (10¢)
L S

Equations (10b) and (10c) replace equations (5b) and (5¢). Equation (5a)
is now combined with equations (10) to give the driving pressure Py required
in the equation of motion (0).

Some computer calculations have been made tor actual gas guns. The
results show that the density effect gives rise to relatively small increases
in muzzle velocity. The effect is, of coursec, more pronounced as the gas
Mach number increases. Equation (8) therefore continues to provide a satis-
factory analytic approximation for predictions of muzzle velocity.

3 UNSTEADY EXPANSION WAVE MODEL

As the gas Mach number increases to supersonic speeds, unsteady flow effects
become more and more important. Put another way, the time taken for pressure
waves to travel from the barrel to the end of the reservoir, and back again,
is no longer small compared with the time taken for the projectile to move down
and out of the barrel, The quasi-steady model of section 2 implicitly assumes
that a lot of wave interaction takes place. By this means a nearly steady
flow pattern is set up. We now turn to a situation where wave interactions
are not important and the flow field is dominated by the simple unsteady
expansion wave set up by the moving projectile.

3.1 Constant arca case

The constant area casc, Ag = Ay, is considered first. Therefore, the
standard cquations of one-dimensional gas dynamics apply. In particular,
the pressure behaviour in a centred expansion wave, often referred to as a
simple wave, is of direct use. References 1 and 2, for example, provide
further information.  The formula relating pressure and velocity in an
unsteady expansion is

( _2Ye/ (e -1)
in = [l - (i

This formula is exact up to the time of arrival of the first pressure
reflections from the back of the reservoir. Equation (11) shows that the
maximum possible speed, or the escape speed, is given by 1 -((Y-1)u/2ay) = 0.
i.e. the maximum possible speed is 2ao/(Yo-1). Clearly, gas speeds are not
restricted to a maximum of Mach 1. For Yp= 1.4 for example, the maximum
possible speed based on the speed of sound ag is Mach 5.

Equation (11) is well known in analyses of shock tube performance. It
describes the initial reduction in pressure in the high pressure section.
When coupled with a shock wave in the low pressure section a complete
description of the initial flow field is available.  The motion of the
contact surface separating the gas in the high pressure section from the
gas in the low pressure section is, in some ways, analagous to the motion
of a projectile in a gas gun. Equation (11) describes the pressure
accelerating the contact surface while the corresponding shock wave formula
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5.2

deseribes the retarding pressure. The major difference is simply that the
contact surface has zero mass (m=0) and is therefore accelerated up to maximum
speced instantancously. The present analysis, in contrast, is concerned with

predicting the velocity/distance history of projectiles with non-zero mass.
Returning now to equation (11), this can be coupled with the equation of
motion (6) to give

du _ 3 (Yo~ u”
mgx = Mipo L < 2>a0J

whence the muzzle velocity U is found from

2Yo/ (Yo -1)

> e

_Pgéle : 2 (U/ap) -~ (2/(Mo+1))
mag g [ 70*11

y (12)
[1 - ((Y-1)U/2a0)] Tt D/ (0-1)

The formula suffers from the disadvantage that U is given implicitly. For
design purposes, an explicit formula showing the variation of U with the
driving parameter poA.L|/ma3 is more convenient. Such a formula is investi-
gated in the next section.

Logarithmic approximation for muzzle velocity

An empirical formula giving U explicitly at transonic and supersonic speeds
is now sought. The behaviour of cquation (12) over the range U/ay = 1 to
U/ap = 2 immediately suggests a logarithmic or nearly logarithmic dependence
of U on poA,L,/maé. A number of logarithmic formulae were investigated.

The simplest form was found to be

U/ay = ,7:; In [C . poA; Ly /mad]

with C proyortionul to 75 . The performance of this formula for C = 57§
and C = 67 is shown in table 2. The general performance is surprisingly
good both at su?ersonic speeds and over a very wide range of values of 7.
Overall, C = 67y seems to be the best choice. The recommended design
formula is therefore

U/ag = _1_ In [ 678[)0/\1[41/"\35] . (13)
2%0
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TABLE 2. UNSTEADY EXPANSION FORMULAE

SRR OO PR e e L TR T AR
Ratio of I PoA; Ly Simplified formula for mach number “—W
specific | Mach ”;a% u 4 Mach
heats number = & (§§%> In (€. poA,L./maﬁ) number

Yo U/ ao (from eq.(12)) ] *0¢ N*'Q U/ao
C =575 C = 6%

e PR e gt T SUEELL.

0.5 0.183 0.05 0.13 0.5
0.75 0.501 0.50 0.59 0.75

1.1 1.0 1.09 0.86 0.94 1.0

1.5 317 1.42 1.50 1.
2.0 10: 53 1.89 1.97 2.0
) o N s . r

0.5 0.206 0.25 0.32 0.5
0.75 0.612 0.64 0.71 0.75

1.4 1.0 1.47 0.95 1.02 1550

| 1.5 6.50 | 1.48 1.55 1

| 2.0 25.84 1.98 2.04 2.0

0.5 0.232 0,35 0.41 =5
0.75 0.750 0.70 0.76 0.75

5/3 ’ 1. 0 2.02 1.00 1.05 1.0
15 12.75 1.55 1.61 1.8

2.0 102.0 2,18 J 2.23 2.0

B e e ey D et IO 0 S s ek B e [l e
3.3 Area chang: at barrel/reservoir junction
The question now is whether equation (13) can be generalized to the usual
gas gun sicuation where Ay > A; and gas velocities in the reservoir are much

smaller than in the barrel. Fortunately, the barrel entry sonic approxi-
mation, as described in reference 1 for example, provides a basis for an

analytic approximation. Because the local gas velocity at the beginning of
the barrel approaches sonic speed with increasing time, the fundamental
assumption made in calculating the muzzle velocity is that the flow is always
sonic at the barrel entry. In order to show how the formula has been
derived we begin by examining the infinite area reservoir in which the gas
is at rest.

Since the unsteady expansion flow we are considering is a simple wave,
the Riemann variable a + (Y, -1)u/2 is constant throughout the wave, At the

barrel entry, we take u = a = (a) . and the Riemann variable has the value
sonic
» 3 ~ g N G Qo . ) 1 =
((7o+1)/2)_F4)Sonic which can be expressed as ap V(Y +1)/2 since (a)Sonic

do \671;;;1) is an isentropic flow. Hence

a+ (1/2)(Yo-Du = ao/ (Ya+1)/2

e S5 bt i St
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2o/ (Yo-1)

But, in isentropic flow, p/pe = (a/ia) so that

{ =__ala ! o | 2%/ (Yo -1)
p/po = L\/mm/z - ((Yo-1)u/2a,) |

Writing the term /(70+1)/2 as 1 + (\/(Yo+1)/2 - 1) shows that the term
(V(Yo+1)/2 - 1) is the sole addition to equation (11) resulting from the use

of the sonic entry approximation, Following Seigel (ref,1) an inverse area
ratio interpolation is introduced in this additional term to account for
arbitrary values of A, /Ag. The pressure result is

1+ Z -

"

p/po 5

74

Yo-1\ u_ P2¥o /(¥ -1)
(o

where Z

1 - (A/aodl .+ § VD2 - 3

Comparison with equation (11) shows that the counterpart of equation (13) can
now be found by replacing

P by po [1+ 7 Feile-D)

and ay by ap {1 + 2]. Hence the gencralized form of equation (13) becomes

- (1:2) : a1+ (58 (2
U/ao = (gy,) 10 [6%pomiLu/madl + { 505) | 503

) In [1+Z ].

