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ACCELERATION OF SMALL, LIGHT PROJECTILES
(INCLUDING HYDROGEN ISOTOPES) TO HIGH SPEEDS
USING A TWO-STAGE LIGHT GAS GUN’

S. K. Combs, C. R. Foust, M. J. Gouge, and S. L. Milora
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8071

Small, light projeciiles have been accelerated to high speeds using a two-
stage light gas gun at Oak Ridge National Laboratory. With 35-mg plastic projectiles
(4 mm in diameter), speeds of up to 4.5 km/s have been recorded. The “pipe gun”
technique for freezing hydrogen isotopes in situ in the gun barrel has been used to
accelorate deuterium pellets {nominal diameter of 4 mm) to velocities of up to
2.85 km/s. The primary application of this technology is for plasma fueling of fusion
devices via pellet injection of hydrogen isotopes. Conventional pellet injectors are
limited to pellet speeds in the range 1-2 km/s. Higher velocities are desirable for
plasma fueling applications, and the two-stage prieumatic technique offers
performance in a higher velocity regime. However, experimental results indicate that
the use of sabots {0 encase the cryogenic pellets and protect them from the high
peak pressures will b2 required to reliably attain intact pellets at speeds of =3 km/s
or greater. In some limited tests, lithium hydride pellets were accelerated to speeds
of up to 4.2 km/s. Also, repetitive operation of the two-stage gun (four plastic pellets
fired at =0.5 Hz) was demonstrated for the first time in preliminary tests. The
equipment and operation are described, and experimental results and some

comparisons with a theoretical mode! are presented.

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-
AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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i. INTRODUCTION

A recent paper! describes a developmental effort at Oak Ridge National Lab-
cratory (ORNL) in which a simple two-stage light gas gun was constructed and used
to study the acceleration of smali, light projectiles to high speeds. One application of
this technology is high-speed injection cf frozen macroscopic (millimeter-size) pellets
of hydrogen isotopes for fueling magnetically confined plasmas for controlled
thermonuclear fusion research. During the last ten years, conventional single-stage
pellet injectors have been used to inject frozen hydrogen and deuterium pellets into
plasmas on numerous tokamak experiments.2-3 Recently, ORNL. used a simple
pneumatic “pipe gun” for the first demonstration of the formation and acceleration of
tritium pellets in the Tritium Systems Test Assembly at Los Alamos National
Laboratory.4 Tritium pellet injection is an integral part of the fueling systems planned
for future fusion experiments and reactors. With recent pellet fueling applications
extending to the larger tokamak experiments, such as the Tokamak Fusion Test
Reactor (TFTR)S and the Joint European Torus (JET),B it is clear that higher
velocities are desirable. Faster pellets can provide more central fueling by
penetrating deeper into the larger, hotter plasmas associated with these and future
fusion devices. The performance of the basic single-stage light gas gun is limited by
the sound speed of the room-temperature propellant gas to =2 km/s. T3 overcome
this limitation, the two-stage gun technique relies on a piston moving at high speed
in a cylinder to adiabatically compress the second-stage propellant gas to high
pressure and temperature in a chamber located at the gun breech. The background
and basic theory of the two-stage light gas gun are discussed in detail in Refs. 1 and
7.

Two research groups in Europe8.9 are also developing the two-stage

pneumatic technique for high-speed pellet injection; in experiments conducted by
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one of these groups,9 a deuterium pellet was accelerated to a velocity of 3.8 km/s
using the sabot tachnique to protect the pellet from the high accelerating forces and
hot gas. The sabots also limit the erosion of the pellet in the gun barrel, which be-
comes an issue at higher velocities. However, it is no simple task to separate the
pellet from the sabct at high speeds and to deliver only the pellet to the plasma. A
reliable technique to accomplish the stripping action is yet to be demonstrated.
These experimenters report peak acceleration limits of (5—6) x 106 m/s2 for a bare
deuterium peilet without fracturing (corresponding to speeds of =2.5-2.8 km/s).

