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ABSTRACT 

Performance of single-stage pneumatic pellet injectors is compared with several 

models for one-dimensional, compressible fluid flow. Agreement is quite good for 

models that reflect actual breech chamber geometry and incorporate nonideal effects 

such as gas friction. Several methods of improving the performance of single- 

stage pneumatic pellet injectors in the near term are outlined. The design and 

performance of two-stage pneumatic pellet injectors are discussed, and initial data 

from the two-stage pneumatic pellet injector test facility at Oak Ridge National 

Laboratory are presented. Finally, a concept for a repeating two-stage pneumatic 

pellet injector is described. 

. 

V 





INTRODUCTION 

Oak Kdge National Laboratory (ORNL) has been developing pneumatic pel- 

let injectors for about ten years to  supply hydrogenic fuel for magnetic confine- 

ment devices.'-'' All previous designs have been based on single-stage pneumatic 

injectors that use high-pressure hydrogen gas (50-120 bar) to accelerate frozen 

hydrogen and deuterium pellets with masses in the milligram range to velocities 

of 800-1800 m/s. Higher velocities are desired to provide deeper penetration into 

high-temperature plasmas. Several development programs are in place for providing 

pellet velocities in the range of 2-5 km/s (electrothermal guns,12 two-stage pneu- 

matic guns) and 5-10 km/s (electron-beam accelerator pellet injector13). This pa- 

per concentrates on simple improvements to single-stage pneumatic guns to achieve 

moderate gains in velocity and on the design of a two-stage pneumatic system for 

large gains in pellet terminal velocity. One of the goals of the high-velocity pellet 

injector development program is to determine, given the strength of solid hydro- 

genic pellets, the limits on peak acceleration and, therefore, terminal velocity fnr a 

finite barrel length (accelerator pa.th) on the order of 1-2  m. 

I. IMPROVEMENTS OF SINGLE-STAGE PNEUMATIC GUNS 

A. Background 

There is a large body of data on the performance of pneumatic single-stage pellet 

injectors. Performance is usually specified by plotting pellet terminal velocity vs 

supply or breech pressure of hydrogen gas supplied to the back end of the pellet via a 

fast (1- to 2-ms), high-pressure valve. Factors determining performance include the 

accelerating gas type (usually hydrogen), accelerating gas pressure and temperahre, 

pellet specific gravity, pellet length, and barrel length. Perhaps the largest data base 

is for the repeating pneumatic injector (RPI),' developed at  ORNL in 3982-1985 

for use on the Tokamak Fusion Test Reactor (TFTR). Figure 1 shows results for 3.4- 

mm-diam by 4-mm-long deuterium pellets with a 0.785-m barrel. A simple analytic 

theory14 based on the similarity principle can be used to predict performance scaling 

of single-stage pneumatic guns. The theory assumes nonsteady, isentropic, one- 

dimensional ( i -D)  gas flow in an infinite pipe of constant radius accelerating a 

projectile of mass m. At  time t = 0, a supply pressure, PO, is applied to cine side of 
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the projectile (breech side), which has a vacuum on the other (muzzle) side. The 

equation of motion of the projectile i d 4  

Z - t l ( 7 - 1 )  

1 dup - 2 co 
1 (y --- 1)u m-.- - 1 .... - 

7 dt 

where up is the projectile (pellet) velocity, co is the initial sound velocity, and y is 

the ratio of specific heats. 

Equation (I) can be integrated to give 

For a given barrel length Z, a muzzle -velocity can be computed if po C O ,  y, and m are 

known. This has been done in Fig. 1 where the ideal theory predicts consistently 

higher muzzle velocities than those observed experimentally. For this particular 

pneunlatic injector, a good fit to the empirical data is obtained by decreasing the 
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ideal performance by about 15%. It is believed that the 15% reduction is due to 

some or all of the following factors: 

1. Friction and heat transfer effects in the barrel, which make the process non- 

isentropic. 

2. Finite time to cycle the high-pressure propellant valve (on the order of 1 ms). 

3. Reflection of the rarefaction wave from the fast valve to the pellet while the 

pellet is still in the barrel, which reduces the pressure behind the pellet. 

