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Abstract

Hydrogen pellet injection is one of the leading candidates for a refueling to magnetic con-
fined fusion plasmas, since it can provide particles directly to core plasma. In order to inves-
tigate appropriateness of the pellet injection as a plasma refueling method, two types of solid
hydrogen pellet injector systems have been developed and plasma experiments with pellet
injection have been carried out on LHD (Large Helical Device). One imaitu pipe gun
type pellet injector, which is the simplest of all pellet injector concepts. ifkstu pipe
gun injector has 10 independent controlled barrels and each barrel can injeet 83mmmy
pellets with a velocity 0~1200 m/s. The other is a repetitive pellet injector with a screw
extruder. The screw extruder can form 2.5 gsolid hydrogen rod continuously at a ex-
truding rates of~35 mm/s and, therefore, the repetitive pellet injector can inject pellets in
infinitium with repetitive rate of 10 Hz. Common feature of these injectors is employing a
compact cryocooler to solidify hydrogen and, therefore, these injectors can be operated with
just electricity instead of liquid helium supply system.
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Table 1 Chronological table of the pellet injector systems on LHD.
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Large Helical Device; LHD
Maijor radius: 3.9 m
Minor radius at injection location: 1 m
Plasma volume: 30 m®
Magnetic field on axis: ~3 T

NBI BL-1

NBI BL-2

NBI BL-3

screw extruder type W
repetitive pellet injector®®

Figure 1 Top view of the pellet injectors and LHD.
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Table 2 Triple point temperature of the hydrogens.

Hydrogen Temperature Pressure

isotope [K] [P
H, 13.96 7200
D, 18.73 17150
T, 20.62 21600

insitu0 0000000000000 00000000000000ooooUoooo
Figure4(a 0000000000 ODO0DODO0OOOOO0OO000O0OOOOODOOO

4



1) 000000000000000000000000000000O0O0o0OoOo00OO0O
goboboooobobooooboboooobooboooa

2) 000000000000 100000000000000000O0ODOO0

3y 0000000000000 0000UUUU00D0D0DLD00DUoUUOOg”
goboboooobobbooobbboooobobboooobobbooouoboboo
gooo

4)0000000000000000000D0DDoo00~1Imddoooooogd
oo0gd25-50MPAa0000OO0OODODOOODOOOO

insituD000000000000000000000000000000000000
000000000 100000 LHDOOOO0O000000 3x10°m3 00000
000000000000000000 LHDOOO0OD000000 30mO000ooon
000000000000000 1x10 0000 3mmpx 3mm 000000000
O00000000O0Figure4(b) D0 0000000000000 00000ODOO0
O03mmpO0000000000000000000 3mmO0000000000
0D000000000000000000000000002ndstage 000000 10
KOOOOOODODODDO0000000003mmyx 3m 0000000000000
00000D010KOODO0O0O000O0O0O00000000 Aststagel 000000 40K
00000000000000000000000000000000000
000000000000000000000000000000000000000
000000000000000000000000000000000000 200
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
O07kPal 0000000000000 O0O0D00000O00000O0O0OOOO00O0O
0000000000000000000000000000000000000000
OO0OFigure50 00 0000000000000000D00000000000OOO
00000000000000000000000 5ecmO0000000 40KOOO
00000000000000000000000000000000000000025
cmO0000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000<12K@1500Pa0 3ammOOoooOnO
000000000000000000055mmi000000000000000O0
0000000000000000000000000000000000000000
000O03.2mmi0000000000000000000Figure60 0000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000



ggoboboooobobbooooboboboooobobobuoooobobboooobbooog
000000O0DO000O0DO00Oo00oUdoOo 170000000 OoO0oOOOoOOODO
guoboboboooguoboboooooobobooooooobobbooouoooboboobonbog
guobbbbooouobbobooooobbobobooouoobobbboooobobo
gogobboooobbbooobbbooobobbuoooobboo

Figure70 000 0000000000000 0OO0ODODOOOOOOOO0OOOODOOO
gooboboooobbboooobobbdooobobboooob bbb bboog
oo oobooooobobobobbobobbbobbbbbbbbbouougog
0000000000000 00000000000000 7kPA0000OOCOOODOO
7kPa0 00000000 DODOO00ODODOOOOO0OODODODOOOOOODOODOO
O07kPa0000000000DDODOOO0O0OODOOOOOOOODOOOOOOODO
0000000000 0000O000189KO7200PAI000DOOOOODODOOODOOO
ggobboooobbbooobbbooobobboooooboboooobboood
O000oooooooooooo7kPal 00 000CO0O0OO0OO0OOOOOOOOOO
00000000 oooooooooooooooooooooooooooo7kPaln
000000000000 00000000000138KI00D00oonooooond
gogooboboooobobbooobobbooobobbuoooobbboooobbbooog
godouooooooboboobboboobobobbbobobbbbbooouooououoaa
O00000D0O0O00000D 25%00000000000000000000000
ggobobooooboboooooboboooobobobooooboboooobobooog
oo

gobbogoobobboooobbboooobbobooooboboooobbooon
g000ob0o0o0O0DO00oo00o0obOoU0DO0obO00ODO0oDODO0ObODOODObOOO 1000
000 (rarefactonwavel 0 0000 OO (15|00 00000000000 OCO0OOO
ggoboboooobobbooobbbooobobbuoooobbboooubboo

duc) _ 1(y - YU\
at Po(l_'i Co ) '

Mdu® _ 2,
A, dt 37"

(1)

D000U@MD0O0000000dO0O0O0O00000000M =4r(d/2)3s/30000
O0000A,=(d/20000000000P, 0000000000y 00000000
D00ps000000000Cy=+A/kT/mOD000000000000000 (1)00
0D0o0oO0ooooooo

