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It is demonstrated that the zonal flow is controlled by the parallel flow in the cylindrical plasmas. A three-
dimensional turbulence simulation is performed, based on the reduced fluid model. The background parallel
flow is applied by introducing the time independent parallel momentum source. Changing the magnitude of
the momentum source, the behavior of the zonal flow is investigated. The drift wave turbulence is affected
by the parallel flow, and it shows the spatial competition between turbulence modes. The spatial competition
appears/disappears abruptly, depending on the intensity of the parallel momentum source. As a consequence of
the transition between the turbulence state, the radial profile of the turbulence drastically changes, which leads
to the change of the turbulence force to drive the zonal flow. In this way, the parallel flow indirectly affects the
zonal flow through the deformation of the turbulence.
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1. Introduction
Importance of flows in magnetized plasmas have been

widely recognized. A helical flow is formed in magnetized
plasmas, which consists of poloidal and toroidal flows.
The poloidal flows, such as zonal flows [1] and the mean
flow [2,3], contributes to the turbulence suppression due to
their shears [4]. Recently, not only the shear of the flow but
also the curvature of the flow has been reported to be im-
portant for the turbulence suppression [5–8]. On the other
hand, the toroidal flow strongly affects the MHD stabil-
ity [9], so that the driving mechanisms of the toroidal flow
has been intensively investigated [10–12].

Poloidal and toroidal flows are not independent with
each other. One of the flow coupling mechanism is the geo-
metrical effect; the toroidicity connects each flow depend-
ing on the safety factor [13–15]. Another flow coupling
process stems from the turbulence; both the poloidal and
toroidal flows couple via turbulence, which is ubiquitous.
For instance, the poloidal flow deforms the drift wave spec-
trum so that the toroidal momentum is generated [10]. The
parallel flow shear driven instability, D’Angelo mode [16],
which is often called the parallel velocity driven (PVG)
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mode [17–21] or Kelvin-Helmholtz instability [22], has
been reported to drive the zonal flow [23], and the selection
rule of the turbulence driven structures due to the parallel
flow has been addressed [24]. Therefore, there is a possi-
bility that the zonal flow could be controlled by the paral-
lel flow, which leads to the controlling the plasma perfor-
mance. In order to do that, the characteristics of the zonal
flow driven the drift wave turbulence in the presence of the
parallel flow should be investigated.

In this study, we demonstrate the zonal flow formation
by the drift waves in the presence of parallel flows by us-
ing the turbulence simulation. The flow coupling process
via turbulence is focused on by considering the cylindrical
plasma (toroidal effect is ignored). Based on the reduced
fluid model, the three-dimensional turbulence simulation
is performed. The background parallel flow is introduced
by applying the parallel momentum source. Changing the
strength of the parallel momentum source, the behavior of
the zonal flow is investigated. The zonal flow energy is
found to be bifurcated due to the transition of the turbu-
lence state. The rest of the paper is organized as follows.
In Sec. 2, the brief summary of the turbulence simulation
is described. The behavior of the zonal flow with control-
ling the parallel flow strength is discussed in Sec. 3. The
summary is given in Sec. 4.
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2. Turbulence Simulation
A three-dimensional simulation of turbulence in a

cylindrical plasma in the presence of the helical flows is
performed. We focus on a situation similar to basic plasma
experiments, where the detail measurement of the turbu-
lence is possible. The circular cross-section of plasma with
a uniform axial magnetic field is considered. The model
equation is based on the three-field reduced fluid equa-
tions [25],

∂N
∂t
+

[
φ,N

]
= −D∇2

‖ (φ − N) − D∇‖N∇‖ (φ − N)

− ∇‖V‖ − V‖∇‖N + μN∇2
⊥N + S n, (1)

∂∇2⊥φ
∂t
+

[
φ,∇2

⊥φ
]

= −D∇2
‖ (φ − N) − D∇‖N∇‖ (φ − N)