4. Finite volume of accelerating gas behind the pellet (the ideal theory assumes 

an infinite volume). 

The purpose of the present study is to determine if the ideal theory can be 

modified to give better agreement with the experimental data through increased 

understanding of these nonideal effects. A second objective i s  to identify simple 

modifications to single-stage pneumatic injectors that would improve performance 

by 10-30010 in the near term. 

Dc, CHAMBER + 
DIAMETER I 

B. Effects of finite chamber and barrel length 

Relevant geometry is shown in Fig. 2. The chamber is defined as the region 

between the fast propellant valve and the pellet. Initially, we assume that the 

chamber diameter Dc equals the barrel diameter D .  This is the case for the RPI 

and is usually the case except with very small pellets. 

If the chamber length is finite, then the mass of the accelerating gas is finite and 

Eq. (1) is no longer strictly valid. In particular, the rarefaction wave is reflected 
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from the breech end and, when it reaches the area behind the projectile, lowers 

the pressure of the gas and reduces projectile velocity relative to the ideal case of 

infinite chamber length. A convenient parameter to reflect the finite chamber effect 

is the dimensionless coefficient G/AI ,  which is the ratio of the mass of propellant 

gas (now finite due to the finite chamber length, L c )  to the mass of the projectile15: 

where m is the pellet mass and A the cross-sectional area of the chamber. For the 

conditions of Fig. 1 [y LC = 0.12 111, 

m - 7.26 x g], the dimensionless value G / M  is shown vs po  in Table I for the 

RPI gun. i n  Table I, XB is the dimensionless barrel length, 

1.4, eo = 1309 m/s, A - ~ ( 1 . 7  x 10 -3 

where I; is the physical barrel length and 1) is the h a r d  diameter. 

In Eqs. (3 )  and (4), p g  is the breech pressure, which is defined as the maxi- 

mum pressurc developed in the chamber due to cycling of the fast propellant valve. 

The design and performance of the fast propellant valve are described in Ref. 16. 

'Typically, the breech pressure is 50 75% of the supply pressure of thc propellant 

gas. Figure 3 shows pellet release pressure as a function of pellet length. These 

data  are from experiments on the Tritium Proof-of-Principle ('I'POP) injector17 a t  

ORNL with helium propellant gas and a commercial solenoid valve. Typical release 

Table I. Results from BPI gun. 
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pressures are 15- 30 bar for deuterium pellets with a nominal length of 4 aim. Since 

the pellet release pressure is much lower than typical breech pressures (SO-100 bar), 

the pressure pulse from the fast valve shears the frozen pellet and starts it in motion 

before the peak breech pressure is realized. This incremental volume growth with 

time and transient choke flow effects through the Fast valve account for the lower 

breech pressure relative to supply pressure. 

This calculation assumes that the volume between the fast valve and the pel- 

let determines the mass of the propellant gas. Calculations of the performance of 

single-stage light gas guns with finite chamber length require numerical solutions 

hecause of the multiple reflections from the back chamber wall, which, in t h e  present 

case, is the vertical fast valve surface. Results based on generic numerica.1 calcula- 

tions by Seigell' are shown in Fig. 1 for a barrel length of 0.785 m. Shown also arc 
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the same data corrected for effects of gas friction and heat transfer on the ba.sis of 

experimental work done at the U.S. Naval Ordnance Laboratory,** which is summa- 

rized in Fig. 4. Figure 4 shows tha.t friction/heat transfer effects become important 

for y up/co  2 1.5. For pneumatic pellet injectors working with room-temperature 

hydrogen gas, the friction/heat transfer loss is typically 3% at 1000 m/s, 6% at 

1500 m/s, and 9% at 2000 m/s. A review of Fig. 1 indicates that the nurnerica.1 

calciilations with finite chamber volume and gas friction/heat transfer effects are 

within 5--8% of the RPI data. 

Also shown in Fig. 1 are two points for the RPI tha.t were ca1ciila.tec.l with 

the finite difference Lagrangian ballistics described in Sec. 111. This  code 

models the actual RPI geometry effects, such as finite chamber volume and barrel 

length, arid can also incorporate heat tra.nsfer, gas friction, and effects di ie to shocks. 

