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The effect of asymmetric gas puffing on toroidal flow
in the edge of tokamak plasma
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The neoclassical theory of toroidal plasma rotation in the presence of an asymmetric neutral gas
source in the edge of tokamak is examined. The poloidal dependence of momentum damping and
ion energy loss due to charge-exchange processes are included. It is shown that the toroidal flow
velocity increases significantly if the gas is fueled from the inboard side of the tokamak; the radial
electric field and its shear are modified accordingly. It is also shown that for a fixed gas-fueling rate,
the asymmetric fueling has a smaller role in TEXTQR Manket al, Phys. Rev. Lett85, 2312

(2000 ] than in COMPASS-OM. Valovi et al,, Plasma Phys. Controlled Fusidd, A175 (2002].

The role of asymmetric gas injection is therefore effectively stronger in COMPASS-D20@!
American Institute of Physics[DOI: 10.1063/1.1633558
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YE:‘
It is now widely recognized that edge physics plays a . '
key role in optimization of the global confinement perfor- here,wg=—kyE, /B is the Doppler shifted frequency asso-
mance of tokamak discharges. Several experiments havdated with theEXB motion, k, is the poloidal wave num-
demonstrated that the transition from L-mo@ew confine-  Der,E; is the radial electric field), is the linear radial mode

meny to H-mode(high confinementcan be affected by neu- width of the background instabilityyz and y; are theEXB
tral atoms in the edge of tokamak plasi&.The edge re- shearing rate and the linear growth rate of the background

gion always has a significant neutral density owing toinstability, respectivelyk, is given by the well known radial

recycling from the wall and from the limiter and/or the di- momentum balance equation in leading order:
verter plate region. In order to arrive at a detailed under- Ti dInP;
standing of the role of neutral gas on the H-mode physics, Er:BHU<pi_B<pU ot e o
the asymmetric gas puffing experiments have been per-
formed in COMPASS-D(Refs. 4 and 5and MAST® A “B,U. +(—x+1t fl)ﬂ aInT; @
lower H-mode power threshold is observed if the gas is fu- =0 e o
eled from the location of inboard mid-plane in comparison,;nere according to standard neoclassical theory, the poloi-
with Fhe gas fqelmg from the outboard m!d—plane. The quectda| ion velocityugtmxﬁrTi/qu,, with k~1.17 in the low
of this paper is to understand how a simple change in th%ollision (banana regime, k~—0.50 in the intermediate
location of the gas puff could reduce H-mode power threShZPIateal)l collision regime andc~—1.83 in the high collision
old. ) . . (Pfirsch—Schiter) regime;U , is the ion toroidal flow veloc-
Gas pulf with a s'tron.g poloidal asymmetry may influ- ity, By andB,, are the poloidal and toroidal magnetic field
ence the gdge dynamics in two Wa@: It CQUId modify the components respectively; a@dP; is the ion pressure gradi-
local density and temperature profiles owing to the enhanceém_ Equatior(2) suggests that the locEIXB shear rate may
ment or reduction of atomic physics effects in edge instabiliy,o sgntrolled either by the pressure gradient or by the toroi-
ties, viz., the ion temperature gradient mod&G),” high  q) rotation. Several authdfs™have studied the generation
m-drift resistive ballooning modethighm DRBM),® etc.  of toroidal and poloidal flows in the framework of neoclas-
However the ionization and charge-exchange rates have vegjcal theory without including the role of neutral atoms.
weak effects on the growth rates of edge instabilities becausglaasseret al!® have derived the neoclassical toroidal and
the ionization and charge-exchange rates1(®*~10's™!)  poloidal rotation velocities in high collisionality plasma by
are much smaller than the instability growth ratesusing Braginskii’és two fluid equations including
(~10°-1Cs Y. (I) It can also enhance thEXB shear  Mikhailovskii and Tsypin® correction to ion stress tensor.
rate which, it is well known, can suppress backgroundThe constant neutral charge exchange rate, which provides a
turbulencéC if drag force on ion flow, is also included in the analysis. It was
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shown that constant charge exchange-damping rate does not The basic physics of the generation of neoclassical tor-
appreciably modify the toroidal floW!® and the transport oidal and poloidal rotation velocities in high collisionality
coefficient?® Rogisteret al1® explained quite accurately the plasmas goes as follows. In a tokamak, the magnetic field
experimental results in edge localized mo¢tieLM)-free  lines spiral around the minor axis and the Pfirsch—Sehlu
Ohmic H-mode dischargéby using the neoclassical equa- current along field lines is unable to neutralize the space
tions of toroidal flow, which were derived by Claassencharge produced along a given surface by magnetic curvature
et al’® In leading order, the equation providing the Pfirsch—and gradB drifts, because of finite resistivity effects. This

Schiliter toroidal flow velocity is given b6 creates poloidally(y) asymmetric plasma density, tempera-
) ture, and parallel ion flow. Under these conditions, the flux
9r(U i) - ~0.108°0, INT;(B4U 4 /By) surface averaged toroidal component¥f 7; results in a

large toroidal rotation. In the present problem, the poloidal
asymmetry in the plasma is introduced additionally by asym-

whereq is the safety factor ant 4 is the ion toroidal flow metric neutral gas fLieIi_ng and this alsg gontribute_s o flux
velocity. Cattoet al** have studied the importance of atomic surface averaged - in a manner similar to Pfirsch—
physics processes on edge transport, within the framework ?ch[ugr problem thereby contributing to additional toroidal
neoclassical theory. It is shown that neutral viscosity car? ows in the plasma.

significantly alter the electric field in the edge of tokamak if b |T he rer:ilalnndeagf thergi?]pt:r IS or%arr:zerd a?vforilci)rv]\lz Th?I
neutral viscosity dominates over standard ion viscosity'§.e., asic equations and coordinates system are give ec. 1.

