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One-dimensional multifluid plasma models.
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This paper is concerned with one-dimensional and time-dependent multifluid
plasma models derived from multifluid MHD equations. In order to reduce the
number of equations to be solved, the impurities are described in the framework
of the average ion approach without restricting the impurity densities to be small
compared with the hydrogen plasma density. Equalizing the plasma temperatures
and adopting the condition of quasineutrality, we arrive at a three-fluid description
of a current-carrying plasma, and analyse the ability of the self-consistent system of
model equations thus obtained to support stationary solutions in a moving frame.
This system is reduced to a currentless plasma description assuming at first differ-
ent flow velocities of the particles and then a currentless, streaming plasma where
all particles move with the same velocity. Introducing Lagrangian coordinates and
adopting an equation of state, a single reaction—diffusion equation (RDE) for the
temperature is obtained. The impurity density, which affects the radiation loss term
and the heat conduction coefficient of the RDE, has to be calculated as a function
of the temperature by solving additionally a first-order differential equation. This
is demonstrated for carbon and high-Z impurities.

1. Introduction

Transport phenomena in multicomponent plasmas have been studied within the
framework of multifluid models and codes in many papers (see e.g. Braginskii 1965;
Shdanov 1982; Dnestrovskii and Kostomarov 1986; Igitkhanov et al. 1990; Radford
1993; Zagorski 1996). Impurities strongly influence the transport properties of the
edge plasmas in tokamaks and stellarators. Therefore a self-consistent description
of the dynamics of all species is necessary without restricting the impurity densities
to be small compared with the plasma density. It is the aim of this paper to analyse
multifluid plasma models that can be applied to investigate the effect of impurities
on plasma properties. A variety of models are presented, arranged according to
their level of complexity. We start with a comprehensive multifluid description and
finish with simple models that can easily be used.

In this paper, we investigate a system of one-dimensional, time-dependent hydro-
dynamic equations describing the dynamics of hydrogen plasma ions (z), impurity

1 A short version of this paper was presented at the 6th International Workshop on Plasma

Ldge Theory in Fusion Devices and included in the Conference Proceedings as a Contributed
Paper (Bachmann and Siinder 1998a).
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ions (j) with charge state Z; and electrons (e) along magnetic field lines, taking
into account ionization, recombination, excitation, charge exchange processes and
radiative cooling of the plasma by impurity ions. For each of the Z + 1 ion fluids,
where Z; is the charge state of the fully ionized impurity, we derive continuity
equations governing the particle densities n, and momentum balance equations
describing the flow velocity of the particles v, (o = e, 1, Z;). The electron and ion
temperatures T, and T; are governed by convection—conduction equations. Here it
is assumed that the ion fluids may have different velocities but a common tempera-
ture T;. This multifluid plasma description is outlined in Sec. 2. In order to simplify
the treatment, the impurities are described by the average ion model (Sec. 3).

Equalizing the temperatures and adopting the condition of quasi charge neu-
trality, we arrive at a fluid description of a current-carrying plasma in Sec. 4.1.
Stationary solutions in a moving reference frame of the obtained self-consistent
system of equations are analysed. This system is reduced to a currentless plasma
description (Sec. 4.2), assuming at first different flow velocities of the particles, and
then a currentless, streaming plasma model where all particles move with the same
velocity.

Introducing Lagrangian coordinates, adopting an equation of state, and includ-
ing a differential equation that allows one to calculate the impurity density as a
function of the temperature, a single reaction—diffusion equation for the tempera-
ture is derived. This reaction—diffusion model will be applied in a forthcoming paper
to investigate effects related to impurity radiation phenomena.f

2. Multifluid plasma equations

The MHD equations describing the particle dynamics along the magnetic field lines
are as follows. Continuity of hydrogen ions and impurity ions with the charge state

Zji
ong, 0 .
e + %(nava) = Samn, a=1,7;. (1)
Continuity of electrons:
One 0
5 + %(neve) = Sen- (2)
Momentum balance of plasma ions and impurity ions:
0 0
a(manava) + % (manav?y +no T — T (;;) =enE+ R, + Sa,va (3)

or, taking into account the continuity equations,

0 0 0 Ovg,
MmaNea ( + Ua) Vo + % (naT% - nav) = enaE + Ra + Sa,v - mavaSa,n

ot Ox Ox
(4)
Simplified momentum equation for electrons:
O (nT.) = —en.E+ R 5)
“(Mele) = —€Ne e D}
Ox

T A first application was presented at the 25th EPS Conference on Controlled Fusion and
Plasma Physics, Prague 1998 (Bachmann and Siinder 1998b).
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Ton and electron energy balance:

10 . ;
591 <3nZTz + minivf + SZanTi + Zmzjnzjvé])
Z; Z;
+1(’9 Snv;T; +5 Zn v T+mnv +Zm ng. v
2 0 i 1) Z;VZ; 3 .- Z;Nz;Vz;
.7 J
1o}
¢+ ZQZ Thvz an V25 5y V%
=JE+ €TL€U6E - Qe,T - Qe,R + Si,E'7 (6)
30 a (5
5ot —(neTe) + I (QneveTe + qe) = —eneVel + Qer + Qer + Se g+ Hoxee  (7)

