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A repeating pneumétic pellet injector has been developed and con-
structed at Japan Atomic Energy Research Institute. This injector can
provide repetitive pellet injection to fuel tokamak plasmas for an ex-
tended period of time, aiming at the improvement of plasma performance.
The pellets with nearly identical speed and mass can be repeatedly in-
jected with a repetition rate of 2-3.3 Hz and a speed of up to 1.7 km/s
by controlling the temperature of the cryogenic system, the piston speed

and the pressure of the propellant gas.
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1. Imtroduction

High-speed injection of frozen macroscopic pellets of hydrogen-
isotopes has become the leading technology to fuel magnetically confined
plasmas for controlled thermonuclear fusion research. The technique of
fueling by this approach has been demonstrated conclusively on numerous
toroidal confinement devices(l). This method can provide modificaticns
of the plasma demsity and/or temperature profiles in the bulk plasmas
by the deposition of fuel particles inside the plasmas(l). It allows a
central peaking of the plasma density profile and/or a reduction of ions
by recycling in the plasma edge region. Peaking of the plasma density
profile has been observed experimentally, when pellets are injected at a
high speed in order to penetrate the plasma column and deposit fuel par-
ticles preferentially in the hot and dense core of the plasma. In order
to realize a high repetition rate of pellet injection and high reli-
ability for fusion research, it is necessary to develop a preduction
technique of the solid hydrogen-isotope filament to form pellets and a

pellet acceleration technique to achieve high-speed pellets.

2. Description of Equipment

The repeating pneumatic pellet injector has been developed in col-
laboration with Mitsubishi Heavy Industries, Ltd. The injector employs
the basic design configurations developed at Qak Ridge National Labora-
tory in the 0.5.(2),  The system consists of two main subsystems; 1.e.,

. an injection system and a diagnostic system.

2.1 1Injection System(a)

The main parts of the injection system are schematically .shown in
Fig. 1. The injection system is composed of a cryogenic extruder and a
gun assembly. The cryogenic extruder is capable of forming a frozen-
hydrogen-isotope and extruding a frozen-hydrogen-isotope into the gun
agsembly as a filament. The gun assembly can form pellets from the ex-
truded filament, chamber pellets, and inject them.

In this device, the cryogenic extruder consists of three copper-
made coolers, which are convectively force-cooled by liquid helium flow-—

ing through cooling channels on the surface of each cooler, as shown in
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Fig. 1. A brass cylinder is placed through the second and third coolers.
Inside the cylinder, the frozen-hydrogen-isotope is formed, then extruded
by a piston driven inside the cylinder. Liquid helium, supplied from a
pressurized 250 2 storage Dewar, is once stored in a gas/liquid helium
phase separator and supplied to each cooler. The helium Dewar is pres-
surized to 30-50 kPa by the helium gas from a gas storage cylinder. A
flow rate of liquid helium from the phase separator to each cooler is
individually controlled by a liquid helium flow control valve(Model: V-
6700E; Toko Laboratory Co., Ltd.). The pressure of the phase separator
is controlled by a pressure control valve, and the quantity of liquid
helium in the phase separator is controlled by a liquid helium gage. A
manganese-wire heater (30 W) with a coated insulator is mounted on each
cooler to control the temperature of each cooler by changing the supplied
current to the heater. A digital controller (Model: DB1130-04B; Chino
Co., Ltd.) with a temperature transmitter (Model: CST-9C1; Lake Shore
Cryotronics Inc.) is used as a temperature controller for each cooler,
together with a silicon-diode sensor (Model: DT-470-B0O; Lake Shore Cryo-
tronics Inc.) mounted on the surface of each cooler. The Jlocations of
the silicon-diode sensors are symbolized crosses, x , in Fig. l. The
silicon-diode sensors are designed to detect the temperature with a range
of 1.4 K to 325 K. The temperature of the coolers is independently con-—
trolled within a range of = 0.1 K. Another kind of thermometer, AuFe-Cr,
is also used to monitor the distribution of the temperature of the cool-
ers and the other parts of the cryogenic extruder during the operations.
Filled circles (@) and triangles (A) in Fig. 1 show the locations of
these thermometers.

The hydrogen-isotope 1s frozen inside the cylinder. The inventory
of the frozen-hydrogen-isotope in the extruder is approximately 3 em?,
which is determined by the total inner volume of the cylinder and the
extrusion nozzle. The piston extrudes the volume of nearly 2 cm® frozen-
hydrogen-isotope, which is determined by the inside diameter of the cyl-
inder (0.5 cm) and the effective travelling distance of the piston (10
e¢m). Four grooves are located both on the inner surface of the cylinder
‘between the first cooler and the second cooler, and on the piston head,
as shown in Fig. 2. When both sides of the grooves are matched, the
gas/liquid hydrogen-isotope can flow downward to the bottom part of the
cylinder, where the frozen-hydrogen-isotope 1is formed. The piston head,

made of copper, can be driven at any speed in the range of 0 to 150 mm/s,
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by a screw powered by a stepping motor. The piston speed or the extru-
gion speed of the frozen-hydrogen-isotope filament is controlled to meet
with the required repetition rate of the pellet formation/injection. The
extrusion force applied to the piston head is monitored by a load cell
{Model: LM-200KS; Kyowa Electric Instruments Co., Ltd.) that is placed
between the screw and the piston shaft. The third cooler is connected
with a punch-type chambering mechanism, which has a gun barrel and a
fast-opening magnetic valve. An extrusion nozzle is located between the
second cooler and the third cooler to change the cylindrical frozen-
hydrogen—isotope into a desired cross—sectional filament. In this ex-
periment, two types of nozzles have been tested; one is an oval cross-—
section of 1.6 mm in width x 3.2 mm in length, and the other one is a
circular cross-section of 4 mm in diameter. When the frozen filament is
extruded to the chambering mechanism, a punching tube is driven into the
filament to punch out and chamber a pellet. Thus, the peilet size is
established by the dimension of the cross—-section of the extrusion nozzle
and the inside diameter of the punching tube (1.5 mm and 3 mm) .
A punch-type chambering mechanism has a stainless-steel punching

