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Abstract

A supersonic gas injector (SGI) has been used for fueling of ohmic and 2 - 6 MW NBI-heated L-
and H-mode plasmas in NSTX. The SGI is comprised of a small de Laval converging-diverging
graphite nozzle, a commercial piezoelectric gas valve, and a diagnostic package (Langmuir probe,
thermocouples and magnetic pick-up coils), all mounted on a movable probe at a low field side
midplane port location. The nozzle operated in a pulsed regime at room temperature, reservoir
deuterium pressure up to 0.33 MPa, flow rate up to 4.55e21 particles/s, and a measured Mach
number of about 4. The jet divergence half-angle was measured to be between 5 and 40 degrees.
It was mainly dependent on the reservoir neutral pressure or background plasma conditions.
Reliable H-mode access was obtained with SGI fueling in NSTX. Good progress was also made
toward a controlled density SGl-fueled H-mode plasma scenario with the flow rate of the
uncontrolled high field side (HFS) gas injector reduced by up to 20. As a result, comparable or
slightly higher core and pedestal densities were obtained, with 5 - 15 % reduction of core and
pedestal temperatures, and a change in the ELM character from Type | and small, Type V ELMs to
Type lll ELMs. The SGI fueling efficiency was found to be a function of the jet pressure (density)
and the plasma - nozzle distance, typically held at 5 - 15 cm. In these experiments the SGI was
operated with deuterium since the original gas delivery configuration was common to the NSTX
HFS gas injection system. Typical fueling efficiency values inferred from the plasma electron
inventory analysis were in the range 0.1 - 0.35. These results motivated an upgrade of the SGI gas
delivery system. The goals of the upgrade were: 1) to increase the available plenum pressure to
0.67 MPa, thus increasing the jet pressure and the flow rate by up to 100 %, 2) to enable multi-
pulse capability for better fueling control, and 3) to have the capability to easily allow for injection of
various gases, other than deuterium, for particle transport and divertor heat flux mitigation
experiments. Details of the upgrade and laboratory high-pressure tests will be presented, along with
available initial fueling results from NSTX plasmas.

This work is supported by U.S. DOE under Contracts No. W-7405-Eng-48 and DE-ACO02-
76CH03073.
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= Low field side (LFS) supersonic gas injector (SGI) has been used
for fueling of ohmic and 2-6 MW NBI-heated L- and H-mode
plasmas

v SGl-fueled H-mode power threshold low (< 2 MW NBI), H-mode access
reliable

v Developed H-mode scenario with SGI fueling and reduced (nine-fold)
high field side (HFS) fueling demonstrating the possibility of density control

v SGl-fueled double-null H-mode plasmas demonstrate different ELM
regime (type lll ELMs vs small and type | ELMs with HFS fueling)

v SGlinjects deuterium at G < 5 x 1021 particles/s in quantities 0.1 - 0.3 of
NSTX plasma inventory in a continuous fashion with measured fueling
efficiency 0.1 - 0.3

» Recent SGI upgrades

Increase plenum pressure from 2500 Torr to 5000 Torr

Multi-pulse capability (from 1 to 10 pulses per plasma discharge)
Plenum volume increase from 120 cc to 250 cc

Independent gas handling system (D,, other gases, e.g. He, CD,)

NN X X

= These upgrades led to improved SGI performance
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Supersonic gas jet is a unique fueling technique

studied on NSTX

= Improve and optimize gas fueling

» ITER will rely on central fueling (pellet, compact toroid),

however plasma start-up and edge fueling will use gas
puffing

= Supersonic gas injector installed on NSTX in 2004,
experiments conducted in ohmic and NBI H-mode
plasmas in 2005-2007

= Supersonic gas jet fueling was studied on other facilities
» limiter ftokamaks (HL-1M, Tore Supra): injected 0.2-0.9 of total

plasma inventory in several ms, perturbative, fueling efficiency
0.3-0.6

» divertor tokamak (AUG), divertor stellarator (W7-AS): similar gas jet
parameters, but fueling efficiency ~ 0.1-0.3
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Pumping and fueling in NSTX

