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Abstract

Effects of paralleland poloidalflows, as well aghe flow shearon the resistive wi
mode (RWM) instability have been numerically investigatéd toroidally rotating
plasnas, utilizing a recentlyupdatedversion of theMARS-F code(Liu Y Q et al2000
Phys. Plasmag 3681). A significant difference between these flovwgs that the
background toroidal flow frequenag symmetric with respect to the poloidal angle,
whilst both the poloidal and toroidal projections of the additional parallel flow are
functions of both the plasma minor radius and poloidal angle. found thatthe
stability of theresistive wall mod is hardly modified by the paralldlow, as a
consequenceof cancellation of the stabilizing effect provided by the poloidal
projection of the parallel flow from one side, and the destabilizing effect provided by
the toroidal projection from the other sidehe destabilizing effect of the toroidal
projection comes predominantly from theeel poloidal Fourier harmonic of the flow

contribution. The shear of the parallel flow is found to generally weaken the
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stabilization/destabilization effect on the RWM, asnpared to the case of uniform

parallel flow.

1. Introduction

The esistive wall mode (RWMxan limit the operational spaad advanced
tokamaks which aimat producinghigh pressure, large faction of bootstrap current,
long-pulse or steady state plasm&sce advanced tokamak scenarios are envisaged
for most of the future devices such as-B [1], JT60SA[2], ITER [3] as well as
CFETR [4], understanding the RWM stabilization physics, under various plasma
conditions, is still an important and urgent tadkepite extensive efforts that have
been taken during recent years in studying this plasma instability.

The RWM can be viewed aa residual instabilityfrom the externaldeal kink
(XK) mode [5], which is a low-n (n is the toroidal mode numberyglobal
magnetehydrodynamic (MHD) instaility driven by plama currenand/or pressure.
For a pressure driven XK, the normalized plasma pressurethe
By =pB(%)a(m) B(T)/ I,( MA value controls the mode stabilityhere g is the
ratio of the volume averadeplasma presse to the magnetic pressuré, the total
plasma currenta the plasma minor radius, anB, the vacuum toroidal magnetic
field. When B, exceeds a critical value (the-salled Troyn nowall limit [6]), the
XK becomes unstable. A closigting perfectly conducting wall can stabilize the XK,
resulting in(often substantially)ncreased g, . However,the presence dd resistive

wall (often a vacuum vessel of the tokamak) only reduces the XK growth rate without



shifting the stability boundaryconverting the XK to &WM growing on a timescale
characteristic of théield penetration time through the wal truly unstable RWM
can hardly nodinearly saturate due to the global nature of the instabithtys often
leadng to major disruptiors of the plasma, causing the-salled hard beta limitlt is
thus highly desirable to achieve the RWM stabilization, in ordem&imize the
econonic bergfit for advanced tokamak

It is now well established that eithective contol [7-12] or plasmatoroidal flow
in combination with drift kinetic effectgl3-19], or the synergistic actions from both
[20-22], can potentially stabilize the RWMctive controlis based on magnetic coils
to compensate the field gierbation which pagsthrough the resistive walMagnetic
feedbackexperimens, carried out in both tokamakg3, 24] and reversed field
pinches [25, 26], as well as extensive theoretical investigatig®s 27], have
demonstrated that success$uppression of the RWM can increaselesmabeta up
to the ideal wallbeta limit. On the other hand,agssive stabilization of the mode,
relying on the plasma flow and drift kinetic effectppears more attractigeithout
using magnetic coils and senspr$ this can offer a full suppression of the RWM.
This is also the subject of the present study.

Within the MHD description theRWM stabilization mainly comes fronthe ion
sound wave damping and the shear Alfven wave continuum darji@idp, 28, 29).
The criticaltoroidalrotation velocity, required for complete stabilization of the mode,
is normally a few percent of the Alfven spg@f]. On the other hand, MHRinetic

hybrid theory, mcluding drift kinetic resonancedl8, 19, 31-33], predicts substantially
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lower value (even down taero) of the critical toroidal rotation speed required for the
mode stabilization, thus offering a betetplanation ofrecent experimentakesults
obtainedn DIII-D [34] and JT60U [35].