This result can be simplified by tuking «/(Yo+1)/2 to be equal to 1+([(Yo-1)/4)

which strictly applies when (Y,-1) is "small", and expanding the logarithm
in a similar way. i.e. we take

In (122 ] =  [(yve-1)/4} . J1 -~ (Ai/Bo)}.
Omitting terms multiplied by (¥,-1), the final result is therefore

U/ag = ‘1—[1 -Q—LJ + 5;"1/'0 In

678 poAs Ly /md%J . (14)

Equation (14) is the basic design formula that was being sought. In the next
section, it will be shown that this formula works surprisingly well.

For future reference, we note that the driving pressure counterpart to
equation (14) is
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e ’ L & L Ao) \ 2/ ap |’ (15)
An alternative pressure formula due to Seigel(ref.1) is given in Appendix II.
Comparison with exact numerical results

Seigel(ref.1) has given a large number of design charts based on numerical
integration of the gas dynamic differential equations that describe the

unsteady gas flow. These charts provide exact results which can be used
to assess the usefulness of cquation (14). Figures 2, 3, 4 present results
for v, = 1.1, 1.4, 5/3. The broken straight lines are the results given
by equation (14). The results for Ag /Ay = °° can be compared directly
with Seigel's results for Ao/A; = 25 since, from equation (14), the difference
between the Ap /A, = ° case and the Ay /A; = 25 case must be extremely small,
2.5p———— —
Ao /A
22500
a0 ?
s 1.0 /4
2.0 : yid
Data from Seigel, //// &
figures 20,Ref.1 a/
s
e
Theory Ay /A, -00-\7// pe
L 1.5t // -
Ay ’ D/ /
o
75 4
/i
Lo AN :
S A Theory A, /A, = 4.0
1.0” /Q
; /4
n// =
/// TS~ Theory Ay /A= 1.0
Q)
5 A (equation (14))
V" 7
0.5 /1 L 1 =k
0.5 |0 0] 5.0 10.0
[ PoAr Ly
\ maa
Figure 2. Theory for infinite reservoir gun, 7, = 1.1
For 7o = 1.1, figure 2 compares equation (14) with Seigel's exact results,
The exact results apply to the case where the reservoir is effectively
infinite in length i.e. it is long enough for wave reflections from the back
surface of the reservoir not to influence the motion of the projectile.
Under these conditions, equation (14) is every effective. For Ao/Ay = 4.0

the maximum error in the predicted velocity is about 2% for muzzle velocities
in the range 1.0 ap to 2.0 ao. The performance for Ag/A; = 1.0 is much the
same, except near U = 1.0 ao where the error in U is greater than 2%.
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Figure 3.
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Similar results apply for v, = 1.4 and v, = 5/3, as shown in figures 3
and 4. For 7vo = 1.4, the muzzle velocity range for minimum error is 0.8 a,
to 1.7 ap while, for Yo = 5/3, the range is 0.7 ap to 1.5 ao. We conclude
that equation (14) provides a most satisfactory performance when the driver
gas velocities lie in the transonic or the low to moderate supersonic speed
ranges. The major differences between figures 2, 3 and 4 may be removed by
using the parameters (YoU/ap) and (VOpOA,L,/mag). Details are given in
Appendix III.  We turn now to the problem of deciding when the reservoir is
long enough for equation (14) to be applicable.

Effect of reservoir length

Seigel (ref.1) presents some results for the minimum length of reservoir
necessary to achieve maximum muzzle velocity. Under these conditions, the
first wave reflection from the back surface of the reservoir reaches the
projectile just as it leaves the barrel.

When A9 = Ay, the analytic results vary only a little with Ypand, as
shown by Scigel(ref.1), a satisfactory formula is

._I:l_ ) ~ Y. B a2
L j| LoD })OA]L]/md()

= maximum

As po » 0, the gas Mach numbers approach zero and the minimum reservoir
length approaches infinity. i.e., as expected, the reservoir volume Vo »
for maximum gun performance.

Generalization of the Ap = A, results to the case Ag > A; presents some
difficulties as Seigel(ref.1) has given numerical results for Yo = 1.4 only,
We assume that these results, like those for Ay = Ay, are only weakly
dependent on 7Yq . A simple representation of reasonable accuracy is then
found to be

L—t'TJ ~ 1205 ¢ 2(1-(A /A0)) ) poiy Ly /ma (16)
m

aximum

The value of lo satisfying cquation (16) is denoted (Lo) Until additional

min’
data become available, it is rccommended that equation (16) be used to deter-
mine when the reservoir length Lo is large enough for wave reflections not to
influence the motion of the projectile.

The problem of how to treat cases when [y is less than (Lo) is a very

min
difficult one. In general, recourse to Seigel's design charts (1) is by

far the most effective approach. When the gas velocities are subsonic,
however, the quasi-steady theory of section 2 is applicable and should be
used, The limit of applicability of this theory is hard to define precisely.
However, for gas Mach numbers rcaching 0.5 when the projectile leaves the
barrel, the theory is clearly acceptable for actual guns in view of the good
agreement reported in reference 9 between the theoretical and actual perform-
ance of two W.R.E. gas guns. The maximum muzzle velocity was 189 m/s, which
corresponds to a maximum gas Mach number of 0.56. When the maximum gas

Mach number reaches 1.0 in an actual gun the quasi-steady theory is likely
not to be acceptable. A gas Mach number limit of 0.75 is therefore suggested
for the quasi-steady theory, with no allowance made for Lo effects. In order
to provide some assistance to designers at higher gas Mach numbers, a brief
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analysis has been made of a representative range of Seigel's results. As
expected, a simple description of the penalty of short reservoirs is just not
possible. However, the following formula may be of some use. The purely
empirical result is

1/r
U/[U]““’)min iy ,l”/(l'o)min,l » T = 4+ (Ao /A)) (17)

where (I"‘min is the value of Ly that satisfies equation (16). The ratio

on the left hand side of cquation (17) may contain errors up to about 0.1.
For a given Ly, equation (17) shows that the velocity loss decreases as Ay
increases.

An extreme and unrealistic example of the limitations of equation (17)
can be found by returning to the case when the steady internal flow model
of section 1.1 applies and the gas Mach numbers are always very small,
Equation (9) shows that Uy * constant, when Lo > ©°. i.e. K> oo, In

I . 5
addition, Uy « Lo * when Ly is small, showing that the 1/5 power in equation

(17) is misleading in this case. Nevertheless, equation (17) does provide
the correct limit behaviour in that U > o0 as Lo > o and U * [U{Lo)
Lo * (lﬂ)

4. CORRECTION FOR ATMOSPHERTIC COUNTER PRESSURE

So far, the analysis has been concerncd with the driving pressure force.
Only in the case of the steady thecory of scction 1.1 was an atmospheric counter
pressure considered.  The purpose of the present section is to look at the
physical basis of what happens in front of the projectile and then to derive
suitable correction formulae for the effects of counter pressure.