NSTX pumping
e Turbomolecular pump (S=34001/s)

M Fueling and
pumping rates

150+

100 e NBI cryopump (S =500001/s, in NBI-
heated plasmas only)
50 « Conditioned walls
-50 , , , . * ATJ graphite tiles on divertor and passive
Gas ™ plates
NBI NBI )
pump cryo e ATJ and CFC tiles o

NSTX fueling sources

o Gas injection: low field side (LFS, top + side)
and high field side (HFS, midplane + shoulder),
divertor. D,, He, injected at S=20- 100 Torr | /s.

* Neutral beam injection system: three beams,
60 - 100 keV, 6-7 MW, fuelingrate: S<4Torrl /s

o Supersonic gasinjectionS=30-130Torrl /s |

 Wall (and divertor)

® Conventional Gas Injector
® Supersonic Gas Injector, FY'04

Pellet Injector, FY'04
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Both physics and engineering benefits are
expected from SGIl upgrades

Improvements implemented in
2007

Derived benefit

Increased plenum pressure to
100 PSIA (5000 Torr) (previously
limited to 50 PSIA (2500 Torr))

1. Increase flow rate x 2
2. Possibly increase penetration

3. Improve fueling scenario
flexibility, density control

Independent gas handling
system

Inject other than D, gases, such
as He, N, and CD,

Upgrade software to multi-pulse
capability

Improve fueling scenario
flexibility, density control

Increase plenum volume (SGI
reservoir)

Reduce flow rate dependence on
pressure drop

Density feedback with SGI using
Plasma Control System

Density control with SGI

(future)
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SGI on NSTX: placement and control elements

Ltni

o NSTX cross-section

ol
g Vacuum
] vessel
| Camera _
i _— field of view
E :
N |
Or
| Supersonic
i gas injector
; on a movable
N vacuum probe
| Poloidal
; field coils
-2} o Conventional
| 1 | | ~ g9as injectors
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R(m)
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Thermionics :
Six-axis Motor
Controller
PV-10
Piezoelectric

valve driver

Signal digitizers:
thermocouples,
Langmuir probe,
pressure gauge,
magnetic sensors

Vacuum and
probe motion
PLC

NSTX Test Cell

NSTX Control room
g EPICS software
and MDSPIlus
data system
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SGI: fueling and diagnostic packages on a probe

a) Flexile  Preumatic  Stepper o T armionics ZC-450

Nozzle

inside .
plasma-facing
shroud

movable probe, stroke
24", fravel rate < 151in/s
e 6-axis Stepper Motor
Controller, conftrolled
using RS-232 port
e EPICS software used for
SMC control and
Sl ATl communication with
B R W’ Vacuum PLC

~ Sensotec
Vacuum Electric pressure
bellows cables gauge

r(—:éraﬁ(mic

e S i

NEW
2 0.0254 mm
flow restrictor

3’:;#;" " NeV\Il
-3& | sermice
M= ) valve
_ =& New
> glactn
= % teedthrough
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SGIl head is a densely packed apparatus

e Shroud: CFC and ATJ graphite
o Gas valve: Veeco PV-10
piezoelectric type, dy,oq
typical opening time
1-2 ms, driving voltage 150 V
 Thermocouples in shroud and in gas
valve

Magnetic
pick-up coils
Laval

j =0.02",
nozzle Y

|I'“e(:;iz|!|ee r * S - Two magnetic pick-up coils on
Plasma-  Shroud fronf surface for B,, B,
PV-10 facing measurements
gas valve shroud . Three magnetic pick-up coils in

Outlet shielded box inside shroud for B, , B,

- and magnetic fluctuations

| measurement

o Langmuir probe: flush-mounted
Nozzle cross-section  design, d;;,= 1.75 mm, |-V recorded

R R at 5 kHz, -560 <V <50

x]1I1}1IJMMALIJJxl:lethml1inhf:h[A.ﬁhll‘hl'tl.“lhl“d.ll.lihl:hﬁlzh PY N O ZZl e . TrU e d e I_O V O | g e O m e-l-ry
L=23.4mm, d =0.01"

