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A plasma fluid code B2 has been benchmarked with a one-dimensional plasma fluid model incorporating
the anisotropic ion pressures (AIP model) on simple mirror configurations. In a low collisionality case, profiles
of plasma parameters of the B2 code deviate from those of the AIP model. The validity of the viscous-flux
approximation is investigated by direct comparisons with the anisotropic part of the ion pressure indicating the
invalidity of the viscous-flux approximation is considered to be responsible to deviations of profiles. In addition,
supersonic plasma flows downstream from the mirror throat are observed.
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1. Introduction
In order to design a divertor in a future fusion reactor
such as DEMO or estimate an operation window for detached plasmas, it is crucial to develop a robust model to
predict profiles of scrape-oﬀ layer (SOL)-divertor plasma
parameters. Various SOL-divertor plasma code packages,
therefore, have been developed and benchmarked with
experimental results such as SOLPS (B2-EIRENE) [1],
SONIC [2, 3] and UEDGE [4]. Experimental results of existing devices, however, cannot always be reproduced satisfactorily with these code packages and eﬀorts have been
made to resolve this issue from, for example, kinetic eﬀects
of a plasma [5], drifts [6, 7], supersonic plasma flows [8],
neutral models [5, 6], impurity models [9] and plasmawall-interactions (PWI) models [7, 8] points of view.
In a SOL-divertor region of a typical torus device with
an aspect ratio of R/a ∼ 3, the spatial variation of the magnetic field strength B becomes a factor of ∼ 2. In such a
condition, contribution of the mirror force can be comparable to the pressure-gradient force and largely alter the flow
velocity profile [10]. In addition, it is expected that supersonic plasma flows occur in diverging magnetic fields. In
the Braginskii’s plasma fluid model [11] which is used in
code packages mentioned above, however, a viscous-flux
approximation is included in the mirror force term and the
pressure-gradient force term. Therefore, it is an important
issue to investigate the validity of this viscous-flux approx-

imation in inhomogeneous magnetic field configurations.
We have been developing a one-dimensional plasma
fluid model incorporating the anisotropic ion pressures
(AIP model) [12, 13]. The viscous-flux used in the Braginskii’s plasma fluid model is an approximation of the
anisotropic part of the ion pressure. Thus, by directly
incorporating the anisotropic ion pressures into a plasma
fluid model, a viscous-flux approximation becomes no
longer necessary and the above-mentioned force terms become free of any approximations. Therefore, the validity
of the viscous-flux approximation can be studied by direct
comparisons between the Braginskii’s plasma fluid model
and the AIP model.
In order to obtain comprehensible results and useful
insights, we use simple mirror configurations instead of
real SOL-divertor configurations in this paper. As one
of SOL-divertor plasma codes based on the Braginskii’s
plasma fluid model, we use a two-dimensional code B2
[14] which has been applied not only to SOL-divertor plasmas in tokamaks but also to plasmas in linear devices [15].
In Sec. 2, the AIP model, the B2 code and calculation conditions are briefly explained. Results are shown in Sec. 3.
Section 4 summarizes this paper.

2. Numerical Models
2.1 Anisotropic-ion-pressure (AIP) model

Basic equations for a plasma in the AIP model are
written as follows [12, 13];
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plied;
(2)

(3)

(4)

(5)

Equations (1) - (5) are of continuity of ion, parallel momentum of plasma, parallel component of ion energy, perpendicular component of ion energy and electron energy,
respectively. Here, the pressure is defined by pσ = nT σ
in which σ represents the species and components as σ ∈
{(i, ) , (i, ⊥) , i, e}. Other notations are the same as Ref.
[16]. The ion-pressure relaxation time is given by τrlx =
2.5τi [17] where the ion-ion Coulomb collision time τi is
estimated by using the eﬀective-isotropic ion temperature
T i ≡ T i, + 2T i,⊥ /3. The electron conductive heat flux
qe is estimated by a harmonic average of the Spitzer-Härm
SH
heat conduction qSH
e = −κe (∂T e /∂s) and a free-streaming

 −1
√
SH
FS
heat flux qFS
e = nT e T e /me as qe = 1/qe + 1/ αe qe
in which the heat-flux limiting factor of electron is set to be
αe = 0.5. The ion conductive heat fluxes, qi, and qi,⊥ , are
estimated by Spitzer-Härm heat conductions with the same
settings as Refs. [18, 19]. The virtual divertor model [19]
is used for the Bohm criterion at the sheath entrance.

