(AR

JAERI-Research JP0450774
2004-010

GLOBAL CHARACTERISTICS OF ZONAL FLOWS GENERATED
BY ION TEMPERATURE GRADIENT DRIVEN
TURBULENCE IN TOKAMAK PLASMAS

Naoaki MIYATO, Yasuaki KISHIMOTO and Jiquan LI

BARFHDWEF
Japan Atomic Energy Research Institute




AUBR— ML, BREFAREFISFERCATI LTV AREREETT,
AFOBELT, BFRETHWEHTHRERTIHAEERE (73191195 KIREIE
BEMEA) HT, BHLELIEEY, BB, ZOEICHEAEARTFHILELSER T
& — (T319—1195 KHEIRBEFMEM B RREFAWEFN) TEEICLH2EBEBEMEZR
ZhRoTBYET,

This report is issued irregularly.

Inquiries about availability of the reports should be addressed to Research
Information Division, Department of Intellectual Resources, Japan Atomic Energy
Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken T319—1195, Japan.

©Japan Atomic Energy Research Institute, 2004
WMEHRRT BEREFHAWHES




|

’

JAERI-Research 2004-010

Global Characteristics of Zonal Flows Generated by Ion Temperature Gradient Driven
Turbulence in Tokamak Plasmas

Naoaki MIYATO*', Yasuaki KISHIMOTO™ and Jiguan LI*®

Department of Fusion Plasma Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute
Naka~-machi, Naka-gun, Ibaraki-ken

(Received June 18, 2004)

Global structure of zonal flows driven by ion temperature gradient driven turbulence
in tokamak plasmas is investigated using a global electromagnetic Landau- fluid code.
Characteristics of the coupled system of the zonal flows and the turbulence change with
the safety factor ¢. In a low g region stationary zonal flows are excited and suppress the
turbulence effectively. Coupling between zonal flows and poloidally asymmetric pressure
perturbations via a geodesic curvature makes the zonal flows oscillatory in a high g region.
Also we identify energy transfer from the zonal flows to the turbulence via the poloidally
asymmetric pressure perturbations in the high g region. Therefore in the high g region
the zonal flows cannot quench the turbulet transport completely.
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1 Introduction

It is believed that drift wave turbulence such as ion temperature gradient (ITG) driven
turbulence and the zonal flow [1] nonlinearly generated from it via Reynolds stress play
an important role for anomalous transport in tokamak plasmas. The ITG turbulence is
considered as the main candidate inducing anomalous ion heat transport in a core plasma.
Zonal flows are poloidally and toroidally symmetric (m,n)=(0,0) flows, where m and n
are poloidal and toroidal mode numbers, respectively. Global gyrokinetic simulations of
ITG turbulence have demonstrated that turbulent ion transport in the interior region can
be regulated by the zonal flows[2]. Originally considered zonal flows are low frequency
and almost stationary compared to the timescale of turbulence. The stationary zonal
flows can keep decorrelating turbulent vortices in long time and then turbulent transport
is effectively suppressed. Therefore, intensive theoretical studies for zonal flow generation
have been done in various drift waves [3, 4, 6, 7, 5, 8, 9]. Analytical theories for cou-
pled system of the drift wave turbulence and the stationary zonal flows have also been
developed|3, 4]. Zonal flows, however, may oscillate in time by coupling with poloidally
asymmetric (m,n)=(1,0) pressure perturbations in toroidal system such as tokamak. The
coupling is due to a geodesic curvature and the oscillation is called the geodésic acoustic
mode (GAM)[10]. Local fluid simulations in a high ¢ region near edge have shown that the
zonal flows make a coherent oscillation at the GAM frequency[11, 13, 12]. Recently the
GAMs are detected experimentally using heavy ion beam probe on Texas EXperimental
Tokamak (TEXT)[14] and beam emission spectroscopy on Doublet ITII D (DIII-D)[15]. It
is. important whether zonal flows oscillate or not because the oscillatory zonal flows are
less effective in suppressing the turbulence than the slowly time varying ones[16].