™ m— throat

P « Can handle 100 PSI (5000 Torr)

without change
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Proper nozzle operation is critical for Mach

focusing and gas jet collimation
10000 E

Ll

1

1000 -

1 1 lllllll

Isentropic ratios
determine 100 ¢
sUPEersonic gas ”
jet properties P,
I, pasa 10 &
function of

Mach number
In reference to 1E

-
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paramefters P, Mach number, M
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Laboratory tests designed to evaluate SGI

lonizaton S S S S
gauge
L Pi
Vacuum 1501
chamber s | Vyaive
S
g
>
x
w 100+
o L
Entran E i
transducer 0
Sensotec Fast i
pressure Barat
gauge
Observati B s @ e
pOI’t ......... N e M e B Vg pay sy © gre |5 ¢ 3 o590 O g g [P0 T4
0.00 0.01 002 003 004
To gas regulator

and supply bottle

To turbomolecular
pump

@3

e Any nozzle must be tested to enable comparison with calculations - real nozzles
often do not perform as expected

* Flow parameters diagnostic methods: Shadowgraphy, Schlieren photography,
Laser induced fluorescence, Electron beam fluorescence, Laser scattering, Dust
Imaging, and others are either too complicated or would not work in vacuum,
in a pulsed regime

= Impact pressure measurement + supersonic Rayleigh-Pitot law for Mach
number and jet pressure profile measurements at various distances z from the

nozzle
LUnivgi\!&’:éﬁ!éigTﬁ i D Jr Ppl' V. A. Soukhanovskii, 22nd IEEE/NPS-une 2007, Albuquerque, New Mexico
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Mach M = 4 is obtained from Rayleigh-Pitot law

12— .
_ T

Her : 71
— E D

8l 2 .

Mach number M

Py /P
(o)}
I I T
O
® O

i 6
Jf 1
- O 4|
ol 2 i
7 1 1'0p ; 100
gL.. . .. . § .. . JSee—p——————— O‘R. —
0 500 1000 1500 2000 2500
P, (Torr)
(gauge)

2
L (y+1) M )7/ (r=1) v+l )1/ (G=1)
Po  (y—1) M*+2 29M?* — (v — 1)

D,M=4,T=60-160K, p=5x 10" cm3, Re = 6000
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SGIl parameters characterized off-line and in situ

6 £ oa Midplane micro ionization gauges P 1000_ H, z=0.0 cm
@ [ o Pumping duct micro ionization gauge .- 3 ' _
; S E Slow ionization gauge with : -
% = N2 to D2 correction ] .
4 1 o,
o - 3 o B
o .t x 1021 E
T3 3 3
=g | 2
Sok 1 B 10}
°°F 1 a :
© . E
=1 - 3

o 0.1+
O F =, T Loy L g g IR S W 3
0.0 0.1 0. 0.3 0.4

Radial distance (cm)

SGI plenum pressure (MPa)
e NSTX SGl is operated at flow rates 20-125 Torr | /s (1.5-8.75 x 102! s71)

 Hydrogen or Deuterium jet:
v Jet divergence half-angle: 6° - 25° (measured)
v M =4 (measured)
v Estimated: T~ 60-160K, n <5x 102 m?, _\/ 2+ kT
Re = 6000, Vo ~ 1100 M/s, V4, = 2400 M/s Ty =1 m
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Higher plenum pressure leads to proportionally

100 ¢

hlgher supersonlc jet pressure

10

. Impact pressure (Torr)
0"~
L N _
* .
X% o
X N
x O\
_ X \ -
¥ :
b3 EI\
% R
¥
| O P=80PSIA (4100 Torr)| *x =
- | ¥ P =35PSIA (1800 Torr ¥ ]
K o
¥
0.1 1.0 10.0

Axial distance (cm)

* Measurements done in deuterium by franslating pressure probe axially

V. A. Soukhanovskii, 22nd IEEE/NP, e 2007, Albuquerque, New Mexico
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SGI can produce supersonic gas jets with H,, D,,
He, and N,

