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A Re, = 1000 DIFEIZ 0 205 34 T TELE ¥ 72, 52515 [4]
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BT I 7 LS BEH 2 LI L 22 vV b YiIc B v T, R [_axj oz o, axjax}Z P (axj] J{gj] !
Boeck 513 [10]. “FIEER LA 2V XIE3iE, /v b ,
< VHRIBIE (5= (pvio)IB,) & I BB Ty yz\ -
WHLRIZ BT 2 B TEE (U, = U(1-1/Ha)) | o
EHREND LA VA CR) A UHA ML E tcé hat ZZIS. DDt ci%’%’?‘" G w & ox W T LT G
LERBHL TS, REMELEMATIE ROMIZE1ITR &R (u, = u, x, = X). 5 LS o & A (1, = v, x,
FTLHITENEN, 550 £ 850 £ D, =V %LTX/\/D‘J‘[‘JEL(IL;\EF& VERE (1, = w, x, = z,) &
Ez“i%iﬁ% WL ELRIEBRILT 22 PmenTwd  RT, URERFNOFEEE, p IEHET). ¢ 3B
729 [16]. AFEHICBVWTIE Ha BOBIMZIE LT, il ORI T—RTF v Vv Thb, B EAE 1 B (&
&U‘X/x /75[‘10)*%?7&%9%3*&( RELTWD, BA  EM) FUHTHL L E2RT. BLILHOESE (o) HIRIZ
FEOMTREE IR DMVBESICBVTYH, Satake b R Q) TEHINS,
Table 1 FIRSM:
oo [ we [ow [oe ] [ omeee [ e
1 500 0 - 432,512, 432 14.8, 0.3-4.0, 7.4
) 500 11 899 12.8h, 384,512,384 16.7,0.3-4.0, 8.3
3 500 17 559 o
4 1000 0 - ’ 1920, 1024, 1280 | 6.7, 0.3-4.0, 5.0
5 1000 24 840 6.4h 768, 1024, 768 16.7,0.3-4.0, 8.3
6 1000 34 567
Ref. 9 1120 0 - Smh, 1024, 17.2,0.2-4.0,9.2
Ref. 9 1150 16.3 1502 2h, 1024, 17.6,0.2-4.4,9.4
Ref. 9 1194 32.5 727 2nh 768 18.2,0.2-4.5,9.6

Re, = u/i/v: fiiction Reynolds number, u.: friction velocity, 4: channel half depth, v: kinematic viscosity, Ha= Byi(c/pv)"”, Hartmann number, B,: wall-normal

magnetic flux density, o: electric conductivity, R = Uyé/v, U, = Uy/(1-1/Ha), U,; bulk mean velocity, L, (N,, 4x), L, (N,, 4y), L. (N., 4z): computational domain
(grid number, resolution) for stream (x), vertical (y), and spanwise (z) directions, respectively.
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In this study, we succeeded in establishing DNS database significantly increased the range of Reynolds number and Hartmann
numbers for the epsilon transport equation in turbulent channel flows imposed on a wall-normal uniform magnetic field. Maximum
friction Reynolds number based on the channel half-height is 1000 with the Hartmann number based on the channel half-height, 0,
24, and 34.

The contribution of MHD source term derived from Lorentz force on the turbulent dissipation process is very small. However
modulation of the other terms in this process was remarkably observed with Hartmann number increasing. The turbulent dissipation
process under the MHD effects is similar under the same R condition, where R is the Reynolds number based on the Hartmann layer

thickness and the laminar centerline velocity.
Keywords: Liquid metal MHD, Turbulent energy dissipation rate, DNS, Turbulence modeling