in tests of the prototype ORNL two-stage light gas gun carried out since the
work reported in Ref. 1, the performance with plastic projectiles was improved
slightly. The gun was then modified to allow operation with cryogenic pellets
composed of frczen hydrogen isotopes and some preliminary repetitive operation
with room-temperature plastic projectiles. A 4-mm-diam pellet size was chosen for
these tests, since it is applicable to large piesent-day tokamak experiments; in fact,
pellet fueling systems on both TFTR and JET are equipped with this pellet size. Thus,
the projectile mass of interest is in the range of 5~20 mg (hydrogen, deuterium, and
tritium ice have densities of 0.087, 0.20, and 0.32 g/cm3, respectively). The use of the
sabot technique dictates heavier projectiles, depending on the specific design. The
equipment and its operation are described, and experimental results and some

cornparisons with a theoretical model are presented.

Il. DESCRIPTION OF EQUIPMENT

Figure 1 is a schematic of the prototype ORNL two-stage device; the upgraded
device is shown in Fig. 2. Physical parameters of the guns and operating test ranges
are listed in Taole |. For both versions, a 2.2-| reservoir provides the gas (typically

helium) to accelerate the piston in a 1-m-long pump tube. The downstream gas is
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compressed as the piston travels down the pump tube and thus driven to high
pressure, which propels the projectile in the second driving stage. The projectile
does not start to move until-the pressure is high enough to overcome the wall shear
stress of the tightly fitting pellet (=70 bar for nylon projectiles and 220 bar for
hydrogen pellets); the pellet is then accelerated through the 1-m-long gun barrel into
a vacuum injection line. In the prototype gun, a burst disk separates the two stages
and acts to initiate the acceleration process (the thickness of the burst disk
determines the rupture pressure); a high-flow-type fast valve serves the same
function for the new gun. Operation of the prototype gun is relatively simple. First, a
projectile is loaded through the gun breech into the gun barrel; this requires partial
disassembly of the apparatus. Next, after reassembly, the pressure in the second
stage is adjusted to the desired level (<1 bar). Finally, the prassure in the first stage
is raised to a level high enough to rupture the burst disk (>10 bar).

The upgraded version of the gun offers more operating options. In addition to
the use of a fast valve in place of a rupture disk, the new gun (Fig. 2) incorporates
two major modifications. A cryostat (inside a vacuum enclosure) was added to the
gun barrel. Liquid helium flowing through the cooling channels of the cryostat, which
surrounds the gun barrel, provides the capability of freezing hydrogen or deuterium
pellets in situ. The pellet feed gas can be introduced from either side of the cryostat
through the pump tube or from the downstream side of the gun barrel) or from both
sides at once. The construction and operation of such guns are described in detail in
Refs. 10 and 11. For this application, only the temperature of the cryostat (=10 K) is
controlled; no attempt is made to control the pellet length. The other modification is a
pneumatically activated, two-position slide mechanism (located inside a second
vacuum enclosure). This mechanism essentially separates the pump tube and the
gun barrel. For cryogenic operation, the slide acts as a shutoff valve in position 2

(Fig. 2) and separates the cryostat and pellet from the room-temperature helium
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propellant gas. It is moved into position 1 immediately before firing of the gun; the
open hole in the slide bar is accurately aligned with the gun barrel. For room-
temperature operation with plastic pellets, single projectiles can be loaded manually
into the hole when the slide bar is in position 2, and the gun can be fired after the
slide bar is returned to position 1.

A recent addition is an automatic loading mechanism that can be used to
remotely load a pellet into the slide mechanism when it is in position 2. This loading
mechanism can hold up to 36 4-mm-diam pellets and can be reloaded manually
within a few minutes. The autcmatic loading mechanism can easily load pellets at a
rate of 1 Hz. O-ring type seals and a pneumatic clamp allow adequate sealing at the
interface between the pump tube, the slide mechanism, and the gun barrel during
the fiing phase, when high peak pressures are generated in the gun. The pneumatic
clamp releases when the slide is moved to minimize the possibility of damage to the
O-rings. Detaiis of the mechanical design are not shown in Fig. 2.