Taking into consideration the particle and momentum balance equations and

mz; = mj, we obtain for the ion temperature

3 0 0 3 0 0 0v;
<8t + U18x>Ti + E;nzj ((% +UZj8x>Ti +niTi%

vz, ovi\* vz, 2 dqz,  0g;
+;niji oz m(@x) ;774( 83@) i ~—~ Oz T

= *Qe,T - Qe,R + Sz’,E Sz v T R Z SZ K3 + RZ )
Zj

1 s 3 1 3
+<2mlvf — 2Tl> Si,n + Z <2m]UZ 2 )SZ ny (8)

Z;

and for the electron temperature

3 (0. 0 v dqe
el gptvegy [Tetnele gt + + T +Hey, (¢
57 <8t +0, ax)Te nelem o = Qer+Qer—VeRe+Se p——~ToSen+ Hexi, (9)

where the total current density is
J = en;v; + Z eZingVz,; — eNele, (10)
Zj

and the sources and sinks of particles are

Sin = ne(kianyg — krini) + ng E nz;kex,z; . H — nonikes,io; (11)
Sz, =MNelnz,—1kiz,—1 * ng;s1kr z,41 —nz; (ki z; + kr z;)]
tnp(nz;1ke,z;+1,0 — Nz Kex, 2; 1)
+nl)<an+l kcx,Zj-H,O - an k«‘x,Zj ,0)

+oz;,1m0 (nikcx,i,() +Y ngkez: ,0)7 (12)

zx*
J
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Sen = Ne [npki g — nikr; + Z(nzjflki,zfl —ngzkrz;)|, (13)
Zj

the sources and sinks of momenta are
Siv = —minp ke, 1,iMi (Vi — VE) — ki ENeVH] — Munineky iv;
0Ty
—miNoNikes i0vs T Muny E nz;kex,z, HVH — BHnH—aaj , (14)
Zj
Sz, =myne|nz, 1kiz,10z,—1 +nz1ke z,+4102,41
_an (ki,Zj + k’l",Zj )/UZ]‘ |
tming(nz; ke, z;+1,HVZ;41 — Nz ke 2, HVZ;)
Tmino(nz;v1kee, z;+1,0Vz;+1 — Nz;kex, z;,002;)
+0z,1M0 (nikcx,i,() + E nzx kcx,Z;,o> Vo, (15)
z*
J
and the sources and sinks of energies are

Se. 5 = —Ne (ki,HnHIi,HJF E nz,—1kiz;—1liz,—1 + E nzjkmd,zjsmd,zj>7 (16)

1 3
Sie = §neki,HnH(3TH +mviy) — §nikcx,i,HnH(Ti —Tx)

. 0Ty
=5 nekrimi(3Ti + miv3) — MingKexi 1M (Vi — V)V — Bunu—5—=vn
1 ‘ , 3
—Ene/ﬂi,on()(STo +mj;vy) — §nlkcx,l,0n0(ﬂ —Tp)
1 oT;
—§nekr,1”1 (37; + ij]Q) — mNokex,1,0m1 (V1 — Vo)vg — Bong a—;UU. (17)

Here Z; = 1,2,...,Z¢, ng , vg , T, no, vo and Tj are the hydrogen and impu-
rity atom density, velocity and temperature respectively. k; key, kr and ky,q are
the rate coefficients for ionization, charge exchange, recombination and radiation,
I; g = 13.56 €V; I; 7, is the ionization potential, Smd,zj is the radiation function,
By is approximately equal to 0.25 (cf. Helander et al. 1994), and B, has order
of magnitude 1. These functions, which depend on the properties of the inelastic
interaction of ions with atoms, will be calculated in a forthcoming paper. Hey is
the external energy input and E is the electric field.

The functions contained in the system of equations (1)—(17) are defined as follows
(cf. Golant et al. 1980; Shdanov 1982; Dnestrovskii and Kostomarov 1986; Radford
1993; Bachmann and Siinder 1998c). The viscosities of the ion species are

1 i
ni = n: ;G (Zo) —, (18)
(X3
T:Cs;(Zy) ] (19)
Nz; =nz;LiLoj{lo) > :
! sz Vz;zy
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where the collision frequencies v,g, with the Coulomb logarithm In A., are given

by
Cile) = 3%84 1+ 1.817;);{%(), 67z)’ (21)
Cyj() = 0.3(1 + ZZ) ; ix (22)
S DTN AE DO T A

The forces Rg (8 = 1,Z;,e) are given as sums of the friction forces Rg r and the
thermal forces Rg r:

Ry p = —m;n; [Cs(Zeﬁ')Vie(Ui —ve) + C3(2Zy) Z Viz; (v — Uzj)} ) (24)
Zj
oT. oT; 8
Ryr =ni |Cy(Zett) 57— — Cs5(Zo) 75— | , (25)
ox ox
Rz, r = —mjng, {C':;(Zeff)llzje(vzj —ve) + C3(Zo)vz,i(vz; — vi)

+0.8 Z vz, 7, ('UZj — vz, ):| , (26)
Zy

| 7 ‘ a,
RZWT—nzj{{C4(Z(,)Z;+().6< ) _1”‘”’ +c4<zoff>2-8Te}, 27)

(Z3) oz 7 9z
Re,F = *meneCQB(Zeff') |:Vei(ve - Ui) + Z Ver (Ue - UZj ):| ) (28)
Zj
aT,
Re,T = _neCF)(Z&‘ff)aiv (29)
X

with the functions
n; .
Zett = — (1 + Zy), (30)

