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Why do we use Massive Gas Injection?

. Plasma major instabilities and Disruptions
. Disruption Mitigation

Gas dynamics In vacuum

. Jet flow expansion
. Jet flow propagation into constant cross sectional duct
. Some numerical results for H, He, Ne, Ar and Kr

Jet flow interaction with Plasma
Continuity equation

Electron heat balance equation
lon heat balance equation
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Plasma Disruptions (generally associated with an m=2 instability
mode) are mainly caused by:

(1) high electron density
(2) high pressure values
(3) lack of position control inside the tokamak.

AS a result:

(1) complete loss of plasma confinement and magnetic field
configuration (within ~10 ms),

(2) rapid temperature decrease,
(3) plasma current decay (100 MA/s)
(4) possible development of runaway electrons.

R. Hajjar



« All of these effects cause tremendous stress on the plasma vessels and
serious damage to the tokamak
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Massive Gas puffing is one solution for disruption mitigation.
The injected gas atoms collide with charged particles and get ionized.

As a result, an increase in the electron density but a reduction in the
temperature is achieved.

This electron temperature decrease allows a controlled shut-down of
the plasma without major heat load on the vacuum chamber.
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Our Goals

— Describe the gas jet dynamics in free expansion and in
vacuum ducts.

— Describe the gas jet interaction with the plasma.

— Write a numerical code that solves the continuity and the
heat equations while taking into account all atomic processes
Involved In plasma-neutrals interaction.

— Predict the feasibility of this method for present and future
fusion devices (I TER-like devices).
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Gas bottle. Duct to conduct the
Parameters: gas close to the plasma.
: ) o nve -

1- Gas tvpe: H, He, Ne, Ar Parameters:
2- Gas pressure = 70 atm i' Length = 1 "‘7
3- Gas temperature = 300K 2- Diameter = 12 mm

The scrape-off laver.
I'he fast opening valve Paramecters:
or the nozzle. 1- The distance
Parameters: to the separatrix= 20 cm
1- Diamcter = 3.8 mm

The plasma.

Parameters:

1- Density profile

2- Temperature profile
The Gas Jet 3- Major and minor radii
4- Plasma current

5- Toroidal magnetic field
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Once the variation of M determined, the evolution of Py, ny, T, and A,
are obtained.
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e The Mach number behavior Is obtained by numerical simulation
of the full Navier-Stokes Equation of a compressible flow with
the adequate numerical scheme that takes into account the
presence of shock waves.

c A of the Mach number dependence on distance to
the nozzle is determined and leads to:
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Figure 2. Sub- and transsonic free jet measurements: supersonic theory,'
x = 1.40.

G. Koppenwallner and C. Dankert,
J. Phys. Chem.. 91, 2482 (1987)
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YM3 1+ (57 ) M2 4f

Friction factor dependence on the flow judged to be turbulent or laminar
according to Re number value (Re=pVD/p).
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Phase 111 is a free expanding jet case similar to phase |

- Free gas jet expansion is characterized by the polynomial fit
- The propagation in ducts is characterized by f and Re

HCTPHASE T

Mach number
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Conclusion I: Gas jet dynamics in vacuum and in
ducts

1. We aim at using the polynomial fit to obtain the
Mach number variations

2. Get all the jet parameters as a function of the
distance to the nozzle.

3. The propagation in ducts Is solved with the friction
coefficient f obtained from the adequate formulas
depending on the flow dynamics.
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Particle balance equation assuming quasi-neutrality
( r]e = r]i)

Electron heat equation ( T, )

lon heat equation ( T;)

Gas Jet neutral density ( n,)

R. Hajjar
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A. Toroidal direction:
1.  Transport dominated by collisions

2.  MGI OFF: no gradient therefore no transport of particles
or heat.

3. MGI ON: ambipolar diffusion of particles.

4.  No turbulence in the ¢ direction
(with and without MGI)

B. Poloidal plane:
2. Transport is dominated by turbulence

3. Isotropy in the r and 0 directions (with and without
\v[e1)

4.  MGI OFF: Diffusion and heat conductivity coefficients
are r dependent only.

5.  MGI ON: Diffusion and heat conductivity coefficients
are (r,0,¢) dependent.
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Major assumptions:
— Adiabatic electrons
— Particle velocity dominated by ExB

Experimental data:
— the density fluctuations profile.

Atomic processes:
— lonization, recombination and charge exchange reactions.

Input parameters:
o Correlation coefficient between density and average radial velocity C
o Average electron poloidal and toroidal velocities vy and v,

R. Hajjar
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When MGl is OFF, we ought to have a steady state.

— For the continuity equation, the steady state leads to the
determination of the ‘initial’ neutral sources which balance the
radial transport.

— For the heat balance equation, it allows us to have the expression
of the heat diffusion coefficient as a function of the plasma
parameters.