So far, nostof previous workon passive stabilization of the RWM ordgsumes
toroidal plasmaflow, neglecting any effects from the poloidal and/or parallel flow of
the plasma. fiis is partially due to the fact that the poloidal flow is usually strongly
damped in a tokamak device due to neoclassical eff8éls On the other hand,
recent expement in JET have showrthatthe poloidalflow velocity of the plasma

can be onerder of magnitude higher than the neoclassical predi¢8@n38]. This

often occurs in discharges where internal transport barrier (ITB) has been observed.

fact, a strong poloidal flow appears to be an important player in forming ITB.

In thiswork, we investigatethe n=1 RWM stabilization by various combinations
of the poloidal and toroidal flows. By doing so, we clarify the fundamental physics
associated with the (general) flow damping of the RWMis study thus further
advances the previous understanding achievel89h where the poloidal flow is
found to play an important role on the RWM stabilizatiodoe to coupling to the
toroidal flow viathe parallel flow.

The nextsection dscusseshe compuational modelwith parallel/poloidalfiow.
A toroidal equilibrium assumed in thus study, is also briefly described. ISeretion3

repors numericalesults. Sectiod concludes the work



2. Computational modeland equilibrium model
2.1. Toroidal MHD modelvith parallel/poloidal flow in MARSF code
In this work, the MHD stability code MARS [7] is updated to include a generic
equilibrium flow, i.e. both toroidal and potal flows. MARS-F employs a
curvelinear flux coordinate systengs, y,¢), wherethe radial coordinateS=M
(v, is the normalized equilibrium poloidal flux, being equal to O at the magnetic
axis and unity at the plasma boundary) labels the magnetic flux surface generic
poloidal angle andg the geometric toroidal angleh& equilibrium magnetic field is
represented as

B=V¢xVy +T(y)V4,
where y is the equilibrium poloidal magnetic fluknote thaty here is not
normalized to O and] 1T is the poloidal current flux function.

Within the single fluid modelan equilibrium flow atisfying mass conservation
can be generally represented as

Vo =R Q(9+Q(s7) |[Vg+p U 8B, )
where R is the plasma major radiuth(s)+f2(s;() the angular velocityof a
generic toroidal flow of the plasma U(s) the flow component parallel to the
equilibrium magnetic field lines, angb the equilibrium plasma densitywormalized
to unity at the magnetic axifn this work, we consider stdonic equilibrium flow.
Therefor, the plasma flow induced modification to the equilibrium is neglected.

Note that we introduce a generic toroidal flow componé(s, ) in our model

(1), that varies along both the plasma minor radius and poloidal §@leThis



makes our flow model diffent from that assumedci[39]. This does at contradict
the mass conservation laWs(pV,) =0. However,assumption ofdditional physics
constraint, such as the radial ion force balance, will eliminate dKs, y)
component, in which case theDL componentQ,(S) represents the sum of the
toroidal ExB and the ion diamagnetic rotation frequencies. Nevertheless, in this
study, we shall keep thel2 componentfz(s, ) in our equilibrium flow modelAs
we will see later, this allows us to study the effect of a pure poloidal flow on the MHD
instability.

The parallel flow component (s) is always a 4D function, in order to satisfy
equilibrium mass conservation. The parallel flow ¢enprojected into the toroidal

and poloidal directions, resulting in

0,(52)=(9+0(s52)+ p s%,
, ®)
Q,(s.1)=p U9,

where J is the JAcobian associated with the cufueear coordinates(s, y,4). A
choice of (s, y)=—p*U(9 T/ R and Q,(s)=0 leaves us with a pure poloidal
equilibrium flow. On the other hand, settir@(s, 2)=0 as well asQ,(s) =0 allows us
to study the effect of pure equilibrium parallelvilmn the MHD instability. Finally,
setting U (s) =0 and f)(s, x)=0, the conventional case of a pur® Yoroidal flow is
recovered.