(Nn/Ni)(Ci)\cx/aizVi)~(Nn/Ni)><103>1- For  (N,/N;) In Sec. lll, the general formulation of neoclassical toroidal

X (Cihex/a?v;)>1 limit, FUlOp et al?? have explored the ef- flow and ordering of various terms are given. In Sec. IV, we
derive the toroidal flow equations in large aspect ratio limit.

fect of poloidal variation of neutral atoms on toroidal flow . - . )
. . . : . After briefly summarizing our results, we discuss the appli-
velocity through neutral viscosity. With small inverse aspect .. :
tions of our theory in Sec. V.

ratio and circular cross section, they derived the neoclassicaf
equation of toroidal flow given as

~—0.20%(T;/eBy) (4, InT;)?, (3

Il. BASIC EQUATION

(Ugi)z, = (2€Rod, Ti /€)[ Kk cOSO+ (1 —k)cost, | We use Braginskii's two fluid equatiolsincluding the

Mikhailovskii and Tsypin corrections of the stress tenSor.
The ion continuity, momentum, and energy equations are,

wheree=r/R is the inverse aspect ratio. Note that the neo-"eSpectively,

classical toroidal flow Eq(3) is derived from flux average N,

ion viscous tensor while toroidal flow Eg4) results from - TV-NiU;i=0, )
flux average neutral viscous tensor. Bpn T;~d, InU ,;, we

~(2€T;/eBy)(d,InT,), (4

can compare the toroidal flow velocities resulting from ion d

viscous tensdr*®and from neutral viscous tens@rrespec- miNi| = + Ui'V) Ui=—VPi—V-m+eN(E+U;XB)
tively. The comparison shows that Ugﬂ)wi /(Uqﬁi)wn

~@?/20e=1. From this comparison we conclude that even ~Mex(X), ©®
when conditions are such that the neutral viscous tensor re- 3 J

lated terms are dominant i.eN{/N;)x10°=1, the contri- ZNi EJrUi'V Ti+PV-U=-V-q—Ei(x), (7)

bution to generation of flow coming from the ion viscous
tensor may not be ignorable. It thus becomes important that where ar; is the ion stress tensor given by Bragingkiand
calculation retaining the contributions from both stress tenMikhailovskii and Tsypif® (see Appendix A M (x) and
sors on an equal footing should be attempted. Ei(x) describe the effect associated with atomic processes,
In this paper we have attempted such a calculation. Unviz., ion momentum loss to the wall via charge exchange
like Catto et al?* and Fuop et al?®> we do not start our Wwith neutrals and likewise energy loss via charge exchange
analysis with the equation of motion obtained by summingprocesses, respectively, dj=— ;i Vi Ti— V. Ti+ Kyin
the equations of neutral and ion fluids. Instead, followingX VT; is the diffusive thermal flux,;;=3.9(N; T; /m; »;) and
Rogistet! we write an equation of motion for the ion fluid k1i=2N;T;/m;Q? are the parallel and perpendicular diffu-
only and take account of effects due to the neutral stression coefficient, respectively ane,;=5N;T;/2m;(};; other
tensor by retaining the effects of charge exchange terms opotations are standard. For simplicity, here we have ne-
momentum and energy loss of ions. For simplicity, the neuglected the effects of poloidally dependence of ionization
tral density profile in the presence of a poloidally asymmetricorocesses on the generation of angular momentum density
gas puff is assumed to be of the foriN,=Ng,(1 (discussion will be included in a forthcoming papeExperi-
+ A, cosy)=Ny[1+g(x)], whereN,, is the averaged neutral mental observations by Valovit al* indeed suggest that for
density,A; is the degree of asymmetry due to gas refuelingboth the inboard and the outboard gas puff, ionization occurs
(A=A, at y=0 corresponds to the out board side; in the scrape off layer since the density profile within the
=—A; at y=m corresponds to the in board sjdeand experimental resolution remain the same in both cases.
0(x)=A; cosy. Toroidal symmetry is assumed to be pre- The coordinate systemp(b,n) is tied to the magnetic
served. field, Nn=B/B is the unit vector along the magnetic field
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lines, p is the orthogonal to the magnetic surface, @and
=nXp. The unit vectorsp, b, n are related to the flux
coordinatese,,, €,, &4 (where is the poloidal magnetic
flux, x the generalized poloidal angle arfdlis the toroidal

d

Ni€s [(UiV)U]=—J Uy P

(hyhyNiU )

J
+ a(hlﬂhd’NiUXi)}

angle by
d

A ~ [By\. B,\. -1 7 21y 11 .
et o[ lac (G R L

8 d
. (B« (B, + = (hyhGU,iU ) | (12)
n=|2le+|—=|é X

B/ x |B/)™?