The experiment is equipped with instrumentation (some of which is shown in
Figs. 1 and 2) to evaluate gun performance. On the prototype gun, pressure trans-
ducers were located at both ends of the pump tube (one directly in front of the piston
and one at the tube end, as shown in Fig. 1), and a shock accelerometer was also
located at the end of the pump tube. The upgraded version of the gun has a pressure
transducer only at the upstream end of the pump tube and a shock accelerometer at
the downstream end of the pump tube (these are not shown in Fig. 2). From the data
provided by these transducers, the flight time for the piston to travel the =1-m length
can be evaluated for both versions of the gun. Instrumentation located in the vacuum
injection line provides velocity and photographic information to document each pellet
shot thoroughly. Light barriers through which pellets pass supply timing data for
accurately evaluating pellet speeds. At the end of the injection line, a target plate

intercepts the pellets and indicates pellet dispersion and integrity; this target also
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provides timing data for velocity measurements, since it is equipped with a shock
accelerometer. A CAMAC data acquisition system is used to record and archive the

transient data for each shot.

. EXPERIMENTAL RESULTS

Some new results obtained with the prototype gun (Fig. 1) are described first.
Nylon was used for both the piston and the projectile in this experiment. The piston
was 25.4 mm in diameter and 41.3 mm long (with a 60° taper on the front) with a
mass of 19.5 g; the projectile was 3.9 mm in diameter and 2.8 mm loing with a mass
of 35 mg. Data from a representative shot (shot 1210) are listed in Table Il. Helium
was used as the drivirig gas in both stages, with a burst pressure in the first stage of
=72 bar and a prefill pressure in the second stage of 0.8 bar. The pressure puise
measured at the downstream end of the pump tube for this shot is shown in Fig. 3;
the paak pressure of 3670 bar (53,200 psi) is the highest value measured in this
study with a 25.4-mm-diam pump tube. The full width at half-maximum (FWHM) of the
pressure pulse is =50 us. The piston traveled the =1-m length of the pump tube in
3.20 ms, as determined from the data in Fig. 4. The peak pressure (72 bar) measured
at the start of the pump tube corresponds to the time at which the piston passes the
first pressure transducer (6672 us); the shock accelerometer indicates the time of
piston impact at the other end (9872 us). The impact occurs at the same time as the
peak pressure (Fig. 3). The measured speed for shot 1210 was 4.5 km/s, which is
also the highest value recorded to date in these experiments. Acceleration rates
were not measured in these studies. However, a rigorous theoretical model,
described in Sec. IV, appears adequate to estimate this important parameter. Some

comparisons of the experimental data and the results obtained from the maodel are

also discussed in Sec. V.



Some limited acceleration tests were carried out in which the 25.4-mm-diam
pump tube was replaced with a 50.8-mm-diam tube. However, the resulting peak
pressures (approaching 7000 bar) were high enough to cause yielding of some
mechanical components. Another gun of this size is being prepared so that the
performance with a larger pump tube can be sufficiently evaluated.

The upgraded version of the two-stage gun was used for all other experiments
described in this paper. The standard pistcn for these tests was similar in physical
geometry to the one on the prototype gun, but it was constructed of polyimide with
15% graphite filler by weight (supplied as Vespel® SP-21 by E. . du Pont de
Nemours & Co., Inc.). The polyimide is slightly heavier than nylon, so that the piston
mass is 25.5 g. For all tests reported here, the prefill pressure in the pump tube was
0.8 bar, as in shot 1210. In previous experiments,! this was found to be an optimum
operating condition; that is, it produced good gun performance with minimum impact
damage to the piston. Thus, the key experimental variable was the reservoir
pressure for the first stage. The iast valve that replaced the rupture disk of the
prototype gun was originally designed for a smaller (19-mm-diam) pump tube and
somewhat limited the gas flow in these tests; thus, the peak pressure measured at
the upstream pump tube end was appreciably less than the initial reservoir pressure.
Hundreds of deuterium pellets were fabricated and shot using the pipe gun
cryostat/two-stage driver apparatus shown in Fig. 2, with an emphasis on
documenting the velocity limit. The experimental data for four shots are listed in
Table II.