Moreover the coupling between the zonal flows and the (1,0) pressure perturbations
opens another energy path between the zonal flows and the turbulence in addition to
the Reynolds stress. The role of the path to the zonal flows was first discussed in three
dimensional electrostatic Braginskii turbulence simulations in the core/edge transition
regime[11]. The results of the simulations showed that zonal flows can be driven through
the path from the turbulence. The path was also reported as a loss channel of the zonal
flow energy in drift-Alfvén turbulence simulations[13, 12]. In this case it is difficult that
the zonal flows become significant compared to the turbulence and quench the turbulent
transport.

It is necessary for understanding the anomalous transport in the core to investigate
the zonal flow behavior including nonlinear dynamics between the zonal flows and the
turbulence in the whole plasma. In this paper, global behavior of the coupled system of
the electromagnetic ITG turbulence and the zonal flows in tokamak plasmas is investigated
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using a global electromagnetic Landau fluid code. The results of nonlinear simulations
- by the global code show that zonal flow behavior in tokamak plasmas depends on the
safety factor ¢. In a low ¢ (¢ ~ 1) region the zonal flows are stationary, and the zonal
flows in the high ¢ region are oscillatory. It is found that the difference of the zonal flow
behavior leads to the different energy flow between the zonal flows and the turbulence. In
the region where the stationary zonal flows are dominant, turbulence energy is transferred
to the zonal flows via the Reynolds stress and the turbulence is suppressed by the zonal
flows. On the other hand, the turbulence energy in the region with the oscillatory zonal
flows is also transferred to the zonal flows via the Reynolds stress, but the zonal flow
energy returns to the turbulence via the poloidally asymmetric pressure perturbations.
Therefore the turbulent transport is not strongly suppressed in the oscillatory zonal flow
region.

This paper is organized as follows. The model equation system is described in section
2. We consider the coupling of the GAMs and the zonal flows in section 3. In section 4,
results of numerical calculations are given. Finally the obtained results are summarized

in section 5.

2 Model Equations

We use 5-field (density n,electrostatic potential ¢, parallel component of magnetic vector
potential A, parallel ion velocity v and ion temperature T') Landau fluid equation system
to describe the global electromagnetic turbulence in tokamak plasmas. Compared to the
previous resistive drift-Alfvén model (3-field)[17], the equation system includes a parallel
equation of motion for ion fluid and an ion temperature equation with Hammett-Perkins
closure[18], and an electron Landau damping term is included in the Ohm’s law[19]. In
the electrostatic limit with adiabatic electrons the 5-field model reduces to the 3-field ion
Landau fluid model in Refs. [20, 21, 22]. Nonlinear evolution equations for these fields

are the following:

dn dneg .
priial a I Vod — ne Vyv + V1 j
+wy(Negd — pe) + DnVin (1)
d_o, a dng 2 1 _
dtv"’(ﬁ = Teqneq ar (1+ ﬂz)VeV_L(ﬁ + es V"]
Tey De 4
—wa | i + —=n+ = +DyVié (2)
eq eq
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dv T,
priii -\ T-(1+ T)E;V"n
dn.,
~BTy— =2 (1 + 0 +7)VeA + Dy Vi 3)
eq .
%‘% = —Vn(ﬁ + ‘rﬂV"n + ,BTTeq—— d;leq VA
Tleq
™ M, .
5w Vil (v - —J—-) —1J 4
Tleq
dT a dneg
?i-t_ = T -7;3-; d'r Voq5 (F l)ﬂqV“’U

+Teqwy ((I‘ -+ (@r-1)7+ (I - 1)%’1-n)
eq

~r-1) 8Teq

IV"IT + DTV T, ‘ (5)
and parallel current is related with the magnetic potential through the Ampére’s law
Jj= —'ViA, ‘ (6)

where, p. = TTqn, neq (Teq) is an equilibrium density (ion temperature) normalized by
the central value n, (T;), T = Ty/Tj is a ratio of electron and ion equilibrium tem-
peratures, 3 = (n.T.)/(BZ/uo) is a half of beta value evaluated on the plasma center,
m; = dInT,,/dInn.,, By is a toroidal magnetic field on the magnetic axis and I' = 5/3 is
a ratio of specific heats. We assume a circular tokamak geometry (r,8,(), where r is a
radius of magnetic surface, # and ( are poloidal and toroidal angles, respectively. Then”
operators are defined as