Here we have made use of a tensorial relatiﬁré¢

= —é¢V Inhy. Inserting Eq(11) and Eq.(12) into Eq.(10),

&nd integrating the resulting expression over magnetic flux
surfaces leads to the relation

We note that these notations can easily be identified with th
standard tokamak coordinates systémradial; 6, poloidal;
¢, toroida)) in the limit of a large aspect ratio tokamak with

circular cross section and toroidal symmet#o$=0). The dx dy | d(MiN;U,)
differential operators can be written as 3§ Jyhhys—= § Ihgo | = T Mu(¥x)
g 0 . dy
n.V=h L —~ — 1 + . o -
B i 14 +&3thh’1 N,U U X
hve|t|lp-1.2 =% -1 Em ¢y MiINIY il gin
b-V ( B )hX dx r a6 r v
(9) (13
PO - A 1 4 where the last term corresponds to the radial angular momen-
n-v= B hy Pl q_Rﬁ”(qR) ' tum flux. The latter includes not only a neoclassical contri-

bution, which is generally negligible, but also an anomalous
whereh,=1/h,B, , h,=JB,, J=h,h h,is the Jacobian of ON€:
the transformationr —,x,¢), v=h,B,/h,B,~rB,/RB, U i (U i) = (U i) nedd gi + (Ui Uy, (14)
is the pitch of the field linesg=¢vdy is the safety factor. e ned) i (Uit}
We note thah ,=Ry(1+ € cosy) andB 4= B 4o(1— € cosy) where the angular brackets) represents an average over the
in the case of the large aspect ratio tokamak with circulasMall time and space scales of the turbulence; wpd re-
cross section, where=r/R, is the inverse aspect ratio, spectivelyu,,; are the.rad|al an.d tor0|d.al components of the
and respectivelyR, the minor and major radii. In this manu- perturbed flow velocity associated with background turbu-

script we use the notations and ordering as given in the papdgnce; at the plasma edge, the latter may be driven, e.g., by
by Rogistet' unless otherwise mentioned. the ion temperature gradieiTG) or the highm drift resis-

tive ballooning(DRB) instability. In deriving Eq.(13), we
have made use of the ion continuity equation where the mo-

mentum convection term, i.e., E(L2) can be expressed as
Ill. GENERAL FORMULATION OF NEOCLASSICAL

TOROIDAL FLOW hh, .
ANgy (U-VU)dy= - 3§ JhyU,V - (NU)dy
Summing up the toroidal component of the ion and elec- X
tron momentum equations yields the radial current density d 1
+w \]hlf)hd, NiUz,biucpidX'
1. J
Jw:B_Xe¢ V'ﬁ|+mlN, ﬁ‘l‘UﬁV UI+MCX(¢1X) (15)

(100  To compare the magnitude of the various terms, we consider
the scaling relevant to the edge of the tokamak’s &dge

The continuity Eq.(5) in a general coordinate system is " c L, (m Ua [ g\102

iven as — e B )~

g gR qRy; r mi) Ly p<l, (16)
o J-l[a(thU)Jra(thU)} 0 and
at 9 NI ) T g i iy ) | = Y
o o | X o Vex™ Vion=Vi; Ly~LnT, 17)

(11)

wherev; is the ion collision frequency, ,~Ly 1 the plasma

Similarly the convective term in the momentum Efj0) can  density or temperature gradient scaig(m,) the ion (elec-
be expressed as tron) mass,c;= T, /m; the ion thermal velocitya; =c; /),
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the ion Larmor radius{);=eB/m; the ion cyclotron fre-
guency, andu the small expansion parameter.

We first evaluate the stress tensor term in Bcp); the
; can be split into a diagonalm;) and an off-diagonal
(3_4j,T1_o;) part, i.e.,

= o+ T3_gj+ 71 ;. (1839
We note that all these tensors are of the form
7= af+ Pa. (18b

Singh, Rogister, and Kaw

It can be shown that

. " J _
35 Ih,@y-(V-Mdx= ffv Jhgh tayudy. (19

The contribution to Eq(19) from the tensor {;) vanishes
(the latter is diagonal and the contribution from the off
diagonal tensor can be written in leading order as

. J _ a -
jl; &, (Vem)JIhydy= 7 §£ hy, "Ihsdx(m3_4)) g T 7 35 hy, "X (71-27) g

—-M 2 e 3§d RLATTII
=T e o Xga( 1iB)
v BJ P

12m; o h282 3gd
10 e &1// X,

Here, the contribution proportional ;= «,n-VT; arises
from the thermal stressésee Mikhailovskii and Tsypi).

We expand the equilibrium quantities in powers of the

inverse aspect ratio and seek solutions of the form
F(gx)=FO(p[1+uf Dy, x)+0(u?)],

21
B/By=(1—ecosy); (213

b (y,x)=—ecosy,

whereF(#)=N;, T, ® orBandf(y,x)=n;, t;, ¢ orb.
We note that

MO () =M (H[1+9(x)],

Ei(4,x)=EQ(p[1+9(x)],

where M@ () =mN@OOU©@ = Ei(4)=(312)N; T »?,
vgg) is the charge exchange rate coefficient, gl x)dy
=0.