− ∇⊥N · d∇⊥φ
dt
− νin

(
∇2
⊥φ + ∇⊥N · ∇⊥φ

)
+ μU∇4

⊥φ, (2)
∂V‖
∂t
+

[
φ,V‖

]
= −V‖∇‖V‖ − ∇‖N − νinV‖ + μV∇2

⊥V‖ + S v, (3)

where N = ln(ne/n0), ne is the electron density, n0 is the
density at plasma center r = 0. Here, the electrostatic po-
tential φ and the ion parallel velocity V‖ are normalized
by the electron temperature Te/e and the sound speed, re-
spectively, and the time and space are normalized by the
ion cyclotron frequency and the ion sound Larmor radius,

Fig. 1 Outputs of the turbulence simulation in the case of S V = 0.03. The upper figures show the potential fluctuation pattern: left one is
the three dimensional pattern, and the right one is that at z = 0. The bottom figures illustrate the radial profiles of the background,
such as density, the azimuthal flow (which is calculated from the potential profile), and the parallel flow.

respectively. The particle and parallel momentum sources
are introduced by S n and S v. The parallel diffusivity of
electrons is denoted by D = A/(νei + νen), A is the ion-
electron mass ratio, νei is the electron-ion collision fre-
quency, νen is the electron-neutral collision frequency, νin
is the ion-neutral collision frequency, and μN , μU , μV are a
set of viscosities. The boundary condition in the radial di-
rection is set to f mn = 0 at r = 0, a for the modes with
m � 0, and ∂r f mn = 0 at r = 0 and f mn = 0 at r = a for the
modes with m = 0, where f mn =

(
φmn,V‖mn,Nmn

)T .
A nonlinear simulation of turbulence is performed by

using parameters; B = 0.1 [T], Te = 3 [eV], a = 10 [cm],
length of the device λ = 4 [m], νin = 0.035, μN = μV =

10−2, μU = 10−4, and the collision frequency νe = 510. In
order to consider a situation when the gradients of the den-
sity and the parallel flow coexist, time independent parti-
cle and parallel momentum sources are introduced, whose
profiles are given as

S n(r) =
4S NμN

L2
N

{
1 −

(
r

LN

)2 }
exp

[
−

(
r

LN

)2 ]
, (4)

S v(r) = S V exp

⎛⎜⎜⎜⎜⎝− r2

L2
V

⎞⎟⎟⎟⎟⎠ , (5)

where S N and S V determine the intensity of the sources,
and LN and LV give the scale lengths of the mean profiles
without fluctuations. In this simulation, LN = 6 [cm] and
LV = 3 [cm] are taken. The intensities of the density and
parallel momentum sources control the stabilities of the re-
sistive drift wave in the presence of the parallel flow. In
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order to study the behavior of the zonal flow in the pres-
ence of the parallel flow, the simulations are performed
with changing the parallel momentum source intensity S V

shot-by-shot with the fixed density source S N = 4. It is
noted that this simulation is the flux-driven simulation so
that the background profiles of the density, potential and
parallel flow are self-consistently evolved. The time evo-
lution of the three-dimensional fluctuation pattern for the
density, the potential and the parallel flow are calculated
by using Fourier mode decomposition for the azimuthal
and axial directions.

Figure 1 illustrates the snapshot of the turbulence fluc-
tuation and the background profiles. The upper figure
shows the potential fluctuation pattern, whose axial wave-
length is much longer than the azimuthal wavelength, and
which propagates in the electron diamagnetic direction.
These are the characteristics of the drift wave [26]. Al-
though the axial phase propagation is symmetry (the mag-
nitudes of the modes with the positive and negative phase
velocity are the same) without the parallel flow, the finite
parallel flow violates this symmetry and the preferential
phase propagation direction appears. This asymmetry in
the axial propagation leads to the generation of the paral-
lel momentum flux, which works to suppress the parallel
flow shear [25]. At the same time, the fluctuation drives
the zonal flow as seen in the bottom center of Fig. 1, where
the azimuthal flow is calculated from the potential profile,
assuming the E × B flow,

〈
Vθ

〉
= ∂r

〈
φ
〉
. Here, the bracket〈 · · · 〉 denotes m = n = 0 component, where m and n are

Fig. 2 Changes of background plasmas with respect to the change of the parallel flow; (a) the stored particle number, (b) the perpendicular
kinetic energy (zonal flow energy), (c) the parallel kinetic energy (d) the radial profile of the azimuthal flow, and (e) the radial
profile of the parallel flow. Here, the each kinetic energy in the perpendicular and parallel directions are calculated from the
m = n = 0 components of the potential and the parallel flow, respectively.

the azimuthal and axial mode numbers, respectively.