1. Introduction flows imposed on wall-normal uniform magnetic fields up to Re,
Modeling of magneto-hydro-dynamics (MHD) turbulence = 1000 and with the Hartman number = 34. Using the obtained
is a key challenge for the utilization of molten salt as a coolant DNS database, we investigated the turbulent energy dissipation
in the first wall of fusion reactors [1, 2]. The most commonly process under MHD effects, from the view point of turbulence
used MHD turbulence model is the low-Reynolds (Re) number modeling.
k-epsilon (k-¢) model. This kind of models has been developed
by Ji & Gradner [3], Kenjeres & Hanjalic [4], and Smolentsev 2. Overview of the DNS database
et al [5]. These models can predict fundamental mean velocity 2.1 Target flow fields
characteristics, such as MHD pressure drop, but their accuracy The target flow is an incompressible MHD turbulent flow
in predicting the turbulent kinetic energy and dissipation rate is at a low magnetic Reynolds number as considered in the
insufficient in high-Re flows [6]. previous DNS studies [9-11]. The flow was assumed to be a
Direct numerical simulation (DNS) is most powerful tools fully-developed turbulent channel flow in the presence of a
for validating MHD turbulence models. In particular, a DNS wall-normal uniform magnetic field. The flow geometry and
database of high-Re flows under a magnetic field is critical from coordinate system are shown in Fig. 1, where B, is the wall-
the view point of design of advanced fusion blankets [7, 8]. normal uniform magnetic field, / is the channel half-height,
With the developments in computational resources, including
parallel computing techniques, Satake et al. [9] and Boeck et al.
[10] succeeded in pioneering DNSs of turbulent channel flows
imposed on a wall-normal magnetic field up to friction Reynolds
number (Re;) 1100. However, the high-Re DNS database for the
transport equation of turbulent energy dissipation rate has not yet
been established. The available DNS database for the transport
equation of turbulent energy dissipation rate is up to Re, =150 in
the MHD case [11] and 395 in the non-MHD case [12].
In this study, we established the DNS database for this

transport equation of turbulent energy dissipation rate in channel Fig. 1 Flow geometry and coordinate system.
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and L, L,

computational lengths, respectively.

L, are the streamwise, wall-normal, and spanwise

2.2 Governing equations and numerical procedures !"’!

The numerical procedures used here are also the same
as those in previous studies [9-11]: the continuity, and the
momentum equations with an electric field described using
the electrical potential approach at a low—magnetic Reynolds
number, were solved using a hybrid Fourier spectral method
and a second-order central differencing method. To remove the
aliasing errors derived from nonlinear terms, the phase-shift
method [14] was applied. The time integration methods for the
governing equations were as follows: the third-order Runge—
Kutta scheme was used for the convection terms, the Crank—
Nicolson scheme was used for the viscous terms, and the Euler
implicit scheme was used for the pressure terms. The Helmholtz
equation for the viscous terms and the Poisson equations for the
pressure and electrical potential were solved using a tri-diagonal
matrix algorithm in Fourier space.

Nonslip and periodic conditions were imposed for the
boundary conditions of the velocities and non-conducting
conditions for the electric potential were applied to all walls and
a periodic condition was imposed on the horizontal direction.

The spanwise total electric current was maintained at zero [9-11].

2.3 Numerical conditions

The numerical conditions for the present DNS are shown in
Table 1, where the superscript + denotes the non-dimensional
quantities normalized by friction velocity (u,) and kinematic
viscosity (v). In our computations, the friction Reynolds
number, Re, = u, h,/v was kept constant at 500 or 1000. The

12 . .
, where o is the electrical

Hartmann number, Ha = B, & (c/pv)
conductivity and p is the density, was changed from 0 to 17 for
Re, =500, and from 0 to 34 for Re, = 1000.

When Re, =500, the bulk Reynolds numbers (Re, = U,2h/
v, where U, is the bulk velocity) were approximately 18,000.

These numerical conditions correspond to the equivalent

parameters for molten salt blankets in the side channel: Re,=
12,000, Ha =20 [7, 8].

When Re, =1000, the bulk Reynolds numbers were
approximately 40,000, and Hartman number based on the
channel height (2/) was up to 68. These numerical conditions
also correspond to the MHD flow conditions of liquid-metal
blankets in the Molten salt self-cooled case; Re, = 40,000 and
Ha =40 [15].

Boeck et al. [10] showed that the mean velocity and Reynolds
shear stress have similar profiles under the same R conditions
in the range of 450 < R < 900. Here R is the Reynolds number
based on the Hartmann layer thickness, 6 = (pv/c)"*/B,, and the
laminar centerline velocity, U, = U,(1—1/Ha), for Ha > 5. In this
study, R was set to 550 and 850.

To reduce the numerical costs, coarser-resolution grids were
adapted in the MHD cases compared with those of the non-
MHD cases, because the turbulent kinetic energy in these cases
was suppressed, in comparison with the non-MHD case under
the same friction Reynolds number [16]. However, higher-
resolution grids were ensured in all present cases compared with
those in DNS of Satake et al. [9], as shown in Table 1.

