Chin. Phys. B Vol. 22, No. 7 (2013) 075203
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A code named LARWM with non-ideal magnetohydrodynamic equations in cylindrical model is used to describe the
instability in Tokamak plasma surrounded by a conducting wall with finite resistivity. We mainly take three factors related
to the shear equilibrium plasma flow into consideration to study the stabilizing effect of the shear flow on the resistive
wall modes (RWMs). The three factors are the velocity amplitude of flow, the shear rate of flow on plasma surface, and
the inertial energy of equilibrium plasma flow. In addition, a local shear plasma flow is also calculated by the LARWM
code. Consequently, it is found that the inertial energy of the shear equilibrium plasma flow has an important role in the

stabilization of the RWMs.
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1. Introduction

One of the most dangerous modes is the external kink
mode for high-pressure and bootstrap current tokamaks be-
cause of its global structure, which can be excited when
the plasma pressure exceeds the no-wall beta limit.[!! Fortu-
nately, according to the linear magnetohydrodynamic (MHD)
theory,!?! the external kink mode can be stabilized absolutely
when the plasma is surrounded by a perfect wall, which means
that the wall diffusion time 7, approaches infinity, so that per-
turbations cannot penetrate the wall. However, there is al-
ways finite resistivity on the actual conducting wall, which can
make the perturbative energy run out of the wall into the outer
vacuum, thereby exciting a new instability called the resistive
wall mode (RWM). Though the growth rate of RWM is signifi-
cantly smaller than the external kink mode, it is still dangerous
when the discharge time of the device exceeds the wall diffu-
sion time.

Theoretical *~®! and experimental ®~'?) work suggests no-
ticeable stabilizing effect of the uniform equilibrium plasma
flow on the RWMs, when the dissipative effects are taken into
consideration.['3] Tt can be seen easily that the effect of the
velocity amplitude of the uniform plasma flow on the stabi-
lized RWMs. At the same time, the inertial energy taken into
plasma by the equilibrium plasma flow is also changed, so that
it may be another factor of stabilized RWMs. It is well known
that there is obvious effect of the shear plasma flow on sta-
bilization of many MHD modes.!"4!] For the tearing mode,
the shear rate of the plasma flow on the plasma resonance sur-
face plays an important role.!!*!3] For the RWMs, there are
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also some studies!'o-19

I on the influence of the shear plasma
flow. However, most of previous publications focus on the ef-
fect of different types of the plasma flow profiles!!”~'"! or the
shear rate of the plasma flow on the resonance surface.!'®! In
fact, the shear rate on a plasma surface also plays a key role in
stabilization of the RWMs, especially in the plasma without a
resonance surface. In this work, we focus on the effect of the
equilibrium shear plasma flow on the RWMs, and mainly take
three factors into consideration, including the velocity ampli-
tude, the shear rate of the plasma flow on the plasma surface,
and the inertial energy of the equilibrium plasma flow.

We simply introduce the model used in this work and the
benchmark of the LARWM code in Section 2. In Section 3,
we analyze the numerical results of the stabilization of RWMs
with the global equilibrium shear plasma flow. We consider
the case of the local shear plasma flow in Section 4. Section 5
ends with the conclusions of this paper.

2. Model and benchmark

The LARWM code!?"! is used to describe the instabilities
in the system, where plasma is surrounded by a conducting
wall in the cylindrical model. The configuration of this model
is shown in Fig. 1, where a and b are the position of the plasma
surface and the conducting wall, respectively.

In this code, the linearized non-ideal MHD equations with
plasma viscosity are used to describe the plasma, and the thin
wall approximation is applied on the resistive wall. All vari-
ables in above equations are scaled with the length by a, mag-
netic field by the toroidal field Byy, and density by pp which is
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uniform, so that the dimensionless viscosity and plasma con-
ductivity can be written as the Reynolds number R. and the
Lundquist number S. The space step is assumed to be 1073,
so that the time step is fixed to be 10~%, in order to ensure the
numerical stability.

inner vacuum N\wall

Fig. 1. Geometry of the cylindrical model.

An equilibrium can be modeled by V x B = ppJ and
J x B = Vp, where the equilibrium toroidal magnetic filed
Boy and density po are all uniform in a one-dimensional cylin-
drical tokamak configuration, so that the distribution of equi-
librium current can be obtained as

(1—}’2),

Joo =
¢ qaRo

which is the same as the one mentioned in Ref. [8], where ¢,
indicates the safe factor on the plasma surface.