€

1+ 0.242)(1 + 0.952) ‘
Csl®) = T 2.652) (1 + 0.282) 31

2.2(1 + 0.52z)

C\(x) = , 32
) = T 265 (1 + 0.28%) (32)
Cs(z) = zCy(x). (33)
In the same way, the thermal fluxes gg are given as sums of gg r and gg 1:
gi.r = TiCi(Z0) Y nz,Z;(v; — v7,), (34)

Zj
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1 0T;
i = —n;T;C4(Z, 35
qi, T n; ZC(J( 0) mivi; B ) (30)
>z, "z 2], .
4z, F = TLZjTiM(”UZ_,» —vz), (36)
n; Zo
1 aT; .
qz; 7 = —nz,T;C1j(Zy) ———F—, (37)
m;vz,z; O
e, F = TGC4(Zch) |:7”L1'(’Ue - vi) + Zan Z;(ve - ij) ’ (38)
Zj
1 0T, .
e, T = _neTeCG(Zeff) ) (‘39)
MeVee OT
with the functions
3.9(1 +1.7x)
Culz) = 40
6@ = T 2652 (1 + 0, 282)” (40)
Nz, (an;g + 2n,7)
The energy terms Q. r and Q¢ g are given by
3 e 7
Qe,T = *ﬂneyei(Te - ﬂ) <l + mZ(i)a (42)
m; m;

Qe,r = —MeneC3(Zegr) |:1/ei(ve —v)v; + Z Vez,; (Ve — Uz, )vz]}
Zj

oT,
*neCf)(Zef'f')EUiy (43)

The relation between the electric field and the charge density p is governed by
Poisson’s equation

% = 47Tp, p= e(ni + ; Zjan — TLe). (44)
J

Multiplying the continuity equation for the impurities with eZ; and summing the
resulting equation over all charge states, we get

9 , 9J; _ g2
ot " ox  Oim (45)

with the charge and current densities of the impurities

pj = eZZjan, Jj = eZZjnzjvzj, (46)
Zj Zj
and
z
Sj(n) =nenokio + nonikexio — NE Z Nz, ke, z;, H T Ne Z nyz(kiz, — krz;). (47)
Zj Zj
Taking (1) and (2) into account we obtain the charge-balance equation
dp 0J
ot Oz (48)
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If we assume that the charge-neutrality condition p = 0 is fulfilled, the electron
density and the electron velocity are given by the expressions

ne = n; + Z Zing,;, (49)
Z;
n;v; + ZZ- Zj’nzj’UZj — J/e
ve = f (50)
n; + ZZ,» Zjnzj
The electric field E results from (8):
1 0
E= {Re — (neTe)] , (51)
eNe or
and for the total current density J we obtain
oJ
— =0=J=J(). (52)
Oz

The coefficients Cy, Cs, Cy, C5 and Cy that determine the effect of the impurities
on the transport processes in the plasma are complicated functions of the masses
and temperatures of the particles. In the above formulae, these coefficients are
calculated for T, /m. > T;/my and the case where the impurity mass m; is much
larger than the hydrogen mass my (mpg/m; < 1), which is valid for the high-Z
impurities considered here. This gives us the opportunity to study their change in
a large parameter range of Z, or Zu.

The influence of neutral particles on the multifluid plasma equations is considered
in the corresponding source and sink functions. Their effect on the plasma transport
coefficients is neglected. The dynamics of the neutral particles should be described
within the framework of a kinetic model. Often a simplified diffusion approximation
is used (see e.g. Duderstadt and Martin 1979; Golant et al. 1980; Helander et al.
1994; Bachmann and Stinder 1998¢). For simplicity, the temperature, velocity and
density of the neutrals are assumed here to be given functions.

3. Average ion model

The consideration of all ionization stages of the impurities considerably increases
the number of equations to be solved and the indeterminacy of the results. Hence it
is necessary to describe the impurities within the framework of a simplified model
(see Bachmann and Siinder 1998c):

(i) a modified coronal T-approximation that allows one to calculate quasistation-
ary discrete density distributions;

(ii) a non-stationary model, applicable to high-Z impurities; or
(iii) an average ion model (Post et al. 1994), which is considered below.

Taking the sum of the continuity and momentum balance equations for the impu-
rities over all charge states, we get

on; 0

a—tj + 3 (nv;) = Sjn, (53)
0 . v, y _
7 Mmansvi) T 5 (mijjl)vj +n;T; nﬁ-l)(ia]) =R} + Sju, (54)
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with

- . b = sz nz;vz;
j = E Z; Vi S—
ny.
Zj ZZJ' ZJ

) -,
(ZZj an’UZ].)
77(]) = M Z nzj 81}Zj %
J V('j ZO 7 Z]2 3x (9117 )
J

D= Vz,; 7,
0j — 2727
nZijZlC

Yoz, Zing,
R =e(Zn;E+R;, Z;) =240
(Zj)n; j (Z;) S,

j
Sjmn = ne(okip — ke ) —naniker,m —nomike,1,0 T no(nikex,i0 + ke s,

s

Sjw = mj[ne(nokiove — nikr1v1) — ny(Mokex,1,0 T NEkex 1, H)V1

1o (Nikex,i,0 + Njkex,5,0) 0],

2

Rj - —mjniZ()ICg(Z(\ff)l/je(G;Q)’Uj — Ue) + Cg(Z())Vji(G;_)Uj — ’Ul)l
aT; T,

+n; 2y C4(Z(J)%+C4(Zeff)% ;

