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ABSTRACT

New repetitive multibarrel pellet injector for steady-state fueling and diagnostics
purposes in large fusion devices has been designed. The injector is intended to apply in
the Large Helical Device at the National Institute for Fusion Science in Japan. The
steady-state operation is provided by ten pipe-guns with unique porous units forming
solid hydrogen pellets for 5 - 9 s in every barrel. Over one thousand hydrogen pellets
have been formed and accelerated to 1.2 km/s at the different repetitive rates. The injector
design and experimental results are presented.
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1. INTRODUCTION

One of the basic missions of Large Helical Device (LHD), under construction at National
Institute for Fusion Science in Japan, is to demonstrate a steady-state operation of helical
system. Plasma control is one of the key subjects for the LHD successful operation. The
powerful technique for plasma density and pressure profiles controlling is a pellet injection.
The pellet injection is also intended for refueling particles in the plasma core and plasma
diagnostics. Therefore, an adequate pellet injection system for LHD should be developed. Its
basic parameters, presented in [1], should be demonstrated before steady-state operation
mode start.

The basic features of a pellet injector for LHD should be fixed as follows:

- high reliability, which should be checked by the long time of the injector exploitation;
- high flexibility in changing of a long term operation, including steady-state injection mode,
an injection interval, depth penetration, deposited particles number and others.

New pellet production technology was proposed [2] and successfully tested at NIFS in
1994 [3,4] . Recently ten barrels pellet injector, based on this technology and presented in
this report, was designed for satisfaction of all LHD requirements, including fueling at the
steady-state operation. Section 2 presents a description of the proposed pellet injector design.
The achieved experimental results are presented in Sec. 3. Conclusion is given in Sec. 4.

2. PELLET INJECTOR DESIGN

The multibarrel pellet injector MPI-10 is intended to fire by an unlimited number of solid
hydrogen or deuterium pellets from every barrel at the repetitive steady-state mode. Every
barrel is able to inject pellets independently of others and to stay in a 'stand by’ mode also. A
pellet mass and velocity can be measured and the pellet shape in flight can be recorded by a
video recorder with a CCD-camera. MPI-10 is able to operate both at automatic and at
manual modes.

The principle of peliet production by means of the new technology are described in [2-4].
Pure Hy or D9 at room temperature is being admitted continuously into a gun barrel through

aporous sleeve being maintained at the temperature below the melting point of the fuel (See
Fig. 1). A portion of liquid (or fluid) fuel is frozen there forming a pellet. This state is
stable, and the pellet can wait for an injection moment for a long time. Then the propellant
high-pressure gas is admitted in the barrel for a 1-10 ms to accelerate the frozen pellet and it
heats the porous sleeve atso. The solid fuel inside the sleeve is heated up to the melting point
and penetrates into the barrel. New portions of fuel gas are cooled and frozen inside the
porous sleeve replenishing the fuel consumption. Liquid (or fluid solid) fuel is frozen inside
the gun barrel forming a new pellet. The cycle can be repeated.

The MPI-10 consists of ten pipe-guns with ten independent cryogenic pellet formation
units, cooling by liquid helium, a diagnostic chamber equipped with laser, a photodetector
with an amplifier, an optical fiber, a differential vacuum pumping system with guide tubes, a
vacuum pumping system, a control rack with a logic controller for automatic (or manual)
remote control, a microwave pellet mass detector. The schematic diagram of the MPI-10 is
presented in Fig. 2.

Ten independently operating porous pipe-guns are housed inside a vacuum chamber in
two rows, five unitsin a line. Every pipe-gun is equipped with a fast propellant gas valve, a
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fuel gas valve, a vacuum gate valve, a porous pellet formation unit with a cryogenic heat
exchanger and a logic controller. The inner barrcls diameters are 1.5mm , 2mm, 2.7mm,

3mm

Heater

Fig. 1. Schematic of the injector with a porous pellet formation unit

and 3.8 mm for every pair barrels. Their lengths are 370 mm and 420 mm. The porous unit is
equipped with a thermal sensor and a heater. The cooling helium vapor is admitted from a
Dewar vessel, penetrates through every ten heat exchangers and removed through a coaxial
slit between the inlet and outlet tubes.