As we know, the wall diffusion time T, means the con-
ductivity of the resistive wall. For the RWMs, there is a close
relationship between the growth rate of RWMs and the wall
diffusion time. Therefore, we show the growth rate y7,, of in-
stability calculated by the LARWM code versus the wall diffu-
sion time 7y, in Fig. 2. Powerful evidence can be found that the
value of the growth rate approaches a constant when 7,, > 10,
which means the instability is just the RWMs when the wall
diffusion time is larger than 10°. Therefore, the wall diffusion
time is assumed as 10°.

—a
101 L 4
. 1001 4
s
10—'L J
102 Luw . . R . . .
10t 103 105 107

Tw

Fig. 2. The value of Y7, as a function of the wall diffusion time 7,, with
Re = 10° and § = 10*.

Some previous theoretical work!!6~1°! indicated that the
RWMs can be stabilized by the plasma rotation with the

plasma viscosity, which can also be testified by the LARWM
code. Assuming a uniform equilibrium plasma flow, the
growth rate of RWMs versus the position of conducting wall
with different velocity amplitudes is plotted in Fig. 3. When
the velocity amplitude exceeds a certain critical value, a sta-
ble window can be found, where the RWM become stabilized.
The critical stable positions of the resistive wall are denoted by
b1, and bR, respectively, and Ab indicates the width of the sta-
ble window. For fixed position of the resistive wall b = 1.2a,
the inset in Fig. 3 shows the growth rate of the RWM as a
function of the velocity amplitude of the uniform equilibrium
plasma flow, so that the RWMs with stabilized critical veloci-
ties of v. = 0.012v can be obtained.

50+ —s—b=12

25F 0 0.010 0.020-" .-,
00/ V, - i
vo/ Vi —a— 1y =0.016

--o- vg=0.008
A - ’U(]:0.004
"""" -y v9=0
0 77777777777777777777777777777777777777
1 " 1 " 1 " 1 "
1.1 1.2 1.3 1.4 1.5

Fig. 3. (color online) The growth rate of the resistive wall mode as a
function of the position of conducting wall for different velocities of the
uniform flow.

3. Global shear equilibrium plasma flow and
RWMs

The stabilizing effect of the uniform plasma flow on the
RWMs seems to be due to the inertial energy taken by the equi-
librium plasma flow into the plasma, as well as the amplitude
or the shear rate of this flow on the plasma surface. We assume
that the inertial energy Wi of the equilibrium plasma flow can
be written as

1 [r=a
Wi=2 / povirdr, )
2 r=0

where v is the velocity amplitude of the equilibrium plasma
flow. On the other hand, some theoretical studies demon-
strated that the shear rate of the plasma flow on the resonance
surface is crucial for stabilization of the MHD modes. How-
ever, for RWMs with a global structure, the stabilizing effect
of the shear rate on the plasma surface cannot be neglected, es-
pecially for the plasma without the resonance surface. Then,
we will present the results of three factors associated with the
stabilization of RWM.

3.1. Effect of the velocity amplitude on the plasma surface

For studying the effect of the velocity amplitude on the
plasma surface, we fix the inertial energy of the equilibrium
plasma flow as E; = 6.4 x 1075, and the shear rate on the
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plasma surface is zero, so a series of shear equilibrium plasma
flow profiles can be devised as

Vo :Vuni(avr3+bvr2+cv)7 )

where ay, by, and ¢, are the parameters for carrying out the
profiles, Vynidy is the velocity amplitude of the equilibrium
plasma flow on the plasma surface, dy = ay + by + ¢y, and
Vuni = 0.008v,. After simple calculation, we obtain a series
of equilibrium plasma flow profiles with the same inertial en-
ergy and shear rate, but with different velocity amplitudes on
the plasma surface, as shown in Fig. 4.
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Fig. 4. (color online) A series of plasma flow profiles with different
velocity amplitudes of the equilibrium shear flow on the plasma sur-
face for fixed shear rate on the plasma surface s, = 0, and fixed inertial
energy of the equilibrium flow Ej = 6.4 x 1075,
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Fig. 5. (color online) Effect of the velocity amplitude of the equilibrium
plasma flow on the plasma surface on the stabilization of the RWMs. (a)
The growth rate of the RWMs as a function of the position of the resis-
tive wall with different velocity amplitudes; (b) the crucial stable posi-
tion of the resistive wall b1, and b.r, and the width of the stable window
Ab versus the velocity amplitude of the equilibrium plasma flow on the
plasma surface.