2.2

δpi ≈ −ηi B−1/2
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Here, the parallel-ion viscosity ηi is estimated in the B2
code as follows;
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1 + Ωη ηi = ηcl ≡ 0.96pi τi , Ωη =
βpi  ∂s 
In this study, we use a viscous-flux limiting factor β = 0.5.
For the Bohm criterion, V ≥ cs is imposed in which cs ≡
√
(T i + T e ) /mi is the plasma sound speed.
By summing Eqs. (3) and (4), we obtain the equivalent equation of ion energy in the Braginskii’s plasma fluid
model as follows;
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Here, the ion conductive heat flux qi is estimated by the
SH
(∂T i /∂s).
Spitzer-Härm heat conduction qSH
i = −κi

2.3 Calculation conditions
We have tried various kinds of simple mirror configurations in this benchmark study. In this paper, however,
we only focus on one of them due to limitations of space.
Comprehensive results including other configurations will
be reported near future. Figure 1 (a) shows the parallelto-B profile of the magnetic field strength B used in this
paper in which the mirror ratio is Bmax /Bmin ∼ 4. The
system length is L = 2.8 m. The cross-sectional area
of the flux tube A is also given as shown here satisfying
the conservation of magnetic flux Φ = BA. The particle
source term is artificially given by S = S 0 exp −20 (s/L)2

B2 code

Although the B2 is a two-dimensional code, we apply it to a one-dimensional system by neglecting all of
radial transports for simplicity in order to focus only on
the parallel transport. By rewriting Eq. (2) in terms of
pi ≡ pi, + 2pi,⊥ /3 and δpi ≡ 2 pi, − pi,⊥ /3 instead
of pi, and pi,⊥ , we obtain the equivalent equation of parallel momentum of plasma in the Braginskii’s plasma fluid
model as follows;
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In addition, following viscous-flux approximation is ap-

Fig. 1 Calculation conditions used in this paper; parallel-to-B
profiles of (a) B (solid line), A (broken line) and (b)
source terms in the case of S 0 = 3.70 × 1022 /m3 · s and
T in = 20 eV.
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as shown in Fig. 1 (b). Heat source terms are given by
Qi = Qe = (3/2) T in S in which T in is the source temperature. The ion heat source Qi is divided into Qi, = Qi /3 and
Qi,⊥ = 2Qi /3 assuming isotropic heat sources for the AIP
model. The absolute values of S 0 and T in are changed as
S 0 = (1.85, 3.70, 7.40) × 1022 /m3 ·s and T in = 10, 20, 40
eV in order to change the plasma collisionality resulting in
nine cases of diﬀerent plasma collisionalities totally. The
momentum source Mm is set to be zero. A mirror symmetry condition is imposed at s = 0 as ∂n/∂s = ∂T/∂s = V =
0 and we set a sheath entrance at s = L. Deuterium ions
are assumed in this study.

3. Results
The ion temperature anisotropy T i, /T i,⊥ estimated at
s = L by the AIP model is shown in Fig. 2 as a function
of the ion collisionality L/λmfp . The mean free path of
ion-ion
Coulomb collisions λmfp is estimated by λmfp =

τi T i, /mi . The ion temperature tends to be anisotropic
in collisionless conditions even if the ion heat sources Qi,
and Qi,⊥ are given isotropically because the parallel component of energy is much easier to be lost than the perpendicular one by the convection. As the ion collisionality becomes higher, the ion temperature becomes more isotropic
due to the collisional relaxation.
Figure 3 shows the profiles of plasma parameters for
the highest collisionality case in Fig. 2 (i.e. L/λmfp ≈ 30)
generated with S 0 = 7.40 × 1022 /m3 · s and T in = 10 eV.
Note that in this figure and the following Fig. 4, the Mach
profiles of the AIP model are estimated by the flow velocity normalized by the plasma sound
 speed using the paralT i, + T e /mi . In this
lel ion temperature T i, , i.e. cs ≡
high collisionality case, the profiles of the B2 code agree
well with those of the AIP model except for the vicinity of
the sheath entrance s = L. This deviation probably comes
from the treatment of the Bohm criterion in the B2 code in
which a linear extrapolation of V is applied when it tends
to be higher than cs . The sonic point is at the mirror throat
(s = 2.5 m) and we have supersonic plasma flows downstream from there.