Photographs of in-flight pellets for shots 5041 and 5064 are shown in Fig. 5.
These pellets were =3.0 mm in diameter and 4.5 mm long, as determined from the
photographs. The measured speeds for these shots were 1.60 and 2.60 km/s,
respectively. Pellat erosion in the gun barrel accounts for the reduction in pellet

diameter (gun barrel bore of 3.9 mm). These pictures were taken =10 cm
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downstream of the gun muzzle. Most peliets were photographed within 1 cm of the
muzzle where a dense gas cloud tends to obscure the pellet and can make it difficult
to evaluate the pellet quality. When the photographs were riot definitive, the signals
from the light gates and the impact pattern on the target plate were used to confirm
the pellet condition {intact or fragmented). The highest speed recorded for an intact
pellet was 2.85 km/s; the data for this shot (5089) are listed in Table Il. However,
broken pellets were often obsarved when the measured speed exceeded =2.5 km/s.
This is consistent with results reported by other research groups.8:2 Even though this
limit may be improved slightly by optimizing the gun design and operating
parameters, it appears that the sabot technique will be required to consistently attain
intact pellets at speeds of >3 km/s. Testing of different sabot schemes has begun at
ORNL, and one European group? has already been working on this approach for
several years.

In some limited tests, 3.9-mm-diam, 2.8-m-long lithium hydride (LiH) pellets
were shot with the gun. These pellets were machined from stock materiai at the Oak
Ridge Y-12 Plant . The density of the material is 0.78 g/cm3; thus, the LiH projectiles
weighed =26 mg. in shots 5164 and 5165, speeds of 3.2 and 4.2 km/s were
recorded, respectively. The corresponding pressures in the first-stage reservoir for
these shots were 69 and 110 bar. The information for shot 5165 is summarized in
Table 1l. High-speed “impurity injection” of such materials has been proposed for
studying transport phenomena in tokamak plasmas.

in other tests, repetitive operation of the two-stage gun was demonstrated with
50-mg plastic pellets (3.9 mm in diameter by 3.5 mm long). The weight of these test
pellets is probably close to the combined mass of a hydrogen isotope pellet and a
sabot. The autcmatic loading mechanism mentioned earlier was used to fire four
pellets at =0.5 Hz. The first-stage reservoir pressure was 62 bar for this series of

shots. Pellet velocities were =2 km/s. In these tests, each pellet was remotely loaded
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and fired in a manually controlled sequence. The gas handling capability of the
pumping system limited the frequency and the number of shets. However, the
preliminary results are encouraging and suggest that operation at 21 Hz is feasible
with the proper instrumentation and controls and gas handling systems.

For all but the most severa {est conditions, a piston could be used for 10-50
shots before significant erosion was observed. Even when pistons showing appre-
ciable wear (up to ~0.3 mm decrease in diameter) were used, the performance of
the gun did not deteriorate significantly. For projectile speeds of <3 km/s, the present
piston design would prcbably be adequate for hundreds of shots. More robust
pistons, probably made of metal or metal alloys, wil! probably be needed for reliable

oparation and long lifetimes in higher velocity ranges.
IV. Comparison of Data to Gas Dynamics Theory

A two-stage Lagrangian gas dynamics code’ is used to model the interior
ballistics of the two-stage light gas gun system. This code has the following capa-
bilities: (1) Lagrangian formulation of the finite difference representation of the one-
dimensional differential equations of continuity, motion, and energy, (2) treatment of
shocks that form in the pump tube and barrel by the artificial viscosity method of von
Neumann and Richtmyer,12 which spraads out shocks due to dissipative effects
such as viscosity and heat conduction, (3) modeling of either real (variable specific
heat) or ideal gases, and (4) accounting for nonideal effects, including (a) piston
friction and plastic deformation, (b) heat transfer from gas to wall via the Reynolds

analogy13 method, and (c) smooth-wall, constant surface roughness or constant gas
friction factor.