tube with a knife-edge. The tube is mounted on a plunger and driven by
a solenoid coil, as shown in Fig. 3. When the solenoid coil is excited,
the knife-edge of the tube moves towards the extruded filament together
with the plunger to punch out and to chamber a pellet inside the tube.
After punching out a pellet, the punching tube is connected with a stain-—
less steel gun barrel and stays there until the pellet is injected. The
punching tube is aligned to the gun barrel. Te¢ prevent high~speed recip-
rocating parts from being connected together, due to frictional heat, the
plunger is partially covered with two teflon rings, as seen in Fig. 3.
The inmer space of the punching mechanism is evacuated to the vacuum to
exhaust the residual gas and the propellant gas leaked from the gun bar-
rel during the pellet injectiom.

- As shown in Fig. 4, two sets of fast-opening magnetic valves(®) are
used to eject the helium propellant gas to accelerate the pellets. The

repetition rate of the valve operation is designed up to 10 Hz by operat-

ing these two valves reciprocally. In order to obtain high pellet ve-

locity, this fast-opening magnetic valve can provide a short response
time and propel high pressure and high temperature gas up to 10 MPa and
up to 373 K, respectively. As seen in Fig. 4, the plunger is raised up

to 4 mm by discharging electricity te the solenoid coil. When the plung-
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er traﬁels 2 mm in the sleeve, the polyimid disk (seat) is hit and lifted
off the orifice by the.travelling plunger, thereby, discharging the pro-
pellant gas through the valve. The valves are designed to develop full
pressure (10 MPa) within 0.5 ms after they begin to open. The open/hold
time is limited to I ms to restrict the propellant gas load (heat load)
to the cryogenic extruder. The propellant gas is supplied from a 4 &
main reservoir to each valve through a 135 cm® supplemental reservoir,
which is directly connected with the valve to keep the supplied gas pres-
sure constant. To heat up the propellant gas, a 120 W electric heater
and a 200 W electric heater are mounted on each valve and supplemental
reservoir, respectively. The main reservoir has also a 4 kW electric
heater. TIn this device, the temperature of the propellant gas 1is kept
between room temperature to 373 K (100°C). Most of the parts described
above (except the main reservoir) are covered with a super-insulation and
installed in a vacuum vessel to reduce heat radiation to the cryogenic
parts. The vacuum vessel is evacuated by a 500 2/s turbo-molecular pump
(Model: TSU510; Pfeifer Balzers).

The pellets, ejected from the gun barrel, are transported to the
diagnostic vessel IIT (Volume=162 2) through the diagnostic vessel Il
(Volume=248 &) and a fast-shutter valve (Model: VACOA SOV-100-08FS; Vac~
wum Accessories Corp.), as shown in Fig. 5. The diagnostic vessel II,
evacuated by a 500 w3/hr mechanical booster pump (Model: PMPOO6C; ULVAC),
is comnected to an expansion chamber (Volume=2.5 m3) to minimize the pro-
pellant gas flow into the diagnostic vessel III. A 2000 /s compound
turbo-molecular pump (Model: TG2200M; Osaka Vacuum Ltd.) is used to eva-
cuate the diagnostic vessel III. The fast-shutter valve is opened to
allow the path of the pellets, and closed to limit the propellant gas

flow into the diagnostic vessel III.

2,2 Diagnostic System

Several kinds of diagnostics are used to characterize the perform-

ance of this injector.

(1) Temperature

Temperatures of the three coolers, the punch-type chambering mecha-
nism, and the gun barrel are monitored during the operation of the system
using silicon-diode sensors { X}, AuFe-Cr thermocouples (A,®), and K-

type thermocouples (B, %) as shown in Fig. I. The temperature of two
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positions are measured on the gun barrel.

(2) Propellant Gas Pressure

The pressure of the helium propellant gas is detected by a pressure
transducer (Model: 105B22; PCB Piezotronic Inc.) at a point around 10.5
cm downward from the fast-opening magnetic valves. The sensitivity of
the sensor is 0.145 mV/kPa, and the rise time is 2 u sec. The linearity

between the output voltage and the pressure is designed to be less than

1%.

{3) Movement of Punch-Type Chambering Mechanism
An accelerometer (Model: 508ml0l; Vibro-meter Corp.) is used to ob-
serve the movement of the punch-type chambering mechanism by detecting

the impulse caused by hitting the stopper by the plunger.

(4) Frozen-Hydrogen-Isotope Filament

The frozen-hydrogen-isotope filament, extruded from the bottom of
the third cpoler, can be viewed in the diagnostic vessel I. A monitor
camera (Model: Panasonic WV-CDI; Matsushita Electric Industrial Co.,
Ltd.) is set on this vessel to observe the characteristic of the extruded
filament during the operations, as shown in Fig. 5. Figure 6(a) shows
examples of the extruded hydrogen filament, which has an oval cross-
section. This monitor camera can alsoc observe the movement of the punch-
ing tube as seen in Fig. 6(b). When the punching tube is driven, the
tube comes into view. When the chambering mechanism is not activated,

the punching tube goes out of sight.