All fast and fuel valves are attached to the cryostat vacuum chamber flange. Four vacuum
connectors for temperature gauges and heaters arc placed on this flange also. There are two
identical aluminum blocks with five gate valves in each. Five stainless steel plates moves for
3-5 ms between every five pair Teflon gaskets by means of electromagnets inside every
aluminum block. There are holes in the plates for the pellet coming through. The blocks are
attached to the other cryostat vacuum chamber flange. The diagnostic chamber with two pair
of windows is attached to the opposite side of the gate valves blocks. First two windows
having & 80 mm is used for pellet registration by laser and photodetector. Second two
windows J 220 mm is used for recording pellets in flight by a video recorder with CCD-
camera and a nanopulse flash. The diagnostic chamber is able to rotate and fix in any
position. The ends of the guide tubes are inserted into the diagnostic chamber (not shown in
Fig. 2). The other guide tubes ends are inserted into high vacuum chamber for pellet mass
measurement (not shown in Fig. 2).

The peliet formation unit is made of a pure copper block with a porous sleeve inside, as
shown in Fig. 3. The helium heat exchanger is manufactured inside the below part of the
block. The heater from a manganine wire (18 Ohm) is wrapped around the upper part of the
block. Porous sleeve (& 10 mm) is made from several copper meshes with holes equaled to
the barrel inner diameter on the axis. The meshes are pressed inside the copper block up to
the thickness of 3 mm. The barrel and a tube fitted to the fast valve arc hermetically attached
from both opposite sides to the porous block by indium gaskets . Fuel gas is able to penetrate
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inside the meshes through a hole in the upper part of the copper block. All cryogenic parts
are housed inside a radiation screen made from copper.

The fuel gas supply system consists of a gas collector with one vacuummeter and ten
outlets for every fuel valve, connected with the peliet formation unit inlet tubes. Fuel gas is
admitted to the gas collector from a standard cylinder with a reducer. A collector for the

Radiation Screen Diagnostic Chamber
Hoy Fuel Valve \\ Gate Valve r‘*—|\
-] =~ = T1T1 i
Fast -
- = AN

1, Barrels

——

He - _.J Por% Heat i
\Sleeve |™._ Exchanger % —(’\I—

+ He | = - S me.

Fig. 2. Schematic diagram of the repetitive multibarrel pellet injector

propellant gas supply system has ten independent channels, connected to a cylinder with high
pressure gas. Ten pressure gauges can be attached to every independent channels. The fast
valve is a pilot type electromagnetic valve with polyimide gasket and open/close cycle near 1
ms. A work volume inside the valve is approximately 6cm’.
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Fig. 3. Schematic diagram of the porous pellet formation unit
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Cryogenic and pellet mass measuring chambers are pumped by two turbomolecular pumps
with 500 I/s evacuating ability. Diagnostic and intermediate chambers of differential pumping
system are pumped by rotor pumps. All chambers are equipped by high vacuum and Pirani
gauges.

3. PELLET INJECTOR OPERATION AND EXPERIMENTAL RESULTS

The cryogenic and other vacuum chambers are pumped out up to 10-2-10-4 Pa. All valves,
including the gate valves are in open positions. The fuel and propellant gas supply systems
are pumped also and filled by pure gases. Helium vapor from a Dewar vessel cools the
cryogenic parts of the injector. The temperature of the porous units achieves of 8-9 K in a 60-
100 minutes in dependence of pressure into the Dewar vessel. The control rack is switched
on and the injector is ready for the pellet injection.

The basic aim of the first stage of experiments was to minimize the cycle time of a pellet
formation and injection from one barrel. There was produced the mjector for ten barrels, but
only four injection channels were assembled with the porous formation units, which were
differed by different dimensions and designs. All experiments and pellet injector tests were
carried out with these units in turn for one barre! only. The results are presented below in
case of operation with hydrogen for clear demonstratton. Some negligible differs were
observed with deuterium.

There are two operation modes for the proposed pellet mjector: 'liquid' and 'solid'. In case
of 'liquid' mode the porous pellet formation unit should be heated to the temperature
exceeding the triple point of the fuel (14 K for hydrogen and 18 K for deuterium). Liquid fuel
penetrates into the barrel and forms a pellet. In case of 'solid’ mode the porous pellet
formation unit should be heated lower fuel triple point. In these conditions the fluid solid fuel
is pushed through the porous sleeve into the barrel and forms a pellet also. The both
operation modes can be realized in the same pellet formation unit design. The powerful of the
addition heater attached to the pellet formation unit should be changed in these modes only.
The operation parameters of the injector units are different in these modes also, of course.