Y oorri6.0, Vaf=edef - plAfl,

W - f = 26[7‘ cos Oa‘f]a

0f0g Of0g
[f,9] = (5;'3—0‘555)

where € = a/R is an inverse aspect ratio, a and R are minor and major radii, respectively.
Here the normalizations are tv;/a — t, v/p; = 7, p;V1L = Vi, aV| = V|,

P ne’ T." vy’ BBopi’ T.

where vy = 1/T./m;, p; = Vg;/wei, wWei = eBy/m;. Artificial disspations (D,,, Dy, D,, Dr)
are included to damp the small scale fluctuations.
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3 Zonal Flow and Geodesic Acoustic Mode

In this section we analyze the coupling between the zonal flows and the GAMs in the
present model briefly. The zonal flows can oscillate by the coupling with the (1,0) pressure
perturbations. The zonal flow equation is obtained from flux surface average of the
vorticity equation:

3(’01_«7) _ 10 ﬁ 10 72
5t = T (erle) oy BB
o psind) | @
where () denotes the flux surface average, (vg) = %0 is the zonal flow, 9g, = —-i-%g and

Ugy = gl;j are ExB drift velocities in radial and poloidal directions, respectively, (psin 6)
is the (1,0) pressure perturbation and p = p; + pe = RegT + Tegnt + TTeqgn. In Eq. (7) a
viscous term is neglected. The first and second terms in the right hand side are Reynolds
and Maxwell stress terms, respectively. The zonal flows are directly connected with the
turbulence through these stress terms. The final term shows the coupling with the (1,0)
pressure perturbations due to the geodesic curvature.

The equation for the (1,0) total pressure perturbation is expressed as

%(psin 9) = ——([(Z),ﬁ] Sill9> -+ (F + T)qué%(’vcose)
+(I' + T)%Peq (vE). (8)

Here magnetic nonlinearity ([4,%], [4,j]) related terms, Alfvén waves ({j cos6) term),
coupling with the (2,0) mode ({¢cos28), (vgcos26) terms) and Landau damping term
are neglected. The first term in the right hand side shows a nonlinear coupling with
the turbulence. Recently it has been reported that zonal flows are driven by (psiné)
generated from the turbulence through the nonlinear term, which was the result from
the three-dimensional electrostatic Braginskii turbulence simulations in the core/edge
transition regime[11]. On the other hand, the 4-field drift-Alfvén turbulence simulations
in the edge region have shown that zonal flow energy is transferred back to the turbulence
through this term [13]. We also investigate this point in our nonlinear simulations. From
the terms including (vg) and (psiné) in Eqs. (7) and (8), we obtain the GAM oscillation
equation,

P{vp) _

e z(r+) (3) s | ©
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Replacing 0; — —iw yields the normalized GAM frequency,

Goam = 1/2(T + T)Teq%. (10)

Since time is normalizd by a/vy;, the GAM frequency in physical unit is ~ v;;/R. In the
same way, from the terms including (psin #) and (vcosf) in Eq. (8) and the equation for
(vcos®) described by

0 1l a, 6 .
E)_t<v cosf) = -ﬁ—a;(?smg); (11)

eq

we obtain the normalized parallel sound wave frequency for the (1,0) mode,

. a ,
@sound = 4/ (L' + T)Teqﬁ. ' (12)

For the (1,0) mode, the timescale of the dynamics parallel to the magnetic field is repre-
sented by cb;,lmd. The zonal flows are usually driven by the turbulence via the Reynolds
stress and tend to excite the (1,0) pressure perturbations (psinf) in toroidal system. In
a high ¢ region where the sound waves are negligible, the zonal flows can excite the (1,0)
pressure perturbations which change the direction of the zonal flows, and then the zonal
flows oscillate with the (1,0) pressure perturbations at &gay. On the other hand, when
Wsound 18 close to @gay at low ¢ (g ~ 1), the sound wave term in Eq. (8) becomes compa-
rable to the term including (vg). In this case, the (1,0) pressure perturbations are relaxed
along the magnetic field by the sound waves due to short connection length gR as soon as
the zonal flows excite the (1,0) pressure perturbations. The zonal flows cannot oscillate
without the (1,0) pressure perturbations, so that the zonal flows are stationary in a low
g region. Thus the safety factor ¢ is important for the zonal flow behavior in toroidal

system.