{5) Pellet Speed and Mass

The speed and mass of the injected pellets are measured by a time-
of-flight methbd and a microwave-cavity calibration method, respectively.
As shown in Fig. 5, two sets of photodiodes are set on the diagnostic
vessel TT with an interval of 4 cm between the two to measure the pellet
speed, while two sets of microwave cavities are installed in the diagnos-
tic vessels II and III to estimate the pellet mass. The resonance fre-
quency of the cavities is 8.8 GHz. In addition, to acknowledge injected
pellets and to detect the kinetic energy of the flying pellets, a shock

sensor (impact sensor) is installed at the end of the pellet flying path.
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(6) Pellet Shadowgraph(S)

The flying pelleté are observed as shadowgraphs taken by & commer-—
cial video-camera {(Model: Panasonic WV-CDIl; Matsushita Electric Indus-
trial Co.,-Ltd.) along with a pulse-lamp at two positions; one is about 3
cm downstream from the gun barrel and another is about 21 cm, as shown in
Fig. 5. A flush-light from the pulse-lamp is polarized to be a parallel
light using a collimator lens so that the size of the pellet 1is neither

magnified nor reduced on the shadowgraphs.

3. Experimental Results

A series of experiments have been conducted to characterize the
pellet injector and to search for the ideal conditions for freezing the

hydrogen-isotope and repeating pellet injection.

3.1 Cooling Tests

Cooling tests have been performed to obtain the cooling character-
istics of the cryogenic extruder. Temperatures of the three cocolers and
the other components are measured. The helium Dewar is pressurized to
30-50 kPa, while the pressure in the gas/liquid helium phase separator is
kept at 20-50 kPa. A flow rate of liquid helium from the phase separator
to each cooler is individually controlled by a liquid helium flow control
valve. Figure 7 shows the time changes of the temperatures. Approxi-
mately 90 minutes is required.to cool down the cryogenic extruder to the
temperature level of 5-7 K, with a liquid helium consumption rate of 15
2/hr. Although the flow rate of liquid helium to each cooler is not a
measurable value, the flow rate of the exhaust helium gas evaporated
after passing through each cooling chanmnel is measured to be 80-100 N&/

min (200-300 %/min).

3.2 Production Tests of a Solid-Hydrogen Filament

Hydrogen gas has been used as the fuel gas in the present experi-
ments. The solid-hydrogen filament with a diameter of 4 mm, using the
circular cross—sectional nozzle, is successfully formed under the follow-
ing conditions. At the beginning of the production tests, prior to the

supply of fuel gas, the temperatures are kept at 14-16 K for the first
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1. Introduction

High-speed injection of frozen macroscopic pellets of hydrogen-
isotopes has become the leading technology to fuel magnetically confined
plasmas for controlled thermonuclear fusion research. The technique of
fueling by this approach has been demonstrated conclusively on numerous
toroidal confinement devices(l). This method can provide modifications
of the plasma density and/or temperature profiles in the bulk plasmas
by the deposition of fuel particles inside the plasmas(l) It allows a
central peaking of the plasma density profile and/or a reduction of iomns
by recycling in the plasma edge regiom. Peaking of the plasma density
profile has been observed experimentally, when pellets are injected at a
high speed in order to penetrate the plesma column and deposit fuel par-
ticles prefereﬁtially in the hot and dense core of the plasma. In order
to realize a high repetition rate of pellet injection and high reli-
ability for fusion research, it is necessary to develop a production
technique of the solid hydrogen-isotope filament to form pellets and a
pellet acceleration technique to achieve high-speed pellets.

2. Deseription of Equipmeént

The repeating pneumatic pellet injector haé.been'developed in col-
laboration with Mitsubishi Heavy Industries, Ltd. The injector empleys
the basic design configurations developed at Oak Ridge:National Labora-
tory 1in the U.S.(z). The system consists of two main subsystems; i.e.,

~an injection system and a diagnostic system.

2.1 Injection‘System(s)

The main parts of the inJection system are schematically shown in
Fig. 1. The injection system is composed of a cryogenic extruder and a
gun assembly. The cryogenic extruder is capable of forming a frozen-
hydrogen—lsotope and extruding a frozen—hydrogen-isotope into the gun
assembly as a filament. The gun assembly can form pellets from the ex-

truded filament, chamber pellets, and inject them. o
In this device, the cryogenic extruder consists of three copper-
made coolers, which are convectively force-cooled by liquid helium flow-

ing through cooling channels on the surface of each cooler, as shown in
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(6) Pellet Shadowgraph(5)

The flying pelleté are observed as shadowgraphs taken by & commer-
cial video-camera (Model: Panasonic WV-CD1l; Matsushita Electric Indus-
trial Co.,-Ltd.) along with a pulse-lamp at two positions; one is about 3
cm downstream from the gun barrel and another is about 21 cm, as shown in
Fig. 5. A flush-light from the pulse-lamp is polarized to be a parallel
light using a collimator lens so that the size of the pellet is neither

magnified nor reduced on the shadowgraphs.

3., Experimental Results

A series of experiments have been conducted to characterize the
pellet injector and to search for the ideal conditions for freezing the

hydrogen-isotope and repeating pellet injection.