Inclusion of parallel/poloidal flow leads to additional terms (underlined below) to
the perturbed MHD equationas compared to the previous formulatioh 13, 14]

with toroidal flow alone



p==V+(pS), ®)

(y +INQ)E = v+ (EVQ)RV ¢

—pUVx &xB ¥y pUpB+ £VU p B )

Py +iNQ)V =—Vp+jxB +J xb — p[207 xV + (V VQ) RV ¢]
— PK, HM Vi VE6+ &VV, '5 6] ®)
—UV (B JUVxJI+UBx [xV }B 4V U o °

(7 +inQ)b =V x (vxB) + (b-VQ)R*V¢-V x (p 'Ubx B), (6)
p=—gVP-T'PVs, (7)
Ho] =V xb, (8

where y is the (generally compleX) eigenvalue of the instabilitycorrected by a
Doppler shift inQ with Q=0Q,(s)+Q(sy) . The quantities (p,,%,v,b,j,p)

representhe plasmaerturbeddensity,displacementyelocity, magnetic field, current
and pressure, respectivelfhe symbols (p,B,J,P) are equilibrium quantities,

obtainedby the equilbrium code CHEASH41]. Z is the unit vector in the vertical

direction «

, the strength ofthe parallel sound wavelamping k =(n—-m' g/ F

the parallel wave numbewith m being the poloidal harmonic number agdhe
safety factar vy,; =Wis the thermal ion velocity, withT,, M, being the
thermal ion temperature and mags= B/B is the unit vectomlongthe equilibrium
magnetic field T" is the ratio of specific heats, taken to be 5/3 for an ideal gas.
In the vacuum region, the perturbed magnetaidfsatisfiesdivergencefree
conditions In the regionoccupiedby the resistive wallan eddy currenéquationis
solvedfollowing a thin shell approximatiorfi20]. The abovenew formulation (1)8)

has been implemented into the MARRS 0de A seres of tests have been carried out



to verify the newcode

2.2. Equilibrium model
We consider an udown symmetric equilibrion, with the plasma boundary shape
shown in figure fa). The shape of the resistive wall conforms to the plasma
boundary surfacel'he key equilibrium radial profiles are plotted in Fig.-&)bNote
that we choose slightly reversed magnetic shear in the plasma, aenéch is often
compatible with the advanced tokamak scenario in the presend® d#2]. The
safety factor has the eaxis value of ¢, =1.76, the minimal value ofg,,, =1.6,
and the edge value of, =3.28. The normalized beta valder this equilibriumis
B, =3.37. The nowall beta limit is computed ag3[> """ = 2.54, and the beta limit
with an ideal wall is g** "' =3.72. A linear scaling factor for the equilibrium
pressure,C, , is consequentlintroduced C, = (8, — By ") /(B " - By ™),
yielding C, =0.52 for the equilibrium shown in Fig..1
Theradial profiles for the plasma toroidal rotatidnequency Q,(s) (solid line)

and the parallel flow componentU(s) (dashed ling)are shownin Fig. 2 The
Q,(s) profile is chosen from an early JET discharp#d], and U(s) is a
saleddown version of (), (s). Note that in this work the toroidal rotation
frequency is normalized by the onaxis toroidal Alfven frequency
Q,= BO/(R)\/?.,OO) , and the parallel componentU is normalized by

U, =RQ,/B . Whilst the amfitude of these plasma flow speedsill be scanned

in our study we generallyassume that the poloidal flow is slower than the toroidal



flow. This is a reasonable assumptitaiking consideringneoclassical poloidal flow

damping.

3. Numerical results

In the followingfour subsectionswith the new MARSF implementation, & shall
investigatethe n=1 RWM instability affected by (i) parallel flow, (ii) a pure poloidal
flow, (iii) toroidal projection of parallel flovand (iv) flow shear, repectively.In these
computationswe do notconsider fulldrift kinetic effects on the RWM ability, but
instead include a simpler viscous type of model invohimgLandau damping of

parallel sound wawe

3.1. Effectof parallelflow on RWM stability

The effect of parallel flow on the RWM has previously been considered in3R.ef.
The results there imply that parallel flow has a strong effect on the stalidity. A
close analysis of the modeling procedure in B8freveaals that the authors assume
thatthe total toroidal flow, including that of the toroidal projection of the parallel flow,
is fixed while introducing the parallel flow. This means that, when the parallel flow is
introduced, Ref39 also changes theroidal flow component(,(s) in Eqg. (2)from
Section 2.1 above, such that the total toroidal flé¥(s, ) from Eq. (2) is
approximatelyfixed (assumingf)(s, 7)=0). Note that the total toroidal flow cannot

be exactly fixed, since thertwdal projection of the parallel flow is a2 flow, which

cannot be exactly replaced by th®Tlow Q,(s). Certain proxy has to be takeng.



