MARTIN MARIET TA ENERGY SYSTEMS UBRARIES

R

ORNL/TM-11561
3 445L D31L2Y4L B

GUICKGUN: An Algorithm for
Estimating the Performance of
Two-Stage Light Gas Guns

8. L. Milora
e o

¥}

8. W, Kincaid

{9




This report nas been raproduced directly from the !

contractors  froin
Q. Box 52, Qak Rido

from (G18) 657¢-2401, 7 TS 6262401,

aformation Sorv

d, VA 23161

o
Mmerce.

codes-Frintad! Copy: A0S Microfiche AQ1

Thiz report was prepared 2s 2n goccunt o work sponssrsd nv an agsacy of
the Uniisd Statss Covarnme

v thareot, nor any ©
07 @ssuTmas any leg

. product, or prog

privaisly 0w

8, Or ussiumn

or ropresents ithat

COMfingi i or servics by

8, GOSs Nl G

D OF iy |
Gover—ment or

expresest k or refiect th

Cove




ORNL/TM-11561
Dist. Category UC-420

Fusion Energy Division

QUICKGUN: AN ALGORITHM FOR ESTIMATING
THE PERFORMANCE OF TWO-STAGE
LIGHT GAS GUNS

S. L. Milora
S. K. Combs
M. J. Gouge

R. W. Kincaid
North Carolina State University

Date Published: September 1990

Prepared for the
Office of Fusion Lnergy
Budget Activity No. AT 15 01 027

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831-6285
operated by
MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-840R21400

MARTIN MARIETTA ENERGY SYSTEMS UBRAMES

R

3 445g D3le2yL &






CONTENTS

ABSTRACT . . . . . . . . o oo oL e v
1. INTRODUCTION . . . . . . . . . . . o o o v o v v v v v oo 1
2. COMPONENT DESCRIPTIONS . . . . . . . . . . .. ... .. 3
21 RESERVOIR . . . . . . . . . . . . o o 3
22 VALVE . . . . . . ..o e e 4
23 FIRSTSTAGE . . . . . . . . . . . . o« o o oo .. 4
24 SECONDSTAGE . . . . . . . . . . . v v v v o 5
25 LAUNCHTUBE . . . . . . . . . . . o v o v v i e ot 7
3. RESULTS . . . . . . . . . . o oo 11
4. CONCLUSIONS . . . . . . . . o o o o s et 14
ACKNOWLEDGMENT . . . . . . . . . . . . . .« o v .. 15
REFERENCES . . . . . . . . . . . o . o o o o v it 17

1l






ABSTRACT

An approximate method is described for solving the equation of motion of a pro-
jectile accelerated by a two-stage light gas gun that uses high-pressure (<100-bar)
gas from a storage reservoir to drive a piston to moderate speed (<400 m/s) for
the purpose of compressing the low molecular weight propellant gas (hydrogen or
helium) to high pressure (1000 to 10,000 bar) and temperature (1000 to 10,000 K).
Zero-dimensional, adiabatic (isentropic) processes are used to describe the time
dependence of the ideal gas thermodynamic properties of the storage reservoir and
the first and second stages of the system. A one-dimensional model based on an
approximate method of characteristics, or wave diagram analysis, for flow with
friction (nonisentropic) is used to describe the nonsteady compressible flow processes
in the launch tube. Linear approximations are used for the characteristic and fluid
particle trajectories by averaging the values of the flow parameters at the breech
and at the base of the projectile. An assumed functional form for the Mach number
at the breech provides the necessary boundary condition. Results of the calculation
are compared with data obtained from two-stage light gas gun experiments at Oak
Ridge National Laboratory for solid deuterium and nylon projectiles with masses
ranging from 10 to 35 mg and for projectile speeds between 1.6 and 4.5 km/s. The

predicted and measured velocities generally agree to within 15%.