3.1 Cooling Tests

Cooling tests have been performed to obtain the cooling character-
istics of the cryogenic extruder. Temperatures of the three coolers and
the other components are measured. The helium Dewar is pressurized to
30-50 kPa, while the pressure in the gas/liquid helium phase separator 1is
kept at 20-50 kPa. A flow rate of liquid helium from the phase separator
to each cooler is individually controlled by a liquid helium flow control
valve., Figure 7 shows the time changes of the temperatures. Approxi-
mately 90 minutes is required.to cool down the cryogenic extruder to the
temperature level of 5-7 K, with a liquid helium consumption rate of 15
2/hr. Although the flow rate of liquid helium to each cooler is not a
measurable value, the flow rate of the exhaust helium gas evaporated
after passing through each cooling chanmel is measured to be 80-100 N&/

min (200-300 %£/min).

3.2 Production Tests of a Solid-Hydrogen Filament

Hydrogen gas has been used as the fuel gas in the present experi-
ments. The solid-hydrogen filament with a diameter of 4 mm, using the
circular cross-sectional nozzle, is successfully formed under the follow-
ing conditioms. At the beginning of the production tests, prior to the

supply of fuel gas, the temperatures are kept at l4-16 K for the first
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cooler, at 7-8 K for the second cooler, and at less than 7 K for the
third cooler, respectively. The hydrogen gas is introduced into the
cylinder with a flow rate of nearly 2 N&¢/min (7 &/min). Under these
conditions, the inner region of the extrusion nozzle is choked with a
solid/frost hydrogen to prevent fuel gas/liquid/frost from draining
through the nozzle to the diagnostic vessel I, where the fluttered frost
is observed through the viewing port. Then, the solid-hydrogen is filled
inside the region of the cylinder and the extrusion nozzle. After the
solid-hydrogen is filled in the cylinder by monitoring the pressure rise
of the hydrogen gas in the cylinder to 800-1400 Torr using a diaphragm-
pressure gage (Model: Baratron 122AA-05000BB; MKS Instruments Inc.), the
gas supply is stopped. The pressure inside the cylinder then decreases
to less than a few hundred Torr. During these processes, if the tempera-
ture of the third cooler rises, the supplied hydrogen gas leaks through
the extrusion nozzle, consequently, the pressure in the cylinder does not
increase and the solid-hydrogen filament is not formed in the cylinder.

After the first production of the solid-hydrogen filament and the
extrusion of it, the temperature of the third cooler is set up at 9-9.5 K
by adjusting the liquid helium flow control valve and the current to the
electric heater. The temperatures of the first and second coolers are
controlled at 14-16 K and 9-9.5 K, respectively. Then, the fuel gas is
introduced into the cylinder without leaking through the nozzle, because
the solid-hydrogen at the bottom of the cylinder remains after the first
extrusion of the filament. It requires 2-3 minutes for the new solid-
hydrogen filament to be formed from the hydrogen gas.

The extrusion process is resumed by moving a piston driven by a
screw. The piston moves with a stroke of 10 cm. When coming to the
most-bottom position, the piston is stopped, then the piston moves back
to the top position. If the fuel gas is continuously supplied inte the
cylinder, with a low flow rate of around 0.8 N&/min (3 £/min) during the
extrusion process, the hydrogen gas is liquefied in the cylinder above
the piston head, mainly in the first cooler. When the piston head goes
back to the top position, the grooves on both the piston head and the
inner surface of the cylinder are matched to allow the liquefied hydrogen
to flow down to the bottom region of the cylinder through the grooves.
These conditions allow the continuous filament extrusion by moving the
piston down and up. 4-5 hours of experiments can be conducted using a

250 £ liquid helium Dewar.
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3.3 Extrusion Tests:

The extrusion tests of the hydrogen filaments have been conducted to
investigate the dependence of the temperatures of the three coolers, the
condensation pressure, the extrusion speed (piston speed), and the shape
of the extrusion nozzle, upon the extrusion pressure (extrusion force).
The following results are obtained for the case of the circular cross-—
sectional filaments.

The movement of the piston and the extrusion force, monitored by an
encoder and a load cell, are shown in Fig. 8. The piston speed is set
at 10 mm/s in this case, and the temperatures are about 14.5 K for the
first cooler, and 9.1 K for the second and third coolers, respectively.
Although a small amplitude of the fluctuation is detected on the traces
of the extrusion pressure just after the extrusion begins, the extrusion
preséure stays constant and is reproducible throughout the tests. The
clear solid-hydrogen filaments are observed by the monitor camera for
these tests. In case that the temperatures of the second and third
coolers are set at lower than those of the tests in Fig. 8, the spikes
(suddeﬁ increases) of the extrusion pressure are detected. In addition,
even if the temperature of the cryogenic system is the same as that in
Fig. 8, the spikes are observed when the extrusion speed is set at a
higher value as shown in Fig. 9. When these spikes are observed, the
pellets are not delivered successfully.

Figures 10 to 12 summarize the experimental results showing the
dependence of the temperatures of the coolers and the piston speed upon
the extrusion pressure. The relations between the piston speed and the
extrusion pressure are shown in Fig. 10. The successful extrusions of
the solid-hydrogen filaments are symbolized as solid circles (@) and
s0lid triangles (A ), while the unsatisfied results (i.e., muddy white
filaments) and the failed results (i.e., filaments broken into pieces)
are symbolized as crosses (X) and plus signs (+), respectively. It
is found that as the piston speed increases, the extrusion pressure grad-
ually increases up to the upper limit of the extrusion pressure (4 MPa).
Figure 11 shows the relation between the temperature of the second cooler
Vand the extrusion pressure. The extrusion pressure indicates a linear-
dependence of the temperature of the second cooler. A similar tendency
is also found for the temperature of the third cooler. In case that the
extrusion pressure exceeds 4 MPa, good quality solid-hydrogen filaments

are not extruded. Good quality solid-hydrogen filaments are obtained
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for the piston speed of 10 to 30 mm/s, if the temperatures of the second
and third coolers are met with the ideal values; 10-11 K for the second

cooler and 8-9 X for the third cooier, as shown in Fig. 12.