500 | Impact pressure (Torr)
- == -7 E— —————
/ D : <> D 2
100 - &° ODo | -
- §>/ 4 A He I
/ /égﬁ (o) N2
2P A
H
A
/ 2500 Torr 5000 Torr
1 O 1 | L L 1 | 1 |; L | 1 1 ! | ) ! !
20 40 60 80 100

SGI plenum pressure (PSIA)

e Deuterium used for fueling
* Helium, nitrogen can be used for diagnostic purposes (T, n,, fransport)
 He, N,, CD, for radiative divertor experiments
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Software upgrade enabled mulii-pulse capability

X GS46.adl

GS46 ; : ¢ & ¢ Shot # 121251
i i Supersonic GIS Main Control Display - Multipulse e 1151

. : TIV
GISD t RF Lim v
BKETOM GIS Directory  RELim oo, SGI Probe Mod _Enable_|
>robe HOME Monitor (f= 14 OPEN
i
TC1 gg egC Interface is etails ...

tcz)
2§ Radial Control R (em) lm - _
Present Position JlsysIll] m

HOME=199.37 (cm) (ruler) GoHomeI

Bay 1

RF LIM ™ 157
Select | I PZV-503 Multi-Pulse Injection Timin
PZV-503 = | [in millisee relatlvé' to T(0)] E
Ton  Duration Select

putse 1 5 T T
&« - pulse 2 [T I
Delta-P Last Shot Pulse 3 fign " (RN !

avses v RS | ES
CLOSED ENEIRea Pulse 4 B0 (RN

putse s [ERTIY FE
Gas Type PE-106 Pressure (1) Pulse 6 - _ _—
Yi—m— D2 2028 | pulser [ N —
Hand Valve (frorn LDGIS supply)

NOTE: THIS WILL ALSO 'PUEE’ THE :llllllllllllllllllllllllllllllllllllllllllllllllll. Pulses--_

DIAGNOSTIC GAS INJECTION SYSTEMS * _ Exereise Valve [+ = Loeal Cyele | : | so |
; i | Pulse® ——]

IF THEY HAVE BEEN ARMED/SELECTED: " :
: E : |pulse 10 FRO DT ——
R G541 [ N =1
[ OK  |Froap | crEck |
e e —————————

e EPICS and MDS Plus are used for SGI conftrols, PLC and data archiving
e SGI operator specifies SGl head major radius (155 cm <R <198 cm),
plenum pressure (0 < P, < 5000 Torr), and timing (t4+ Tauration)

University.of California ~ V. A. Soukhanovskii, 22nd IEEE/NPSS S 17 June 2007, Albuquerque, New Mexico NJCT Ve
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Gas delivery system upgrade made SGI gas

system independent from other gas injectors

Hardware components upgraded to e LEGEND
NSTX VACUUM VESSEL AV - PNEUMATIC VACUUM VALVE.
handle 100 PSI (5000 Torr): S Co - CERAMIC BREAK.
o . CIC - CENTRAL INSTRUMENTATION
v SWOgelOCk ]OIHTS "B"}';gl Tor" EDC-éIEIgg‘B}\?k (CAMAC).
. FL - PARTICULATE FILTER.
v' Ceramic breaks = INJECTOR { FR- FLOWRESTRCTOR
v Gas bofttle regulators AV231 AV101 }@—9 MP - MECHANICAL PUMP
. . PZV- PIEZO CRYSTAL VALVE.
v" Pressure gauges - © @ Cl PE - PRESSURE ELEMENT, BARATRON
c .
- PE# - PRESSURE ELEMENT, BARATRON
% PE"- Pé%g?f%%sﬁmmt SENSOTEC
Simplicity = —p Rl e R
v' Upgrade only few hardware 10 2E | R '.EE@E&E&’(@%}?EZZJSD'C”"“
items X @ | enke-©® | wossemen,
\/ I\/\|n|m|ze needed |Obor ggg\{.ICE 100 PSIA @ @@ ZE - POSITION SWITCHES, LSO AND LSC
v Take advantage of existing s [ 2D @ o) '103
mfros’rruc’rqre weos X 6TRo Em Avios 4 @
- Sos dell\;eryfsys’rem e @ Yy
— Pumpout system AL A
— PLC control/interlock @ AVOB%%@
— Electrical isolation and j o
grounding PRV 3 ¥ Mv102 -d
MV101 @ s
Kt K~ MV103
v’ Existing Bay K injector system capability oas |a Mf B _év
and hardware retained 118 .
v' Bay K system can be used concurrently
along with SGI
uﬁﬁﬁﬁﬂﬁ: more = P_Pl' V. A. Soukhanovskii, 22nd IEEE/NP, e 2007, Albuquerque, New Mexico styf\'i,