1. INTRODUCTION

Single-stage light gas guns operating with helium and hydrogen propellant have
been used as drivers for advanced plasma fuel injection systems for several years.1—®
These devices can launch solid hydrogen, deuterium, and tritium® pellets with
diameters of 1 to 6 mm at speeds of less than 2 km/s. The two-stage light gas
gun approach has been adopted as a way to improve the performance of pellet
injection systems in anticipation of more demanding applications on reactor-like
devices, where speeds above x5 km/s will be required for deep penetration in the
hot plasma. Present developmental systems operate at speeds of about 3 km/s with
deuterium pellets and at speeds above 4 km/s when the deuterium ice is protected
from hot gas erosion by a sabot.? ™14

We present an approximate model to determine the dynamics and performance
of two-stage light gas gun systems of the type shown in Fig. 1. A valve separates the
high-pressure gas storage reservoir from the first stage, which is defined as the region
of the pump tube between the valve outlet and the rear face of the piston. The
thermodynamic parameters of the reservoir and first stage are calculated from zero-
dimensional (0-D) expressions for mass and energy conservation assuming adiabatic
conditions and ideal gas relationships. The valve that controls the flow of gas
between these two stations is modeled as an equivalent sharp-edge orifice. The
second stage incorporates the region between the front face of the piston and the
entrance to the launch tube (breech). This is also treated in a 0-D approximation
with applicable expressions for mass and energy conservation. Acceleration of
the piston is determined by the pressure imbalance between the first and second
stages. Because friction and heat transfer are neglected, all processes up to the
breech location are isentropic. By operating with low initial pressure (usually
subatmospheric) in the second stage, very large compression ratios are developed,
and high pressures and temperatures are realized at the breech as the kinetic energy
of the piston is converted ideally into work on the second-stage gas. The nonsteady
equations of motion in the launch tube are described by a one-dimensional (1-D)
model and are solved algebraically by an approximate method of characteristics with
an assumed functional form for the breech Mach number. The latter step effectively
relates the pressure at the projectile base to the conditions at the breech. Ideal gas
relationships are assumed for the thermodynamic properties of the propellant gas,
and the effect of friction is modeled as a retarding force (with dissipation) acting

on the fluid element at the inner wall of the launch tube.
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Fig. 1. Schematic of two-stage light gas gun. Symbols are defined in the text.



This treatment is similar to an earlier model presented by Riva and Reggiori,'?

who considered only isentropic flow in the launch tube but incorporated additional
effects such as heat transfer to the second-stage walls and mass transfer between
the first and second stages, which results from an imperfect seal at the piston—~pump
tube interface. In our treatment, we employ a less rigorous, or approximate, method
of characteristics for the solution in the launch tube. As mentioned, friction is taken
into account, and a model is used to describe the flow through the valve separating
the reservoir from the first stage.

In Sect. 2, we present the mathematical descriptions of the various components
of the system shown in Fig. 1. In Sect. 3, example solutions are presented, and the
results are compared with data obtained from the ORNL two-stage gas gun facility.

Conclusions are given in Sect. 4.

2. COMPONENT DESCRIPTIONS
2.1 RESERVOIR

The conditions in the reservoir are computed using 0-D models expressing

conservation of energy and mass within the reservoir volume V,.:

d(mre;) .
AT 1
di mehe (1)
dm, .
dt = =My ) (2)

where e, and h, are the specific internal energy and enthalpy of the gas, m, = p, V.
is the mass in the reservoir, and m, represents the mass eflux rate through the
valve separating the reservoir from the first stage. The mass density p, is related

to the pressure P, and temperature T, by the ideal gas equation of state,
P.=p.R.T, . (3)

Similarly, the internal energy and enthalpy are related to the temperature by ideal

gas specific heats and the specific heat ratio 7,,
er =Cy, Ty , (4a)

hr =Cp,Tr (4b)
where Cy, = R, /(yr—1), Cp, = Ri[v+/(4r —1)], and R, = R/W;; the universal gas

constant and molecular weight of the gas are denoted by R and W, respectively.



2.2 VALVE

The valve separating the reservoir from the first stage is modeled as a sharp-
edge orifice with an equivalent diameter D,y and a response time to fully open tresp.
A simple linear ramp function is used to approximate the opening characteristics of
the valve. For compressible flow, the mass flow rate through the valve is dependent
on the valve area A,, the reservoir temperature and pressure, and the downstream
pressure Py; however, for values of the pressure ratio below a certain critical value,
the flow will be choked, and consequently the throughput will depend only on the
upstream conditions. The mass flow rate is therefore written in the following form,$

which is valid for any back pressure:

1 , P1 < Pcrit
my = CgA, T X /v (rr=1)/7 ]2 y (8
d 92\/71' 2}. f_l_ 1— ._1_)_1_ , P1>Pcrit ()
g2 \ P- Py -
where
2 ‘fr/(‘Yr"‘l)
Pc it — I)T -
it (’}’r + 1)
and
t
, t < tres
Av = %qu X tresp ’
1 , t> tresp

In Eq. (5), Cy is the valve discharge coefficient (~0.8) and the constants g, and g,

are given by

glz{ 2, ]1/2 e .Zr.( 2 )(7r+1)/(7r—1) 12
Rr(')/r - 1) ’ 2 R, Yr -+ 1

2.3 FIRST STAGE

As in the reservoir, the conditions in the first stage, which comprises the volume
between the valve and the rear face of the piston, are computed from the applicable

0-D expressions for energy and mass conservation:

d(ml 61) .

It = Thrh-r - Pl UpistApist ’ (6)



ig;—-l- =m, , (7)
where the subscript 1 denotes the first stagé and Upist = dZpist /dt and Apis
represent the speed and cross-sectional area of the piston, respectively. In Eq. (6),
the first term on the right-hand side represents the enthalpy convected into the first
stage by the gas exiting the reservoir, and the second term represents the expansion
work done by the first-stage gas against the moving piston. The mass density in the
first stage is related to the total mass contained within its volume, which consists

of an initial fixed volume V4 and the volume swept out by the piston as it moves,

my = Pl(% + mpistA~pist) ) (8)

where 2,5t is the position of the the piston relative to its initial resting position.
When friction between the piston and the pump tube bore is neglected, the
motion of the piston is completely specified by the pressure imbalance between the
first and second stages:
dzxpist — dUpist _ (Pl - PZ)Apist (9)
dt? dt Mist ’

where Mg is the piston mass and P; is the pressure in the second stage.
The description of the first stage is completed by the ideal gas relationships for
pressure, internal energy, and enthalpy, which, when the first-stage and reservoir

working gases are the same, are

P1 = PerTl , €1 = Cv,.Tl ’ h] = Cp,-Tl

2.4 SECOND STAGE

The second stage is defined as the region between the front face of the piston
and the breech of the gun (entrance to the launch tube and initial position of the
projectile). This region is also modeled as a 0-D entity whose volume changes as
the piston traverses the pump tube. In addition, a fixed volume V} is included
in the calculation to account for the volume of components located between the
end, or head, of the puinp tube and the breech. Mass loss from the second stage
is estimated by assuming that gas escaping into the launch tube as a result of
the projectile movement does so at a constant, or average, breech Mach number

M. The mass loss is included only after the projectile has started to move. In



the code, this condition is satisfied when the second-stage pressure exceeds the
specified projectile release pressure, Prej. The relevant expressions for energy and
mass conservation are
PyUpist Apist Py < Py
d(maeq) _ . (10)
dt PaUpist Apist — Mp (hz + §U52> y P22 Pra

and

0, Py, < Ppe
dmg { 2 rel (11)

dt "'77.7/ba P2.>_Pre1

respectively, where the subscript 2 denotes the second stage and the subscript b
denotes the breech. The first term on the right-hand side of Eq. (10) represents
the work done on the second-stage gas by the advancing piston, and the second
term represents the energy loss associated with the mass flow rate at the breech,
my = ppUpAs. In the energy balance we include also the kinetic energy of the gas
escaping at speed Uy = Myap, where ap = /72 R2T} is the sound speed evaluated
at the breech. The mass contained at any time within the second stage is related

to the volume and mass density by the expression

Mo = 102% + P2Apist(L ” -'L'pist) ’

where L is the active length of the pump tube. The remaining thermodynamic

conditions in the second stage are given by the relevant ideal gas relationships:

R R,
0 = CuTa, Oy = =2

y2 1 ?
hy =C,. Ty, C,, = Ry—2
P2 9 P2 9 1 bl

Py = poRoTy |, Ry =

where the previous definitions apply. Finally, the thermodynamic properties at the
breech are related to their corresponding values in the second stage by well-known

gasdynamic expressions'” applicable to steady flow in nozzles:

-1 - -1
Py = Pyyplre/(re=1)] Py = ppplt/ (=01 oy — (1 4 729 sz)

With the assumption of a fixed Mach number at the breech, the parameters
of the system are completely determined up to and including the breech location
and are thus independent of the dynamics occurring in the launch tube. This

simplification effectively decouples the solutions for the reservoir, first stage, and



second stage from the solution for the projectile motion while providing one
boundary condition needed to obtain an approximate solution for the projectile
motion in the launch tube. In the code, the parameters of the reservoir and
the first and second stages are computed first by solving this system of coupled
differential equations numerically. The projectile motion is computed from the

conditions determined at the breech, as described in Sect. 2.5.