3.4 TFunctional Tests of the Gun Assembly

Functional tests of the gun assembly have been conducted to examine
the functions of the punch-type chambering mechanism and the fast-opening
magnetic valves under the actual operation conditions. After cooled down
to 8.5-9.5 K, the chambering mechanism is operated with the repetition
rate of up to 12.5 1z(3). A timing control of the sequence should be
optimized to minimize the propellant gas load (heat load)} to the cryogen-
ic extruder and to the inmner region of the chambering mechanism. Figure
13 shows an example of the control sequence diagrams together with the
measured supplied current to the chambering mechanism and the magnetic
valve, and the measured signals from the accelerometer on the chambering
mechanism and the pressure sensor. The supplied current to the chamber-
ing mechanism is increased gradually, saturated after around 10 ms, and
held for 40 ms, as shown in Fig. 13. Then, the magnetic valve is trig-
gered at 10 ms after the chambering mechanism is excited. These timings
are changeable values and determined by 'a pulse controller. The supplied
electric powers to the chambering mechanism and the magnetic valves are
also controllable by changing the supplied voltages to the capacitors,
which store the electric energy and discharge it to each solenoid coil.
The signal of the accelerometer shows that the chambering mechanism com-—
pletes to move the punching tube within 6.5 ms after it is excited and
pulls back the punching tube at about 16 ms after the trigger pulse is

"switched off. The open/hold time of the fast-opening magnetic valves 1is
limited within 1 ms to restrict the propellant gas load (heat load) to
the cryogenic extruder. This time is determined by the time-width of
the supplied current by the pulse controller. The signal of the pres-
sure sensor indicates that the propellant gas is developed to the full
pressure within 3 ms after the valves obtain the trigger signals, the
_pressure_decreases rapidly to less than half within ! ms, and slowly
decays, due to a small gas-conductance of the gun barrel. This effect
will be one of the key issues to achieve higher repetition rates of

pellet injections.
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3.5 Pellet Injection Tests

Pellet injection tests have been performed using hydrogen pellets.
Firstly, the repetition rate is set from 1 to 2 Hz, i.e., low repetition
rate, TFigure 14 shows the time-evolution of the temperatures measured on
the three coolers and the barrel. After a pre—cooling process, hydrogen
gas is supplied with a flow rate of 7 &/min until the pressure inside the
cylinder reaches 800 Torr. During the process of the fuel gas supply,
the temperature of the first cooler increases from 14 K to 15-16 K, while
the temperatures of other coolers are relatively constant, as shown in
Fig. 14. After the fuel gas is supplied, approximately 3 minutes are re-
quired to £ill up the cylinder with solid-hydrogen. Then, the piston is
driven with a speed of 10 mm/s to extrude the filament, and the pellets
are chambered and injected. When the propellant gas is ejected from the
fast-opening magnetic valves, the temperatures of the second and the
third coolers increase. Especially, the temperatures measured at the
positions close to the chambering mechanism increase rapidly. For the
position at the top of the third cooler, temperature is raised by 3 K.
The temperatures of the gun barrel are monitored at the two points. When
the propellant gas is ejected, the temperature near the outlet of the gun
barrel is observed to decrease by about 5 K, while the temperature near
the chambering mechanism increases by around 5 K. This temperature de-
crease ig considered to be caused by adiabatic expansion of the propel-
lant gas. Figure 15 shows the time-evolutions of the extrusion pressure
({solid line), the piston position (dashed line) detected by an encoder,
and the pressure of the diagnostic vessel II (dotted line). The helium
propellant gas is ejected in a time interval of 500 ms to inject four
pellets. The pressure signal in the diagnostic vessel IT in Fig. 15 has
the synchronized step signals showing these four pellets injection. A
series of the pellet injection tests have been conducted under the same
conditions. The observed velocities and mass of the injected pellets are
summarized in Fig. 16, showing that these quantities are reproducible.
The injected pellets have small deviations to the average values of their
~velocities and mass; i.e., around 10% and 207 deviations for the veloci-
ties and the mass, respectively. TFigure 17(b) shows the time-evolutions
of the signals from the photodiodes used to measure the pellet speed and
from the microwave cavity used to measure the mass of the flying pellets.
The shadowgraphs of the flying pellets are also taken and presented in

Fig. 17(a) and (c). The pellet speeds are around 1.1 km/s for those
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cases. The shadowgraphs of Fig. 17(a) are the pellets just after ejec-
tion from the gun barrel, while Fig. 17(c) shows the shadowgraphs of the
pellets after flying some distance. The pellets just after ejection from
the gun barrel look to be covered by a cloud, while the pellets travel-
ling a distance give clear shadows of the pellets. This may be caused by
a sublimation gas from the solid-hydrogen pellets, because the pellet is
sublimated by large amount of the propellant gas near the muzzle. Once
the sublimation gas is ejected to the vacuum in the diagnostic vessel II,
it immediately scatters away. Thus, this sublimation gas is only ob-
served in the shadowgraphs taken near the gun barrel. In addition, the
positions of the pellets in the shadowgraphs are different for the pel-
lets travelling a distance (Fig. 17(c)), while the positions of the
pellets are nearly the same for the pellets just after ejection from the
gun barrel (Fig. 17(a)). This fact may be attributed to the existence of
the guide tube between the second set of the photodicde sensor and the
second set of the video—camera, as shown in Fig. 5. During a free flight
of the pellets, the pellets may touch the inside wall of the teflon guide
tube which changes the positions of the pellets.