&=

Extensive computer modeling runs have been made for both nylon pellsts

(mass of 35 mg) and deuterium pellets (mass of 10 mg). Experimental data and
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some inputs to and outputs from the code are shown in Table Il. As pointed out
previously, the velecity in shot 1210 is the highest recorded to date (4.5 km/s). The
code indicates that the gas is driven to temperatures approaching 10,000 K during
the compression. Figure 3 is a comparison of the downstream pump tube pressure
from the code calculations with the experimentally measured values; agreement is
very good during the ramp-up phase. The peak pressure predicted by the code
(4690 bar) is somewhat larger than the measurad peak value (3670 bar). However,
the flat profile of the pressure pulse at the peak on this shot (Fia. 2} auoassts that the
pressure transducer or data acquisition system probably missed the maximum value.
For the computer runs, the first-stage initial pressure was adjusted so that the piston
travel time was comparable to that measured from diagnostic signals at each end of
the pump tube (=1-m travel distance). This adjustment usually involved a somewhat
lower first-stage pressure input for the code than that estimated experimentally.
However, the output from the pressure transducer immediately after the rupture of the
burst disk (or the opening of the fast valve for the new gun) was quite noisy and
somewhat difficult to interpret. With this constraint, the code generally predicts the
gun performance very well; for shot 1210, the predicted pellat speed is within =8% of
the measured value. The estimated peak acceleration for this shot is 4.5 x 107 m/s2.
The code was also used to evaluate shots with deuterium pellets. A typical
frozen pellet should weigh =10 mg. Table il lists experimental data and code inputs
and outputs for four deuterium shots. In the new gun, the downstream pump tube
pressure was not measured; the components at the pump tube/slide mechanism/gun
barrel interface limited access to that area. In general, the code predicts the gun
performance very well; calculated speeds are within 6% of the measured values. For
operation with higher pump tube pressures (as in shots 5064, 5088, and 5089), the
maximum acceleration indicated by the code is 6.7 x 106 m/s2. The pellet velocity

and acceleration rate calculated from the code are shown in Fig. 6 as a function of
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the pellet position in the gun barrel. For many shots at these conditions and even at
slightly Icwer first stage pressures, the pellets were often observed to be broken at
the gun muzzle. This is consistent with the acceleration limit of (5-6) x 106 m/s2
reported by other researchers.8:9 For reliable operation at higher speeds, protective
sabots to encase the hydrogenic pellets will probably be required, as noted
previously.

The code indicates that gas friction is the dominant nonideal effect, with heat
transfer and piston friction accounting for only 10-30% of the total energy loss. This
conclusion agrees with recent theoretical work at the Risa National Laboratory in
Denmark.14 For the calculations presented here, the gas friction was determined by

measuring the actual surface roughness, €, of the pump tube and gun barrel and

then calculating a friction factor based on the local Reynolds number and the
measured &/D, where D is the relevant pipe diameter.

V. SUMMARY

The objective of this research is to develop a high-speed hydrogen isotope
pellet injector based on the two-stage light gas gun concept. This technique offers
the capability of accelerating small, light projectiles to speeds of =5 km/s, as demon-
strated in these studies. Pellets composed of frozen hydrogen isotopes can be accel-
erated to velocities approaching 3 km/s; however, to achieve higher speeds, the use
of sabots appears to be necessary to protect the relatively weak hydrogen ice from
the high peak pressures and acceleration forces, as well as the hot gases. Repetitive
operation appears to be feasible at rates of =1 Hz or greater. The next major step in
this development effort is to combine the present ORNL two-stage gun with a cryo-
genic extruder for hydrogen ice (also developed at ORNL).15,16 These components

form the basis for a repetitive gun that can perform at rates of =1 Hz or greater and
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accommodate sabots. The engineering problems associated with reliable repetitive
operation, the sabot design and separation mechanism, and the high gas throughput
will require a significant effort before such a system can demonstrate the reliability
attained by present pellet injectors (see, e.g., Ref. 17). Other possible applications of
this technology include (1) high-speed impurity injection of materials, such as LiD,
into tokamak plasmas for transport studies and (2) the investigation of erosion and/or

impact damage to different materials from small, high-speed projectiles.
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Tablza I. Parameters for ORNL two-stage light gas guns