Fig. 2 T i anisotropy, T i, /T i,⊥ , estimated at s = L by the AIP
model as a function of the ion collisionality L/λmfp .

In Fig. 4, the profiles of plasma parameters for the
lowest collisionality case in Fig. 2 (i.e. L/λmfp ≈ 0.3) generated with S 0 = 1.85 × 1022 /m3 · s and T in = 40 eV are
shown. In this case, we can see deviations at the vicinity
of the sheath entrance again which is the same tendency as
the highest collisionality case. Except for this region, the
temperature profiles of the B2 code are qualitatively similar to those of the AIP model in that they tend to be flat due
to high conductivities. The profiles of the plasma density
n and the Mach number M of the B2 code, however, deviate by a factor of ∼ 2 from those of the AIP model in the
region of a diverging magnetic field (s = 0 ∼ 1.25 m).
Figure 5 shows direct comparisons of profiles of the
viscous flux πi and the anisotropic part of the ion pressure
δpi estimated by the AIP model. In the highest collisionality case, πi approximates δpi well except for the upstream
source region and the vicinity of the sheath entrance. In
addition, δpi itself is small compared to pi due to high collisionality. Thus, a good agreement between the B2 code
and the AIP model is obtained as shown in Fig. 3. In the
lowest collisionality case, on the other hand, a clear deviation of πi from δpi is seen in the upstream region of a
diverging magnetic field in addition to those seen in the
highest collisionality case, too. When focusing on this re-

Fig. 3 Profiles of plasma parameters for the highest collisionality case in Fig. 2 (i.e. L/λmfp ≈ 30) of the B2 code (solid
lines) and the AIP model (broken lines); (a) B, (b) n, (c)
M, (d) T i and (e) T e .
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πi is positive in this region according to Fig. 5 (b), τ might
also become eﬀectively positive in the B2 code leading to n
positively correlated with B as shown in Fig. 4 (b). This invalidity of the viscous-flux approximation probably comes
from eﬀects of neglected source terms, the gradient of δpi
and conductive heat fluxes when it is derived.

4. Summary
A widely-used two-dimensional plasma fluid code B2
which is based on the Braginskii’s plasma fluid model has
been benchmarked with a one-dimensional plasma fluid
model incorporating the anisotropic ion pressures, pi, and
pi,⊥ (AIP model) [12, 13] on simple mirror configurations.
We obtained nine cases of diﬀerent plasma collisionalities.
In the highest collisionality case, profiles of plasma parameters of the B2 code agree well with those of the AIP model
except for the vicinity of the sheath entrance. In the lowest
collisionality case, on the other hand, profiles of plasma
parameters of the B2 code deviate from those of the AIP
model. In addition, supersonic plasma flows downstream
from the mirror throat are observed. The validity of the
viscous-flux approximation πi is also investigated by direct comparisons with the anisotropic part of the ion pressure δpi indicating the invalidity of πi is considered to be
responsible to deviations of profiles.
Fig. 4 Profiles of plasma parameters for the lowest collisionality
case in Fig. 2 (i.e. L/λmfp ≈ 0.3) of the B2 code (solid
lines) and the AIP model (broken lines); (a) B, (b) n, (c)
M with an enlarged view, (d) T i and (e) T e .

Fig. 5 Profiles of πi (solid lines) and δpi (broken lines) each of
which is normalized by pi estimated by the AIP model
for (a) the highest and (b) the lowest collisionality cases.

gion, Eq. (2) can be reduced by assuming the steady state
and neglecting the dynamic pressure and pe leading to a
rough result of n ∝ Bτ in which τ ≡ T i, − T i,⊥ /T i, .
Because δpi and corresponding τ are negative according
to Fig. 5 (b), n is negatively correlated with B in the AIP
model as shown in Fig. 4 (b). On the other hand, because
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