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ABSTRACT

The TFTR tritium pellet injector (TPI) is designed to
provide a tritium pellet fueling capability with pellet speeds in
the 1- to 3 km/s-range for the TFTR D-T phase. The existing
TFTR deuterium pellet injector (DPI) is being modified at
Oak Ridge National Laboratory (ORNL) to provide a four-
shot, tritium-comparble, pipe-gun configuration with three
upgraded single-stage pneumatic guns and a two-stage light
gas gun driver. The pipe gun concept has been qualified for
tritium operation by the tritium proof-of-principle (TPOP)
injector experiments conducted on the Tritium Systems Test
Assembly (TSTA) at Los Alamos National Laboratory- In
these experiments, tritium and D-T pellets were accelerated to
speeds near 1.5 km/s. The TPI is being designed for pellet
sizes in the range from 3.43 to 4.0 mm in diameter in arbi-
trarily programmable firing sequences at speeds up to approx-
imately 1.5 km/s for the three single-stage drivers and 2.5 to
3 km/s for the two-stage driver. Injector operation will be
controlled by a programmable logic controller (PLC).

1. INTRODUCTION

The TPI is a cryogenic pellet injector to be used prior to
and during the D-T phase of TFTR. The injector shown in
perspective in Fig. 1 will replace the eight-shot DPI1 at Bay T
but will retain much of the injector facility currently in place.
While the DPI formed pellets by an extrusion process, the
TPI will form its four cylindrical pellets by the in situ conden-
sation process. Two of these pellets will have diameters of
3.43 mm; the other two, diameters of 4.0 mm. The nominal
aspect ratio is 1.25. One of the 4-mm guns will be equipped
with a two-stage light gas gun driver, while the remaining
three guns will operate with fast-acting electromagnetic pro-
pellant valves developed at ORNL.^ In the configuration de-
scribed here, the single-stage guns are capable of producing
velocities of 1.8 km/s in deuterium and 1.5 km/s in tritium.-'

Use of the TPI on TFTR will permit access to both a
regime suitable for initial alpha particle physics studies and a
regime suitable for studies of particle and energy confinement
in high-density D-T plasmas fne(O) = (1-5) x 1020 m~3). It
will provide the capability for extending the supershot regime
to density suitable for high-2 operation and provide access to
both the peaked-density-profile, pellet-fueled PEP regime4

and a regime of sustained high-density operation using

multiple tritium pellets and ion cyclotron range of frequencies
(ICRF) heating. The project is divided into two phases. Phase
I activities allow the deuterium fueling capability to be used
during 1992 operations, while the Phase II activities incorp-
orate systems required for tritium operation and include an
extended period of testing at the TFTR site, ending with the
formation and acceleration of tritium pellets in 1993.

2. TPI SYSTEM DESIGN

The TPI consists oi several subsystems, which are shown
in Figs. 1 and 2 and described below.

2.1 Injector

The injector has a Hquid-helium-cooled cryostat that pro-
vides cooling for pellet formation. The injector is located
within the guard vacuum subsystem, and its design is based
on the so-called "pipe-gun" concept, in which hydrogenic (H,
D, T) pellets are formed by direct condensation in the gun
barrel, a segment of which is held below the hydrogen triple-
point temperature by contact with a liquid-helium-cooled
block. Pellet length is controlled both by regulating the gas
fill pressure and by establishing temperature gradients along
the barrel tube with auxiliary heating collars.^ This design is
ideal for tritium service because there are no moving pans in-
side the gun and because little additional tritium is required in
the pellet production process. The injector uses four inde-
pendent 1-m-long gun barrel assemblies mounted around the
perimeter of a single cryostat. The cryostats shown in Fig. 2
are based on designs used for injectors built for the Advanced
Toroidal Facility and the Princeton Beta Experiment.^

Three of the barrel assemblies are coupled to an ORNL-
designed fast propellant valve (single-stage driver). This
valve develops full pressure within 300 (is and will operate
with a supply pressure of up to 138 bar. The remaining barrel
assembly is connected to the two-stage driver.

Experiments at the TSTA using a prototype tritium pellet
injector have shown that the presence of noncondensible
helium-3 at levels above 0.005% prevents pellet formation by
blocking the condensation of tritium in the pipe-gun freezing
cell.3 Since helium-3 occurs as a by-product of tritium decay,
specific removal of residual helium-3 from the tritium feed
gas to this level of purity is required. This removal is accom-
plished using a cryogenic separator that is also located in the
guard vacuum enclosure.
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Fig. 1. Perspective view of the 7PI installation on TFTR.

The tritium is purified by circulating the fuel charge
through the separator, which freezes only the hydrogenic iso-
topes and leaves the noncondensible helium-3 to be removed
from the loop by a mechanical vacuum pump.