Again, agreement with the RPI da.ta, is excellent. It can be seen that, to achieve 

O R N L - D W G  8 8 C - 2 6 4 5  FED 

0 1 2 3 4 
y up (NO FRIICTION)/cO 

Fig. 4. Empirical friction factors for light gas guns. 
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pellet velocities on the order of 2000 m/s, a breech pressure of about 150 bar is 

required for the RPI. 

A similar comparison is shown in Fig. 5 for recent deuterium pellet experiments 

with the TPOP injector. In this case the pellets are 4 mni by 4 mm, the barrel 

length is 1.0 m, and the breech pressure was scanned over a larger range than in 

the earlier RPI experiments. Again, actual velocities are 80-90% of ideal values, 

and both the Seigel generic numerical calculations based on b i t e  propellant gas 

volume and empirical friction effects and the Lagrangian finite difference code with 

smoot h-wall gas friction give reasonable agreement with the data. 

Given that the models reasonably reproduce the experimental data, the next 

question to address is geometry changes in the chamber and barrel to improve 

performance. 
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C. Improving single-stage pneumatic pellet injectors 

The following options exist for improving the performance (muzzle velocity) of 

single-s tage pneuma6 c injectors: 

(1) lncrease the ratio of propellant gas mass to pellet mass G / M  [given in  Eq. (3 ) ] .  

(2)  Increase the normalized barral length X D  [given in Eq. (4)]. 

An obvious way of increasing the pellet velocity u p  is by decreasing the pellet, 

mass m, since this increases both G / M  arid -1-3. In practice, this is riot usually 

possible, because the pellet niabs is set by the refueling requirements o f  the magnrtic- 

confinement device to which the pellet injector is attached. A schematic diagram 

showing performance curves as a function of G / M  and X B  is given in Fig. 6. 

Increasing the breech pressure p B  will increase both G / M  and S 3  and will 

improve muzzle velocity. Before 1988, the technology for fast valves set a limit of 

about 140 bar on p g .  Increasing Cc, Dcy, L ,  and fl will also improve performance. 

It is not feasible to  increas? D for a constant pellet mass m, since this woiild lead to  
unreasonably short pellrts. What is feasible is increasing D,, LC, and L .  ITowevar, 
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Fig. 6.  Generic G/M curves for single-stage guns. 



L and L c  cannot be changed independently, as there is a maximum ra.tio of L /  LC 

to avoid reflections of the rarefaction wave off the fast valve vertical surface before 

the pellet exits the barrel. This ratio depends on a number of factors such as p~ 

and m, but a rough rule of thumb is that reflections are avoided if L 5 6 L c .  

At this point a numerical example is helpful. To accelerate a. 3.4- by 4-mm 

deuterium pellet into a 1.25-m barrel, the rule of thumb indicates L c  2 21 cm. Let 

Dc = 2 0  = 6.8 mm and let p~ vary from 35 to 140 bar. Table I1 summarizes the 

results of this calculation for L c  25 cm. 

Table 11. Acceleration of a 3.4- by 4-mm deuterium pellet 

with 7 = 1.4, L = 1.25 m, L ,  = 25 cm, D = 3.4 mm, and 

Dc = 6.8 mm. For this calculation, co = 1309 m/s (T = 295 K). 
Friction 

p s  (bar) G / M  XB up/c0 correction UP b / S )  

34.5 3.5 3.14 1.35 0.94 1661 

51.7 5.25 4.72 1.58 0.92 1903 
69.0 7.0 6.29 1.65 0.915 1976 

103.4 10.5 9.43 1.8 0.90 2121 

137.9 14.0 12.57 1.9 0.885 2201 

Recall from Fig. 1 that a similar deuterium pellet was accelerated to about, 

1400 m/s with 51.3-bar breech pressure in the RPI. Thus, these simple changes in 

L c  (x2), L ( x  1.6), and Dc. (x2) resulted in about a 35% (500-m/5) irnprovement 

in muzzle velocity. Further increases in G' /M (breech pressure) do not increase 

muzzle velocity significantly. Modest improvements to pneumatic pellet injectors 

are possible if fast valve technology can be developed to permit high breech pressures 

with the larger chamber volumes. Recent modifications to the fast propellant valves 

and power supplies developed at  ORNL have resulted in peak supply pressures on 

the order of 240 bar. 
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11. TWO-STAGE PNEUMATIC INJECTOR DESIGN 