4.1 Shock wave and unsteady compression wave effects

As the projectile accelcrates, the gas in front of it is compressed. The
central problem is simply how to determine the magnitude of this compression
and how it varies as the projectile moves down the barrel. The starting
point is similar to equation (11). A simple wave can be set up to describe
an unsteady compression. The result (1) is

— 2%y (V1 -1)
p/Py Ll + 7‘——) — , (18)
a

Provided that the projectile continues to accelerate, the compression waves

will coalesce and form a shock wave. The pressure formula for a shock wave
15
Yi(n+1) Ju ] u [ Y41y W %
p/pr = 1+;—<—7—> % | ¥ >—:| . (19)
4 a ay \ 4 a%
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For Mach numbers u/a; less than 1, the numerical difference between equations
(18) and (19) is very small, When u/a, is small, both equations behave like

p/pi = 1+ 7 (u/a,) + 0 (u'/a}).

In the case of air, ¥; = 1.4 and the difference between equations(18) and
(19) increases up to 3% at u/a; = 1. For v; = 1.1 and 7, = 5/3 the perform-
ance is similar. The conclusion is that either equation (18) or equation
(19) could be used at subsonic Mach numbers. Since, however, equation (19)
must be used at higher Mach numbers it is convenient to use equation (19)

at all Mach numbers.

Whether a shock wave forms in a particular case can, if desired, be found
by numerical integration of the gas dynamic equations of motion. In the
case of a projectile with constant acceleration (f), Seigel (1) quotes the
result that the shock wave forms at a time

L shock 2a,/ 1 (1+1) £

after the projectile began to move and at a distance

Xshock ~ 2at/ I (0 +1) £ g

from the beginning of the barrel. At-this time the projectile velocity will

be f t hock - 2a; /(Y1 +1) corresponding to a Mach number of 2/(¥;+1). This

Mach number is in the subsonic range, being at most 1 when v, = 1. The
justification for using the shock wave equation (19) for calculating the
retarding pressure is now complete. Only if formation of the shock wave
could be delayed to higher Mach numbers would the differcnce between equations
(18) and (19) become significant,

For transonic gas guns, as distinct from supersonic guns, it follows that
either equation (18) or equation (19) can be used to calculate the retarding
pressure acting on the projectile. Once the muzzle velocity increases to
supersonic speeds, equation (19) should be used.

Steady flow model

The steady flow model of section 1.1 already incorporates a counter
pressure correction, Since the theory applies only for small gas Mach
numbers, the additional assumption is made that the muzzle Mach number is
also small. Hence equation (19) gives the retarding pressure as Pp = P1.
The end result is equation (3) or, equivalently, equation (4):

7 = (1Jz)p|=o -2 ALy /m,

This formula may have wider applicability than the theory on which it is
based.

Method of Scigel and velocity correction factor

Seigel{ref. 1) has used a high Mach number approximation in equation (19)
to obtain

o ___7‘_._._(’1' 1) (u/ay)?,

“~

p/p = 1
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4.4

4.5

This result is now combined with a constant driving pressure, i.e, constant

du

driving acceleration. The simple differential equation for = leads directly

to

v/t = 1%Liﬂﬂ] (20a)
il L p y

where y = YICY,tI)p,A|L,/maf. The form of equation (20a) is important,
Substituting for (U)pl_o produces a result which is inferior when applied

to cases where the driving pressure is not constant.

The right hand side of equation (20a) provides a velocity correction
factor. Seigel comments that equation (20a) works very well for high
performance guns. However, for application to subsonic and transonic guns,
it should be noted that Seigel's result does not agree with equation (4) at
low Mach numbers.

Generalized velocity correction factor

The purpose of this section is to generalize Seigel's result, equation
(20a), so that it will be more effective for the lower speed guns of direct
interest in the present report. Combining equation (4) with equation (20a)
leads to

wo- L TR fzp.,\.L,/m)J { I‘_CXMJ (20b)

1 3

with Yy = Y (Vi+1) piAgly fmad, (20c)

i

Equation (20b) is recommended for design calculations. It is exact when
U/ap is small, or large. When U/a; is small, the first term in equation
(20b) dominates and so the exact result from steady internal flow theory,
with low gas Mach numbers, is obtained. When U/a, is large, the first term
is small and the second term dominates. Consequently, Seigel's high Mach
number result is recovered for U/a, large.

Terminal velocity

The purpose of this section is to derive simple estimates of either the
terminal or the maximum muzzle velocity when barrel length is regarded as
variable.  When the pressure forces depend on projectile velocity (u) and
not on distance travelled (x), a terminal velocity is reached eventually.

In other cases, a maximum velocity is reached and the velocity then decreases
owing to the dependence of reservoir pressure on x in the steady and quasi-
steady internal flow models. Equation (20b) is not suitable for calculating
maximum possible muzzle velocities because y depends on the distance travelled
by the projectile. We begin by examining the steady flow model of section 1.1.

4.5.1 Quasi-steady internal flow model
The maximum velocity occurs when the driving pressure P4 is equal
to the retarding pressure P Hence, using equations (2) which

describe the steady internal flow model,

Pt o= poll + (Arx/Vo)l i
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so that K' = A/ x/Vo = (Po/[)|)]/7“ -1

and equation (3) gives the maximum velocity Umax as

2.
n | \p/ | et

U - 2pVo [} /Pt Phi=2 1 _2pVg /_B"_\l/% 1 |
maxX  (yo-Im|  \po /
When py = 0, the maximum velocity occurs at x = © and is

1
[2poVo/ (Yo-1)m o
Equation (21a) covers the situation where P4 varies with x and Pp = Pr1.

Another case where analysis is possible occurs when Vo is large and
ag > a; so that Pg = Do but we have P, dependent on velocity. For

this purpose, the generalized Seigel formula given in equation (20a) can
be rearranged by removing (U)plzo and replacing it by /2poA; x/m .
The result obtained is

U2 = {2af (po-p1) / 71 (\1+1)py] (21b)

with the maximum velocity occurring at x = o, Equation (21b) must be
rejected as unrealistic because Py could not remain constant from

X =0 to x = % in an actual gun. An alternative approach for improving
cequation (2la) is to use a constant, mean retarding pressure greater
than p, . This is denoted by N p; and we assume that A can be determined

by evaluating the shock wave equation (19) at some mean velocity. Hence

g u - 2 '
 ERSE lLizL:l) ‘ Ur.w:lei A _mean ; 1 +( Vi1 } lmfan_1

4 aj | ay JE \ 4 / aj

""q

22a)

and, using a root mean square value for Umeﬁn from equation (21a) as
a first estimate, we obtain ‘

o V ‘ e Yo-1)/70, Vol 715 1/%0 -
U;\eun - Vo |, (7)) J-_]‘_L’[ ;Ji\ e * (22b)
(Yo-1)m \ po / m [ \pr/ B
The final result is
T L p- (Ao \Oo-DA¥e) - Apy Vol _"_"_) Ly (22¢)
max . @e-Dm_ \ po m |\ Aps o
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4.