Gas delivery routing for SGI Upgrade

k .
Te (o connect to SGI I“"'lne
(5 & SGI line hand valve)

iplace wit . A
I-press. CB || = iy,
nd flex hosg =

versity of Califori i \,1\
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Upgrade hardware components to handle 100 PSI

) L -

Flow restrictor

:
%
:
:
i
!
:
i

Y Wfrw |
New plenunmw

Replace Wil
hi-press.
ceramic break
and flex hose
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SGI plenum volume increased to reduce flow rate
dependence on plenum pressure drop

New calibrated 150 cc volume
was added 1o SGI. Total new
volume = 250 cc

alforia ~PPPL V. A. Soukhanovskii, 22nd IEEE/- 2007, Albuquerque, New Mexico
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Pump-out and gas bottle system modifications

Nupro air valve in
'place of low = "< 7|
pressureregulaior

—

,Répldce 60 psi
burst disk with
150 psi disk

v 3
Regulator

to 200 psid

University of California
i! Lawrence Livermore
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Supersonic gas jet penetration mechanism is

different than that of conventional gas injection

= Unlike conventional gas injection, penetration depth of supersonic gas
jet cannot be described by single neutral particle ionization / charge
exchange penetration model

= Supersonic gas jet is a low divergence high pressure, high density gas
stream with low ionization degree - bulk edge/SOL electrons do not
fully penetrate gas jet

= High density plasmoid blocks jet from B, AEEIIE

deep penetration info magnetized —
plasma

magnetized
plasma

LCFS sSoL

= Depth of penetration is ultimately
determined by jet pressure and
plasma kinefic and magnetic !
pressure

Gas jet nozzle
= Desirable for fueling are molecular neutral

clustering and/or droplet formation density

In jet achieved at very high pressuré  geterences: Rozhansky et al. NF 46 (2006) 367
and cryogenic temperatures Lang et. al. PPCF 47 (2005) 1495
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Supersonic gas jet does not perturb plasma edge

SGI-U head\ i 2)

IH

Midplane

NBI armor

= Example frames from fast unfiltered camera movies: (a) SGI-U in NSTX vacuum

vessel, (b) SGI-U interacting with edge MHD mode, (c) and (d) SGI-U injecting
deuterium into 6 MW NBI-heated H-mode plasma

= During supersonic gas injection
« SGI Langmuir probe does not typically show much T, reduction or I, increase
 Magnetic sensors do not show any EM perturbations

e o %Pl’l'l V. A. Soukhanovskii, 22nd IEEE/NPS- June 2007, Albuquerque, New Mexico
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SGI “pqyload” dlagnoshcs perform weII

During supersonic gas

injection

v In ohmic plasmas edge
density rise is often
observed

v In H-mode plasmas, n,
“ear” height and width
often increase, edge/
pedestal and/or core T,
decrease by < 15%

o SGI Langmuir probe does not typically
show T, reduction or I, increase

| Electron - - no SG| | Electron densnty (x 10"19 mA-3)
density — SGl - - no SGI
I (x 10M9 mA-3) 5 gl SGlI p
| A
B N P o
4 / i\ }L I!'r
.’ —x—\ 4;,4 J '“
i i I T 3;
I | 2 08MA3MWNBI | -
o 0-79 MA Ohmic H-mode “gﬂ
‘0.277 sec | ‘ o L\ O\_”;m‘ L Beas |
20 40 60 80 100 120 140 16( 020 040 060 080 1.00 1.20 140 1.60
Radius (m)