Vz.p
_ 74 — 5
Vi = ——5 6 =61,
72
J
2
a? = ZZj ZjanUZj ZZJ- nz;
i - 2 ’
sz Zing, sz nz;Vz;

sz an kcx7Zj ,0

kcx L=
,J50 sz nz,
where Z; = 1,2,..., Z¢. Using the expression (51) for the electric field,
1 0 0
E=—_— eTe — Y5 Ze 7Te
¢ neax(n )= Gl ﬂ)ax
M C3(Zofr) [ Vei (Ve — v3) + ZoVej (Ve — v5)],
Voszni
Vaj = 5 )
7 Z;nzj
we obtain
N T, ,, . ; oT;
R; = ”jCH(Zeff)%KZﬁ —(Z3) Zetr) + 03 (Z3)Cu(Z) 5
n; 0
_<ZJ>TTZ%(TLETE) (Zj)men;Cy(Zegr)Vei (Ve — v5)
N
mJnj<Z]2> {O:ﬁ(zeﬁ‘)l/je (1 - <Zj>nj> (G(Z)UJ — Ve)

+03(Z“)Vji(G;-2)’Uj — Ul):| R
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Ne = Ny + (Zj)nj. (64)

Multiplying the continuity equation by Z; and summing the resulting over all
charge states, we get, in accordance with (45)—(47)

0 0

3 _ A =
52+ 8—$<G§ (Zj)njvg) = S5, (65)
with
z
Sj(n) = neNokio + NoNikex,io — NHNKex 7 T NeNj(ki j — krj), (66a)
a® - % EZ]‘ Zjnz,vz,
i S, 7 ) (66b)
z; 4iNz; ZZ]- nz;vz;
B ZZj nz ki z, _ Zz,- nz,krz; -
kij = ) krj = ) (66¢, d)
ZZJ' nz,; sz nz;
Yoz nzkez;m
how jur = =2 T (66¢)
2,12,
The right-hand-sides of the continuity equations for hydrogen ions and electrons
read
Sin = ne(ki,ang — krini) + nake i, HN — NoNikex,i0, (67)
Sen = Ne|nmki g — nikri + nokio + (ki — ke j)l- (68)
Using the relation S, = S;, + S;Zn) and the condition of charge neutrality, we
obtain
aJ :
T 0, J = e(n;v; + Glg-g)(Zj}njvj — NeVe), (69)

from which it follows that the current density J in a plasma without external ion
or electron sources is a function of ¢ only (or is constant), and the electron velocity
is given by (cf. (50))

n;v; + GE'3><ZJ'>TL]"UJ' - J/e

.= 70
v n; + <Z]’>’I'Lj (‘ )
Furthermore, we obtain an equation for the mean charge (Z;):
0 3 0
E<ZJ>+UJG;)%<ZJ> =Vgz, (71)
with
= Lls@ iz, —<Z—>2 ) (G —1 72
vz = ny |9 3)94.m j ax(”ﬂ)g)( j )| - (72)
The sum of the ion and electron momentum equations is
0 0 ; ov;
g minivi) + o (mmivf + T+ nele —n; 81; ) = —Rj+ Si.. (73)
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The ion and electron energy balance equations have the following forms:

10 : :
37 BT+ manv} + 30T+ myn; GYo)

5 5 PriviTi + 5njo T + minivi +myn;GYd)

x
2 v g - -v-%f (Z)U-avzj
or A ml@x K 7 oz
=JE+encveE — Qer — Qer + SiEs (74)

.

30 0
Ea(neTe) + % (;neUeTe + Qe> = _eneveE + Qe,T + Qe,R + Se,E: (75)

where
n} ZZ,- anv%'
G;Jf) = Jj—g’ (76a)
(sz nz, UZJ‘)
S T.C (Z ) Nz.Vz. 87}2. 31}'
(2) — La2{40 Jj 4 J J d
= _ —v; |, 6b
1y v; Zo 277 o ax (76b)
J Z; J
ngz, 1;C7;(Z) 0T;
g =y -y o (77a)
z, 4VZiZ x
B @) 1 0T,
qe — TeO-'i(Zeff')ni[(ve - Ui) + Z(J(ve - Gj vj)] - neTeCG(Zeff) 5 (77b)
MelVee OT
1 9T
6; = TiCW(Zo)ni Zo(vi — GYvj) = niTiCo( Zo) g (77¢)
miVi; &U

Si kg is given by (17) and describes the interaction of the ions with the hydrogen
atoms, and

Se.p = —nekigngl g+ Qr, (78a)
QR = *nenj(Li()n + Lra(l) (78b)
with the ionisation and radiation functions being given by
1
Li()n(Te) - — Zan ki,ZjSi,Zj' (793)
T Z,
1
Lmd(Te) = nij ZZ an krad,Zj Sl‘ad,Zj . (79b)
J

4. Reduced plasma models

In order to analyse the effect of impurities on transport properties in edge plasmas,
we present in this section sucessively reduced plasma model equations, adopting
the condition of quasineutrality (64). The impurity is considered as a single fluid
by means of the average ion model. We assume the temperatures of the plasma
species to be equal and neglect the dynamics of neutral particles. We start with
a three-fluid description of a current-carrying plasma for electrons, plasma and
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impurity ions (Sec. 4.1), and analyse stationary solutions in a reference system
moving with constant velocity relative to the laboratory frame. This system is
then reduced to a currentless plasma description, assuming at first different flow
velocities of the particles and then a streaming plasma where all particles move with
the same velocity. Introducing Lagrangian coordinates and adopting an equation
of state a single reaction—diffusion equation (RDE) for the temperature is obtained.
A differential equation for the impurity density as a function of the temperature
has to be included.