4.6 Wave

S

o

Equations (22) provide an estimate of the maximum possible velocity

when the steady model is valid, Compressibility effects in the driver
gas can be estimated by using equation (8), derived from the quasi-steady
internal flow model of section 2. The velocity Uy calculated from the
steady model is replaced by ”max calculated from equation (22¢) to give

/

/ \ ' / \
( ’ a \ _ Yo 2 2 55
\Umax/db q-s \ Umax/ao//, L_l 3 K Umax/ao/);J ' (e2d)

Unsteady expansion model

At transonic and supersonic driver gas speeds, the unsteady theory
of section 3 is valid. This is combined with the counter pressure
formulae of section 4.1 and, since the counter pressures now do not
depend on x but only on u, a terminal velocity is reached. The
retarding pressure given by equation (18) can be converted to an
exponential by assuming that (v,-1) is small. 1i.e.

(p/p1) exp (Yiu/ay) .

retard

Equation (11) for the driving pressure when Ay = A; leads to a similar
result. The case Ag > Ay is given in equation (15), which leads to
the exponential approximation

exp | L & -AﬁL\ - Yo (u/ao)
2 \ Ay /} ‘j

(p/po ) grive

Equating p now gives the terminal velocity ”mwx from

to .
retard pderC

In (po/p1) = 7!(Umax/ih ) = (Yo/2) (1-(A1/A0)) *70(“max/lm

(1)»/_22 »(1 .- 7(:\| /[\0 )-? + 1In (P() /,IA)l,l

i.e. U =
max

ro
i
~

— (

[ (Yo/a0) *+ (11 /a1)]

The ‘noteworthy feature of this result is the logarithmic dependence on
pressure ratio. As previously noted in discussion of the unsteady
expansion model, equation (23) 1s valid when the gas Mach number “max/&)

is transonic or supersonic, In addition, the velocity given by
equation (23) may not be realistic for all reservoir lengths. The
minimum necessary reservoir length has been examined in section 3.5.

reflections from muzzle

fhe shock wave pressure formula, equation (19), is valid up to the time at

which the shock wave is modified by pressure reflections from the muzzle.
At the muzzle, the gas pressure is dominated by the atmospheric pressure p;.
The effect of muzzle reflections can be allowed for in a simple, approximate
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way in computer calculations based on simplified analytic expressions for
the driving and retarding pressures. A more complete treatment requires
full numerical solution of the basic gas dynamics equations using the method
of characteristics.

The first calculation to be made is the position reached by the projectile
when the pressure pulse generated by the initial movement of the projectile
down the barrel has had time to travel the full length of the barrel and then
return to the projectile.  The pressure pulse travels at the speed of sound
QL

The second calculation introduces an approximation, We begin by noting
that the pressure near the gun muzzle will be p;, the initial barrel pressure.
It is now assumed that a change in pressure formula must be introduced in
order that the quasi-steady formula

(r1-1) ulﬁ;-7|/(7|-4)

p/pr = |1 e Bl 24)

is used at the gun muzzle. Equation (24) describes the retarding pressure
when many muzzle reflections have taken place.

Equation (19) is used in full when the first muzzle reflection arrives at
the projectile and equation (24) is used in full when the projectile reaches
the muzzle. In between, we assume a lincar change in pressure formula
based on distance travelled by the projectile down the barrel.

S. PERFORMANCE OF SUBSONIC GAS GUNS

We pass on now to a review of the performance of subsonic guns. The aim is
to determine the value of the theoretical methods developed in the previous
sections and, in particular, to determine the precision with which the muzzle
velocities of actual guns can be predicted. Data are available for five guns,
namely the W.R.E. 127 mm gun(ref.8) and the W.R.E. 384 mm gun(ref.9), the R.A.E.
152 mm gun(ref.12), the N.A.E. 254 mm gun(ref.13) and, as reported in reference
12, the CAATDC 152 mm gun. Different methods of firing projectiles are used.
The two W.R.E. guns employ quick-acting valves and are used primarily for missile
investigations, while the other guns employ bursting diaphragms and are used for
investigating the effect of bird impacts on aircraft structures. A wide range
of sabot designs is used in the different guns. Air or nitrogen is used as the
driver gas so that Yo = 7, and ap = a;.

No data are available for transonic gas guns. The author is not aware of
any gas guns operating at transonic or low supersonic speeds.

S.1 Predicted muzzle velocities

Figure 5 shows how the measured projectile speed compares with the
predicted speed. In general terms, the measured speed is about 10% less
than that predicted by theory. Throughout, the full computer version of
the quasi-steady theory of section 2 is used, including a barrel density
correction, and wave reflections from the muzzle are allowed for as discussed
in section 4.6.
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e o] GAS GUN DATA
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Figure 5. Performance of subsonic gas guns

Details of the data shown in figure 5 are given in table 3. Figure 6 shows
how the ratio of measured projectile speed to predicted speed varies with
reservoir pressure. No clear trend is apparent. The results show that the
NAE gun at its lowest reservoir pressure has a measured speed about 20%
greater than the average trend. In view of the fact that the net driving
pressure was only about half an atmosphere (55 kPa) the relatively good
agreement is perhaps surprising and confirms the value of the muzzle reflect-
ion corrections in an extreme case where the net driving pressure is equal to
about half the barrel pressure. When the net driving pressure is about one
atmosphere (105 kPa), the perforuance of the theory is excellent,

For predicted speeds around 300 m/s, the results in figure 5 suggest that
the quasi-steady theory is breaking down. The number of data at these high
subsonic speeds is rather small so definite conclusions cannot be drawn.

We can say, however, that the vesults confirm the earlier suggestion that
the quasi-steady theory can be used up to a driver gas Mach number of about
0.75 or so.
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TABLE 3.  MUZZLE VELOCITY PREDICTIONS
i Mase beaasiine Muzzle velocity (m/s) 5:?;21:5 rgasured Sk il
(kg) | (k Pa gauge) Theory | Measured predicted velocity of zatio
2.3 690 111 105 0.95
1380 163 155 0.95
2070 200 189 0.95
:
4.5 690 81 72 0.89
o 1380 119 109 0.92
i 2070 147 136 0.93 0.92
2760 170 158 0.93
1 !
! 9.1 690 58 49 0.84 1
i 1380 86 77 l 0.90 g
‘ 2070 ; 106 97 ' 0.92 ; |
E 2760 123 113 0.92 ;
i {
m S | | —
| 14.5 345 107 103 | 0.96 | |
i | 690 163 152 ! 0.93 . .
g | . 1030 201 | 184 r 0.92 ' f
{ g ! |
| | | |
ey izg.o L 345 | 715 | 0.95 |
Bt g96 - L a4 1w ' 0.93 10.93 |
i 1030 | 150 138 | 0.92 | |
| | i
| 158.1 345 ? 57 | 53 ; 0.93 ; ;
‘, ! 690 ] R7 | 82 ' 0.94 ! i
‘ 1030 | 109 | 101 ’ 0.93 '
i ] - ST e SRS i
! |
! | 3.2 | 85 | 68 75 | 1.10
NAE } 105 . 121 115 ; 0.95 l 0.08 i
254 mm| 1 175 ' 167 155 | 0.93 ’ ‘
| | 275 213 197 1 0.92
e —_—r e ——— b — e — S — = f_"
T— {—:Tg ' 275 202 | 158 | 0.78
RAE | 550 274 229 i 0.84 0. 82
152 mm | 830 318 265 0.83 i
| 1100 349 287 ‘ 0.82
ho e S 5 (e K
CAATDC| 1.8 760 271 233 l 0.86 588
152 mm 1590 [ 355 280 i 0.79 :
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Figure o©. Influence of reservoir pressure on performance of subsonic
gas guns
5.2 Counter pressure corrections