Figure 5(a) shows the growth rate of RWMs versus the
position of the resistive wall with a series of equilibrium
plasma flow profiles shown in Fig. 4. The numerical results in-
dicate that the stable window becomes thinner with decreasing
velocity amplitude (dy) on the plasma surface, and even disap-
pears, but the position of the stable window is not changed. In
order to see this more clearly, we plot the critical stable posi-
tions of the resistive wall and the width of the stable window
as functions of the velocity amplitude on the plasma surface in
Fig. 5(b). It suggests that, compared to the case of the uniform
plasma flow, there is a significant destabilizing effect of series
of shear flows on the RWMs when decreasing the velocity am-
plitude. It can also be found that the stable window becomes
appreciably wider when increasing the velocity amplitude.

3.2. Effect of the shear rate at the plasma surface on the
RWMs

We assume a series of shear equilibrium plasma flow pro-
files as

vy = Vini(as7® + bgr™). 3)

For fixed velocity amplitude on the plasma surface vo(r =a) =
0.014Vy, equation (3) can be written as

as+bs = 1. 4)
According to the inertial energy of the equilibrium plasma
flow E; = 6.4x 1072, there exists a relationship given by
L= cs ds\12
5/70 [Vini (asr® 4+ dsr®)]“rdr = Ey. 5)
Then, the shear rate on the plasma surface can be written as
Sp = Vuni (ascs +dsbs)7 6)

where as, bs, cs, and d; are the coefficients for adjusting the
distribution of the plasma shear flow, and s, is the shear rate
of the shear plasma flow. According to Egs. (3)-(6), we can
obtain other coefficients by assuming the power r, and then
can obtain the distributions of the plasma shear flow with dif-
ferent shear rates on the plasma surface, as shown in Fig. 6.
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Fig. 6. (color online) A series of equilibrium shear plasma flow pro-
files with different shear rates on the plasma surface, for fixed vo(r =
a) = 0.016V, and fixed inertial energy of the equilibrium plasma flow
E=6.4x1075.
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We calculate the RWM with the above series of equilib-
rium plasma flow profiles using the LARWM code, and plot
the growth rate as a function of the position of the resistive
wall in Figs. 7(a) and 7(b) for the cases of s, < 0 and s, > 0,
respectively. The numerical results illuminate that the stable
window will move away from the plasma while increasing the
absolute value of the shear rate when s, < 0. However, there
is no obvious stabilizing effect of the positive shear rate on the
RWMs.
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Fig. 7. (color online) Effect of the shear rate of the equilibrium plasma
flow on the plasma surface on the stabilization of the RWMs. (a) The
growth rate of the RWMs as a function of the position of the resistive
wall with different shear rates on the plasma surface with s, < 0. (b)
The growth rate of the RWMs versus the position of the resistive wall
with different shear rates on the plasma surface with s, > 0. (c) The
crucial stable position of the resistive wall br, and b as well as the
width of the stable window Ab versus the shear rate of the equilibrium
plasma flow on the plasma surface.

Figure 7(c) shows the width of the stable window and
the critical stabilizing position of the resistive wall versus the
shear rate of the equilibrium flow on the plasma surface. For
the case of s, < 0, though b.. and bcr are all far away from
the plasma, the stable window still keeps the width fixed while

changing the absolute value of the shear rate. Therefore, this
result demonstrates that there exists an effect of the shear rate
of the equilibrium plasma flow on the stabilization of the exter-
nal kink mode, but no effect on the stabilization of the RWMs.
When the shear rate at the plasma edge increases, the growth
rate of the external kink mode will increase gradually, be-
cause the velocity shear can supply instability with free en-
ergy. For the positive shear rate, the width of the stable win-
dow slightly decreases with increasing shear rate, but its po-
sition does not change. Consequently, the above phenomena
suggest that there is destabilizing effect of the positive shear
rate of the equilibrium plasma shear flow on the RWMs.

3.3. Effect of the inertial energy of the equilibrium plasma
flow on the RWMs
A series of the shear equilibrium plasma flow profiles are
designed as

vo = Vuni (agr* + ber + cg), (7

where ag, bg, and cg are the coefficients used to justify the
distributions of the plasma flow, and V,,; = 2+/E]. Here, Ej is
the inertial energy of the uniform plasma flow V,;;. Therefore,
according to Eq. (1), the inertial energy can be expressed as

W = E](aE2/3 —|—4aEbE/5+aEcE
+bg> )2+ dbgcp /3 + cg). (8)

For fixed shear rate on the plasma surface s, = 0, the plasma
flow vo(r) satisfies

2ag +bg =0. &)

In order to keep the velocity amplitude on the plasma sur-
face same with the uniform plasma flow V;u; = 0.016V in this
case, the coefficients can be written as

ag +bg+cg=1. (10)