3. Behavior of Zonal Flows in the
Presence of Parallel Flows
In this section, the behavior of the zonal flow is stud-

ied when the parallel momentum source changes. First, the
change of the background plasma condition with respect
to change of the parallel momentum source is discussed,
and the zonal flow characteristics are shown. Then, we
describe the change of the turbulence properties, and the
turbulence effect on the zonal flow is discussed.

The background plasma properties, including the
change of the zonal flow, are described. Figure 2 shows
the summary of the behaviors of the background. Here,
the number of particles stored in the plasmas is calculated
from the volume integral of the mean density profile. The
kinetic energies in the perpendicular and parallel directions
are obtained from 2−1

∫
∂r

〈
φ
〉2rdr and 2−1

∫ 〈
V‖

〉2rdr, re-
spectively. The parallel kinetic energy smoothly increases
roughly with the square function of S V . On the other hand,
the perpendicular kinetic energy, which corresponds to the
energy of the zonal flow, shows the complex behavior; the
energy decreases in the region S V < 0.003, and increases
in 0.003 < S V < 0.017. Around S V ≈ 0.017, the zonal
flow energy shows the sudden drop, which corresponds to
the transition of the state. The radial profile of Vθ and V‖
are shown in Figs. 2 (d) and (e). The profile of the zonal
flow changes as follows; inner region of the flow around
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Fig. 3 Wavenumber spectrum of the potential fluctuation in the cases of (a) S V = 0.017 and (b) S V = 0.03, and (c) dependence of linear
growth rate of the modes on S V . Here, m and n are the azimuthal and axial mode numbers, respectively. The intensities of the
wavenumber spectrum are plotted in the logarithmic scales. The linear growth rate of the modes with n = ±1 is evaluated from the
time evolution of their energy.

r/a ∼ 0.3 suddenly weakens at S V > 0.017, while the flow
at outer region r/a ∼ 0.9 increases at S V > 0.017. This
change in the radial profile is reflected by the change of the
volume integral of the perpendicular kinetic energy. The
change of the total particles stored in the plasma, Fig. 2 (a),
roughly corresponds to the change of the volume integral
of the zonal flow energy, Fig. 2 (b). This indicates that the
parallel flow itself does not have an impact on the parti-
cle transport, but it can contribute to the transport control
through the change of the zonal flow.

In order to show the physical mechanism of the zonal
flow profile change, the behavior of the fluctuation prop-
erties are discussed. Figure 3 illustrates the wavenumber
spectrum of the turbulent kinetic energy, calculated from
EK(m, n) = 2−1

∫ |∇⊥φm,n|2rdr, in the cases before and af-
ter the transition. In both cases, the parallel wavelength of
the dominant modes are comparable to the device, n = ±1,
which is a characteristics of the drift waves. The sign
asymmetry in n stems from the parallel flow; the sign of
the flow affects the drift wave growth rate and the shear is
related to the instability of the D’Angelo mode. The linear
growth rate of the drift wave in the presence of the parallel
flow, γDW , is given as [26]

γDW =
k2⊥(−m∂r

〈
N
〉
)
(−m∂r

〈
N
〉
+ n(r/λ)

〈
V‖

〉)
Dr2n2λ−2

(
1 + k2⊥

)2
, (6)

where k⊥ is the perpendicular wavenumber. When the par-

allel flow is present, the growth rate of the mode with
n
〈
V‖

〉
> 0 becomes large, and the growth rate of the mode

with n
〈
V‖

〉
< 0 becomes small. In this study, the posi-

tive parallel flow is applied, and, thus, the mode with the
positive parallel wavenumber becomes large. It is noted
that Eq. (6) is derived by neglecting the shear of the par-
allel flow, which would change the result. In addition, the
drift waves with the opposite sign of n have different effect
on the background parallel flow. The role of the modes on
the background flow can be understood by looking at the
fluctuation induced parallel Reynolds work, W‖, which is
evaluated as follows [27].