by taking the toroidal projection of the parallel flomnly along the outboard
mid-plane

We havefollowed the same procedure in our study, and §uodlitatively similar
results toRef. 39. In what follows, however, we choose another approach, in order to
more clearly identify the role of parallel flow on the RWM stability. This, together
with resultsto be shown irthe follow-up section (8ction 32), clarifiesthe RWM
damping physics, when both the parallel/poloidal and toromasmaflows are
present.

More specifically, we shall keep the toroidal flow componéy(s) fixed while
scanning the parallel flow velocity. For comparison, we first report MARSsults in
the absence of parallel flowFig. 3). In this case, a strong parallel sound wave
damping, in combination with the Alfven and sound wave continua resesafully
stabilizes the RWM at sufficiently fast toroidal floiwhe critical rotationfrequency
required for complete stabilization of themode is Q_ =0.045. This result is
expected following the fluid theory for the RWNI3].

Next, we fix the toroidal rotatior,(s) and vary the parallel flow component
U(s) (f)(s,;() is set to zero). The shapes of the radial profiles fs) and
U(s) are taken from Fig. 2. The axis values forQ,(s) are fixed atQ,=0.02
and Q, =0.04, respectivelyThe latter flow amplitudes close to the critical value
for the RWM stabilization a®undfrom Fig. 3. The MARSF results, reported in Fig.
4, show thathe stability of the RWM is hardly modified by the parafleiv.

As for an intuitive understanding, a plasma flow along the equilibrium field line

1C



mainly introducs a rotational transform. In other words, the MHD physics remains
the same if aeference frame were introduced which flowed along the field lines. This
transform is not trivial to perform though in practice. Another intuitive interpretation
is that the RWM dynamics, like many other macroscopic MHD instabilities, involve
mainly physcs along the perpendiculé&o field lines) direction(This is not strictly
true though, since we know that thergdeel dynamicscoupleto the perpendicular
motion through the plasma compressibijit)yWhen the plasma is close toe
incompressible (whictholds at the marginal stability point for ideal MHD), and the
additional coupling via subonic equilibrium flow(due to centrifugal and Coriolis
forces)is weak, the parallel dynamics is not important.

Figure 5 further demonstrates that the effect oélparflow is very weak on the
RWM stallity. The stability window[14], in terms of the wall minor radius found
to undergo little modificationwhen the parallel flow is introduced eitherpositive
(to the equilibrium parallel currendy negative direadbns. This holds for both toroidal

rotation cases considered here.

3.2. Effectof poloidalflow on RWM stability

As discussed in &ttion 21, the parallelflow can beprojected intopoloidal and
toroidal componentdn this subsection, westudythe effectof a pure poloidalflow
on the RWM stability The toroidal projection of the parallel flois eliminatedfor
thesesimulationsby setting Q(s, ¥) =—p*U(9 T/ R in Eq.(2).

Here, we presemiumerical resultshowing stabilization of the RWM by the

11
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pure poloidalflow in a toroidally rotating plasmaWe again keep the toroidal flow
fixed while scanning the parallel flospeed U . Figure 6 shows twexamples ofhe
computed RWM eigenvalue versus then-axis value of U, fixing the toroidal
rotationfrequency atQ, =0.02 (circles) and Q, =0.04 (squares)respectivelyWe
emphasize thabnly the poloidalprojectionof the parallel flowis included in thee
computations.