(21b

8 q; 7B

e

544

(9UH|

] (20

i B h(o ax dx | |2w

12P9 4@ pO 1 auﬁf” ’

1087 0 Beo P W @3
where p(V=p;/P{? nP=n; /N, tM=t,/T() and

M =egp/TY) are the normalized perturbed varlable@,,

=3, 9T(°)/mI ) and () is the ion collision frequency. Here
the torque due to external radial current is neglected assum-
ing no current is drawn by externally polarizing the plasma.
In view of large electron mobility along the magnetic field
lines (mg/m,—0) the electron parallel momentum equation
and the energy equation yield the electron adiabatic relations

n=9¢®, tM=o0. (24)

The parallel component of the ion momentum equatien

We order the ion flow velocities with respect to the ion reads in leading order

thermal velocity as follows?

Ugi~uci, Uyi~wu’ci, Uy,=0. (22)

Substituting Eqs(20)—(21) into Eq. (13), we get
dx

3€ Iy
3 ~ ~ ~ dx

+ Iﬂ % Jh¢h¢lmiNi<uE,ru¢i>Z

m, g | P
= h(i’Bd’a(ﬂ[ é |:(p| l))

(1)
0 db
Ili &X

J(MNOU )

+mNO U
at

1
auf
ax

X

N-[VP;+eNV g+Mc(h,x)]=0.
From Egs.(18) and(25), we get

(25

%[P@(n“)ﬂ%“wP§°>¢><1>]

h B
+mN{?| 5= vlg(xu”=0

By

or, in view of the adiabatic relatio(24):

1 0
ot mN©

(263

h,B
By

on'd
ax - ax

(0) (0)
=0 ) Y9(0Uf”, (26D

1
wheren®=n{V'=n®), Equation(26) shows that the total
electron and ion pressure along the field lines is not constant
in the presence of an asymmetric neutral source.
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The perpendicular components of the ion momentuminserting the expression fait{!)/dy obtained in(26) into
equation(6) and the continuity equatiotb) read, in leading Eq. (32), we obtain the following relation between®) and

order:
b-Uj=U ! h’lﬂP+ Nad)
i— Ypi eBN ¥ 0_l/f i € iw ’
Ui=u Boln1| L ppen2? (27)
p' i Y eBN E X a i e ia ’
and
J
3 35 (NohaNiU ) =0, (28)
where the poloidal flow velocity U, —(B¢/B)UB

+(B,/B)Uji, and U=
(28), we obtain
1 (&P a¢)

(Niui) (hd)BqS)
PR = — N_
ax B e Jdx| B2\ dy Yoy

Equation(29) provides the relation betweetu(M/dy, nt)
andb®). It follows by combining Eqs(21), (26), and (29)
that

n-U;. Combining Egs.(27) and

. (29

ui B JFH
ho_ 0 h¢B¢ ﬁlo)_(n(l)_b(l))
ax eN? ax
)
L[ Zex ][ Ba)[MiBY s (@ INN®
QBB V[T oy
au|Y
au |90 (30

wheredF M/ gy can be written as

JED Pi(O) e 3¢(°) aln N(O)) an®
ax _B_g T oy Y ax
e 9\ s aInN©) sbL) a1
T o T T Ty Y

We now derive the relation between the densify’, the
temperatureti(l), and magnetic perturbations®) from the
ion energy equatioii7). We obtain

_h L d)(o)
Bo ¥ ¢

(0)
+(z
(0)

By

0 (goO
1,.29¢% (B o
Bo ¥ ¢ B} .

) L hflaInN((’)
277i eBy) v ay
1
B¢h l(?n“
ax

UHl

.3
2

(0) (1)
By h-t ot
BO X &X

T? hflalnﬂo) B¢h718b(1>
oles /| Ty B ™ Tax

BZ
_ (0 X -2
= Xiii (—2)hX
B

7t 3
2900 (32

b
999 (3 . T hflﬁlnN(O)
BO a Iy 2’7' eBy) ¥ oy
B BY an® 3[1  9p®
+4| =X Jy@|—th ot S| —h)t
B i1 B, x 2By ¥ ay
(0) 0 (0)
(B ) f?)} mN(© B¢,) SOUOg(x)
0 0
B(O) Pi( ) B( )
i TV T (BY b
eBy) ¥ 9y \Bo| X ax
B2 02n(1)
Bo (9)(
0 Bz) m,N© (h Bo) . 299(x)
[li II|
B3/ P® | By ax
3
5 Ve 9. (33

We have thus obtained four linear equati@28), (26), (30),
(33 for four quantitiesu{M(x), nY(x), tY(x), andb®

X(x). Those are solved below under the assumptions of

large aspect ratio with circular cross section geometry.