3.1. 'Liquid' mode

The schematic diagram of the operating pulses in this mode is shown in Fig. 4. These
pulses are formed in the logic controller, which initiates the pellet injection as at a single
shot, and at the repetitive mode also. The logic controller allows to adjust the optimal cycle
parameters before starting in wide intervals for the different pellet formation unit designs.
The presented below cycle parameters corresponds with the pellet injection time of 8.9 s for
the porous unit mass of 77 g.

The cycle starts by a pulse of the propellant gas, which is admitted from the fast valve.
Propeliant gas comes out from the barre] for 80 ms and the gate valve is closed. Heater is
switched on for 0.8 s after the fast valve pulse with time delay of 10 ms. The porous unit
accumulates near 8 J heat from the heater. The frozen hydrogen inside the porous unit is
melted and penetrates into the barrel for 1-2 s. The typical thermal sensor signals of the
process are shown in Fig. 5. During experiment the fuel valve was opened all time of
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operation. Liquid hydrogen inside the small porous cells has frozen for 1-2 s and after that
the addition portions of liquid hydrogen could not penetrate into the barrel. The porous unit
worked as a 'heat valve'. The hydrogen gas pressure above the porous unit was equaled to 0.1
MPa. Liquid hydrogen inside the barrel is frozen and cooled to 8-9 K for 5-6 s. This was the
longest period of the pellet formation time. Then the gate valve has been opened and the next
shot has been done by a fast valve after 0.9 s. Propellant gas and pellet originated gas are
evacuated by forevacuum pump. The cycle has been repeated. The minimum duration of
the whole cycle was registered of 8.9 s. The pellet formation process and cycle duration have
been recorded by a CCD-camera. The pellet velocities above 1 km/s have been achieved with
the initial helium propellant gas pressure of 6 MPa. The typical pellet shape is shown in Fig.
6.
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Fig. 4. Schematic diagram of the pulses during a pellet injection cycle
at the 'liquid’ mode

The pellet diameter is 2.4 mm and length is between 3 mm and 4 mm. The pellet diameter
reduction in comparison with the barre! diameter of 2.7 mm is about 10%. This reduction is
usual for solid hydrogen pellet injection in other injectors [5,6]). To reduce the pellet
formation time, some improvements in porous unit design should be done. A mathematical
model of the optimal pellet formation process is developing now. First estimations predict the
minimum pellet formation time near 1 s at this mode. Attempts to reduce the pellet formation
time in this 77 g porous unit led to the pellet destruction. The pellet had not enough time for
freezing and its central part along the axis had a snow area, as shown in Fig. 7. Such pellets
were often destroyed during the injection.

Over 1000 pellets have been formed and injected during several series in this mode with
small intervals between series. Some results of the pellet registration during these series
under the different cycle fimes are shown in Table 1. The pellet injection reliability is
calculated as aratio of good quality injected pellet to all pellets in series. A series of pellets
from number C545 to €555 at the rate of one shot per 9 s from single barrel is presented in
Fig. 8.
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Fig. 5. The typical thermal sensor signals of the pellet formation and shooting
process at the 'liquid’ mode:
1-shooting; 2-solid hydrogen melting and barrel filling by liquid;
3 - pellet freezing.

Fig. 6. A hydrogen pellet in flight.



Fig. 7. A defect hydrogen pellet in flight:
There is a snow area along the pellet axis which can lead to its destruction.

Table 1. Series of hydrogen pellets injected at the 'liguid’ and the "solid’ modes.

Amount of pellets Injection Amount of good quality Injection
In series cycle time pellets in series reliability
TIQUID' MODE
15 9s 10 67%
26 9s 16 62%
55 9s 33 60%
22 10s 14 64%
26 11s 19 73%
25 155 17 68%
25 19 s 21 87%
23 19 s 20 87%
47 195 36 77%
'SOLID' MODE
12 5s 11 92%
17 6s 13 76%
25 6s 22 88%
13 7s 12 92%




C545, t=0s C546, t=9s C547, t=18s C549, t=36s

C551,t=545s C552, t=63s C553, t=T72s C555, t=90s

Fig. 8. A series of the solid hydrogen pellets in flight
at the injection rate of 1 shot per 9 s.