In the next experiments, the repetition rate is increased to 3.3 Hz,
which allows the pellet injections with a time interval of 300 ms. Eight
pellets are ejected successively. The piston speed for the filament
extrusion is set at 10 mm/s. The temperatures of the three coolers are
controlled similarly to the previous experimental case. Figure 18 shows
the time-evolutions of the signals from the photodiodes measuring the
pellet speed and from the microwave cavity measuring the mass of the fly-
ing pellets. The deviations of the pellet velocities and the pellet mass
to those of the average values are found to be slightly larger than those
in the previous case, i.e., 10-14% for the pellet velocities and 20-30%
for the pellet mass. The shadowgraphs of the eight flying pellets, taken
at the outlet of the gun barrel, are shown in Fig. 19. All of the eject-
ed pellets have mearly an identical cylindrical shape, whose dimensions
are close to those designed. However, it is sometimes observed that the
edges of the pellets are slightly chipped. An effect of the temperature
rise due to the repetitive propellant gas loads is found to be insignifi-
cant for the cases of the pellet injections with pellet speeds of 1 km/s
and a repetition rate of 2-3.3 Hz. When good quality solid-hydrogen
filaments are formed, the pellets are reliably delivered for those pellet

injections without any failure.
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The repetition rate is then raised to 5 Hz (200 ms of a time inter-
val). To achieve this repetition rate, the piston speed is set up at 15
mm/s to extrude the solid-hydrogen filament more rapidly. Ten pellets
are delivered in this case. Propellant gas pressure is measured to be
around 1.6 MPa by the pressure transducer. Figure 20 shows the time-
evolutions of the extrusion pressure, the piston position, the pressure
of the diagnostic vessel IIT, and the temperatures of the three coolers
and the gun barrel. The temperature of the third cooler is set at 7-9 K,
which is slightly lower than that in the previous tests with repetition
rates of 2-3.3 Hz. The temperature profiles of the coolers show oscilla-
tions, which may be caused by the instability of the liquid helium flow.
It is considered that liquid helium and helium gas flow reciprocally
through the cooling channels to cause this instability. Since the liquid
helium does not flow smoothly, due to this instabllity, the cooling abil-
ity is lowered. It is shown that the difference of temperature distribu-
tion on each cooler, i.e., temperature difference between the solid and
dashed lines in Fig. 20, is slightly larger than that of the previous
case as shown in Fig. l4. Under these conditions, the pellet injection
test is conducted. The signals from the photodiodes and from the micro-
wave cavity are shown in Fig. 21. From the first to the fourth pellets
show the similar pellet speed and mass, while the other pellets are
largely deviated in terms of these quantities. Especially, the mass of
the pellets decreases for the latter injected pellets. This can be seen
in the shadowgraphs of the flying pellet in Fig. 22. As the repetition
rate is increased, it requires the higher extrusion speed to increase the
frictional heat between the piston head and the cylinder. Thus, the tem-
peratures observed on the coolers are slightly larger than those obtained
for the cases of lower repetition rates.

The observed pellet velocities are plotted in Fig. 23, as a function
of the propellant gas pressure. These experimental data are obtained for
the cases of the repetition rate of 2-3.3 Hz. The results for the large
pellets (3 mm¢ x 3.5 mmL) are symbolized as triangles (A ) and double
circled (@), while the small pellets (1.5 mm¢ x 1.6 mmL) are symbolized
as open ((0) and solid circles (@). Theoretical curve for the large
pellet based on the ideal gun theory(s) is also shown in Fig. 23. The
pellet velocities range from 0.9 to 1.7 km/s for the propellant gas pres-—
sure of 2-10 MPa and the room temperature of the gas. The maximum pellet

velocities up to 1.7 km/s and 1.55 km/s are observed for the large pel-
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lets and the small pellets, respectively. . The measutred velocities are

about 80-90% of the ideal theory.

4, Discussion and Summary

A repeating pneumatic pellet injector has been developed and con-
structed to investigate the ideal conditions for forming the solid-hydro-
gen filaments, extruding the filaments, and repeating pellet injection.
The pellets with nearly identical speed and mass can be repeatedly in-
jected with a repetition rate of 2-3.3 Hz and a speed of up to 1.7 km/s.
In order to achieve reliable pellet injections, it is necessary to form
good quality solid—hydrogen filaments. In the present device, excessive
heat flows into the cryogenic extruder as a result of the thermal trans-
fer mainly through the piston shaft, the thermal radiation, the propel-
lant gas load (heat load), and the heat generated by friction mainly
between the piston head and the cylinder. For the 2-3.3 Hz repetitive
pellet injections, the temperature rise of the second and third coolers
is 2-3 K. Then, this excessive heat restricts the upper repetition rate
of the pellet injections. Lower thermal conductive material, such as
teflon or polyimid, can be replaced to the copper piston head. An addi-
tional cooling channel can be placed along the extrusion nozzle to take
away the frictional heat. In additiom, the fast-opening magnetic valve
should be upgraded to reduce the propellant gas load. Righer response
for a valve to open and close should be achieved.