Section 4 was concerned with the calculation of atmospheric counter
pressure corrections,. The purpose of the present section is to examine
the different corrections discussed and compare them with the full theoretical
results of section 5.1. The differcnce between the muzzle velocity without
any counter pressure and with counter pressure is the velocity correction to
be examined.

An overview of the performance of the generalized velocity correction
factor of section 4.4 is given in table 4. The maximum error in the mean
values of table 4 is 25%, and the minimum is 3%.

TABLE 4. MODIFIED COUNTER PRESSURE CORRECTION
Mean Mean Mean value of Mean value of
Gun pressure measured (exact - estimated) | (estimated/exact)
(k Pa gauge) muzzle velocity correction | velocity correction
velocity (m/s)
(m/s)

WRE 127 mm 1630 115 + 3 0.75

WRE 384 mm 690 111 + 2 0.93

NAE 254 mm 150 136 -12 1.12

RAE 152 mm 690 235 -10 1.14

CAATDC 152 mm 1180 257 1 + 2 0.97
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The data on which table 4 is based are shown in tables 5 and 6. Table 5
compares the muzzle velocities for no counter pressure with a number of
different predictions of the corrected muzzle velocities. In some cases,
the simple theory for no counter pressure predicts velocities much larger
than any of the corrected velocities. Comparison with the simple theory
for the corrected velocity shows that the performance of Seigel's method
(equation 20a) is encouraging and that of the modified method, equation (20b)
and table 4, is even more so. The final column in table S5 gives the full
theory with allowance for the barrel density effect described in section 2.2.
The difference between the last two columns is small, which shows that the
influence of the barrel density effect on the muzzle velocity is small,

For this reason, the results in table 5 for the theory without counter
pressure were not re-calculated using the full theory and the driver gas
density correction.

TABLE 5. CORRECTED MUZZLE VELOCITIES

[ ~ Muzzle velocity (m/s)
Simple theory e ”EQEIFCted_!ElPCity
Gun | Mass Pressure for no counter Scig;}? Modified | Simple Full
(kg) |[(k Pa gauge)| pressure * method | method theory *| theory **
2.3 690 134 123 112 109 111
1380 180 170 162 158 163
2070 213 204 197 192 200
4.5 690 96 89 84 80 81
WRE 1380 130 125 121 118 119
127 mm 2070 156 15X 148 144 147
2760 177 172 169 165 170
9.1 690 69 64 60 58 S8
1380 93 90 87 85 86
2070 112 109 107 105 106
2760 128 125 123 121 123
ETERa Seaee —_ e =
14.5 345 150 125 107 106 107
690 194 174 161 160 163
1030 227 208 197 195 201
K:ﬁhmm 29.0 345 108 91 80 78 79
' 690 142 129 120 119 121
1030 167 156 149 147 150
58.1 345 77 66 58 56 57
690 102 93 88 86 87
1030 121 114 109 108 109
3.2 55 208 108 54 67 68
NAE 105 233 145 107 118 121
254 mm 175 263 182 151 163 167
275 208 222 194 208 213
1.8 215 274 211 188 199 202
RAE 550 336 277 256 267 274
152 mm 830 v 319 299 308 318
1100 107 350 329 337 349
CAATDE 1.8 760 325 279 258 259 271
152 nm 1590 104 ShT 338 332 J 355
- S— e ————

Excluding barrel density effect. i.e. gas density in barrel is less than
that in reservoir.
Including barrel density cffect.

bl
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TABLE 6. COMPARISON OF COUNTER PRESSURE CORRECTIONS
Velocity correction (m/s) Correction ratio
. Mass ress : e - e .
Gun (:t; (;r?,:u;ﬁ,c) Seigel |Modified | Exact Seigel/exact|Modified/exact
& gaug method | method
2.3 690 11 22 25 0.44 0.88
1380 10 18 22 0.45 0.82
2070 9 16 21 0.43 0.76
4.5 690 7 12 16 0.44 075
WRE 1380 5 9 12 0.42 0. 75
127 mm 2070 5 8 12 0.42 0.67
2760 S 8 12 0.42 0.67
9.1 690 S 9 11 0.45 0.82
1380 3 6 8 0.38 0.75
2070 3 5 7 0.43 0.71
2760 3 5 7 0.43 0.7
o = e S #L-_ =
Mean value 6 il 14 | 0.43 &. 75
P | L S Ol e —
14.5 345 25 43 44 ! Q.57 0.98
690 20 33 34 0.59 0.97
1030 19 30 32 0.59 0.94
29.0 345 157 28 30 0. 57 0,93
WRE 690 B3 22 23 F.S57 0.96
384 mm 1030 10! 18 20 0.55 0.90
58.1 345 11 19 21 0.52 0.90
690 9 11 16 0.56 0,88
1030 7 12 13 0.54 0,92
Mean value 15 24 26 0.56 70.93_ i
R e e e —_ — — — — - —
542 55 100 154 141 071 1.09
NAE 105 88 126 115 0.77 1.10
254 mm 175 81 112 100 0.81 112
275 76 104 90 0,84 1515
Mean value 86 124 112 0.78 1.12 |
SRR L el W 5w | ERWRRTS, I 0 L) | ST RO S|
1.8 275 63 86 75 0. 84 1.15
RAE 550 59 80 69 0,86 1.16
152 mm 830 58 78 69 0.84 113
1100 57 78 70 0.81 1.11
Mean value 59 81 71 0.84 1.14
ICAATDC 1.8 760 46 67 66 0.70 1.02
152 mm 1590 47 66 72 0.65 0.92
Mean value 47 67 69 0.68 0.97
Note: Modified correction ~ (3/2). (Seigel correction).
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Table 6 compares the velocity corrections instead of the muzzle velocities
shown in table 5. The performance of the Seigel method and the modified
method are now shown in detail. As a rough generalization, the modified
method gives velocity corrections about 50% larger than does the Seigel
method. The very large velocity correction for the low pressure NAE gun
is noteworthy.

We conclude that the modified velocity correction method of section 4.4,
and equation (20b), is satisfactory when account is taken of the precision
with which gun performance can be estimated, as shown in figures 5 and 6.
The generalized velocity correction factor is therefore recommended for
design purposes. For high performance transonic guns, the reservoir
pressure must be very much greater than the barrel pressure, so that the
velocity correction from counter pressure is relatively small and the magni-
tude of the error in the velocity correction must be a lot less than the
likely error in any theoretical muzzle velocity prediction.