It is apparent thathe gowth rate of the RWM decreasesth increasingU,,
although U, is much smaller thanthe toroidal rotation frequency The mode
becomes stablefor both cases when U, the exceedsa critical value of
U, =1.5x 10°. Thestabilizingeffect of tke pure poloidaflow is found to bestronger
for the case withslower backgroundtoroidal flow. In fact, the mode growth rate
deaeasesaboutfive times quicker (with increasingU,) for the plasma rotatg at
Q, =0.02, than the case of), =0.04, as shown in Fig. 6(a)

Figure 7 further demonstrates the substantial effect of poloidal flow on tihé RW
stability. The width of the stability window increasegh (positive) U,, when the
poloidal projectioraloneis includedin the computationsas shown in Fig7(a). With
negative U,, addition of poloidalflow destabilizes the RWM and narrows the

stability window.

3.3. Effect of toroidal projection of parallel floan RWM stability
Now we consider the opposite case, where we only keep the toroidal projection

of parallel flow. Note that this flow componentries along both the plasma minor

12



radius @ well asthe poloidal angle, unlike the toroidal flow €, (s) which is also
included here.

Figure 8 reports theU,-scan results at fixed-0 flow € (s), with all the
parameters being the same as Fig. 6, except replacing the poloidal projection by the
toroidal projectionWe again find that the larger effect from thk -scanoccurs at
slower toroidal rotationQ, =0.02. The critical value for marginal stability, in terms
of U,, is similar between two values &2, .

What is counterintuitive is that increasingJ, destabilizeshe RVM, despite
the fact that the toroidal projection of parallel flow and tHe toroidal flow €, (s)
have the same sign whdd, is positive. In order to understand this effest
decompose the toroidal projemi into poloidal Fourier harmonics
Qs 1)=p U9 T R=0, ( 3+2 RD .Q,()s"&]. The dominant harmonics turn

mL
out to bem=0 andm=1 (and-1). Theseareshown in Fg. 9(a). Them=0 harmonic has
the same (positive) sign a&,(s). The m=1 (or -1) harmoni¢ however, has the
opposite sign. The computed destabilization, shown by8Figpmes from the Fourier
harmonic coupling effect with the=1 component of the-B flow (s, ), as
demonstrated by Fi§(b).

Indeed, by including then=0 component off)(s,;() alone, Fig.9(b) shows
stabilizing effect, as expected. On the other hand, a strong destabilizationiba®urs
only include them=1 component off)(s, y) into the MARSF computationNote
that this destabilization must come from toroidal coupling effect, not simply due to

the fact that then=1 harmonic has opposite sign to thd Iflow Q,(s). This is



because the flow associated with ttmel component changes direction alaihg
poloidal angle. The surface averaged contributtonthe flow, from them=1

componentthus vanishes.

3.4. Effectof flow sheaion RWM stability

In what follows,we investigatehow the change diow shearfor the parallel flow
componentU (s) affects theRWM stability We introduce a set oparallel flow
profiles, U =U,(1-s")" , with different choices of (x,v) -values. Three
representativehoices are shown in Fid0. Note that case 1 (uniform giile with
vanishing shear) and case 2r¢ng local shear near tlge2 surface) represent two
extreme situations.

The MARSF computed RWM eigenvalues, assuming the above three profiles
for the parallel flowU (s), are reported ifrig. 11. Note that, besides the flow shear
variation, we also compare cases with inclusion of poloidal or toroidal projection
alone of the parallel flow, or with inclusion of the full parallel flow. In the latter, the
flow shearof U(s) hasnegligible effecton the RWMstability, largely due to the
fact thatthe parallel flowitself hasaveryweak effeconthemode On the other hand,
the flow shearassociated with thpoloidal or toroidal projectiorsignificantly affects
the mode staility. Generally the effect is weaker with stronger shear. It is important
to note that this conclusion holds if we fix the parallel flow amplitude aigti#

surface(U,_,) while varying the shear. Although generally there is nigusway of

comparison, we find out that this is the best way to isolate the flow shear effect from

14



that of the flow amplitude

Compared to the case without parallel flow or its projections {.e, =0),
stabilization or destabilizan of the RWM depends on the direction of the parallel
flow. Stabilization of the mode is achieved either by poloidal projection of parallel
flow in the positive direction (aligning witthe equilibrium parallel curreptor by
toroidal projection of patkel flow in the negative direction. Destabilizan is found

in opposite cases.