2.5 LAUNCH TUBE

An approximate 1-D model based on the method of characteristics'® is used to
solve numerically for the nonsteady compressible flow in the launch tube and the
resultant projectile motion. In contrast to the treatment of the reservoir and the
first and second stages, a 1-D model is required to relate the pressure at the base
of the projectile, which provides the acceleration force, to the breech pressure.
In the first and second stages, the piston speed is usually much smaller than
the sound speed, and consequently the assumption that the pressure equilibrates
instantaneously throughout the respective volumes (i.e., that it is 0-D) is usually
justified for computing the piston motion. However, in the launch tube and, in
particular, at high projectile speeds and at distances far from the breech, rarefaction
waves propagating rearward from the base of the projectile tend to negate the
forward-propagating compression waves originating at the breech, and this can
lead to significant reductions in the pressure at the projectile base relative to the
instantaneous value at the breech.

The method of solution employed is based on the approach suggested by Siegel,®
whereby the approximate projectile base pressure is determined as a function of time
for isentropic flow by specifying a fixed Mach number at the breech and by taking
average values for the sound speed and gas speed along a characteristic curve. We
have refined this method by incorporating the effects of friction (nonisentropic flow)
and by including a more flexible functional form for the breech Mach number that
better approximates the conditions at the breech. This technique is illustrated
graphically in Fig. 2, a wave diagram in the z-t plane describing the projectile
trajectory and the trajectories of a fluid particle and a characteristic curve. Both
have been linearized by taking as their respective velocities simple averages of
the values pertaining at the breech and projectile positions. The curve labeled
“P characteristic” is the trajectory of a forward-propagating pressure disturbance

traveling at the local sound speed, a, in the reference frame of the gas moving at
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Fig. 2. Wave diagram for fluid and projectile motion in launch tube.

speed U. In the linear approximation, it intercepts the projectile at time ¢ after
having left the breech at an earlier time ¢, defined by
Lp
t—t

=U.+a. , (12)

where U, = [Up(t') + Up(t)]/2 and a. = [ay(t') + a,(t)]/2 represent respectively
the fluid speed and sound speed averages on the characteristic. Following Siegel,'®
we specify a value for the breech Mach number, M;, which determines the value
of Up(t'). A functional form is assumed that approaches zero in the limit of low
projectile velocity and increases asymptotically to M, as the projectile accelerates
to speeds in excess of the fluid velocity at the breech,
_— — HP’@ R Up < ﬁbab
My = MU, 1)/ [Myay(t') + Uy(t)] ~ { (') . (13)

My, U,>May

It follows that the fluid velocity at the breech is given by Us(t') = Myap(t').



To complete the solution, an additional relationship is required for the sound
speed at the projectile base. The necessary information is obtained from consid-
eration of the manner in which the Riemann variable P varies on a characteristic,
where P = [2/(y2 — 1)Ja+ U and AP = Pp(t) — Po(t’).

For flow with friction in a constant-area duct, the change in P between two
locations on a characteristic is dependent on the entropy of the two states and
the resultant body force exerted on the gas by the wall shear stress. The entropy
increase in the launch tube is a result of heat dissipation in the gas resulting from
the friction force exerted at the wall. By once again taking average values, we obtain

an estimate of the change in P between ¢ and t' (ref. 18),

Ap = Telss() = ss(t)] At = )T,

= Bt (e = DT/a)] . ()

where s is the specific fluid entropy and A is the friction coeflicient, defined in terms

of the pressure gradient within the launch tube as

pU?

VP = W)\QD,,

For fully developed pipe flow, the friction coefficient varies only weakly with the
Reynolds number; consequently, in the calculation we assume A =2 const = 0.02
(ref. 16).