After setting the velocity amplitude of the profiles in the
center of plasma, we can obtain all coefficients, and carry out
the distributions of the equilibrium plasma shear flow with dif-
ferent inertial energies, which are shown in Fig. 8(a). Then, in
Fig. 8(b), we plot the width of the stable window Ab and two
critical stabilizing positions b, and b.g versus the inertial en-
ergy of the equilibrium plasma flow. Notably, it can be seen
that b, get close to the plasma, but bcr is almost at rest when
increasing the inertial energy Wi, so that the width of the stable
window gradually increases. Consequently, there is stabilizing
effect of the inertial energy of the equilibrium plasma flow on
the RWMs in non-resonance surface plasma.

However, it can also be found from Fig. 8(a) that there is
a noticeable change in the shear rate in the center of plasma
while increasing the inertial energy of the shear equilibrium
plasma flow, so that we need to testify whether there is the
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effect on the stabilization of the RWMs in the above case, by
changing the shear rate in the center of plasma. Hence, another
series of shear equilibrium plasma flow profiles are assumed as
follows:

Voo = Vinilde(cos(mr) + 1) + 1], (1)

where Vidp denotes the velocity amplitude of the shear flow
in the center of plasma, and Vj,; = 0.016vs. When dg < 0,
there is an inverse plasma rotation in the core plasma.
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Fig. 8. (color online) (a) A series of equilibrium shear plasma flow
profiles with different inertial energies for fixed velocity amplitude
vo(r = a) = 0.016V, and fixed shear rate s,(r = a) = 0 on the plasma
surface, without considering the shear rate in the core plasma. (b) The
crucial stable position of the resistive wall b, and b as well as the
width of the stable window Ab versus the inertial energy of the equilib-
rium plasma flow.

These equilibrium flow profiles are plotted in Fig. 9(a),
and figure 9(b) shows the parameters Ab, b.r, and b.r versus
the inertial energy of the shear equilibrium plasma flow. It can
be seen that the tendency of all curves is the same with the
above case, and this phenomenon indicates that there is no ef-
fect of the shear rate in the center of plasma on the stabilized
RWMs. Figure 9(b) also indicates that the width of the stable
window becomes smaller, or even disappears when decreasing
Wi. On the other hand, there is destabilizing effect of the equi-
librium plasma flow in the reverse direction on the RWMs.

Consequently, the higher the velocity amplitude on the
plasma surface is, the better RWMs can be stabilized, and the
larger the inertial energy at the edge plasma is. Compared
with the positive shear rate on the plasma surface, the sta-
ble window is wider when the shear rate is negative. At the
same time, the inertial energy is larger. Hence, the results in

the above three parts illuminate that, the inertial energy of the

shear equilibrium plasma flow at the edge plasma plays a key
role in stabilized RWMs.
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Fig. 9. (color online) A series of equilibrium shear plasma flow profiles
with different inertial energies for fixed velocity amplitude vo(r =a) =
0.016V4 and fixed shear rate s,(r = a) = 0 on the plasma surface, with
the shear rate in the core plasma s, (r = 0) = 0 considered. (b) Crucial
stable positions of the resistive wall bc, and ber as well as the width
of the stable window Ab versus the inertial energy of the equilibrium
plasma flow.

4. Local shear plasma flow and the RWMs

As shown in the above section, there is no obvious effect
of the shear rate in the core plasma on the stabilized RWMs.
Hence, we assume a series of equilibrium plasma flow profiles
with local shear structures as follows:

Vni s (O§r< r0)7
Voo = _
* 7 Wi (25 cos(7E-(r—r0) + 251), (o <r <),
(12)

where Vyy; is the velocity of the uniform plasma flow in the
core plasma, Vy,idy is the velocity amplitude on the plasma
surface, and ry is the width of the uniform plasma flow.

In Fig. 10(a), we show a series of distributions of the
equilibrium plasma flow with negative shear rate at the edge
plasma with vo(r = 0) = 0.016Vj, s,(r =a) =0, and dy = 0.
The growth rate as a function of the position of the resistive
wall with different widths of the shear flow layer is plotted in
Fig. 10(b) for the cases of ry = 0.6, 0.7, 0.8, and 0.9. It can
be found that, except for the case of ro = 0.9, the width of
the stable window decreases while increasing the thickness of
the shear flow layer, and even becomes zero. The reason for
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this phenomena is that the inertial energy of the equilibrium
plasma flow grows down when decreasing ry. Therefore, the
inertial energy plays an important role in stabilizing effect of
the plasma shear flow on the RWMs. However, for the case
of ro = 0.9, although the inertial energy of this shear flow is
much larger than other ones, its stable window is the thinnest.
The reason is the great velocity gradient at the plasma edge,
which is taken into by the shear flow layer, so that the instabil-
ity driven by the plasma flow can be excited.