Major radius (m)

- 117994%

: 20 E
* Magnetic sensors.on SGIl do not show 15 ETC2 N—"" Temperature () o _:
any EM perturbations 43 ‘ E
 Plasma turbulence filaments (“blobs”) ;& E==s ' —
or ELM perturbations traverse through ~ -0.05F U9 Bz(T) prs
. . -0.10F =
gas jet plasmoid 0.15F  shroud By (T) :
* SGl remains af room femperature R AL L o AL
e In ohmic plasmas, SGI-LCFS distance g';g,: A et~ S T é
held at 2-15cm *).“’E. \ ,mmg
_ _ . edge B, (T)
+ In NB-heated plasmas, SGI-LCFS e : v .
distance held at 6-8 cm 0.0 0.1 0.2 0.3 0.4 0.5
Time (s)
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Supersonic gas jet fueling efficiency is x 2-5

higher than that of conventional gas injection

- Fueling efficiency - 4 Line- average density
0.4: 5 g E 3E (x1elomA3)
o [} = =) 2 /,c"_//
03} Peak 1 ,//
- 0.75MA 0 | T Current (A)| | :
0o Ohmic C £ - : - = ABA
“E 8k LFS gas x 3.5e19 s”-1|l5
- . . ™" = n 6:_ SGl x 4.5e21 s™-1 _:
r \l_\.\ - C _
0.1+ - 4 E
: - Average il : o E_L q
OE ev e smwes wu Fu vy pe cusiyrya wg 0 k
002 004 006 008 010 0.12 =
SGI-LCFS distance (m) 60 o X 3 5e19 s’\ 1 3
. . 40 ¢ E
» Instantaneous fueling efficiency o0 3

(FE) is calculated as dN_/dt * I

=" Vol(t)*dn /dt (from FIReTIP)
.20 [ _dNefdt (from MPTS)

= |In ohmic plasmas, FE is a function - SGl fuel. efficiency
of SGI-LCFS distance (SGlat r~40 0.8
Torr | /s) in LSN configuration

= FE in inner wall -limited plasmas
higher than in diverted config.’s

o

Gas and recy. 4
fuel. efficiency 3

0O O ¢
ONRN O ¢
I

00 01 02 03 04 05
: Time (s)
= FE in LSN H-mode plasmas 0.1-0.4 P -

(SGI at I'~ 65 Torr | /s ~ 4.2 x 1021 ). g(phenrli“r::nlt-smc,de target plasma for lithium
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HFS fueling can be replaced by SGI fueling

without H-mode density reduction

°F NBIW T WUUIWMMIWE = Shown three discharges
o Cumentx2 (M2) = G with full High Field Side
1 “HFS fueling only 5 (HFS) fuc_eling, reduced
S EhEpe : HFS fueling and SGl, and
2E et oS s oo SGI fueling only
2§ Ye] G?s ro;v1 E
r X O
20 “/ 3&3 ° = Note ELM regime change
0 HFS from small and type | to

Total gas - .
2(()) plasmas

1.5 E Lower dlvertor [

1.0-Do(a.u) Jm : = Total gas input is greater
0.0F bt l ” e "“‘ L with SGI fueling
0.20 u | I
L | |

010 Ay ‘f ( W’W‘ ‘M'I* = HFS fueling reduced by x 9
0.00E a | Midplane neutral pressure (mTorr)
300 EStored .
200 E-energy (kJ)~/" = Experiment was run when
109 | multi-pulse SGI capability

00 02 04 06 08 1.0 1.2 was not yet available

Time (s)
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Plasma edge density profiles show clear increase

due to high-pressure je’r

v Reduced HFS flow rate 6 a)
by x 3 (plenum pressure 4 ]
from 1100 Torr to 500 o Ip (MA) x 2 3
Torr 0 b | | | w\ :
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