As shown in See. 11, it will he difficult to accelerate hydrogenic pellets with a. 

mass on the order of 10 nig to  speeds above 2.0-2.5 km/s with single-sta.ge pneu- 

ma.tic guns that use room-ternperature propellant. To achieve muzzle velocities in 

the range of 2-5 km/s requires raising the temperature (sound speed) of the pro- 

pellant gas at significant pressure levels. A straightforward way of doing this is to  

use two-stage pneumatic light gas guns. This concept was developed in the late 

1940s by W. D. Crozier.2" It was refined over the next 25 years and is t,oday the 

ma.jor method for hypervelocity research at the ma.jor defense and  aerospace facil- 

ities. The main rea.son for the concept's longevity is its ba,sic simplicity, a.s shown 

in Fig. 7. Moderate-pressure propellant gas (5-50 bar) accelerates a piston to ve- 

locities of several hundred meters per second in a high-pressure, thick- walled pump 

tube. The low-pressure gas (H or He) on the other side of the piston is initially 

at room temperature; it is compressed to  high temperature and pressure (>lo00 K 

and >500 bar) and becomes the driving gas for the projectile. At this higher pres- 

sure, the mechanical strength of the hydrogenic pellet becomes a. design constraint, 

and the peak pellet acceleration must he controlled. Single-stage pneumatic guns 

typically have peak pellet acceleration values in the range of (I --IO) x lo6 m/s2 for 

barrel lengths of 0.5-1.0 m. By carefully controlling the pellet formation process 

and temperature, it is possible to  accelera.tc consistently intact pellets in this accel- 

eration range. Initial experiments t o  a,ccelerate hydrogenic pellets with two-sta.ge 

light gas guns are described in Refs. 21 a.nd 22. These experiments report pea.k 

acceleration levels of 5---6 x lo6 m/s2 without pellet breakup. 'Phis is somewhat 

O R N L - D W G  88-2311 FED 
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Fig. 7. Two-stage pneumatic gun. 
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lower than pellet acceleration values inferred from the best pellet performance in 

single-stage guns. The TPOP data presented in Fig. 5 had inferred peak accelera- 

tion values for deuterium pellets near lo7 m/s2 at the higher breech pressures; this 

agrees well with peak acceleration computed by the Lagrangian code with smooth 

wall gas friction. In designing a two-stage gun it will be necessary to limit the peak 

pellet acceleration to levels around (6-10) x lo6 m/s2. Higher acceleration levels 

would be feasible with sabots, and Ref. 22 reports initial efforts with unoptimized 

plastic sabots encasing deuterium pellets tha.t were accelerated to muzzle velocities 

of 3400 m/s. The sabots also limit the erosion of the pellet that becomes an issue 

at higher velocities. A complication introduced by sabots is the separation of the 

sabot from the pellet and the sabot impact on a suitable target material. These be- 

come more critical for a repeating injector, as needed for the steady-sta.te operation 

desired for reactor-scale fusion devices. 

To maximize performance of a two-stage gun, it is necessary to maintain the pel- 

let acceleration as close as possible to the pellet fracture limit throughout the travel 

through the gun barrel. This is essentially the constant base pressure approach dis- 

cussed by Seige1.l’ This concept has recently been advocated for single-stage pellet 

injectors.23 The two-stage concept is potentially attractive for maintaining constant 

base pressurc because if; provides the added flexibility of choosing an operational 

envelope relative to single-stage guns. This results from the ability to  control pump 

tube conditions by varying first-stage prrssure input, initial pressure in the sccond 

stage, and piston mass density. 

The Lagrangian code was used in designing a simple two-stage pellet injector 

test facility at ORNT,. This two-stage code has the following capabilities: 

0 It provides a Lagrangian formulation of the finite difference representation of 

the 1-I) differential equations of continuity, motion, and energy. 