0.015
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vo/Va

0.005

1.10 1.15 1.20 1.25 1.30

Fig. 10. (color online) Effect of the width of the local equilibrium
shear plasma flow layer on the stabilization of the RWMs at the edge
plasma, for the negative gradient of the velocity in the layer. (a) Profiles
of the local equilibrium shear plasma flow with vo(r = a) = 0.016Va,
sp(r=a) =0, and dy = 0. (b) Growth rate of the RWM versus the posi-
tion of the resistive wall with different widths of the shear plasma flow
layer.

To prove the above conclusion, figure 11(a) shows the
growth rate versus the position of the resistive wall with dif-
ferent velocity amplitudes on the plasma surface in the case of
ro = 0.7. The critical positions of the resistive wall and the
width of the stable window as functions of d, are plotted in
Fig. 11(b). It can be found that, for positive shear rate, the
width of the stable window increases when raising the shear
rate. At the same time, the inertial energy of the equilibrium
plasma flow becomes larger and larger. However, for the neg-
ative shear rate, the stable window becomes thinner when in-
creasing the absolute value of the shear rate, or decreasing the
inertial energy of the equilibrium plasma flow. Therefore, the
inertial energy of the equilibrium plasma flow plays an impor-
tant role in the stability effect of the shear flow on the non-
resonance RWMs.
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Fig. 11. (color online) (a) The growth rate of the RWM as a function of
the position of the resistive wall for the case of ryp = 0.7 and different
dy. (b) The critical stable positions of the resistive wall and the width
of the stable window.

5. Conclusion and discussion

In this work, we start with non-ideal MHD equations with
plasma viscosity and use a code which describes plasma sur-
rounded by a conducting wall with finite resistivity in a cylin-
drical model to investigate the RWMs in a tokamak plasma
without a resonance surface.

After the benchmark of our code, the stable window can
be found when the uniform plasma flow is taken into consid-
eration and fast enough. The stabilizing effect may be induced
by two factors of the equilibrium plasma flow: the inertial en-
ergy and the velocity amplitude on the plasma surface. In ad-
dition, for the RWMs without resonance surfaces in plasma,
the shear rate on the plasma surface may play an important
role in stabilization of the RWMs.

Therefore, we take three factors into consideration to in-
vestigate the effect of the shear flow on the growth rate of the
RWNMs. They are the velocity amplitude, the shear rate, and
the inertial energy of the equilibrium plasma flow. For fixed in-
ertial energy and shear rate on the plasma surface, there exists
a significant effect of the velocity amplitude on the destabi-
lization of RWMs when decreasing the velocity amplitude on
the plasma surface. At the same time, the inertial energy will
also decrease. For fixed inertial energy and velocity amplitude
on the plasma surface, the stable window driven by the shear
plasma flow will move away from the plasma when increasing
the absolute value of the shear rate on the plasma surface from
zero, because the velocity gradient increases gradually. When
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the shear rate is positive, there is unnoticeable displacement of
the stable window, but its width decreases dramatically. The
reason is that the inertial energy at the edge plasma become
smaller. Hence, the negative shear rate on the plasma surface
is better for the stabilization of the RWMs in these conditions.
For fixed velocity amplitude and shear rate on the plasma sur-
face, the stable window will become wider gradually when in-
creasing the inertial energy of the equilibrium plasma. How-
ever, there is no obvious effect of the shear rate in the core
plasma on the stabilization of the RWMs.

Moreover, in the case of the local shear plasma flow, it is
more clearly seen that the crucial factor which can affect the
stabilization of the RWM s is the inertial energy taken into the
plasma by the equilibrium plasma flow. However, there is an-
other instability driven by the velocity gradient of the plasma
flow, when the shear flow layer is thin enough. This also illu-
minates that there is no stabilizing effect of the shear rate of
the equilibrium plasma flow in the core plasma on the RWMs.

Some heating methods can also supply a large torque for
tokamak plasma in experiments,*>?3 such as neutral beam
injection (NBI) and wave heating. The velocity amplitude and
the shear rate of the flow on the plasma surface can be adjusted
through changing the angle of the NBI, and the power of the
NBI is in direct proportion to the inertial energy of the equilib-
rium plasma flow, on the basis of which, we study and testify
the effects of these factors on the RWMs.
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