4.1. Current-carrying plasma model

4.1.1. System of partial differential equations. Under the condition T; = T, = T,
neglecting the neutral-particle dynamics (ng = ng = 0, k,; = k.1 = 0), the ion
heat conductivity and the ion viscosity, we obtain the following system of equations
for ng,nj, Vi, vy, J, <Z]> and T':

6‘ni 0 _
ot + %(mvz) = 0, (80)

anj 8 _
rra + 3 (njv;) =0, (81)

0 0 X
mmi<6t Uiar)vi 5 [(ni +ne)T'| = —Rj, (82)
0 . .

m;n; (615 Uj &E)UJ + p) (n;T) = R}, (83)

0 0 x -
57 \Zi) + vig_{Z;) =vy), (85)
% =0, (86)

where o = e, 1, j. Here n, is given by (64),

n;v; + <Zj>TLj”Uj - J/e
n; + (Zj>nj

Ve =

; (87)

vy = (ni +(Z;)n) (ki j — ke j), (88)

https://doi.org/10.1017/5002237789900762X Published online by Cambridge University Press


https://doi.org/10.1017/S002237789900762X

656 P. Bachmann and D. Siinder

B = 0,50 [ CuZal(Z2) ~ (23)2u) + (B CuZ0) ~ (2,)]

—n; [<Zj>T88CE Inn, + <Zj>mec;;(Zeﬂ')V€i(1}e — Uz)}

—n;m; <ZJZ> |:C3(Z()ff)yj6 <l - <ZJ>nJ> (Uj - ’Ue)

Ne
+Cs(Zo)vji(vj — vi)] , (89)
the electron heat conduction coefficient
ke = ColZua) 25— = kel ), (90)

H. is the external heat source, HJ* is given by

oT

H} = neCs5(Zetr) (ve — i) g

J
+nemec3(Zcff) |:Vei('Ue - U’L)z + VejZ()(ye - vj)2:|

+min; ZoCs(Zo)vij (v; — v;)*

_% {niT [Cs(Zo)(vi — 05) + Ci(Zetr) (Ve — v + Zove — ZOUJ')} } » (91)

and the impurity radiation loss term
Qr = (ni + (Zj)n;)n; Lraa(T), (92)

where we have assumed G;l) = Gf) =GgY = G;ﬂ = 1. The assumption T; = T, is
only valid in plasmas with high electron—ion collision frequencies. Sometimes it is
more useful to discuss the total momentum balance rather than (82):

0 7] 0 0 7] )

m;n; (875 + viagv)vi +mj;n; (815 + Ujax)”j + %(ni +ne +n;)T =0. (93)
The effect of the impurities on the transport processes can easily be demonstrated
for the simple case §; = nj/ni = const, which is represented in Fig. 1, where the nor-
malized functions E, Qi T>9e,T> and n; (Flg la), and Ri,T7Re7Ta Rj7T = ZZJ- RZj,T
and Ry = R. p+R; ¢ (Fig. 1b) are plotted versus the mean charge (Z;) for {; = 0.05,
assuming 9T /0z < 0. Tt can be seen that all functions depend strongly on the mean
impurity charge. For large (Z;), these functions behave as follows: 7;, ¢; 7, ge, 7 tend
to zero, E and the ion thermal force, which changes sign at (Z;) = 3.5, attain their
limiting values, and the electron and impurity thermal forces increase linearly with

(Zj).

4.1.2. Stationary processes in a moving reference frame. Here we consider the exist-
ence of solutions of the system (80)—(86) that depend only on 7:

n=x — vot, vy = const. (94)
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2 ()
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Figure 1. () Normalized electric field E, thermal fluxes ¢;,r and g¢e,7, and ion vis-
cosity m; as functions of the mean charge (Z;) for & = 0.05. (b) Thermal forces
Rir,Rer,RjT = sz Rz;r and Rt = Re,7 + Ri,r as functions of (Z;) for §; = 0.05

The continuity equations (80) and (81) allow us to express the velocity of the ions
of type a as a function of their density:
r
va:v()—’_ia()a a:iajv (95)
Na

where I'y are constant particle fluxes. From (93), we get the first integral

I L'jo

m;lso (Uo + 7Z> +m;l 0 (Uo + nfj +T2n; + (1 + (Z;))n;] = c, (96)
i J

with the total energy ¢ in the moving coordinate system. Equation (96) describes

the relation between n;,n; and T

1 5 ; -
ni(T.ng) = =lao + (af — anT)'72), (97)
with
Z
ap = ¢y — (M0 + myTj0)ve — mj# —-n;T(1+(Z;)), (98a)
j
ay = 8m;T%,. (98b)