4 Numerical Results

Parameters used in the calculations are R/a = 4, p;/a = 0.0125, 7 = 1, § = 0.001,
Neg = 0.8 4 0.2¢72/9° T, = 0.35 + 0.65(1 — (r/a)?)?, ¢ = 1.05 + 2(r/a)®. These
background profiles shown in Fig. 1 are fixed in the calculations. All fluctuations are
expanded in Fourier modes in the poloidal and toroidal directions,

f= funl(r,t) expli(md —n)] v (13)

and finite differenciated in the radial direction. The Fourier modes included in the cal-
culations are ones having resonant surfaces between 0.2 < r/a < 0.8 in the range of
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m < 80 and n £ 50, and nonresonant (m,n) = (0,0),(1,0) components. Only even
toroidal modes are kept to save computational time. The number of radial mesh is 256.
Artificial disspations (D,, Dy, D,, Dr) depend on the poloidal mode number m and are
set to be ~ 10~"m?*, and resistivity 7 = 4 x 10~°. The dominant instability in the present
parameters is the ITG mode.

4.1 Two Types of Zonal Flows

Figure 2 shows the temporal evolution of the zonal flows in quasi steady state. Zonal
flow behavior changes with radius. In the inner (low g) region (r/a < 0.5) the zonal flows
are almost stationary. On the other hand, the zonal flows make a coherent oscillation
due to the coupling with the GAM in the outer (high ¢) region. The difference of the
zonal flow frequency is clearly seen in Fig. 3, in which the pure GAM frequency foam =
@gam/2m and the pure parallel sound frequency fsouna = @souna/27 are also plotted. In
the inner region there are two large peaks around zero frequency, which correspond to
the stationary sheared zonal flow. On the other hand, the zonal flows in the outer region
have finite frequency. Although there are small peaks along fgam, main peaks are located
at f = 0.04 — 0.05, which is lower than fgaym. When fooung is the same as the frequency
of the oscillatory zonal flows by decreasing g, the zonal flows change from the oscillatory
mode to the stationary mode.

4.2 Energy Loop Between Zonal Flows and Turbulence

In this subsection energy flow between the zonal flows and the turbulence is investigated
in detail. Multiplying (vg) to Eq. (7), we obtain the zonal flow energy equation,

01 - 3B
555 'UE)z = :—(’UETQ) <'UE>J+@<BTJ>(IUE>
Reynolds Maxwell
—wp(psind){vg), (14)

geodesic transfer

“where ) = Vﬁ_& is vorticity and wp = 2a/R. Figure 4 shows temporal evolution of three
terms in the right hand side of the above equation at (a) r/a = 0.31 and (b) r/a = 0.65
and the time averaged values are listed in Table 1. At r/a = 0.31 where the zonal flows
are stationary, the Reynolds stress term is almost always positive and transfer energy
from the turbulence to the zonal flows. While the geodesic transfer term is negative and
energy of the zonal flows goes to the (m,n)=(1,0) pressure perturbations (psinf). At
r/a = 0.65 where the zonal flows are oscillatory, the mean Reynolds stress contribution
is positive. The zonal flow energy is supplied averagely through the Reynolds stress drive
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from the turbulence. It is noted that the mean Reynolds stress drive at r/a = 0.31 is
larger than that at r/a = 0.65, although turbulence level at r/a = 0.65 is higher than
that at r/a = 0.31. The oscillatory nature of the zonal flows makes the mean drive less
effective. The geodesic transfer term is dominant at r/a = 0.65 and takes both positive
and negative values temporally as shown in Fig. 4 (b). The mean geodesic transfer
effect is negative, so that the zonal flow energy goes to the (1,0) pressure perturbations
averagely.

The Maxwell stress contribution is very small compared to the other contributions, but
it increases with (3[23]. Therefore, the Maxwell stress may affect the zonal flow generation
in high 2 plasmas.