IV. TOROIDAL FLOW IN A LARGE ASPECT RATIO
LIMIT

We first write Egs.(23), (26), (30), and (33) for large

aspect ratio tokamaks with circular cross sections, in which

casey= 06 andb® = — ¢ cos.
Equations(23), (26), and(30) become, respectively,

A(mN{PUGY)
at

mB3\ 4 P§°)§
Cer Jar| B2

1%
0)_ (0 0 0/ T
+ MmN w UG+ - (miNG (T )

Ju (1)
(1) 4 (1) _ gpy[ N
(n t;'—4b )( 70

PIRED xiY [ ab® otV ] de
+UlY -1 5
6 qR a0 90 ) |2m
12P0 40 ¢ up "
087 008y 7 0
ati(l) &n(l) miV(O) (0)
70~ 2Ty po Ui AaaReosd (353
I
or
ng)()
»[i<l>=_2n<1>_wuH A,qRsing, (35b)
i
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and
(1) (1) (1)
it Mai (Bl oo, [ B o]0
a0 30 By/| E *o\B, "] 96
B¢ ( (0
+ B_a 2UE’+2(1+ )V
(1) (0) (0)
N & U b L Yex dinN
By, "] g0 Q|71 ar
B alnu®
¢4 li
X B,,U”' ) TNO cosé
+A,qRv2 coso, (36)

whereuf~ul , U= —E, /B is the EXB drift velocity
and U(O( (T(O)/eBo)aIn N(O)/ﬁr) is the ion poloidal dia-
magnetic drift velocity. Finally, Eq(33) for circular cross
section geometry can be written as

3 By on'®
0 0 0
4Uu0+ Em—l)w V+4 3 )uﬁﬂ >
+5e7,U% sing
3 B mvS U
e (0) 0 (0) i cx Ili
+3 U +_B¢Um ) —Ti(o) A qR|cosé

0
+xi

M veyAq 0)

o )(qR)U(I)sma
I

r |\ é*n®

qZRZ

_ (0
2XH|)

e (0)
e + 2rA1vCX cosé.
We have replacedy,i=3.9T(O/m»{?), 9bM/50=esing
andg(6)=A, cosé. Writing the solution of Eq(37) in form
of

37)

am N(O)U(O))
ot

_miBj P B,
_2__
er ar Bg B

0 0 0/ T
+ MmN e U i+ r(miNf (U lgi))

By
[3U<E°>+(m—1)u<°>+3 u<°>} 35n<
0
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nY=a, cosf+ a,sind, (38
we find
QZ-YS
“TQs %9
SZ+QY
where
3 B
Q=4UP+ Eni—1>ugﬂ>+4 B—Z)w?), (409
r
S:2Xlli ﬁ y (40[))
3 By mi v U
Y= 2<U=EO)+ B_(/)U(lo)) (0) 1CIR
I
3
-5 ra v, (400
m 14 Al
z-senu x| e Llup. oo
I

The solutionn® of Eq. (38) is similar to the solution ob-
tained in Ref. 11, Eq(63), except for new terms appearing
owing to the asymmetric neutral source. The new contribu-
tions to the coefficienty and Z proportional toA; result
from the fact that the total pressure is not constant along the
field lines due to asymmetric neutral gas fueling. The factor
Q corresponds to transport of energy due to convection, com-
pression and collisionless cross-field thermal diffusion
whereas the factd results from parallel thermal diffusion in
the ion energy equation.

Substitutingu{? from Eq. (36) and t™) from Eq. (35)
into the equation of the toroidal velocit4), we obtain

ob® do XY P
—+

70 27 " 3%gR B2

0

f]g an® gb® dg 12 P{%
_+__
90 90 2m 10 B2 0 By or

B B,
_2¢ 0 _ <0>
BH<UE ug +B¢

m;BJ A R P
- er 19 Bg

de
U(|O)> § COSGn(l)ﬁ +

VCX

[

WOy auﬁ?>]+mi82( 04, R)a[(u, PO
ar |\ 7O B3
i 0

B, do
oo 2u@ 21+ U +2 27 Uff’)) f}; cosab<1>—”
P By 2

dInN©@\ /B
2440
ar )(Boull )(1+

dlnulY
dInN©

(41)

do
3(; (n(1)+4b(1>)c030—] :
2

where in the above equation the relatipgsin 65fY/56)do=—¢ cosefdo has been used. We use the value@? from Eq.
(38) andbM)= — € cosé to evaluate the integrals in E¢41). The equation providing the radial profile of toroidal velocity is

then
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J _ ~
N;U i+ vemiN;U 4 + r[miNi(<uEu¢i>+UriU¢i)]

Mige N
- miBj 9 [ aze 2P,<°> B, U0+ (-1 u<°>+3 yo|_ e 2X”0) POV 12P@ @ r Ul
~er ar| 2| 2B, (n=1) Ui T 2|3 %gR g2 T 1082 00 B, o
mB2 g | (U P\ a, B €B, B
_m '¢ il [ ¢ (0) Bo 0 (0) 049 9400
M A gR— o2 Ba(u Ui+, Ui ) 38, (2u Y21+ m)U+25 U )
a; 4€\ B, T{¥ aInN© dinu® 42
2 2/ByeB, odr JINN© (42
[
wherez;=d, In T4, InN©. Here the second term,, U #i»  Schittern regime predicts the value of poloidal flow

in the RHS of Eq(42) represents the standard flow damping ~ —1.83(T; /eB) (4 In T;/dr)=—1.835,U,; (a brief outline
via charge exchange with cold recycling neutrals from theof the derivation ol ; is given in Appendix B. The ratio of
wall, third term corresponds to toroidal momentum transferQ to Sis

through background turbulence and neoclassical radial con-

vection effects and the RHS of above equation results from
the flux averaged toroidal component % 7 including the —~0.641+27)—
effects of asymmetric neutral gas fueling. We further sim- S Ly ©oG