— When the gas jet is ON, we insure a steady state far from where the
MGI is injected
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Gas bottle,

Parameters:

1- Gas tvpe: H, He, Ne, Ar
2- Gas pressure = 70 atm
3- Gas temperature = 300K

The fast opening valve
or the nozzle.
Parameters:

1- Diamcter = 3.8 mm

Duct to conduct the
gas close to the plasma.

Parameters:

I-Length=1m
2- Diameter = 12 mm

The scrape-off laver.
Paramecters:

1- The distance

to the separatrix= 20 cm

J! The plasma.

Parameters:

1- Density profile

2- Temperature profile

3- Major and minor radii
4- Plasma current

5- Toroidal magnetic field

The Gas Jet
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Particle Balance Equation

R. Hajjar
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MGI OFF (steady state) MGI ON

Two main contributions: - Particle radial transport
- Inherent sources

; > NBI (1)

. Wall-particle - lonization
Interaction GO 70+ A — AT + e

Continuous
H )
fuelling
(3BR)

: : - Recombination
- Particle radial transport (RR)

- Charge exchange
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The gas particles dynamics obey the following continuity equation:

on +V.(nv) =95

Each quantity is set equal to its average and fluctuating value due to turbulence

Gas jet off, the plasma is in steady state, 0,n=0 and let S=S;,
The continuity equation becomes

Ono + i + V. [(noto) + (@) + (Ts) + (no®)] = Sin

Time | Averaging
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B, (r{fiin)) + —Og(iivg)) + Oy (7its)
. . A

EVAE.Y Vo gradient of the flux
8¢ X =0 in the toroidal direction

 Let C be the correlation coefficient between density and velocity.
* Itis assumed to be constant
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Turbulent density fluctuating
expression obtained experimentally

Assuming adiabatic electrons

Assuming particles velocity dominated by an ExB
drift

particle transport (2r) L20Bdg on. 5

= —Ddrng = - — ) g

ri ‘ng’
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‘ on/ot 1s not equal to 0 since MGl is on.

. e n is no longer r dependent only but (r,0,p)-dependent .

1!

- i — e e ' R i .I"IIJQ i i
V(noto) = no(rvo, + —gvog + Fsvos ) + vorO-no + —dno + vosdsno
. | . . b, .,

@ Was previously obtained for MGI OFF

@ plasma particle loss and gain via ionization and recombination expressions
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Electron Heat Equation
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Frictional heat flux

| o 3 .
fﬂ; = nele (0.71u [ + ——¢@ X U)

2WeeTe
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(@4 = Go(AT) + Ty (v + ng(T'0)

Aurd _ turb _ turbg +f*”hr} No turbulence in the toroidal direction

q =4, =4y r

gh ™t = ¢i = Ty + k8, Ty

Turbulent particle
flux

* The gas jet OFF case, yields the expression of the electron heat conductivity k
according to the heat equation (which is r dependent only):

1 0,(rxo, T +rT.I")=-V.q,+Q,
.

R. Hajjar



: 3 )
77 ._:-_.-!.vlj_;:! f— —ﬂ I'—rJHT —|— ill‘l:f.le T l|
' ) i r

V. = VP4 v

1. 1,
Tf”h— —~0 . ruf’”h -|— H;,f.’”h

turh turh
Ty =g

e Q. is determined from the expressions of plasma heat losses and gains by
lonization, recombination charge exchange and radiation
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lon Heat Equation
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ie = T (Te = T)
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qé.u-rb _ q:;“u-rﬁ = ]__"1']} + fﬁ&i}‘ﬂ]-«

* The gas jet OFF case, yields the expression of k according to the ion
heat equation:

1 P — 5 — —
—0p(rTTy +redpTo) = Qi — V.do
.
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3 3 _ o
aﬂ.-.;;_ G’fri + EH}I‘}TTE = —TQE -+ Ql,

@ V.ig=V.qp+ _rir_rn;;i q 11+_Lsr_rqi qi'l'l

( Q; Is determined from the
expressions of plasma heat
losses and gains by:

e < - Ionization,

- recombination,
- charge exchange,

\_ - and radiation.
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1- For the gas jet OFF case: we used the fact of a stationary density
profile to find the so-called inherent sources and push the discussion
further to find the expression of the particle diffusion coefficient and
the heat thermal conductivity as a function of the plasma parameters,
namely n, Tand I,

2- For the gas jet ON: we have all the terms that allow us to simulate
the behavior of the density profile and the electron and ion temperature
profile in space time coordinates. In addition we can investigate the
new expressions of the diffusion coefficient and heat conductivity that

are (r,0, 9)-dependent.
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Write a numerical code that solves the continuity and the heat equations for both
electrons and singly ions while adopting the following strategies:

* Finite difference method.
 Explicit dependence of plasma parameters on time

« Spatial three dimensional (r, 8,¢4) dependence of the plasma parameters.
* Non-uniform grid spacing.
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Conclusion
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