The fluid entropy change between the breech and projectile is calculated from
the heat dissipated in the gas by the wall friction force acting on a fluid particle
moving between the two locations. Referring to Fig. 2, a fluid particle leaving
the breech at time t" at average speed Uy, will intercept the projectile at time ¢

according to

= mI)
2 t—t"
As before, we relate the fluid velocity at the breech to an assumed Mach number
by Up(t") = Mpay(t"), where

— Ut + Uy()

Ugp (15)

My = MU, () /[Mpan(t") + Up(1)] -

The rate of entropy production moving with a fluid particle is given in terms of

previously defined parameters and the average sound speed by'®

. AR, Iﬁfp|3
PR L i N A 1
s 2Db&%p ’ (16)
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where "
~ ap(t") + a,(t)
dfp = ——5—— .
In our approximate linear treatment, it follows that the specific entropy at the

projectile position is given by
sp(t) = sp(t") + (- t")s . (17

Because of the assumption that the flow for all stages up to and inclusive of the
breech is isentropic, s3(t) = const, and consequently Eq. (14) reduces to

Tes(t—t")  At—t)T.

AP = = 55 1+ (e = D(Tfa)] (18)

From the definitions of the Riemann variable and AP, the sound speed at the
projectile is
y2 — 1

ap(t) = ap(t') + 5

[AP +Up(t) — Up(2)] - (19)

The projectile base pressure, which provides the acceleration force, is given by the

alternate form of the equation of state,

a 292 /(72—1)
) exp{~[s,(t) ~ )/} . (20)

(J,b(t')

With s;(t) = const, Eq. (20) reduces to

A0 = R()|

292/(v2—-1)
] exp{~[5(t - ")/ Rz} . (21)

ap(t)
Py(t) = Py(t") | &
(1) = Pu(e) | 22
Finally, the projectile’s speed (which is equal to the gas velocity at the projectile
location) and position are determined in terms of the base pressure and the mass
and cross-sectional area of the projectile by the equation of motion,
2.,
d’z, dU, P,A,

e _ 22
ar ~ dt | M, (22)

The computer code QUICKGUN was written to solve this system of equations
numerically. At any given time ¢, with known values of z, and U, and the breech
conditions as determined previously, Eqs. (12), (15), (18), and (19) are solved
iteratively to determine ¢/, t", $, and a,(t). The base pressure is calculated from
Eq. (21), and this value is used in Eq. (22) to advance the projectile speed and

position to the next time step. The calculation is started at initial time ¢, when
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the pressure in the second stage P, reaches the specified projectile release pressure
P.a. The initial conditions are z, = U, = 0 and P, = Fa.
3. RESULTS

Results of a QUICKGUN calculation for the conditions given in Table 1 are

shown in Fig. 3. The conditions chosen for the calculation correspond to those used

Table 1. Parameters for shot 1210
Input parameters

" Reservoir
Volume, L 2.2
Gas Helium
Initial pressure, psi 750
Valve ESEOD, cmn 2.22
Valve response time, ms 0.10
Piston mass, g 19.6
Pump tube
Length, m 1.00
Diameter, cin 2.54
Volume, L 0.506
Gas Helium
Initial pressure, psi 11.6
Breech volume, cm® 1
Projectile
Length, mm 2.80
Diameter, mm 3.90
Density, g/cm? 1.060
Mass, g 35.437
Release pressure, psi 1000
Output parameters
Pellet release time, ms 4.110
Piston transit time, ms 4.306
Piston impact speed, m/s 0
Distance of closest approach, ecm 0.203
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Fig. 3. Results of numerical simulation of shot 1210 for times after projectile

release.

in a small two-stage light gas gun facility at ORNL (which has a 2.54-cm-diam,
100-cm-long pump tube) to accelerate 35-mg plastic projectiles to 4.5 km/s (ref.
10). In the experimental case (shot 1210), a 2.22-cm-diam burst disk separated the
reservoir from the first stage. This is simulated in the code by setting the valve
response time to an arbitrarily small number (0.1 ms) and by taking the burst disk
diameter as the valve equivalent sharp-edge orifice diameter (ESEOD). In Fig. 3,