W‖ = −
∫ 〈

V‖
〉1

r
∂r

(
rΠr‖

)
rdr

≈ − λ
2π

∑
mn

∫
nm∂r

〈
V‖

〉
n2D

∣∣∣φmn

∣∣∣dr, (7)

where the azimuthal mode, m, is positive in the drift wave
case (the fluctuation propagates in the electron diamagnetic
direction), and the negative parallel flow shear is formed
in the present simulation cases. The sign of the parallel
Reynolds work depends on nm∂r

〈
V‖

〉
: the modes with neg-

ative/positive n drives the negative/positive work, which
suppresses/drives the parallel flow. In this way, the modes
with n = 1 and n = −1 have different characteristics,
and they nonlinearly compete with each other as reported
in [25]. In this study, we consider the situation with the
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Fig. 4 Changes of fluctuation characteristics with respect to the change of the parallel flow. (a) Volume integral of turbulence kinetic
energies, (b) turbulent kinetic energy, (c) radial profile of the turbulent kinetic energy calculated from n = 1 and (d) radial profile
of the turbulent kinetic energy calculated from n = −1.

large density gradient, and focus on the drift wave turbu-
lence with the parameter range where the D’Angelo mode
is not excited. The linear growth rate of the modes γL with
n = ±1, shown in Fig. 3 (c), are evaluated from the time
evolution of the energy as

γL(n) =
1
T

∫ T

0
∂t

⎛⎜⎜⎜⎜⎜⎝ln
∑

m

Emn(t)

⎞⎟⎟⎟⎟⎟⎠ dt, (8)

where T is chosen to be T = 1800 (before the nonlinear
saturation). Both modes with n = ±1 are linearly unstable
in all cases. Each growth rate is the same in the case of
S V = 0 as described above, and the growth rate with n =
1 mode becomes approximately 10% larger than that of
n = −1 mode. In this way, although the linear growth
rate smoothly changes depending on the injection of the
parallel momentum source, the behavior of the nonlinear
saturated amplitude does not show the smooth change but
it shows the transition.

Next, we show the radial profile bifurcation of the
fluctuation. The changes of the volume integral of the
turbulent energy, and its radial profiles with respect to
the change of the parallel momentum source are shown
in Fig. 4. The perpendicular and parallel turbulence ki-
netic energies is shown in Fig. 4 (a). The parallel kinetic
energy is much smaller than that of the perpendicular en-
ergy before the transition at S V < 0.017, and increases at
S V > 0.017 to be comparable to the perpendicular energy.

This indicates that the parallel fluctuation does not con-
tribute much for the background plasma at S V < 0.017,
and becomes important at S V > 0.017. The volume in-
tegral of the kinetic energy with n = ±1 components,
and their radial profiles are shown in Figs. 4 (b), (c) and
(d), respectively. In the case with the small parallel mo-
mentum source at S V < 0.003, where the mean parallel
flow driven by the turbulence and that by the source are
comparable, the modes with n = ±1 competes with each
other, and both modes can be dominant. In the region with
0.003 < S V < 0.017, although the volume integral of the
energies of n = ±1 modes coexists, the existence spatial re-
gion is separated. The peak of the modes with n = 1 exists
around r/a ≈ 0.6, while the peak of the modes with n = −1
is around r/a ≈ 0.4, which shows the spatial competition.
Because the mode with n = 1 exists in the outer region,
the volume integral of the energy is larger than that of the
n = −1 modes, while the each peak magnitudes are simi-
lar. At S V > 0.017, where the zonal flow energy suddenly
changes, the modes with n = ±1 competes strongly, the
modes with n = −1 almost disappears, and the existence
region of the modes with n = 1 becomes wider, which
leads to the sudden rise in the energy of n = 1 mode.
The disappearance of the spatial competition observed in
the region of 0.003 < S V < 0.017 abruptly occurs, and
the turbulence state transition is obtained. This transition
of the state can not be predicted by the local linear sta-
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Fig. 5 (a) Change of radial profile of the turbulent forces by the parallel flow momentum source, where the force is calculated from the
radial derivative of the perpendicular Reynolds stress. (b) Mode contribution on perpendicular Reynolds work. (c) Changes of the
turbulent work to drive the azimuthal and axial flow. Here, the positive/negative sign corresponds to the drive/deceleration.