0 It treats shocks that form in the pump tube and barrel with the artificial vis- 

cosity method of von Neurnann and Ri~htmyer ,~*  which spreads out shocks due 

to dissipative effects such as viscosity and heat conduction. 

It can model either real (variable specific heat) or ideal gases. 

It can model nonideal effects, including piston friction and plastic deformation, 

heat transfer from gas to wall, and smooth-wall or constant factor gas friction. 

When the code was used in the single-stage pneumatic mode to model RPI and 

‘I‘POP injector data, the best agreement was obtained using the ideal gas equation 

of state with smooth-wall gas friction. Runs made with the two-stage version of the 
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code show that gas friction is the dominant lionideal effect, with heat transfer and  

piston friction accounting for only 10% of the energy loss due to smooth wall gas 

friction. This conclusion agrees with recent theoretical work at the R.is0 La.bora.tory 

i n  Denmark.25 

The design process was constrained by several factors: 

(1) The initial prototype facility should be of modest dimensions to allow rapid 

turnaround for piston replacement a.nd pump tube modifications. 

(2) Peak pump tube pressures should be limited to 600--3000 bar for safety rea.sons 

and to  limit the peak stress on the pellet, which will be initially tested without 

a. sabot. 

(3) Moderate piston kinetic energy is desired for piston lifetime and eventual oper- 

ation in a repeating mode. 

These factors led to a. 1.0-m-long pump tiibe with a.n inlier diameter of 2.54 cm 

and a 1.0-ni-long barrel with an inner diameter of 4 mm. Piston ma?.sses of 10--22 g 
were considered in the design phase with projectile masses in the range of 10-35 rng. 

Hy varying the piston mass, initial piiinp tube pressure, and first-stage pressure, it is 

possible to  optimize pellet acceleration values to achieve the highest p s s ib l e  muzzle 

velocities. Typical results are shown in Fig. 8, where pellet speed a n d  accclera.tion 

are plotted as a function of projectile position in the ba.rre1. Input a n d  oiitput data. 

a.re siirnnmriaed in Ta.ble 111. ':t'he muzzle velocity of the 35-mg (4-rum nylon pellet) 

projectile is about, 4.3 km/s. This casc is for helium propellant. gas. 

For initial experiments with the ORNL two-stage pneumatic gun facility, helium 

propellant gas was used because of safety considerations. Pistons with masses of 

approximately 20 g and nylon projectiles with ma.sses of 10-35 rrig ha.ve been used 

in this facility, with typical first-stage helium supply gas pressures of 10-60 bar. 

This results in maximum piston velocities in the range from 200 to 400 m/s with 

projectile speeds to da.te of up to 3.8 km/s with helium propellant ga.s. These speeds 

are somewhat lower than those predicted by the code, and the discrepancy is now 

being investigated. 
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Table 111. Code input and output. 

Input 

Pump tube length, m 

Pump tube diameter, cm 

Barrel length, m 

Barrel diameter, mm 

Projectile breakaway pressure, bar 

Piston mass, g 
Prop ell ant gas 
First -s  t age initial pressure, bar 

Second-stage initial pressure, bar 

Projectile mass, mg 

Gas friction (smooth wall) 

Piston friction 

output  

Muzzle velocity, m/s 

Maximum piston velocity, m/s 

Maximum pump tube pressure, bar 

Peak projectile acceleration, m/s2 

1.0 

2.54 
1 .o 
4 
70.0 

20.5 

Helium 

33.0 

0.8 

35.0 

4326 

299 

1463 

2.2 1.07 
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-STAGE REPEATING PELLET INJECTOR 

Future fusion engineering test facilities and power reactors will need long-pulse 

to  steady-state plasma fueling systems that can deliver the equivalent of 20- to 

200-mg deuterium-tritium pellets to the interior of a hot (ion temperatures of 10 

30 keV) fusion plasma. With the long pa.rticle confinement time in these la.rge 

devices, which will be much longer than in present experiments, it is estimated 

that  pellets with diameters of 4 to 8 mrn and repetition rates of 1 to 3 l i z  will he 

required.26 Thus, a repetitive, two-stage pneumatic pellet injector has been con- 

sidered. This concept was previously studied, on a larger scde,  by the U.S. Air 

Force Armament Lab~ra to ry . ’~  That study, which concluded tha.t the concept was 

feasible, identified two areas requiring further development: (1) piston and pump 

tube wear and (2) high-pressure, fast-response propellant gas and exha.ust valves. 