Q pi AR 7iqR

: (44)

plify Eq. (42) to large aspect ratio tokamak plasmas, i.e.,
L, <r<R with circular cross section and discuss the rel-where Q=—5(1+1.9645,)U,; and S=7.8(c¥/vqR)
evance of the theory to some experiments in next section. x(r/qR). Introducing the COMPASS-D and TEXTOR edge

plasma parameters, we fir@/S<1. In the limits Q/S<1

V. APPLICATIONS OF THE THEORY AND and UPUL/cd) <(r/qR), andv)) is slowly varying func-
DISCUSSION tion of r, Eq. (42) can be S|mpI|f|ed into
Equation(42) for U% can be simplified further for spe-
cific experiments, namely, COMPASS-D and TEXTOR edge 9 .
plasma parameters. My Nil i+ veMiNiU i - [MiNi((UgUyi) + U U )]
(1) In COMPASS-D(Refs. 4 and bthe edge plasma param- JU©
eters are typicalyT{¥=50eV, N{¥=2x10"m~2 and _7 il 1+ 1.6TgA 1~ Vex B‘/’) li
Bo=12T, 1,=0.19MA, R,=0.56m, a=0.17m, ar vi By) or
€=0.3, k (elongat|0|) 1.7, § (triangularity=0.4. The TO [ g InT©) 2
ion thermal velocity is thusz:i~7><104 m/s, whereas +O.2q2;< ' )
Q~12¢x10s L, a,~5.833x 1074 m, " eBy\ or
=ZeeN@ (m~2) 107 1720°A0°T1 3 (eV)~4x 10* st and 5.1A, vy, By [@0In T 2
v; (collisionality parametee=qRy;/c;~1. Here we as- X|1-—— —CX B, T') ” (45
sumeZ.z=1 andA;=1 (hydrogen plasma The safety 9 ¥ By
factor q, is calculated from a known formuffa
where 71, =3P;1,/1007 is classical perpendicular viscosity
O ﬁG coefficientd® and the terms proportional i, are smaller in
qa_2 Rlya ' comparison with the terms proportional ig,, and have
(43) been neglected in the derivation of E45). Note that Eq.
1.17-0.65¢ (45) is a partial differential equation for the angular momen-
G=[1+K2(1+252—1-26\3)](W) tum density, which is first order with respect @t and

(2

second order with respect t@&Jr, similar to a diffusive

(G is a geometrical factor which yieldsq,~4.5. equation.
TEXTOR edge parameters in the Radiative Improved  The analytical solution of radial transport diffusive Eq.
Confinement ModegRef. 24 are: Tj~50eV, N(¥~2 (45 is complicated and more involved. In order to estimate

x10*m™3, andB,=2.25T, | ,=400KA, Ry=1.75m, the magnitude of toroidal flow of ions we neglect the mo-
a=0.46m, e=0.26, q,=3.4. Thusc;~5x 10" m/s, Q; mentum flux driven by background turbulence, toroidal mo-
~1.12x10f s, a,~4.464<10 *m, »,~8x10*s" 1  mentum transfer due to neoclassical radial convection effects
(we takeZgz=2 andA;=2), andy;=>1. and the standard charge exchange damping with neutrals due

to recycling from wall. The stationar§.e., 9/dt—0) equa-
Neoclassical theo§ in the high collision (Pfirsch—  tion for U is then
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Vex By U density at the edge N,)textor~6x10**m 2 and

1+ 1-67qA17iB—0 ar (N}) compass.g~1.6X 10 m~3 if U,~c;/2. The other pa-
rameters, which are useful in evaluation of toroidal flow,

LT (0T 2 may be taken from the experiment & (B,/B,)~12,

- eB, | or vex/v;~2.3x10°2 for TEXTOR and @8,/B,)~5.4,
o 2 vex/ vi~10"2 for COMPASS-D. When there is no gas puff-

o1 5.1A1 vy By (@1 T 49 ing (i.e., A;=0) and assuming?(a;),/Lt~1, the toroidal

q v B, or ' velocity inside the LCFS is found to be&J,;~0.X;

_ ~10km/s. In both machines the typical value of parameter
We note that in the absence of a beam, externally drawa(y /v)(B,/B,) is of order~1 q4(a;),/L~1, andA,
cx! Hi ) i/p )

polarization current and poloidal asymmetric neutral SOUrCe_1 “The toroidal velocity predicted by the approximate ana-
(A;=0), we recover the results of Claassetnal. [see Eq.