For the case of small impurity fluxes, a( is constant and n; depends on T only.
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From the impurity momentum balance equation (83), we obtain

Dodn; | d

—m. 2 n:T) = R*
M0 dy iy ") = 1 (99)
where
«_ AT 2 2
Rj = " Cu(Zett)((Z5) — (Z) Zetr) + (Z7)Cu(Zo) — (Z;)
oy (2T e + (2, YmeCy(Zr) S (niTe — 1 T)
7 J d77 nne J e 3 Leff non; il e el 10
—ma (72 e (1 g\t .
m;i(Z;) C:s(Zeff)n 1 <Zj>n (nel'jo —n;Te)
Vji
+C3(Z())#(nirj0 - njri()):| ; (100)
with
J
Lo =T+ (Z;)Tj0 — o (101)

The equation for the temperature reads
3 dr 5

5
5 (Te + Ty + Fjo)% + §TnjVZ

d d d
=T Fef In Ne + Fi()f In n; + l"j(,— In n;
dn dn

dn
d dT
.
dn “dn
:Hext+H; _QRa (102)
with
1 dT
H} = C5(Zotr) —(Teni — Tione) ——
n; dn
Vei 2 Vej 2
+meCs(Zefr) | — (Leni — Tigne)™ + 5 Z0(Leny — Tjone)
Nen? nen;
Vi S
+m;C3(Zp) — L Zo(Tiony — Tjon;)?
]
d 1 1
~dn TC;')(Zo)nfj(Fin —Ljong) + TC4(Zef$');e(Feni — Lione)
n; ¢
+TZ()C4(ZQH')7(F€HJ' — Fj()ne) . (103)
NeMj

Together with the equation
d n;
gy = y<*)7
an< ]> Fj() Z
we obtain a closed, strongly nonlinear system of four ordinary first-order differ-
ential equations for T, dT'/dn, (Z;) and n;. Solutions of the system for the case

(104)
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n/.@T/@x

5 10 15 20 25 30
z)

Figure 2. R} /(n;0T/0x) as a function of (Z;) for £; = 0.05 and different values of the
parameter d; = mj(v; — vj)Lrvy /T

Ve =g, (Zj) ~ T'/? and (Z;)n; < n; have been analysed by Morozov and Herrera
(1996).

4.2. Currentless plasma models

4.2.1. Plasma with different particle velocities. The condition for both charge neu-
trality and a currentless plasma,

J = e[ny(v; — ve) + (Z;)n; (v — ve)] = 0, (105)

leads to
n;v; + (Zj>njvj
ni +(Zjn;
We obtain, assuming v; # vj;, the system of equations for n;,n;,v;,v;, (Z;) and
T derived in Sec. 4.1, where we have to take into account J = 0. The role of
the different ion velocities is demonstrated in Fig. 2, where R} is plotted as a
function of the mean charge (Z;) for & = 0.05 for various values of the parameter
d; = mj(v;—vj)Lrv;; /T that characterizes the relation of the friction to the thermal
force, where Ly is the temperature scale length. It can be seen that for the case of
equal ion velocities (v; = v;,d; = 0), R} attains a constant value for large (Z;).

Ve =

(106)

4.2.2. Streaming plasma. If we assume that all velocities are equal, v, = v; = v; = v,
we obtain the following system of equations describing the dynamics of a current-
less, with one velocity, streaming plasma:

dn; ov _
dn; ov _
o g =0, (108)
d *
Liz) =, (109
dv 0
(mini +myng)— + 220 + (1+ (Z;)n;]T} = 0, (110)
9 -
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E%[Zm +(L+(Zj)n;)|T + g[Qm +(1+ <Zj>”j)]T%
- (ngf) = Hai—Qn  (112)
with d/dt = /0t + v9/0x and
R; =n; —<Zj>T% In (n; + <Zj>nj) +G,(T, nj/nl)gz] , (113a)
Gj=a—pB-(Z)), (113Db)
a = [Ci(Zet) + CUZ)Z5), (113¢)
B = C(Zett) Zett(Zj). (113d)

We arrive at six equations for the five unknowns n;, nj,v, (Z;) and T because both
the equation of continuity and momentum of the impurities govern n.

4.2.3. Wave-front solutions. Here we consider again the existence of solutions de-
pending only on n = x — vt, vo = const (cf. Sec. 4.1.2). In this case of so-called
wave-front-like solutions (d/dt = (v — vy)d/dn) we obtain from the continuity equa-
tions the relations

T Fj() n; rj()

vEv = =+ L o= L= (114)
n; n; n; I

where the impurity density is a constant fraction of the ion density. The density n;
as a function of the temperature reads

1

m(l) = gpldo+ (d = D)), (115)
with
d() = Cy — (ml + mjfj)l"mvo, (]]6&)
dy = 4(m; +m;€)giT%, (116D)
g =2+ (1+(Z,))&. (116¢)

The equation for the temperature is

dT " 5 d dT ;
(rii)gidn + V(Z)nlij> (2 + M) - din |:K€(T)Cl’l7:| = Hext - nfﬁ](l + <Zj>£j)Lrad
(117)

with
d
M = 4 A -
2(dy + (d3 — &y T)'/2|(d3 — &y T)'/?
In the case of d\T < d3, V(Z*) = 0 the left-hand side of (117) has the form of the

usual reaction—diffusion equation in the travelling wave approximatiom (Ifife 1979;
Grindrod 1996).