Tn this device, the taper—angle of the extrusion nozzles are se-

‘lected to be small (0.44 degree). Therefore, the plastic deformation is
small and the heat generated by the plastic deformation is also small
during the extrusion process(7). However, the total frictiomal heat
generated between the extruded filament and the inner surface .of the
extrusion nozzle, because the surface area, where the extruded filament
is sliding, is large. Furthermore, as the extrusion speed increases,
more frictional heat will be generated. This frictional heat is also
considered to be one of the main causes to soften and even melt the
solid-hydrogen filament. In order to improve the pellet injection rate,
it is necessary to increase the extrusion speed of the solid-hydrogen
filament. GCenerally, if material deformation speed is fast or material

temperature is low, the deformation stress (yield stress) increases.
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lets and the small pellets, respectively. ' The measured velocities are

about 80-907% of the ideal theory.

4, Discussion and Summary

A repeating pneumatic pellet injector has been developed and con-
structed to investigate the ideal conditions for forming the solid-hydro-
gen filaments, extruding the filaments, and repeating pellet injection.
The pellets with nearly identical speed and mass can be repeatedly in-
jected with a repetition rate of 2-3.3 Hz and a speed of up to 1.7 km/s.
In order to achieve reliable pellet injections, it is mecessary to form
good quality. solid-hydrogen filaments. In the present device, excessive
heat flows into the cryogenic extruder as a result of the thermal trans-—
fer mainly through the piston shaft, the thermal radiation, the propel-
lant gas load (heat load), and the heat generated by friction mainly
between the piston head and the cylinder. For the 2-3.3 Hz repetitive
pellet injections, the temperature rise of the second and third coolers
ig ?-3 K. Then, this excessive heat restricts the upper repetition rate
of the pellet injections. Lower thermal conductive material, such as
teflon or polyimid, can be replaced to the copper piston head. An addi-
tional cooling channel can be placed along the extrusion nozzle to take
away the frictional heat. In additiom, the fast—opening magnetic valve
should be upgraded to reduce the propellant gas load. Higher response
for a valve ‘to open and close should be achieved.

In this device, the taper—angle of the extrusion nozzles are se-
lected to be small (0.44 degree). Therefore, the plastic deformation is
small and the heat generated by the plastic deformation is also small
during the extrusion process(7)} However, the total frictiomal heat
generated between the extruded filament and the inner surface of the
extrusion nozzle, because the surface area, where the extruded filament
is sliding, is large. Furthermore, as the extrusion speed increases,
more frictional heat will be generated. This frictional heat is also
considered to be one of the main causes to soften and even melt the
solid-hydrogen filament. In order to improve the pellet injection rate,
it is necessary to increase the extrusion speed of the solid-hydrogen
filament. Generally, if material deformation speed is fast or material

temperature is low, the deformation stress (yileld stress) increases.
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Namely, the relation of the strain speed ¢ and the yield stress Y is

given by the following equation.
y = f e

From this relation, it is not always that the extrusion force decreases
as the taper—angle of the nozzle increases. As the taper-angle in-
creases, the local strain speed becomes faster and reversely the total
extrusion force becomes higher. If the strain speed is faster than the
critical value, the material can no longer be continuously extruded,
i.e., the material becomes to be intermitted. If the temperature is too
low, similar phenomenon can be considered since the material becomes
brittle. Therefore, it is necessary to survey further optimum condi-
tions, i.e., taper-angle, extrusion speed and cryogenic temperature, in
order to extrude good solid-hydrogen filaments with faster speeds.

So far, it is found that the present type of extruder can provide
appropriate solid-hydrogen filament for a short time under certain con-
ditions of temperature and extrusion speed. In order to extend the
operation time of extrusion, it is necessary to do further investigationm,
including the modification of the extruder and/or the application of a
screw—-press technique instead of a piston-press techmnique.

The results of the present performance tests are summarized as
follows.

(1) The long and high quality solid-hydrogen filament can be extruded by
the optimization of the temperature of the cryogenic extruder and
extrusion speed.

(2) Multi-pellets with high quality can be ejected with the repetition
rate of 2-3.3 Hz.

(3) The obtained maximum speed of the pellets is about 1.55 km/s for
large pellets and about 1.7 km/s for small pellets.
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Movement of Punch-Type Chambering Mechanism

When the punching tube is driven,
the tube comes into view.

When the chambering mechanism is not activated,
the punching tube goes out of sight.

Movement of the punching-tube; the punching-tube is driven
(upper picture) and the chambering mechanism is not

activated (lower picture) (taken by a video-camera from
outside of the viewing port in Fig. 5).
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Fig. 9 Time-evolution of the extrusion pressure.
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piston speed is 10 mm/s and the propellant gas pressure
is about 3.3 MPa.
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Hydrogen Pellets (1991/ 6/12/#1241)

Repeat Time 500 ms (4 pellets)

Piston Speed = 10 mm/s
Material of Pellet = He
Pellet No.l _ Pellet No.2
Speed= 1.0 Speed= 1.0
km/s km/s
AV =2.4%¥ AV =2.4 %

Pellet No,3 Pellet No.4

Speed= 0. 98 Speed= 1.0
km/s km/s
AV =2,8Y¥ AV = 2.8Y
Peliet————

Fig. 17(a) Shadowgraphs of 4 pellets, taken at the first positiom,
near the gun barrel under the 2 Hz repeating injectiom.
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Hydrogen Pellets (1981/ 6/12/4%1260)

Repeat Time = 500 ms (4 pellets) Piston Speed = 10 mm/s
Propellant Gas Pressure = 3.3 MPa (He, ~30C)