Friction and boundary layer corrections used for hypervelocity guns

Seigel(ref.1) has compared the performance of hypervelocity guns with
theoretical predictions and so determined a correction. The correction
increases as the driver gas Mach number increases, and has been put down
to the effects of projectile friction and of boundary layer growth in the
driver gas. Some careful tests reported by Seigel(ref.1l) show that
variations in muzzle velocity occur as friction between the barrel and the
projectile is changed. Seigel also reports one boundary layer calculation
showing that the effect on muzzle velocity increases with speed. Both
these observations are consistent with the velocity decrements observed in
the hypersonic gun data. The data give a velocity decrement of about 2%
when YoU/as = 1.0 and of about 7% when YoU/ap = 2.0. Consequently, when
U/ap is less than 1.0 this effect is very much less than the effects observed
for subsonic guns in figures 5 and 6.

The hypervelocity gun correction is therefore not helpful in attempting
to explain the average velocity loss of about 10% observed for subsonic gas
guns. However, ballistic gas compressors (6) are a possible source of
relevant information and they are examined in the next section.

Corrections used for ballistic gas compressors

fn ballistic gas compressors, a moving piston is used to compress gas in
a scaled tube. The kinetic energy of the piston is utilised to heat the
gas. Alkidas, Plett and Summerfield(ref.6) have identified a number of
difterent etfects that must be included in any method of predicting the
pertformance of ballistic compressors. The important effects are

(a) real gas effects (equation of state),

(b) valve losses at entrance to barrel,

(c) gas leakage between piston and barrel,

(d) generation of shock waves in the compressed gas,
(e) heat losses, and

(f) friction between piston and barrel.

items (c¢) and (f) are the only items relevant to transonic gas guns, All
the other items arise either because of the very high pressures and temp-
eratures generated in the ballistic compressor or because of special features
in the ballistic compressor.

The major causes of the discrepancy observed between theory and experi-
ment in figures 5 and 6 are taken to be

(1) gas leakage between barrel and sabot, and

(i1) friction between barrel and sabot.
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Eftect (i) is always present to some cxtent and a method for calculating it

is given in reference 6. The method is based on incompressible, viscous flow
and requires as input data the size of the gap between the sabot and barrel,
and the pressure difference across the length of the sabot. Effect (ii)
cannot be calculated and, if necessary, may be best determined empirically as
it will probably vary a lot from sabot to sabot and from gun to gun. Some
tests on the W.R.E. 384 mm gun show that effect (ii) was not important for
that gun. However, this gun did not have a machined barrel so that effect
(1) may have been significant.

5.5 Empirical assessment of subsonic gun performance

Figures S and 6 show that the actual projectile speed is, in general terms,
about 10% less than predicted. There seems to be no simple way of improving
the theoretical prediction methods. The discussion in section 5.3 and 5.4
has led only to the qualitative conclusion that gas leakage and friction
between the sabot and barrel are the main causes of the 10% or so loss in
performance. Consequently, for design purposes, we make the empirical
assumption that all thecoretical velocities should be reduced by 10% as a
final step in predicting projectile speeds.

6. SUMMARY OF DESIGN PROCEDURE
When the Mach number in the driver gas 1s subsonic, less than 0.75 or so, the
quasi-steady theory applies. The calculation steps are the muzzle velocity U
when there is no gas in the barrel initially, a counter pressure correction for
gas in the barrel and, tinally, the empirical 10% correction of section 5. The

-

simple analytical procedurce is summarized in table 7 below.

TABLE 7. SUBSONIC GUN DESIGN, U/ag <1
e \'t = ST LT e e i i R S A T ] PRy e i
AEEP / 1ty : 5 5
nUmbcr \'CloClt) [Urmuld Comment
{ 2 A ] ¢ . ~ Yo ~1) ‘ s
1| o (Voag = Zohib Ky (ke [
2 mag (Yo-1) ! K o | SoheRE
\ §
‘ 2 “”p.:o \ ll/ao’;pl_.) = (Mo ) . | i (7,,/3)(1&,/33,)71 equation (8)
2 2 || 1-exp (-y) :
3 U Uom) W) - Ml /e M i | equation
4 i (20b)
where y = 7,(7,*1)p,A.L./maf equation
(20¢)
2 J = C S T
’ lestimate Uestimato 9.9 8 empxrlcgl
correction,
| section 5.5

—r
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When the Mach number in the driver gas reaches transonic or supersonic speeds
a different procedure is used to calculate the muzzle velocity U when no gas is
in the barrel. The entire procedure is summarized in table 8 in a form suitable
for immediate usc by a designer.

TABLE 8. TRANSONIC OR SUPERSONIC GUN DESIGN, U/aq 2;1

) Pl M ol o8 —
St .
numizr Velocity Formula Comment
r’ ol - ik —_
1 W Wao) = (1= 8% Lyl 0r ooa Ly /mad)
‘pi1=0 pi=o 47\ Ao/ 2Yo S AP equation
(14)

provided that the value of (L;/Lo) satisfies

i 2
(of slzsvaa ol
3 (16)

mag

(If Lo is too small, refer to section 3.5)

u w2 =‘L (\12) (2p.A.1./mJ Ll_‘_c_x_ )_]

9

equation
(20b)

where y = 7, (Y1+1) piA; L /ma} equation
| (20¢)

4 < l 4 = ( 9 l i ic C
1 " chtlmatc Jest1mate Sl emplrla?l
correction,

iﬁ section 5.5

7 EXAMPLE

In order to illustrate the use of the analytic design procedures summarized
in section 6, the performance of a hypothetical transonic gas gun has been
calculated. Figure 7 and table 9 compare the performance of hydrogen, helium
and nitrogen as driver gases. Nitrogen is markedly inferior to hydrogen or
helium because the driver gas Mach numbers are transonic and, as a direct
consequence, there is a substantial drop in driving pressure as the projectile
accelerates. On figure 7, assuming a design Mach number of 1.32, a nitrogen
gun with a 23 m barrel has the same performance as a helium gun with a barrel
10 m in length. For the same performance a hydrogen gun would have a slightly
shorter barrel, 8.8 m long. For the 23 m barrel with nitrogen, the reservoir
length (and volume) have been increased slightly in order to satisfy the length
requirement of table 8.
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Table 9 compares the mass (G) of gas in the reservoir with the projectile
mass (m). For the cases considered in the table, the ratio G/m is always a
little less than unity for helium and hydrogen, but is markedly greater than
unity for nitrogen. Hence, if using nitrogen as a driver gas, transonic muzzle
velocities demand that the mass of driver gas be greater than the mass of the
projectile.

Wa7S e
1.5}
X
/ #
/ /
Hydrogen p ,
Muzzle /i/ B
P ot i # Lty
number 1.25} /) _ 7 (Vo=0.50m")
// [3/ {
\ a, /.I /// [{/
o/ Nitrogen
X
" i Po = 15 MPa_
Ay =0.02 m
m = 15 kg
v() = 0.5 m"
Ag = 0.1 m?
.75 \ ;
0 10 2() 30

Barrel length (m)

Figure 7. Example of transonic gun design




Basic gun
parameters

S — el

Reservoir pressuare,

po=15 MPa

Barre!l area,
Ay =0.02 m?