2Co

U = =7

3(y+ 1)Pp |
1 (1+ 409Cq t) } (2)

000000000000000000 Unax = liMse U®) = 244KT/m/(y - 1) 0 O
000000000000000000000000000000000000000

6



O0000000000000000000 Upax=6600m/J000000000
Unax~ 3100m/s0 000000000000 000OODODODOOO0O0O0OOODODO 20
ggoboboooobobboooooobbooobobboooooboooobobooog
00000000000000000000000000000000U0000 (200
oooooooouU@ooooooooooooooooooooooooooooo
gdn

4dpsC§

t e E——
3@y —-1)Po

L:fU(t)dt: 2Co

_ 2dpsCo (1+ 3@y +1)Po )m
v—-1

3
3P0 4dp3C0 ( )

000000t>000000000L—>0000000000000000000
0000000000000000000000000000000000000000
000 SK. Combs1O0OODO0O0OO0O0O00O 800mmIOCOO00O0OO0O00O0OO0O000O0
00000 [16[000000000000000000000000000000000
0000000000000000000 790mmO00 O

0 (200 (3)00000t000000000 UM 000000 PbO0O0O0OO0O000
000000000000 U(OO0O000O0 PbOODOOOODODOO Figure8dOOO
0000000 790mmI000O00000000000O0000O0000000000
0000000000000 000000000000000000000000000
000000000 20%0000000000000000 [16,1700000 70-90
%O00000000000000000000000000000000 Figure 8J e O
0000000000000000000000000035MPa0 000000000
0000000000000001000m/SI00000000000000000000
1200m/s0 00000000 1MPal 000000000000 0000000000
000000000000000000000000000000 800m/s000000
0000800m/s00000O0O0O00NONONONNDNONONNDNONNNDNONONNDONONNOnOD

00000000000000000000000000000000001.2-200
000000000000 0000000 LHDOOOO000000000000000
0000000000000000000000000000000000000000
0000000000000 00000000000000000000000000
0000000000000000000000000000000000000000
Figure 90 00 0000000000000 O0OOOOOOOOOOOOOOOOOOO
0000000000000000000000000000000000000000
0000000000000000000000000000 53% 000000000
000000O0X=000000000000015mrl0000000000 Y=+1.175
mmOOO00O0000000000000000 05 01. 000000000000
000000000"+'00000000000000000000000000000



00000000000 1° 0000000000000 00Figure9(b)0 000y
O0000000D0Do0oooo9%UiofioonoooooonD 0. Joooooo
ooO0oO0ooO0ooO0ooO0oOoU0Oo0OoO0DOoOU0OoOUDOUOD 1. DOOO
goobooobooboobobooooooooboooWwbUobUobOobOobOobDOoDOoD
dodOo0OD0OO000Od,>di+2¢tanl.5 00000000000



Differential Pumping System Cryo-chamber
Final stage 2nd stage 1st stage

[

ol ol
Y
0
Oy 10

Figure 2 Schematic elevation of the in-situ pipe gun type pellet injector for LHD.
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Figure 4 (a) Principles of operation for "in-situ pipe gun pellet injector” and (b) dia-
grammic illustration of the solid hydrogen formation section.
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Figure 6 Shadowgraph images of the pellets which were formed under the different
condition. Pellet length can be controled by temperature gradient along the barrel.
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Figure 9 Dispersion angle of the free flight pellet.
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Figure 10 Diagram of the three stage differential pumping system.
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Figure 11 Propellant gas exhaust characteristic of the three stage differential pumping
system in pipe gun pellet injector.
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Figure 14 Control signal flow chart of the pipe gun pellet injector.
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Figure 15 Shadowgraph images of the neon doped pellet.
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Figure 16 Temporal change in partial pressure after evaporation of the neon doped pellet.
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Figure 17 Diagrammic illustration of the mechanical punch system for slow pellet injection.
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Figure 18 Pellet velocity control by using mechanical punch and additional propellant gas.

23



| 6.23m

|
\

/< Curved Guide Pipe
)

R0.8m R0.8

wele

1 R0.8M pipe Gun Pellet Injector
g -

Figure 19 Curved guide tube layout for inside launch on LHD.

100

o]
o
T

(o2}
o
T

N
o
T

N
o
T

Fraction of Intact Pellets [%]

%00 360 460 560- 600
Pellet Velocity [m/s]
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Figure 21 Schematic elevation of the repetitive pellet injector for LHD.
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Figure 22 Schematic diagram of the screw extruder for continuous hydrogen solidification.
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Figure 24 Extruded solid hydrogen rod from the screw extruder.
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Figure 28 Dependence of pellet mass on extruding speed.

Figure 27 Shadowgraph image of the pellet.
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Figure 29 Muzzle Velocity of nominal 2.5 mm diameter pellets accelerated in the
repetitive pellet injector.
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Figure 30 Propellant gas consumption in the repetitive pellet injector.

37



108 T y T ¥ T " T " ' ' 4
102 1st stage
101 r 3

T 100} |

i M A\He entry rate
107 | \into final stage

2 102} j 2nd stage?

@ I

s )

o 411
100 | Final stage
10-7 _l‘/fl . 1 . 1 0

0 1 2 3 4 5

Time [s]

Entry Rate 102 [He/s]

Figure 31 Propellant gas exhaust characteristic of the three stage differential pumping

system in the repetitive pellet injector.
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Figure 32 Schematic diagram of the repetitive pellet injector.
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Figure 33 Control signal flow chart of the repetitive pellet injector.
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Figure 35 1000 pellets injection test with 11 Hz repetittive rate.
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Figure 36 10000 pellets injection test with 10 Hz repetittive rate.
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