lytical model i
(1) of Ref. 15 for the toroidal flow: ytical mocetis

au(? ,dIn T Bd)U U,i~0.2<(1-5.19°A )¢y, (52)
=0. oi
o ar By where A;=—A, for inboard side puffing and;=A, for
LT [aInT{?)2 outboard gas puffing.
~— oB. | ) (47) For an asymmetric paramet&r ~2 X (1/592), Eq. (51)
/ predicts a significant enhanced toroidal flow velocity in the
if Q/S<1 andU ;= —1.83(T{*"/eB,)( In T V). edge if the gas fueling is applied from mid-plane of inboard
From Eq.(46), we first estimate the toroidal flow rota- side of tokamak. From Eq51). The value of toroidal flow
tion in the presence of asymmetric gas fueling, ¥8.#0.  velocity is 30 km/s and according to E@), the radial elec-

We solve Eq(46) using local analysis and assuming the tric field and its shear are also modified. It is interesting to
temperature scale length and toroidal velocity shear scalgote that for a fixed gas fueling rate the asymmetric param-
length are of the same order, viz., eterA; is small in a machine like TEXTOR and is large in

10U, 14T, 1 COMPAS_S-D. Thus the rol_e of asymr_netric gas is effectively
A A (48) stronger in COMPASS-D in comparison to TEXTOR. We
also note that the sign of toroidal velocity sheat)(;/ar)

Note that we may identify U;~U,; since U, B, changes, fon;v5,<1 and (5.181v},a5/9°LE)>1 (where

<U,,B, in tokamak. v(’:‘X:qvcx.qulviBg)Z if the gas puff is switched from out-
Now, Eq.(46) can be simplified to board to inboard side.
© In conclusion, the effects of poloidal variation of neutral
(1+ 1.67A Vex By (U_,) atoms on generation of neoclassical toroidal flow velocity in
' vi By/\ ¢ high collisionality plasma have been studied. The poloidal

variation of neutral atoms associated with ion momentum
damping and ion energy loss due to charge-exchange pro-
cesses is included. The role of ionization neutral is neglected
] . . . presently. The detail calculations including asymmetric ion-
where @;),=(B/B)a; is the ion Larmor radius at poloidal jzation source in continuity equation will be presented in
magnetic field. . forthcoming paper. Recently Simakov and C&ttoave stud-

In order to estimate the value of asymmetric parametefaq the effects of poloidal variation of neutral density on
(A1), we assume the wall is saturated with neutrals and ihegclassical toroidal flow. They have included effects due to
_steady state the inward neu_tral flux originating from the SOLjgtra) viscosity and ionization physics and conclude that the
is balanced by an outward ion flux. Thus effects due to ionization are relatively small. In this paper, a

5.1A; v, B, L%
== B, 2
a v By (a

Lt

=-0.29° , (49

(N;) simple poloidal variation of neutral source of the foip
NaUnX2mRX 271 = ——= X 27RX =N’ (500 =Ngn(1+A,;cosf) is assumed. Thus an explicit
P ¢*-dependence similar to Fap et al??> does not show up in

Here, 7, is the particle confinement timgN;) is the line  the final toroidal flow equatioi45).

averaged plasma density,, andU,, are the density and flow

velocity of neutrals emerging from the SOL, aR(r) is the

major (minor) radius of plasma. The right-hand side of Eq.

(50) represents the number of particles per secddcom-

ing out from last closed plasma surface. Assuming the parACKNOWLEDGMENT

ticle confinement timer,~ 30X 10 %s, we getN’'=3.2

X 1P particles/s for COMPASS-D and N’'=5 The stay of Raghvendra Singh ifligh was financed in

X 10%particles/s for TEXTOR tokamaks. In both experi- the framework of the bilateral agreement between the Repub-
ments, the gas-fueling rate ranges from (0.1-1.0)ic of India and Federal Republic of Germany in the fields of
X 10%%particles/s. Thus the asymmetric parametgrvaries  scientific and Technology developme#mroject No. IND 01/
from ~(0.5-5)x10 3. Equation (50) yields the neutral 012).
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APPENDIX A: THE STRESS TENSORS (7)) where 7;=0.96P;v; ! and the heat fluxes are given by
In the limit »/Q,<1, the stress tensér with
Mikhailovskii and Tsypift® correction can be split into three P39 5
parts. The off-diagonal or parallel stress tensor is givéf as 4=~ F”n'VTi 20, 5q. XV
1
7= — 37| AR I)‘VUAVUi 2v,
Toi= T 370i| AN 31N VEi-N= =3 ~ S RHx VT, (A2)
QI
+1. 6155— n-v q' £0.615¢—
G- 5P; and
X . V) g-VInP
x[— n-vgi-n- il )+q. ' Pi ..
3 3 qF=1.04——nn-VT,. (A3)

m; v;

_(2qi—qi*)-VlnTiH

3 (A1)

The gyrostress tensor is given as

- PN 2 r oA .
W3_4;=—n3,i[(pp—bb)[b VU;-p+p-VU;- b+ (b Vai-p+p-Va- b)} (pb+bp)[p-VUrp

- - 2 . R
—b-VU;-b+ —(p-Vqg;-p—Db-Vqg;-b)
5P;