NO. 1 NO. 2
i Ei .
N 500mv/d
e e 20 1 s/d
REW e R
g T
RN TR 500mV/d :
- "ﬂ”/\L'3..;Q' - 200 2 s/d
Msz G . R . imu m:g . L - G T sl
Vs=1.0km/s Vs=1.0km/s
Mo=2. 4V Mo=2. 4V
NO. 3 NO. 4
EqL w0 L L L L ] gapup :
2.?SBU - : . -1 . H
500mV/d
201 s/d - i
;2;332;, e .,.)_f e s 43‘%
ey ‘

500mV/d
200 £ s/d

 POTCRRLIN O PP I

10, 350Y S e b Do L
; s e i 6.8Rfmd

Vs=0.98km/s Vszl.ka/S
Mp=2. 5V M;>=2. 8‘1”

Fig. 17(b) Time evolutions of the output signals of the photo-
diode and the micro-wave cavity (No.2), which are
used to calculate the pellet velocity and mass,
respectively.



Hydrogen Pellets (1891/

Repeat Time

Piston Speed

Haterial of Pellet
Pellet No.1

Speed= 1.1
km/s
AV =26V

Pellet No.3

Speed= 1.1
km/s
AV =21V
Fig. 17(c)
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6/12/41260)

1]

it

Shadowgraphs of 4 pellets,

500 ms (4 pellets)
10 mm/s
Heo

Pellet No.2

Speed= 1.1

Pellet No.4

km/s
AV = 2.3V

Pellet————

Tube

{niide

taken at the 2nd positiom,

near the No.2 cavity.
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Hydrogen Pellets {1991/ 2/14/#22)

"

Repeat Time =300 ms (8 pellets)
Propellant Gas Pressure = 2.1 ¥Pa (He, ~29C)
Piston Speed 10 mm/s

Pellet .1

Pellet No.2

Speed=
AY =
Pellet No.3 rPellet No. 4

Speed=0. 93kn/s

Speed=1.0 km/s [

AV = 5.9V

Pellet No.5 ‘ 7 Pellet No.6

i
i
[le-®

Speed= 0. 85km/s[

Speed= 0. 98km/s

n

AV = 4.8V 4.8 V

Pellet No.7 : _ Pellet No.8

Speed=0.91km/s

Speed=0.87kn/s [

AV = 4,61V

Fig. 18 Time evolutions of the output signals of the photo-diodes
and the No.3 micro-wave cavity under the 3.3 Hz repeating
injection of 8 pellets. Pisten speed is 10 mm/s and
propellant gas pressure is about 2.1 MPa.
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Hydrogen Pellets (1991/ 2/14/422)

300 ms (8 pellets)

Repeat Time

Piston Speed = 10 mm/s
Material of Pellet = Hao
Pellet No.1 Pellet No.2
Speed= 1.1 Speed= 0. 98
km/s km/s
AV =3.7%¥ AV =4 7%
Pellet No.3 , Pellet
Speed= (.93 Speed=
km/s
AV =59 ¥ AV =
Pellet No.b Pellet No.6
Speed= 0.98 Speed=
km/s
AV =4.8Y AV =
Pellet No, 7 Pellet No.8
Speed= (.91 Speed= (.87
km/s km/s
AV =4,6%Y AV = 4,1%Y

Fig. 19 Shadowgraphs of hydrogen pellets under the 3.3 Hz
repeating Injection of 8 pellets. Pellet speed and
mass are the same as those in Fig. 18.
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Fig. 20

Time (min.)

Time (s)

(a—e) Time evolutions of the temperatures of the 1st, 2nd
and 3rd coolers, and of the gun barrel at the positions
of (1) and (2) for the 5 Hz repeating injection of 10

pellets.

(f) Time evolutions of the extrusion pressure of the piston,
the pressure in the diagnostic vessel 1I, and the piston

position (output of the encoder).

Piston speed is 15 mm/s.




Eydrogen Pellets

Repeat Time

Propellant Gas Pressure

Piston Speed

JAERI—M 92-—143

(1981/ 2/28/424)

200 ms

15 mm/s

(13- pellets)
1.7 ¥Pa (He, ~297C)

Pellet . Pellet No.2
Speed= Speed=
AY = AV =
Pellet ¥o.3 Pellet No.4
Speed= 0.95km/s Speed= G.87km/s;_gﬁ;';;:,"
AV =787V AV = 8.4V
Peilet No.5 Pellet No. 8

1 I :""Ef o
Speed= 0.83kn/s| * Speed= 0.95kn/s | Vo

rerr- il L i

AV =5.7% LAV =86.37 J\
Pellet No.7 Pellet
Speed= km/s Speed=
AV = v AV =18,0V
Fig. 2] Time evolutions of the output signals of the photo-diode

and the micro-wave cavity (Neo.3) under the same condition

as that in Fig. 2Z0.

The propellant gas pressure is 1.7 MPa.
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Hydrogen Pellets {1991/ 2/268/%24)

Repeat Time 200 ms (10 pellets)

Piston Speed = 15 mm/s
Material of Pellet = Ho
Pellet No.1 _ ~ Pellet No.2
Speed= 1.05 Speed= 0.93
km/s km/s
AV =82V AV =T7.8%
Pellet No,3 Pellet No.4
Speed= 0.95 Speed= 0. 87
km/s km/s
AV =737V AV =8.4 ¥

Pellet No.b

Speed= 0. 83
km/s
AV =517V

Pellet No.7 Pellet No.8
Speed= Speed= 0. 74
km/s km/s

AV =V AV =6.0 ¥

Fig. 22 Shadowgraphs of the hydrogen pellets under the same condition
as that in Fig. 20, which are obtained near the gun barrel.
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