(118)

4.2.4. Reaction-diffusion equation (RDE). Introducing the mass density py,. the total
density NV and the total pressure p,

Pm = ming +mn;, (119a)

https://doi.org/10.1017/5002237789900762X Published online by Cambridge University Press


https://doi.org/10.1017/S002237789900762X

1D multifluid plasma models. Part 1 661

N =ne +n; +nj =2n; + (1 + (Z;))n,, (119Db)
p=NT, (119¢)
one obtains the following reduced system of equations:
dN Ov . .
o TN =njvy), (120)
dpm ov
D0 121
dt Pm o ) (121)
d . N
Tz =vg, (122)
dv  Op
pma + % = 07 (123)
v 0 .
mynj e + o (n;T) = Rj, (124)

B30 0 (, 01

2dt 270x Oz \ ‘0z
Using the continuity equation, the energy balance equations can be rewritten in
the form

) = Hext — (ni + <Zj>7’lj)nij(|. (125)

d o ) oT 5 .
NT%ln (T*2N l)_ax(”eax) :Hext—(nﬁ(Zj)nj)njL,.ad—ETnjy(ZX (126)

This system of equations represents a fluid description by means of the model
functions N, v, T, p,,, and (Z;). Of course, l/g), ke and the impurity radiation depend

on the densities n; and n;. According to (119b), n; can be eliminated by
ni = 5N = (1+(Z;))n;]. (127)
It is our aim in this paper to describe the effect of impurities within the simplest

framework by a single RDE for the temperature. The idea now is to reduce the
above equations down to one RDE by

(i) using the ADPAK data (Post et al. 1994) for (Z;), where the main charge
is considered only as a function of T" that corresponds approximately to the
relation V(Z*) =0;

(if) introducing Lagrangian coordinates; and
(iii) applying the equation of state
p=NT = p(T) (128)
where p(T) is to be understood as a given function.

Lagrangian coordinates. With the ansatz of a travelling-wave solution n = x — vyt,
we are looking for steady-state solutions in a reference frame that moves with the
constant velocity vy (which has to be determined) relative to the laboratory system.
This suggest that we introduce Lagrangian coordinates according to (cf. Spatschek
1990)

T =t y=x— [ dr’ vy, 1), (129)
0
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d 0 o 10 T, ou(y, T

— =, —=—=, =1+ dr’ —=——. 130

dt Ot or sy s /0 T dy (130)
It follows from the continuity equation (120) that
_ No(y) v _ 9 (Ny
N(y,7)’ dy Or\ N )’
where Ny(y) = N(y,0) is the initial density distribution.

Applying the equation of state (128) and eliminating N, we obtain a single

nonlinear reaction—diffusion equation that describes the temperature evolution in
Lagrangian coordinates (7, y):

or 2 9 ( p OT\_2 T 1Tp
TV — | = =£,— S Hex — |\ E+uUzyN=1n:ln:L
or 5]\70617 ay (’ie TN() 5‘y> 5£;Dp { e.\t(y>7') B I: (< ]> )nj]nj rad}»

(131)

(132)
with
20Inp
-1 _
=1--—.
S 50InT

The solutions of this equation are Ny(y)-dependent. This dependence is removed by
introducing new Lagrangian coordinates (7, z) according to (cf. Meerson 1989)

T=t, z(z,t) = / dx' N (2, t), (133a)
z1(t)
i 0 B P o
% = §7 % = N(.’I?,t)&? (1331))

x1(t) = {z|v(z,t) = 0}, which leads, including the equation of state (128), to a
second Lagrangian RDE for the temperature:

oT 2 0 oT 2. T 1
< < P >=,.)£pp{Hext<z,T>

p
ar 5%y HeTay 2{T+(<ZJ> l)nj}n]L,.ad}. (134)

If one is interest in temperature solutions that are independent of N one has to
prefer the RDE (134) rather than (132).

The unknown function n; can be expressed by (i) a simple approximation n; =
cjn; (¢; = const, cf. Sec. 5.3.2) or (ii) as a function of T: n; = n;(T'), which is outlined
in the Sec. 4.2.5 (see Bachmann and Siinder 1998b).

Having solved the RDE (134), T' = T'(z,7), the remaining quantities can be
determined by

T'(z,
N(z,7) = p[T((ZZ TT))], (135)
(., dInp[T(2',7)] 1 0 , .
U(Z,T)*A dz {1— dnT (7. 7) }p|T(z’7T)|8TT(Z7T)' (136)

The relationship between the Eulerian and Lagrangian coordinates is given by the
nonlinear relation

x(z,7) = 2 (T) + ’ dz’ T(,7)

_ 137
N E 137)

4.2.5. The effect of the impurities on the RDE. The impurity density n; affects (i)
the radiation loss term of (134) and (ii) the electron heat conduction coefficient &,
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Figure 3. nj, n; /N, njneLia and Cs(Zer) as functions of T' for carbon and the parameter
set P1; the numbers next to each curve indicate py/(10"™ em™ eV).

which depends strongly on n; via Cs(Zegr) (90). (Z;) is a function of T', and n;(T)
has to be calculated from the following first-order ordinary differential equation:

L8 =12z - oy

nj dT T T
1dP d{Z;
+<Zj><z]32 “Tar iz:ﬁ>>}
» 1/2
<2z -0z + m) (138

derived from (111).