Barrel length,
Li= 10 m

Total mass,
m=15 kg

Reservoir volume,
V()=O.S m"

Reservoir
No=0.1 m’

area,

Air pressure,
p1=0.1 MPa
Air speed of

sound
a;=345 m/s

Air ratio of
specific heats,
71:1.4

* Empirical loss factor of 10%

** For nitrogen,

case Ly=23 m requires Vp=0.59 m

TABLE

T i T e

Driver
gas

! S PO TONEEN, 3

Nitrogen
a0 =350 m/s
70':1. 4
G/m=5.72

He lium
ap=1000 m/s
Yo=5/3
G/m=0. 83

R L e e

9. GUN DESICGN EXAMPLE

Retardlng

parameter|parameter

i

{D11v1ng
I

|

1 \ maj

1

1.633 }

0.200

Hydrogen
a,=1300 m/s
Yo=1.4
G/m=0.41

(Bl

e Lo

% o
|
|
|
)
5

L
Hydrogen
Ly=5 m

G/m=0.41

Helium
Ll— S5m
‘(/m 0.83

e e

He 1 ium

| Ly=15S m
| G/m=0.83
] Nltrogen
| L]"lq m
G/m=5.

&

0.059

|
|
|
|
l

0.100

maj

0.038

"PoA\L1> I71(71+1)P3A|L1

e e -
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Muz"lc
velocity*

(m/s)

571

Muzzle
mach
number*

R et

1.08

0.038

—

482

413

AL E

1.20

| Nitrogen
L) =23 m**
G/m=5.72

|
4
K
|
N
|
|
5
|
{
|
|
I

i
i SO

is included.

.32

Li=23 m is ecquivalent to either po=32 MPa or m=7.0 kg.
so that the reservoir will be long enough

(5.9 m) to stop reflections from reaching the projectile.

FFigure 8 and table 10 show how gun performance varies with reservoir pressure,.

The

The extreme cases of hydrogen and nitrogen are compared and show that there is
a marked increase in the performance advantage of hydrogen as the reservoir

The performance of helium would fall a little below that
of hydrogen, being very much better than that of nitrogen.

pressure increases.

Figure 8 shows that

|
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the high Mach numbers
on muzzle velocity.

hydrogen becomes much
nitrogen and hydrogen
etffects in the driver

2.5
el
Muzzle
Mach
Number
lj N
& )
e 1.5
1.0
0.5
Figure 8.

= 20 =

in the case of nitrogen do indeed have a dramatic effect

As the pressure drops, the performance of nitrogen and

In the limit of low pressures, the

guns must have identical muzzle velocities as compressibility

less different.

gas are no longer significant.

l,| =10 m
A = 0.02 m
m = 15 kg
Vu = 0.5 m" /,Cb
Aot = 0.1 m
-~
//
_©
g
~~ Hydrogen
>
-
('-)/
7
>~
s
o’ _c
- Ao
/ S ke
V s .
>/ //u/ Nitrogen
E/
~
»//
g
1 1
0 20 30 40

Reservoir pressure (MPa)

Example showing performance variation with reservoir pressure
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TABLE 10. EFFECT OF RESERVOIR PRESSURE
Driving Retarding Muzzle
Driver Reservoir | parameter parameter Muzzle mach
gas pressure ) ) velocity * | number *
opay. LB | ey | g} (U/ar) !
\\ maf) / mai

10 0.079 397 1. 1S

15 0.118 482 1.40

tHydrogen 20 0.158 | 0.038 551 1.60

30 0.237 660 1.91

40 0.316 744 2.16

N - X -
10 1.088 326 0.94 1

15 1.633 371 1.08

Nitrogen 20 27T 0.038 403 3 0 i

30 3.265 449 1.30

32 3.483 | 456 1,53

40 4,354 ' 481 1.40

*Empirical loss factor of 10% is included
Note: Gun parameters are taken from gun design example, with L; = 10 m

and Vo = 0.5 m throughout.

8. CONCLUSIONS

The primary aim of this report has been to derive simple analytic design
formulae in forms suitable for the use of gas gun designers. The main conclus-
ions are listed below.

(1) The case of subsonic flow by the driver gas can be treated analytically.
A simple analytic formula based on a quasi-steady theory has been derived.
Muzzle velocity results from gas guns show that the theory is applicable
up to a gas Mach number of 0.75 or so.

(2) When the driver gas moves at transonic or supersonic speeds a simple
design formula can be derived. The range of usefulness extends up to a
Mach number of 2. The basis of the formula is an unsteady simple wave
expansion. The effect of an area change at the barrel/reservoir junction
is included in the general formula.

(3) There is a minimum reservoir length for the validity of the unsteady
expansion wave model. A simple, empirical expression for the minimum
length has been derived.  The unsteady theory applies when the reservoir
is sufficiently long to prevent the expansion wave reflected by the back
of the reservoir from reaching the projectile before it leaves the gun
barrel.

(4) It is very difficult to estimate the muzzle velocity when the reservoir is
too short for the simple unsteady theory to be valid. A simple, analytic
formula of wide applicability cannot be found. For this reason, a formula
of limited value has been derived empirically to give some indication of
the loss in performance with short reservoirs.
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(5) The effects of counter pressure can be treated analytically. A simple
correction formula has been deduced. The correction is recommended for

general use and has been derived so that it agree both with Seigel's
correction formula when the muzzle velocity is lu. e and with the simple
steady theory when the Mach number i1s low.

(6) Estimates can be made of the greatest velocity possible in a particular

gun, when barrel length is treated as a variable quantity. A maximum
velocity formula has been derived by allowing barrel length to vary in
the quasi-steady theory. Similarly, a terminal velocity formula has

been derived for higher speeds where both the driving and retarding
pressure are dependent »n velocity only.

(7) The performance of actual gas guns is less than that predicted by theory.
An analysis has been made of the performance of subsonic gas guns in order
to obtain guidelines for the likely errors in theoretical muzzle velocity
predictions. Overall, the velocity is about 10% less than predicted.

The loss in performance is attributed to gas leakage between the sabot
and the barrel, and to friction between the barrel and the sabot.