2.2 Two-Stage Driver

The two-stage driver subsystem provides the high-
pressure, high-temperature drive gas required to accelerate
pellets to near 3 km/s. In the two-stage driver, moderate-
pressure helium propellant gas accelerates a piston to velo-
cities in the range of 100-200 m/s in a thick-walled (1.25-cm)
pump tube. The piston in turn compresses adiabatically low-
pressure, room-temperature hydrogen propellant gas initially
at about 1 bar. This hydrogen gas becomes the driving gas for
the cryogenic pellet. At the high pressure reached following
compression, the mechanical strength of the hydrogenic pellet
becomes a design constraint and determines the maximum
muzzle velocity, which is of order 2.5-3 km/s.

The TPI two-stage driver as shown in Fig. 2 consists of:

1. The 0.64-L first-stage reservoir, containing helium gas at
a pressure up to 35 bar.

2. A 2.2-cm-diam orifice, pneumatically actuated valve to
accelerate the piston by releasing gas from the first-stage
reservoir.

3. A 25- to 50-g titanium piston.
4. A cylindrical, 0.9-m-long, 2.54-cm-ID pump tube (the

second stage), filled initially with hydrogen propellant
gas at a pressure of 0.5-1 bar.

5. A high-pressure section that provides additional strength
at the end of the pump tube.

6. A bellows that isolates the two-stage driver and the guard
vacuum chamber.

2.3 Pellet Injection Line and Vacuum Systems

The barrel isolation valve subsystem links the ir<ector
with the primary vacuum subsystem. It consists of four vac-
uum valves and lour double-wall bellows units, one assembly
per barrel. The valves, when closed, isolate the injector from
[he primary vacuum subsystem.

The primary vacuum subsystem links the injector with
tht high-vacuum subsystem. It consists of a stainless steel
injection line containing an array of four 8.0-mm-ID, 1.1-m-



long pellet guide tubes, four fast-acting (25-ms cycle time)
conductance-limiting valves, a pellet diagnostic station, an
isolation valve at the connection to the high-vacuum subsys-
tem, and a 0.7 1-m3 stainless steel chamber. When pellets are
fired, the primary vacuum subsystem absorbs most of the
propellant gas used to accelerate the pellet.

The high-vacuum subsystem links the primary vacuum
subsystem to the TFTR vacuum vessel through a region of
high vacuum. The high-vacuum subsystem consists of a
stainless steel injection line containing four 14.8-mm-ID, 1.0-
m-long pellet guide tubes, a pellet diagnostic station for
photography and pellet mass measurements, a system isola-
tion valve and bellows, and a ceramic break.

This portion of the subsystem ends with a connection to
the pellet injector torus interface valve (TIV). The subsystem
also contains a 0.265-m3 stainless steel chamber that absorbs
most of the residual propellant gas used to accelerate the
pellet which is not absorbed by the primary vacuum system.

The TPI pumping subsystem links the various TPI
vacuum subsystems to the TFTR vacuum exhaust system,
and, for Phase II tritium operations, to the gas holding tanks.
The guard vacuum, primary vacuum, and high-vacuum sub-
systems are pumped by separate vacuum pumping systems,
which sustain base pressures and provide pumping speeds
appropriate to the different systems. Pumping for the guard
vacuum subsystem is provided by a small turbopump backed
by a rotary pump. Pumping for the primary vacuum subsys-
tem is provided by a Roots blower backed by a rotary pump
maintaining a base pressure of approximately 10~3 torr.
Pumping for the high-vacuum subsystem is provided by a
turbopump backed by a rotary pump maintaining a base
pressure of approximately 10"' torr. Exhaust from the two
rotary pumps connected to the primary and high-vacuum
subsystems is routed to a single vacuum line linked directly to
the TFTR gas holding tanks (Phase IT). Exhaust from the
guard vacuum is routed to the diagnostic vacuum exhaust and
through this system to the gas holding tanks (Phase II).
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Fig. 2. The TPI injector and two-stage light gas gun assembly
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2.4 Gas Supply andManifoM

All nontritium working gases required for operation of
the TPI will be supplied from a gas bottle farm located in the
test cell basement. The gas supply system will provide deu-
terium at 3 bar, hydrogen at 150 bar, and helium at 70 bar and
8 bar (for pneumatic valve actuation). Tritium at 2.5 bar will
be supplied from the tritium gas deliver)' system using a con-
nection in the test cell near the pellet injector location. The
tritium deliver)' lines will be doubly contained.

The gas manifold system consists of separate pellet fuel
gas (D-T) and propellant gas feed systems. A diaphragm
pump and a scroll pump are incorporated into the feed system
for Phase II to facilitate transfer of tritium to and from the in-
jector. The gas manifold system will be located immediately
behind the injector. The feed manifold will have the capabil-
ity- for mixing D and T gases to produce pellets of arbitrary
D:T contenL

25 Liquid Helium Supply and Exhaust

The liquid helium supply and exhaust subsystem supplies
the refrigerant needed to cool both the injector and helium-3
separator cryostats to temperatures in the range 7-15 K at
which deuterium and tritium pellets are formed.