The zonal flow energy is transferred mainly to the (1,0) ion pressure perturbations.
The equation describing time evolution of the (1,0) ion pressure perturbation energy is

91

) (p;sin8)? = :( [&’, D) sin 0)(p; sin 92

>
nonlinear transfer

a .
+ Fpeqq_R (v cos 6)(p; sin 0}1

W
sound wave

_r-1) Srfq |y (T sim B) (s sin )

h Landau ‘aamping g

+Ppeq%(vg) (p;sin8) . (15)
zonarﬂow ’

Here magnetic nonlinearity and source from the equilibrium pressure gradient are ne-
glected. Figure 5 shows the temporal evolution of nonlinear transfer, sound wave and
zonal flow terms in the right hand side of the above equation at (a) /a = 0.31 and (b)
r/a = 0.65. The time averaged values are also listed in Table 2. At r/a = 0.31 the zonal
flow term is almost always balanced by the sound wave term, and the energy transferred
from the zonal flows goes to the parallel sound waves. The nonlinear energy transfer is
very small at r/a = 0.31, so that the energy hardly returns to the turbulence. On the
other hand, the nonlinear energy transfer to the turbulence is significant at r/a = 0.65.
The energy loop between the zonal flows and the turbulence via the (1,0) pressure pertur-
bations is formed in the high ¢ region as pointed out in Ref. [13]. Therefore it is difficult
that the zonal flows increase over the turbulence. As a result, a difference of the ratio
Ey,zr/(Ew,zF + Ejurb) appears in the plasma as shown in Fig. 6, where By zp = $(vg)®
is the zonal flow energy and Ej turp = %IV _L<'75l2 is the kinetic energy of the turbulence. In
the low ¢ region (r/a < 0.45) where the zonal flows are stationary, the zonal flows are
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dominant to the turbulence. While, in the high ¢ region (r/a > 0.45) where the zonal
flows are oscillatory, the zonal flow level is same as the turbulence due to the energy loop
between the zonal flows and the turbulence.

Figure 7 shows temporal evolution of electrostatic component of heat flux (T'¥g, ), The
heat transport is effectively suppressed in the inner zonal flow dominant region. On the
other hand, the heat flux in the outer region is not small, because the zonal flow level is
same as the turbulence level. Besides, the effective shearing rate of the oscillatory zonal
flows is smaller than that of the stationary zonal flows[16]. This leads to weak suppression
of the heat flux by the oscillatory zonal flows.

5 Summary

Using the developed global Landau-fluid code, we have performed the electromagnetic
ITG turbulence simulations in tokamak plasmas. Two types of zonal flows, stationary
and oscillatory modes, are possible in toroidal system. The zonal flow behavior is changed
by the safety factor g. In the low g region the zonal flows are stationary. The stationary
zonal flows suppress the turbulence efficiently. On the other hand, the zonal flows are
oscillatory in the high g region due to the coupling with the (1,0) pressure perturbations.
The oscillatory nature makes the suppression of the turbulence by the zonal flows less
effective. The zonal flows are driven from the turbulence via the Reynolds stress. A
part of the energy of the oscillatory zonal flows is transferred back to the turbulence
through the (1,0) pressure perturbations. Therefore the oscillatory zonal flows cannot
quench the turbulence unlike the stationary zonal flows whose energy hardly returns to
the turbulence. -
v Thus the stationary zonal flows are favorable for the turbulence suppression from the
point of view of both their timescale and energy flow. These results may be helpful
in understanding experimentally observed internal transport barriers (ITBs) in tokamak
plasmas with positive magnetic shear, although to demonstrate the relation with the
ITB formation the analysis with neoclassical effect and heating is necessary like in Refs
[22, 25, 24].
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Table 1: Time averaged zonal flow energy drives due to Reynolds stress, Maxwell stress
and geodesic transfer effect in Eq. (14).

r/a=0.31 r/a=0.65
Reynolds drive 1.47x 1072 1.01 x 1072
Maxwell drive 5.01 x 10~  —2.75 x 1073
Geodesic transfer —1.24 x 1072 —7.56 x 1073

Table 2: Time averaged contributions to the (1,0) ion pressure perturbation energy in Eq.
(15).

r/a=0.31 r/a=0.65
Nonlinear -883x 10 —-151x107°
Sound wave -2.20x 107®  —6.45 x 1074
Zonal flow 2.51 x 1073 3.38 x 103

Landau damping —1.19 x 107*  —1.91 x 1073
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Figure 1. Normalized density, temperature and safety factor profiles.
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Figure 2: Temporal evolution of zonal flows (vg).
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Figure 3: Radial variation of zonal flow frequency. Frequency is normalized by a/vy.
The pure GAM frequency foam = @gam/27 and the pure sound wave frequency foound =
Dsouna/ 27 are also plotted.
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Temporal evolution of electrostatic component of heat flux.
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