PN P . A .~ 2 . A R
+2| pn+np b'VUi~n+n~VUi'b+S—P(b~ti-n+n-ti~b)
i
—2(bA+Mb)| p-VU;-A+A-VU,- p+ (p Vgi-n+n-vVg-p)|, (A4)
where 73;=P;/Q;.
The perpendicular stress tensor is
PO 2 R
771—2j:_771,i[(pp_bb) p-VU;-p—b-VU-b+ g5 sp (P-Vai-p- b-Vaq;-b) +(pb+bp)[ i-b
|
2 A .2 .. .
+b- vy;- p+ (p Va;- b+b- Vq-p)|+4(pn+np)|p n+n-VUi-p+5—P(p~ti-n+n~ti‘p)
i
2
(bn+nb) b- VU;-n+n-Vuy;- b+ (b Vgi-n+n-Vg;- b) , (A5)

where n1i=3Pivi/10()i2, the index 1-2 refers to Bragin- mentum equations over poloidal angle after multiplying by
skii's coefficient$® and 7, =47y, . JB, we get

V. 7+ mN; A=0. (Bl

d
|

JB—
APPENDIX B: OUT LINE OF THE DERIVATION OF jg 2m

POLOIDAL FLOW (Uy;) o _— o
In the limit (»;/Q;)(q°R/rL,)<1, the contribution from

In this appendix, we derive the expression for poloidalthe gyrostress tensdre., E_,i, and%’l_zi) to Eq.(B1) can
flow (Ug) without an asymmetric neutral source. We usebe neglected. For simplicity neglecting the inertia term, Eq.
two-fluid equations including the Mikhailovskii-Tsygth  (B1) can be written as
corrections to the Braginskir& stress tensors. We show the
importance of these corrections to the BraginsKii'stress jg
tensors for reproducing the expression of neoclassical poloi-
dal flow (U,) which is close to the expression derived by A oA
Hazeltiné? by using a kinetic analysis for high collisionality +b-Vn-bmog g
regime. We also show that the poloidal fldw,; =0, if the

dxy _ - . dx|. o~ -
BE(V-wo,i)-nz— fﬁJBE p-Vn-pmgy, ,

dy B B
Mikhailovskii—Tsypin corrections to the Braginskii's stress - J)—X— sNy=> o1 =0,
2m dx B :
tensors are absent.
Integrating the sum of the parallel ion and electron mo- (B2)
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where the stress tensary; including the Mikhailovskii—
Tsypin corrections is given as

V'Ui
A-VU,-Ai— ——+1.615

3
x 2| f.vg-A Vq)+0615<2
5p, | " YANT T 5P,
. Vi) VP,

x[— n-vgy-n— 3 |t 3

(B3)

(2—q7)-VInT, }
_ - ,

wherezq;=0.96P;v; !is the parallel ion viscous coefficient
g; is the standard ion heat flux as given in Braginskii's en-

ergy equatiorf ], g*=1.04(P;/m;v;)nn-VT; and it is eas-
ily seen from Eq.(B3) that m,, ,= 75 = —(1/2)my, . The
expressions in EqB2) with Christoffel symbols p,b,n) are

related to flux coordinate&s,x,¢) system through the fol-

lowing relations:

IB(H-Vi-p+b-Viby=— =
(p-Vn-p+b-Vn- )——Ea,
(B4)
h,=1h,B,.
Combining Eqgs(B2) and (B4), we get
dy - A dy dInB
ngBZ(V'Wo,i)'n:—E EWWOH,II:O-
(BS)

Employing the expression of,  from Eq. (B3) into Eq.
(B5), we get

(1)) 2
a0 § [Py (a4 U
7oi X Xi aX E 7 *i

() 1) p(D)
422X o § NP
B ”i (9 a
0 X X
obM\ 2
0
—1.615;,U'% #5 ( ™
0) g2 (1) 1
saq ! T BY 713g ot ab®
: X IVi(O) B2 X ax Ix
(1) (1) (1)
- 35 b _U(O_)at, . (O)an dy
aX * 1 0—;X 1 *i 27T

(B6)

In the limits Q/S~ (v;/Q;)(¢°R?/rL ;)<1, Eq.(B4) can be
written in leading order as

Singh, Rogister, and Kaw

b\ 2 b\ 2
(0) _ (0)
[BUXi fﬁ( P ) =1.615;;,U2 3&( <9X)

0) R2

1 Pxp-1
+554£h (0 Bzhx

azti“) ab™® | dy
X 3§ (B7)

ax? 27"

It is interesting to note here that right-hand side of EBy)
is only due to the Mikhailoskii and Tsypin correction to the
Braginskii stress tensor. If this correction is absent in the
Braginskii stress tensor, then one will not be able to recover
the expression for the poloidal flowJ(; ~—1.837,U,;).

Using Egs.(34) and (39), the above integrals can be

' written as

obM\2dy e
20 2’

i

1
35 Y b dy
ax? Ix 2w

(B8)

= €ay,

where the relation*~ —2n® from Eq.(36) is used. In the
limit Q/S<1, the expression fot, is given as

_Z 5epU, 9°R?| O T
e T U T 39m
Xiii i (B9)

A final expression for the poloidal flow,) can be ob-
tained by combining Eqs(B7)—(B9), and it would follow
that

T gInT(®
U 0i— — 1 84@ or

(B10)
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