4. Conclusionsand discussion

We carried outdetailed numericalnvestigationon the n=1 RWM stabilization by
various combination of the poloidal/parallel and toroigi@smaflows, utilizing the
updated version of MARE code.The effect of the flow shear of the parallel flow has
also been studied.

One of the key findings is that the parallel flow provides minor stabilization to
the RWM. At a first glance, this may be contraigtto the conclusion reached by
Aiba et al.[39]. In their work, the parallel flow was introduced with fixeot&l
amount of toroidal flow. In our workye fix the 1-D toroidal flow frequencywhile
addingthe parallel flomcomponentThis allows to study the effect of a pure parallel
flow on the mode stability. Our result suggetstat the parallel flow acts motike
introducing arotational transfornfalong the equilibrium field line) to the mode, than
providing physical stabilization.

On the other hand, if we keep only the poloidal or toroidal component of the



parallel flow, the effect on the RWM stability ip@reciable, even at small magnitude

of parallel flow, i.e. at about 10% of that of thélbackground toroidal flow speed.
With the same sign for theD toroidal flow and the parallel flow, we find that the
poloidal projection of the parallel flow prowed additional stabilization to the RWM,
whilst the toroidal projection destabilizes the mode. As a result, when both the
poloidal and toroidal components are included (i.e. with full parallel flow), the
stabilization and destabilization effects caneathother resulting ina minor effect

of parallel flow on the RWM stability.

An interesting observation is that, despite the fact that the toroidal projection of
parallel flow in average enhances theD lbackground toroidal flow, the RWM
stability is reducel. We find outthat this destabilization originates from thme=1
poloidal Fourier harmonic of the toroidal projection, which &aspposite sign to the
1-D background flowThis m=1 component destabilizes the mode via mode coupling
effect.

The shear of e parallel flow component, near tlig2 surface, generally
weakens the effect on the RWM stabilization/destabilization. Consequartyge
shear athe g=2 rational surface with negative poloidal projection or positive toroidal
projection reduces the ode destabilization. A uniform parallel flow with positive
poloidal projection or negative toroidal projection enhances the mode stabilization.

The finding that a small amount of poloidal flow can effect appreciable
stabilization to the RWM may be importaior ITER, where the toroidal flow is not

expected to be fast, and the drift kinetic stabilization (at slow toroidal flow) is

16



predicted to only partially stabilize the mode [31].

The aforementioned drift kinetic effects have been ignored in this studihd
purpose of reaching clear physics understanding within the fluid picture. Combination
of parallel flow, or its poloidal/toroidal projections, with drift kinetic theory requires
further development of the MHRIinetic hybrid formulationin particular the particle
bounce orbit average of the toroidal project{@rhich is a function of both plasma
minor radius and poloidal anglej the parallel flow need to be added into the drift
kinetic resonance operasrThe resonance between poloidal flow andipie drift
motions has so far not been considered in the kinetic RWM theory, although the
physics is similar to that of the magnetic pumping for the neoclagsablal flow
damping.Detailed hybrid formulation still need to be developed, which wilb&e of

a future work.
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Figure 1. (a) Geometry ofan updown symmetric equilibrium shown in the poloidal
cross sectionWith a JETHike plasma shape and a conformal resistive v&iown
also are quilibrium radial profiles for(b) the safety dctor, (c) the plasma pressure
normalized by Bj/yo, (d) the surface averagetbroidal currentdensitynormalized
by Bo/(yoR)), and (e) the plasmadensitynormalizedto unity at the magnetic axis
Here S=M labels the plasma minor radius, with, being the normalized

poloidal equilibriummagnetic flux.
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Figure 2. The radial profiles fothe plasma toroidalotation frequency (solid ling),
normalized by Q, = BO/(R)JuopO) and the plasma parallefflow component

(dashed line)normalized byU, =RQ,/ B .