In what follows, numerical solutions to (138) will be given for the case of the
wsobaric approximation, p = py. In addition to the parameter p,, the solution to this
equation requires the impurity density n; to be known for a given temperature 7'.
We solve (138) for two parameter sets
Pl: nj=n;(T=1.0eV)=102ecm™3, p,=(1,3,10,30,100) x 10" ecm~3 eV;
P2: py=10" em™3 eV, nj = (1,3,10,30,100,300,1000) x 10'* em=3;
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Figure 4. nj, n; /N, njne Ly and Cs(Zerr) as functions of T' for carbon and the parameter
set P2; the numbers next to each curve indicate njo /(10" ecm™).

and two reference cases, using ADPAK data (Post et al. 1994) for Z; and the
radiation loss function Ly.q (ng/ne = 1077, ner = 10" s em™?):

(1) for carbon;
(if) we assume that the mean charge number is given by
(Zjy=T"%  (Z})=T, (139)

which is a reasonable approximation, especially for high-Z impurities (cf.
Gervids et al. 1987).

Having calculated the impurity density n;, the total density is simply given by
N = py/T. The electron and ion densities follow from (64) and (127). The results are
shown in Figs 3—-6 where in each case the impurity density n;, the impurity fraction
n;/N, the radiation loss rate njn.L,.q (Figs 3 and 4), the fraction n;n. (Figs 5 and
6) and the coefficient Cy(Zesr) are represented as functions of the temperature 7.
The last two quantities enter the description directly through the RDEs (132) and
(134).

The solutions for the parameter set P2 show that at sufficiently high temper-
atures, each solution family approaches one curve that does not depend on the
initial impurity density njy. The effect of the different constant-pressure values of
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Figure 5. nj, nj /N, njne and Cs(Zeir) as functions of T' for (Z;) = T'/? and the parameter
set P1; the numbers next to each curve indicate po/(10" em™ V).

P1 is such that only the n;j/N and C4(Zesr) families approach one curve in each
case, which, of course, is identical with the one resulting from the P2 calculations.
Thus the essential result of these investigations is that there are universal curves for
nj/N and Cg(Z.) for temperatures higher than a characteristic temperature (T, ~
10-20 eV for (i) and (ii)) in the sense that they are the same for both parameter
sets Pl and P2. n; can be estimated analytically:

N

SAMNERVAR

20 eV < T < 100 eV. (140)

(i) For carbon (Figs 3 and 4), n;(1") behaves non-monotonically for T' = 1-10 eV.
For 10 eV < T <€ 60 eV nj/N ~ const is a reasonable approximation for all
parameter sets, and decreases for higher temperatures. For both parameter
sets, Cg(Zer) changes for T = 1-10 eV from 2.3 to 1, and is nearly constant for
10 eV < T <60 eV and then decreases again.

(i) In the high Z; approximation (Figs 5 and 6), the effect of high-Z impurities

is much stronger. Each universal curve with a characteristic temperature T, ~
10 eV tends to 0 as T" — oo.
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set P2; the numbers next to each curve indicate n;0/(10' em™).

5. Conclusions

This paper on 1D multifluid plasma models has been concerned with the plasma
physical fundamentals by presenting a variety of simple 1D and time-dependent
multifluid plasma models. The starting point is the system of multifluid MHD equa-
tions for hydrogen ions, impurity ions together with their ionization stages, and
electrons. In order to simplify the treatment, especially for the case of high-Z
materials, the impurity has been described as a single fluid.

By equalizing all temperatures and adopting the condition of quasineutrality,
we have derived within the framework of a three-fluid description for a current-
carrying plasma a system of equations whose ability to support travelling-wave
solutions has been investigated. This system was reduced further to a currentless
plasma description by assuming at first different flow velocities of the particles and
then a currentless, streaming plasma model where all particles move with the same
velocity.

By introducing Lagrangian coordinates and an equation of state, and deriving
an equation that allows one to calculate the impurity density as a function of the
temperature (through (138)) the reaction—diffusion equations (132) and (134) for
the temperature were obtained.

The effect of the impurity ions on the reaction—diffusion process for the temper-
ature is determined not only by the impurity radiation loss term but also by the
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electron heat conduction coefficient ., which depends strongly on n; via Cg(Ze).
Both quantities can be calculated by solving (138) for carbon and high-Z impurities,
which are of interest for present and future fusion devices (ITER). The essential
result of these investigations is that there are universal curves for the impurity
fraction n;/N and Cy(Ze) for temperatures higher than a characteristic temper-
ature (I, ~ 10-20 eV) in the sense that they nearly coincide for the parameters
considered.

This paper may be seen as a contribution to the derivation of reduced multifluid
plasma models with respect to their range of validity. It is the first of a series of
papers that will apply the presented models to investigate effects related to impu-
rity radiation phenomena. For instance, travelling-wave solutions will be consid-
ered, steady and time-dependent solutions to the RDE will be given, and problems
arising from the nonlinear transformation from Eulerian to Lagrangian coordinates
with respect to initial and boundary value problems will be discussed. First results
can be found in Bachmann and Siinder (1998b).
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