the system parameters are shown for times greater than the projectile release time,
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t:a, which corresponds to the instant at which the breech pressure reaches the
assumed release value of 1000 psi. The calculation was performed for My = 0.3.
The output from the code can be compared to a number of experimentally observed
parameters, including muzzle velocity, breech pressure, and the piston transit time,
which is defined as the time required for the piston to travel to the pcint where
it reverses direction (distance of closest approach to the end of the pump tube).
In this example, the reversal point is calculated to be 0.203 cm from the pump
tube end, and this is achieved in a total elapsed time of 4.306 ms, in comparison
to an experimental value of 4.4 ms. Although the piston speed was not measured,
the code predicts a maximum speed of 400 m/s. As shown in Fig. 3, the calculated
maximum breech pressure P, = 66, 000 psi, compared to a measured value of 53,900
psi. The shapes of the experimental and calculated breech pressure pulses are similar
with full widths at half-maximum of 50 us and 41 us, respectively. The calculated
projectile base pressure pulse is of comparable width, but it peaks later than the
breech pressure. This is a consequence of the finite sound speed of the propellant
gas and the distance required for the pressure pulse to propagate from the breech
to the projectile location. In the calculation, the projectile speed U, approaches
4.9 km/s asymptotically, but most of the acceleration is achieved within the first
50 cm of travel. In the experimental case, a speed of 4.5 km/s was measured at the
exit of the 1-m-long launch tube.

Some tests were performed using the same gun geometry, but with deuterium
pellets and a fast valve to separate the reservoir from the first stage. Code
predictions for these cases are compared with the test results in Table 2. The
ESEQOD for the fast valve, which was developed at ORNL, has not been measured.
To estimate its value we have taken the internal diameter of the smallest orifice.
The response time of the valve is in the range of 1 to 2 ms; we have assumed 2 ms for
the calculation. For the most part, the agreement with the experimental values is
good, with a maximum discrepancy in the projectile speed of 13%. Moreover, it can
be seen that the pellet velocity discrepancy correlates with the discrepancy in the
average piston speed, which is defined as the distance between a pressure transducer
used as a time marker, located 8 cm in front of the piston starting position, and
the end of the pump tube (the second time marker) divided by the measured time
interval for the piston to move between these two locations. The error is reduced
considerably when the calculated average piston speed is adjusted to match the
measured value (by adjusting the reservoir pressure), as shown in the last row of
the table.
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Table 2. Simulation results and experimental data

from ORNL two-stage light gas gun

Shot number

1210 5041 5064 5088 5089
System parameters
Projectile material Nylon Deuterium Deuterium Deuterium Deuterium
Projectile mass, mg 35 12 12 12 12
Release pressure, psi 1000 300 300 300 300
Piston mass, g 19.6 25.5 25.5 25.5 25.5
Reservoir pressure, psi 750 480 850 1000 1070
Pump tube pressure, psi  11.6 11.6 11.6 11.6 11.6
Valve ESEOD, cm 2.22 0.66 0.66 0.66 0.66
Valve response time, ms 0.1 2 2 2 2
Results

Average piston speed, m/s

Measured 289 112 180 187 180

Simulation 296 130 164 175 177
Pellet velocity, km/s

Measured 4.5 1.6 2.6 2.7 2.8

Simulation 4.92 1.81 2.26 2.45 2.49

Adjusted® 4.92 1.60 2.61 2.70 2.57

®By adjusting the reservoir pressure.

4. CONCLUSIONS

A simple numerical model has been developed to predict the dynamic perfor-
mance of small two-stage light gas guns of the type used for high-speed plasma fuel
injection systems. The model uses standard 0-D descriptions of the thermodynamic
processes (ideal) in the gas storage reservoir and in the first and second stages
up to the gun breech location. A model is included to describe the action of
the valve separating the reservoir and the first stage. A simplified algebraic

algorithm based on the method of characteristics for duct flow with friction is
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used to describe the nonsteady flow processes in the launch tube. The model
has been benchmarked on a limited number of experiments performed at ORNL
with a small two-stage light gas gun facility used to accelerate 4-mm deuterium
and nylon pellets to speeds ranging from 1.6 to 4.5 km/s. The model has not been
tested at higher speeds (and pressures), where heat transfer and real gas effects
may become important and the assumption of 0-D gasdynamic processes in the first
and second stages may break down. The effect of friction acting at the interface
between the projectile and the launch tube has also been neglected, but, if needed,
it can easily be taken into account by modifying the projectile equation of motion
with a suitable friction model (velocity power law dependence or increased effective
projectile mass). Comparison with more detailed experimental data will be required

eventually to determine the limitations of the model.
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