Cp=0.52, dfa=1.25
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Figure 3. Growth rate(ys) and mode frequencywy) of the n=1 RWM versusthe

plasmaon-axistoroidal rotationfrequency The other parameters dieed: the plasma

pressure C, =0.52, the normalizedwall distance d/a=1.25 and the parallel

viscous damping coefficient;, =1.5.
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Figure 4. (a) Gowth rate and (b) ode frequency ofhe RWM versusthe plasma
onraxis paralleflow componenfor two choicef the toroidal rotation at the plasma
centre Q,=0.02 (circleg and Q,=0.04 (squares) respectively The dher

parameters ardixed: C;,=0.52, d/a=1.25 and x, =1.5. The toroidal rotation

frequency is normalized by the onaxis toroidal Alfven frequency

QA=BO/(R0~/ﬂo,00) , and the parallel flow component is normalized by

UN:R)QA/%'
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Figure 5. Growth rats of the RWM (r;) and the XK(y,) versusthe normalized
wall pasition for different choices of the parall&w componentat the value®sf (a)
U, =0.00z and (b) U, =0.005. The other parameters dired: the plasma pressure

C,=0.52, the parallel viscous dampingoefficient x;=1.5 and the toroidal

rotation frequencyQ, = 0.04.
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Figure 6. (a) Growth rate and (b) ode frequency othe RWM versusthe plasma
onraxis parallel flowspeedfor two choices of the toroidal rotaticat the plasma
centre 2, =0.02 (circles) and 2, =0.04 (squares), respectivel@nly the poloidal
projection of parallel flow is included whilecanningU,. The other parameteese

fixed: the pasma pressureC, =0.52, the normalized wall distance / a=1.25 and

the parallel viscous damping coefficiert =1.5. The toroidal rotation frequencyis

normalized by theon-axis toroidalAlfven frequency Q, = BO/(R,J,quO), andthe

parallelflow components normalized byU, =RQ,/ B .
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Figure 7. (a) Growth rates of the RWMy{) and the X (y,), and (b) node
frequency ofthe RWM versusthe normalized wall radius, for different choices of the
on-axis parallel flow speed atU,=-0.001 (circles), U,=0 (triangley,
U, =0.001(squares) andJ,=0.002(diamonds).Only the poloidal projection of
parallel flow is includedwhile scanningU,. The other parameterare fixed: the
plasma pressur€C, =0.52, the pardel viscous damping coefficienk; =1.5 and

the toroidal rotation frequency2, = 0.04.
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Figure 8. (a) Growth rate and (b) ode frequency ofhe RWM versusthe plasma
onraxis parallel flow componerior two choicef the toroidal rotation at the plasma
cener Q,=0.02 (circles) andQ, =0.04 (squares), respectivel@nly the toroidal
projection of parallel flow is included while scannirtdy, . The other pameters are
fixed: C,=0.52, d/a=1.25 and x,=1.5. The toroidal rotation frequency is
normalized by theon-axis toroidalAlfven frequency Q, = BO/(R,W), andthe

parallelflow components normalized byU, =RQ,/ B .
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Figure 9. (a) Radial profilesfor the real partof toroidal projection with poloidal
harmonics oim=0 andm=1, the other harmonics are at least 10 times smaller than the
m=1 by amplitudeandthe imagirary parts ofall harmonics argery smal] (b) growth
rate of the RWM versusthe amplitude of each harman(m=0 andm=1) for two

choices of the toroidal rotation(2,=0.02 (circles) and Q,=0.04 (squares),

respectivelyNote thathem=0 component is included mtoroidal flow . (S).
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Figure 10. Three choices ofhe radial profile for the parallelflow component
uniform (case 1, solid), parabolic (casedashed) and with a large local shear (case 3,

dotted).The daskdotted line denotes the location of tye2 rational surface.
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Figure 11. (a) Growth rate and (b) ode frequency othe RWM versusthe parallel
flow componenat theg=2 rational surfaceassuminghreeradialprofilesas shown in
Fig. 10 case Luniform profile,circleg, case Zparabolic profilesquaresandcase 3
(large local sheartriangle3. Compared are also three flow modeparallel flow

(lines without symbols)only poloidal projection(filled symbols)and only toroidal

projection (open symbols) component of parallel floWote that three curves with

parallel floware very close to each oth&he other parameters diged:C, =0.52,

d/a=125 =15 and Q,=0.04.
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