(8) Either hydrogen or helium is superior to nitrogen as a driver gas for
transonic guns. A design example shows that, for similar muzzle velocities,
the reservoir pressure in the case of nitrogen is about twice that required
for hydrogen or helium. Because the speed of sound in hydrogen is greater
than that in heliumn, hydrogen always gives slightly better performance than
helium.
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NOTATION

speed of sound

value of 'a' where the gas velocity is equal to 'a'

area of cross-section
constant
diameter
acceleration of projectile, when constant
mass of gas in reservoir
= Vo /AL
length of reservoir or barrel
minimum length of reservoir to avoid wave reflections at projectile
mass of projectile, including sabot
pressure of gas
driving pressure
retarding pressure
4 + (}\n/.\])
time, measured from when projectile first begins to move
time t at which shock wave is first formed
temperature of pa

velocity of projectile in barrel

muzzle velocity
value of U when (U/ay) * 0 (steady theory)

estimated value U for a gas run
maximum value of U when L; varies
mean value of U, equation (22b)

value of U when p, =0

value of U when Ly = (l,(,)m.m

volume of reservoir

distance travelled by projectile

position of shock wave when first formed

retarding parameter 7.(7|+1)p|A.L|/muf
( JOo+D/2 - 1) (1 = (A /M)

—————————
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ratio of specific heats

ratio of mean retarding pressure to initial retarding pressure p;

density of gas

initial reservoir conditions

1 initial barrel conditions
S gas stagnation conditions

q-s quasi-steady model
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APPENDIX 1
THE PIDDUCK-KENT SPECTIAL SOLUTTON

When the mass (G) of gas in the reservoir is very small compared with the
projectile mass (m), the '"Pidduck-Kent Special Solution', often used in internal
ballistics and described in reference 1 for example, predicts the same muzzle
velocity as the steady theory of equation (3). This is not surprising because
the "Pidduck-Kent Special Solution'" is a most useful approximation of wide
applicability (1). However, in order to obtain an analytic solution, it does
assume that there is a pressure gradient of a particular form and this assumption
could lead to a different quasi-steady theory. The muzzle velocity correction
for higher speeds can be found from the series expansion (1) in powers of (G/m).
The result for small values of (G/m) is a velocity correction factor equal to
1 -f(3%-1) /127 { (G/m), which is different from the quasi-steady correction
of equation (8). In both cases, the small correcting term is proportional to
Ud/ad. From equation (9),

‘ . [ & 2 ¥ 7 '(70'1)
U3 /a3 =19> |t SR S e
\m Yo (Yo-1) . \ K
and the velocity correction factor of equation (8) can be written as
‘1 _(G/m) 4 _;/K+l}‘(')'o-l)'x"
¥(%-1) X J

Therefore the quasi-steady correction depends on K as well as Y, and (G/m) whereas
the correction from the "Pidduck-Kent Special Solution'' depends solely on Yo and
(G/m). The coefficients of (G/m) are respectively

K

( - -1) )
1 b (Kel { (370-1)
TMo-D L1 < ) e e
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APPENDIX I1
SEIGEL PRESSURE FORMULA FOR Ay > A,

The barrel entry sonic approximation is described in section 3,3, Equation

(15) gives
| _ 12%/ (Yo-1)
p/po = '[ 1+Z—’!0~,i>%—0 (IT.1)
\ it LAY ')
where Z = L.\“W"+1)/2 =1 tF b~ (A1 /Ao) 5-

Seigel(ref.1) has introduced an improved formula by taking equation (II.1) to
apply only for You/ap = 1.5. When You/a, < 1.5, Z is replaced by (You/1.529).2Z
which leads to the correct behaviour in the limit as u > 0. Seigel's improved
formula leads to a muzzle velocity formula more complex than equation (14).
However, in cases where the distance travelled for a given muzzle velocity is
required, Seigel's improved formula is straightforward to use in the equation of
motion (6). The inversion to give velocity explicitly is not so straightforward
and must be restricted to transonic and supersonic speeds if a logarithmic
formula is desired. In view of the good performance of equation (14) at tran-
sonic and supersonic speeds, as described in section 3.4, Seigel's more complex
pressure formula has not been used. The simplicity of equation (14) is worth-
while preserving.

The case YoU/ag < 1.5 will now be examined in more detail. The factor Z
in equation (II.1) is multiplied by (You/1.5a3). The resulting pressure formula
therefore looks like equation (11) with pe unchanged and a, replaced by

el
a0 ‘ 1 - .‘_?19}_-,4 S J
i 1.5(Y0~1).

¢

The a; multiplying factor becomes

- -
l 1 - Z% (1- %ﬁ) } by introducing an expansion based on (Y0-1) being small.

Hence equation (13) for the muzzle velocity becomes

5

’ ——r _,,..,-.fl_“,‘. 1 2 1 ‘)—191 l!i AL/'2
[ 270[l-(70/3)(1-(/\l/*\0))|&l' "l_ i 4 Aoﬂ 4 el

U/ap

1.0 <7voU/ap < 1.5.

When YoU/as = 1.5, even more complexity will be introduced in the formula. Thus
Seigel's improved pressure formula is best used to calculate distance travelled
for a prescribed muzzle velocity. The result for YoU/ap 2 1.5 can be shown to be

| Ay l ) ,
Ve = oo \I- I) e [ E+ (65 poAr Ly /mag)], YoU/a0> 1.5,

where E = exp [3-(1/2) (1-(Ay /Ao )] = § 1-(Y0/3) (1- (A1 /Aa)) {72 expl 3-70 (A1 /A0 ) 1.
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APPENDIX IIT
SIMILARITY PARAMETERS FOR UNSTEADY EXPANSION MODEL

The pressure formula in an unsteady cxpansion is given by equation (11),

namely
— Y/ (Yo-1)
/
Yo -1 u
p/po = [_1 ‘& 07 > ——:} ’
4 o

Treating (Yo-1) as small, this formula becomes

p/po = exp (-You/ao) . (I11.1)

Seigel (ref.1) comments that equation (II1.1) is a useful simplification. Further-
more, it shows that You/ag is likely to be an important similarity parameter.
We can now combine equation (ITI.1) with the equation of motion (6) to obtain

d
m u d—‘; = Aipo exp (=You/ao) .

i.e. (You/ao)

d(You/ap) _ Yo poAr Ly

exp (-You/ap)
d(x/1) mag

Hence we expect that the only similarity parameters of importance in determining
muzzle velocity are likely to be YoU/ap and Y§poA; Ly /mag . The area ratio Ao /A;,
or the diameter ratio Do /Dy, completes the set of parameters.

The usefulness of the similarity parameters YoU/a, and 7%poA,L|/maé ‘can best
be determined by re-plotting the data given in figures 2, 3 and 4. The results
are given in figure [Il.1 and show that the similarity parameters are remarkably
effective.

The predictions of the simple logarithmic formula, equation (14), are shown
in figure III.1 together with data for A¢/A; = 1,25 taken from Seigel's exact
results(ref.1). The slope of the straight lines representing equation (14) is
a good avecrage representation of the data. For Ao /Ay = 1, the slope is a little
larger than optimum while, for A¢/A; = 25, the slope is a little less than the
opt imum. Figure II1.1 therefore confirms the usefulness of equation (14) as a
simple, eftective design formula.
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S e R el — —_—
Yo No/A=1.0 Ay/A;=25.0 .

3.0

s 8/3 ° a n/ /

Data from Sceipeld, S
Ref. |

/ O
YoU ST

ag " /®
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Another feature of figure IIIl.1 is the very good agreement between the
simple logarithmic formula and Scigel's data for Ay/A, = 25, with YolUlag < 2.
This is significant, because it covers the region of most interest for guns
operating at transonic speeds. When Ay /A; = 1, the logarithmic formula is
very effective, but not quite so good as in the Ag/A; = 25 case.
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