3.2. 'Solid’' mode

The schematic diagram of the operating pulses in this mode is shown in Fig. 9. These

pulses arc formecd in the logic controller also. The presented below cycle parameters
corresponds with the pellet injection time of 6 s for the porous unit mass of 30 g.
The cycle starts by a pulse of the propellant gas. which is admitted from the fast valve.
Propellant gas comes out from the barre] for 80 ms. Heater is switched on for 0.4 s after the
fast valve pulse with time delay of 10 ms. The porous unit accumulates near 4 J heat from the
heater and it 1s heated to 14 K. The fluid solid hydrogen inside the porous unit is pushed out
into the barrel for less than 1 s by hydrogen gas pressure of 3 MPa maintained above the
porous unit. Solid fluid hydrogen inside the porous cells coolsto 12-13 K for less than 1 s
and after that the addition portions of fluid hydrogen can not penetrate into the barrel. The
porous unit worked as a ‘heat valve' at this mode also. Fluid hydrogen inside the barrel is
cooled to 9-10 K for 3-5 s. This was the longest period of the pellet formation time. Next shot
has been done by a fast valve every 6 s. Propellant gas and pellet originated gas are
evacuated by the forevacuum pump. The cycle is repeated. The typical thermal sensor signals
of the process are shown in Fig. 10. During experiment the gate valve and the fuel valve were
opened all ime of operation. The minimum duration of the whole cycle was registered of 5
5. Some modification of the fast valve power supply unit should be done to reduce the cycle
time. The pellet formation process and cycle duration have been recorded by a CCD-camera.
The pellet velocities above 1 km/s have been achieved with the initial helium propellant gas
pressure of 6 MPa. Over 100 pellets have been formed and injected during several series in
this mode with small intervals between series. Some results of the pellet registration during
these series under the different cycle times are shown in Table 1 also. The pellet injection
reliability is calculated as a ratio of unbroken pellets to all pellets in series. The typical pellet
shape is shown in Fig. 11. The peilets had not transparent shape, because the fluid solid
hydrogen was extruded through the porous unit in the form of many ice threads. Such pellet
is a polycrystal, but rather strong to be accelerated above 1 km/s. The pellet injection of such
pellets in fusion devices must prove their ability to deliver fuel in a core area of plasmas. The
estimations predict the pellet injection cycle time less than 1 s at this mode.
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Fig. 9. Schematic diagram of the pulses during a pellet injection cycle
at the 'solid’ mode
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Fig. 10. The typical thermal sensor signals of the pellet formation and shooting
process at the 'solid' mode:
1 - shooting and heating; 2 - barrel filling by solid fluid hydrogen.

3.3. 'Stand By' mode

A 'stand by' mode can be initiated at any moment by an operator. He has only to switch on
the 'block’ button on the front panel of the logic controller. The injector is able to stay at this
mode for a long time and it will start to work after switching off the 'block’ button and
initiating new cycle by an external pulse. To finish the injector operation, one should stop the
cycle, open gate valves, switch off all fuel gas valves and the heaters inside the cryostat and
the dewar vessel. After 30 minutes one should to switch off the vacuum pumping system,
stretch the helium transfer tube out of injector and switch off the control rack.

E104 E110

Fig. 11. Solid hydrogen pellets in flight at the injection rate of 1 shot per 5 s.
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4. CONCLUSION

New repetitive pellet injector providing for a continuous injection of an unlimited number
of pellets in steady-state mode is designed. The first stage of the injector testing is
successfully completed. The innovative porous unit is developed to form and accelerate
pellets for 5-9 s from every single barrel at the repetitive mode. As moving details, the
injector has only fast valves for propellant gas admission in case of the pellet formation from
solid fluid fuel, and gate valves extra in case of pellet formation from liquid fuel. This
provides for high reliability of the long term injector operation. The injector requires only
two-three pellets as a fuel reserve for a steady-state operation in comparison with an extruder
injector, which contains hundreds of pellets. The injector design is compatible and attractive
for the tritium operation. The aim of the second stage of the injector testing is to demonstrate
the 5 Hz pellet injection with ten independently working barrels. A simulation and new
porous unit design are developing now to reduce the pellet formation time to 1-2 s from
every barrel also. The successful development and application of such injector allow to
constder its as a technological machine for future refueling systems of fusion power stations.
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