bility [26] nor the nonlinear analytical theory as in [23].
In the situation where the transition is observed, the lin-
ear growth rates of the modes with n = ±1 are close, so
that their contributions to the background profiles are sim-
ilar. The coupling between the modes with n = ±1 through
the deformation of the background is a possible candidate
to explain this transition, which is a future work. In this
study, we focus on the mechanism that causes the change
of the zonal flow characteristics by the parallel flow shear
(as consequences of the appearance/disappearance of the
spatial competition between the turbulence modes).

In order to show that the transition of the zonal flow
energy at S V ≈ 0.017 is due to the abrupt change of the
turbulence profiles, the Reynolds forces driven by the tur-
bulence are discussed. The Reynolds forces acting on the
perpendicular and parallel flows, F⊥ and F‖ are evaluated
from F⊥ = −r−1∂r

(
rΠr,θ

)
and F‖ = −r−1∂r

(
rΠr,‖

)
, where

the Reynolds stresses are given by Πr,θ = −r−1〈∂rφ∂θφ
〉

and Πr,‖ = −r−1〈V‖∂θφ〉. The radial profile of the perpen-
dicular turbulence force, which is the driving force of the
zonal flow, is shown in Fig. 5 (a). The spatial pattern is very
similar to the flow pattern, so that the zonal flow is found to
be driven by the perpendicular Reynolds force. In order to
clarify the energy transfer between the flow and the turbu-
lence, the volume integrals of the work acting on the flows,
evaluated by W⊥ =

∫ 〈
Vθ

〉
F⊥rdr and W‖ =

∫ 〈
V‖

〉
F‖rdr,

are shown in Fig. 5 (c). Here, the positive work indicates

that the energy is transferred from turbulence to the flow,
and vice versa. The perpendicular and parallel works are
positive and negative in all range of the state, respectively.
So, the zonal flow is driven by the turbulence, and, at the
same time, the parallel flow is suppressed by the turbu-
lence. The sudden change of the magnitude of the perpen-
dicular work can be seen at S V ≈ 0.003 and 0.017, which
correspond to the transitions of the turbulence state. There-
fore, the abrupt change of the zonal flow characteristics is
found to be due to the turbulence transition, the appear-
ance/disappearance of the spatial competition between the
turbulence modes. In order to clarify the role of the n = ±1
modes on the formation of the zonal flow, the contribution
of each mode on the perpendicular Reynolds work is evalu-
ated from Wn⊥ =

∑
m

∫
mr−1Im

[
φ∗mn∂rφmn

]〈
Vθ

〉
rdr, which

is shown in Fig. 5 (b). The contributions of the n = ±1
modes are dominant; the contribution of the n = 1 mode is
positive, which drives the zonal flow, and that of the n = −1
mode changes its sign from positive to negative across the
transition at S V ≈ 0.017. The n = −1 mode works to drive
the zonal flow in S V < 0.017, and suppresses the zonal
flow in the case of S V > 0.017. Thus, the n = −1 mode
makes the transition sharper. In this way, the parallel flow
affects the properties of the turbulence, and as a result, the
characteristics of the zonal flow changes. Thus, this mech-
anism could be a new control knob of the confinement us-
ing the parallel momentum injection through controlling
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the zonal flow.

4. Summary
Using the turbulence simulation, it is demonstrated

that the zonal flow is controlled by the parallel flow even
in the cylindrical plasmas. The reduced fluid model is em-
ployed, and the background parallel flow is applied by in-
troducing the parallel momentum source. Changing the
magnitude of the momentum source, the behavior of the
zonal flow is investigated. The drift wave turbulence is
affected by the parallel flow, and it shows the appear-
ance/disappearance of the spatial competition between tur-
bulence modes. This change occurs abruptly. As a conse-
quence of this transition between the turbulence state, the
radial profile of the turbulence drastically changes, which
leads to the change of the turbulence force to drive the
zonal flow. In this way, the parallel flow indirectly affects
the zonal flow via changing the properties of the turbu-
lence.
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