The primary component of the TPI liquid helium sub-
system will be a 1000-L dewar located permanently in the test
cell at the pellet injector facility. This dcvar will be con-
nected to the neutral beam liquid helium distribution system
by a fixed transfer line. The dewar will supply cold helium to
the TPI cryostats and helium-3 separator located inside the
guard vacuum chamber. Helium exhaust will be routed to the
warm gas return line for the neutral beam refrigerator.

2.6 Secondary Containment and Tritium System Connections

The TPI consists of three classes of subsystems: (1) sub-
systems that are never exposed to tritium, (2) subsystems that
are exposed to tritium but are passive in nature and are
always maintained at subatrnospheric pressure, and (3) sub-
systems that contain tritium and either are maintained at
pressures above atmospheric pressure or are expected to
require maintenance (vacuum pumps, for example). Contain-
ment of these three classes of subsystems will differ. Sub-
systems in class I will not use secondary containment and
will not be linked directly to the tritium cleanup systems.
Subsystems in class 2 will not use secondary containment but
will be linked to the triDum cleanup systems. Subsystems in
class 3 will use secondary containment and will be linked to
the tritium cleanup systems. The TPI components that will
require secondary containment structures include the gas
manifold, the two-siage driver, the injector, the barrel iso-
lation valves, and the vacuum pumping system. The guard
vacuum subsystem is itself a secondary' containment system.

2.7 Control System

The TPI will be controlled by a PLC (Allen Bradley PLC
5/4u.) located in the mezzanine beneath the injector. The oper-
ator will control the injector through a touch panel color

mimic screen provided with the PLC (one unit in the control
room and one unit in the mezzanine for checkout) or with a
color mimic display/terminal interfaced to the existing pellet
injector MicroVAX, which will have a communications link
to the PLC. To the operator, the PLC will appear as a finite-
state engine in which the injector will be in one of several
defined states or modes. In each of these states the PLC will
perform a series of operations (a procedure to enable the in-
jectcr to go to the next state). The operator controls the
system by setting the state to which the PLC is to go. All set
points for temperatures and pressures within the injector are
set automatically within the procedures by the PLC but can be
modified by changing the preset values in the PLC, either
through the touch panel via a pop-up keypad or through the
MicroVAX interface. Firing of the injector is controlled by
the TFTR fire sequencer, which is programmable through the
MicroVAX. In addition to the automated operation of the
TPI, the injector can be operated manually by controlling
individual valves and changing individual set points.

3. TWO-STAGE LIGHT GAS GUN DRIVER TESTS

A prototype two-stage light gas gun driver was con-
structed to test piston longevity and to optimize operating
parameters for the TPI application. Its design is based on the
characteristics of the system described by Combs,6 which has
been operated at speeds up to 2.8 km/s for 4-mm deuterium
pellets. The prototype uses a specially developed pilot oper-
ated poppet valve to control the release of the helium pro-
pellant from the first-stage reservoir. This valve uses two
helium-actuated, high-pressure bellows valves (Nupro HB
series) to control the movement of the poppet. The same type
of bellows valve is used to control the flow of hydrogen pro-
pellant into the second-stage pump tube from a 30-cm^ reser-
voir. These valves are indicated schematically in Fig. 3 by
V2andVl.

A typical operating sequence is shown for an initial first-
stage reservoir pressure of 20.1 bar, a second-stage fill
pressure of 0.8 bar, and a piston mass of 44.8 g. It can be seen
from the time sequence that these valves typically exhibit a
fixed delay of approximately 30—45 ms. The reservoir valve,
however, requires only 3.5 ms from the time that the poppet
begins to move to open fully. This is indicated by the sharp
rise of P3 at r = 83 ms. The subsequent decrease of P2 and P3
results from movement of the pi von. The piston transit time
for this case is less than 12 ms. and the peak pressure P4
realized at the end of the piston travel is =430 bar. Subse-
quent cycles in the pressures are a result of oscillations of the
piston within the pump tube. The gradual decrease of P3
beginning at (= 145 ms results from opening of the vacuum
valve V3. The pressure behind the piston decays in 1 s, at
which time the piston is reseated at the beginning of the pump
tube. This system has been operated for 1000 cycles at peak
piston speeds of ] 70 m/s without failure. The total piston
wear over this period was measured to be 0.15 mm.
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Fig. 3. Firing sequence for the two-stage light gas gun proto-
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in the gun.

The performance of the two-stage driver has been
modeled using the QUICKGUN code.7 The results are shown
in Fig. 4 for a case in which a 20-mg tritium pellet is acceler-
ated to a velocity of 2.7 km/s in a path length of 1 m for an
initial reservoir pressure of 16.6 bar. The relevant system
parameters are plotted for times after release of the pellet,
which is assumed to occur when the breech pressure reaches
48 bar fas determined from tests of the TPOP device). This
case exhibits relatively low piston velocities and moderate
condiDons at the breech. Moreover, the acceleration is
gradual, as indicated by the moderate and relatively constant
pressure predicted at the pellet base.
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