First stage
Volume (cm3)
Length (m)
Inside diameter (mm)
Initial pressure@ (bar)

Activation mechanism

Second stage
Volume (cm3)
Length (m)
Inside diameter (mm)
Initial pressure (bar)

Gun barrel
Length (m)
Inside diameter (mm)

Piston massP (g)

2250
=0.42
=82
10-110

Burst disk or fast valve
500
1

25.4
<i

i
3.9

10-50

8Pressure in the first-stage reservoir before triggering of

activation mechanism.

bincludes all piston weights tested in the ORNL experiments.
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Table II. Experimental data for test shots and results from gas dynamics model
(Values in parentheses are inputs for or results from code caiculations)

Shot number

1210 5041 5064 5088 5089 5165
Projectile Nylon Deuterium Deuterium Deuterium Deuterium LiH
Temperature 295K 10K 10K 10K 10K 295K
Projectile mass (mg) 35 — (10 — (10$) — (10) — (10) 26
Piston mass (g) 19.6 25.5 25.5 25.5 25.5 51.04
First-stage pressure? (bar) 72.0 (51.7)b 13.8 (13.8)b 39.9 (34.8)b 38.3 (34.8)b 42.0 (34.8)b 66.4 (81.1)®
Second-stage pressure (bar) 0.8 0.8 0.8 0.8 0.8 0.8
Peak pump tube pressure (bar) | 3670¢ (4690) |— (180 bar) — (1600) — (1600) — (1600) — (3350)
Piston travel time (ms) 3.20 (3.29) 8.20 (8.00) 5.10 (4.85) 4.90 (4.85) 5.10 (4.85) 5.15 (5.14)
Maximum piston speed (m/s) —(391) —(152) — (265) — (265) —(265) — (269)
Peak pellet acceleration (m/s?) | — (5.6 x 107) | — (4.3 x 105) |— (6.7 x 105) |— (6.7 x 106) |- (6.7 x 106) |— (2.3 x 107)
Pellet velccity (km/s) 4.50 (4.88) 1.60 (1.63) 2.60 (2.75) 2.70 (2.75) 2.85 (2.75) 4.20 (4.00)

This is not the reservoir pressure but the maximum pressure estimated from the output of the transducer located at the upstream

end of the pump tube.

bFirst-stage pressure for the code calculation; it was adjusted so that the calculated piston travel time closely matched the
experimentally measured value; for shots 5064, 5088, and 5089, the same pressure was used, so the code results are the same.

“Flat profile of pressure pulse at peak on this shot suggested that instrument or data acquisition may have miss¢d maximum value.
dTwo 25.5-g pistons were used in pump tube for this shot; it was modeled as a single piston.




FIGURE CAPTIONS

Fig. 1. Schematic of the ORNL original two-stage light gas gun.

Fig. 2. Schematic of the ORNL upgraded two-stage light gas gun.

Fig. 3. Pressure measured at downstream end of pump tube during a high-speed
shot ot a 35-mg nylon projectie; calculated results from a gas dynamics code are
also shown.

Fig. 4. Data traces for a high-speed shot: (a) pressure measured at the start or
upstream end of pump tube and (b) output of shock accelerometer located at the
downstream end of the pump tube.

Fig. 5. In-flight photographs of deuterium pellets for two test shots; pictures were
taken =10 cm downstream of the gun muzzle.

Fig. 6. Pellet velocity and acceleration curves calculated from a gas dynamics mcdel
for a high-speed deuterium test shot .
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