For cryogenic repeating pellet injectors, the same issues exist; however, they s r e  

less severe because of the much lower piston and projectile weights and lower pump 

tube pressures. 

With these factors in mind, the basic two-stage pneuma.tic pellet injector de- 

scribed in Sec. 111 will be modified in a straightforward fashion for operation with 

multiple pellets. The first-stage propellant gas supply v d v e  and second-stage gas 

supply and exhaust valves are solenoid operated and can cycle several times per sec- 

ond. This hardware will be merged with the ba.sic single-stage RP15 used on TFTR 
and the Joint European Torus (JET) to form a prototype two-stage RPI. Initially, 

the intrinsic pellet breakaway pressure (Fig. 3) will he iised to prevent pellet motion 

until the latter stages of piston forward motion. Since the initial pump tube pres- 

sures are i n  the range of I-- 3 bar, t,his will allow pellet 1xeakwa.p when the pist,ori is 

at  80 t o  90% of the pump t u lx  Icngtli. If neccssary, a. modifivd gas propellisnt valve 

ca.n be placed between the second sta.ge a.nd the pellet t o  allow higher brca.ka.way 

pressures for better (higher) muzzle velocities, with a penalty of higher initia.1 pellet 

acceleration. Eventually, sabots may be needed to mitigate pellet stress and ero- 

sion problems.” The issue of piston and pump tube wear will be studied initially 

in the single-shot version of the two-stage gun, described in §ec. 111. By carefully 

controlling maximum piston velocity and initial pressures in the pump tube, it has 

been possible to use a single piston for 10 to 20 separate single-shot experiments. 

To date, nylon pistons have performed best, and, when piston failure did occur, i t  

appeared to be caused by a gas leakage in the second stage, which resulted in severe 
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impact shock when the piston hit the front end of the pump tube. Use of a more 

robust (all-metal) sealing system in the pump tube and careful control of operating 

pressures, combined with further optimization of piston material, should produce a 

long-life piston design. Another factor in piston degradation is the high tempera- 

tures (1000 to 5000 K )  reached in the second stage during peak compression. These 

peak temperatures have damaged piston materials such as Vespel. Switching from 

helium to hydrogen propellant gas will lower the peak temperatures by a factor of 

( K / / ) ) Y H r - Y H z ,  where and fi are the initial and final (minimum) gas volumes in 

the second stage and y is the ratio o f  specific heats. 

In summary, the present single-shot, two-stage pneumatic injector facility has 

been designed with the inherent capability for multiple pellets, and a development 

program is under way with a goal of providing a repeating, high-velocity, pneumatic 

pellet injector for future magnetic fusion devices. 

IV. CONCLUSIONS 

For single-stage pneumatic pellet injectors, there is good agreement between ac- 

tual performance data and the various models discussed in Sec. 11. The effects of gun 

geometry and loss terms on ideal performance have been qimritified and suggestions 

made for moderate improvement in single-stage pneumatic injectors in the near 

term. Changing the breech chamber geometry and upgrading the gas propellant 

valves for high-pressure operation will produce velocities of 2.0 to 2.5 km/s. 

To achieve pellet velocities of 2 to 5 km/s, two-stage light gas gun technology of- 

fers the potential for reliable, single-shot pellet injectors and the eventiial capability 

for a repeating, two-sta.ge pneumatic injector. This technology allows operation a.t 

near-constant base pressure through careful control of system pressures and pistmn 

masses. This will permit ma.ximum muzzle velocity for a given barrel length. Tni- 

tial results from the ORNL two-stage pneumatic gun facility are encourag;ing, wi th  

muzzle velocities of 2.5-3.0 km/s with 10- to 30-mg, room-temperature, polystyrene 

pellets and helium propellant gas. The ultimate system capability has not yet been 

approached, and near-term improvements are expected to result from the use of 

hydrogen as the propellant gas and from upgrades of the soft vacuum seals now 

used in the 1.0-m-long pump tube. 
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