The computations were performed on a NEC SX-ACE
supercomputer systems at Tohoku University and Japan Agency
for Marin-Earth Science and Technology (JAMSTEC). The
computation time per step in CASE4 was 3.2 s by using SX-
ACE/2048 cores and the computational speed was measured
to be up to 20.0 TFLOPS (terafloating-point operations per
second). To obtain the statistical values, the time integration was
conducted during 11,000, 15,300, and 21,200 in the normalized
time units based on friction velocity and kinematic viscosity for
Ha =0, 24, and 34 at Re, =1000, respectively.

2.4 Transport equation of turbulent energy dissipation rate
For the fully-developed channel flow under the wall-normal
magnetic field, the transport equation of turbulent energy

dissipation rate (¢) is given by Eq. (1) [4].

Table 1 Numerical conditions

we [ wo [ow o [ o [ e
1 500 0 - 432,512,432 14.8,0.3-4.0, 7.4
2 500 11 899 12.8, 384, 512, 384 16.7,0.3-4.0, 8.3
3 500 17 559
4 1000 0 - 2h, 1920, 1024, 1280 | 6.7,0.3-4.0, 5.0
5 1000 24 840 6.4h 768, 1024, 768 16.7,0.3-4.0, 8.3
6 1000 34 567

Ref. 9 1120 0 - Sm, 1024, 17.2,0.2-4.0,9.2

Ref. 9 1150 16.3 1502 2h, 1024, 17.6,0.2-4.4,9.4

Ref. 9 1194 325 727 2nh 768 18.2,0.2-4.5,9.6

Re, = u h/v: friction Reynolds number,

12

u,: friction velocity, /: channel half depth, v: kinematic viscosity, Ha= Bj/(c/pv) ~, Hartmann number, B,: wall-normal

magnetic flux density, o: electric conductivity, R = Uyé/v, U, = Uy/(1-1/Ha), U,; bulk mean velocity, L, (N,, 4x), L, (N,, 4y), L. (N., 4z): computational domain
(grid number, resolution) for stream (x), vertical (y), and spanwise (z) directions, respectively.
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Here, D/Dt is the substantial derivative, u; and x; are the
streamwise (u; = u, x; = x), vertical (u, = v, x, =y, ), and
spanwise (u#; = w, x; = z, ) turbulent velocities and directions,
respectively. U is the streamwise mean velocity, p is the
pressure, ¢ is the electric potential, and over bar (") denotes a

time average. The energy dissipation rate (¢) itself is defined by

2
g:v[a"fj . @
axj

The transport equation (1) of the turbulent energy dissipation

rate is classified into three terms for types of their contributions.
That is the production, diffusion, and destruction terms,
respectively.

The production terms comprise the mixed production (P,"),
the production by mean velocity (P,”), the gradient production
(P.), and the turbulent production (P.*).

The diffusion terms comprise the turbulent diffusion (7},), the
pressure diffusion (/7,), and the viscous diffusion (D,).

The destruction terms comprise the viscous destruction rate
(y) and the magnetic source term (S,"). Two types of MHD
effects (S, S.'”) were considered as one dissipative source
term. In short, the Lorentz force always acted as the dissipative

contribution to the turbulent energy dissipation rate [4].

3. Results and discussion
3.1 R effects on mean velocity and turbulent energy

dissipation rate profiles
Figures 2-(1) and (2) show the mean velocity profiles at R =
850 and 550. The similarity of the mean velocity profiles under
the same R conditions [10] was clearly confirmed. Due to the
Lorentz force, the plateau velocity profiles [10] appeared at the
wall-normal height y* > 400 when R = 550. Under the same R
conditions, the similarity both the mean velocity profiles and the
turbulent energy dissipation rate profiles can also be observed
from Fig. 3. Thus, a similar turbulent dissipation process is

expected under the same R conditions.
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Fig. 2 Comparison of mean velocity profiles in same R conditions.
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Fig. 3 Comparison of turbulent energy dissipation rate profiles in same

R conditions.
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3.2 Hartmann number effects on budget of turbulent

energy dissipation rate
The budgets of the turbulent energy dissipation rate in cases

of Re, =1000, Ha =0 and Re, =1000, Ha = 34 are shown in Fig. 4.
All terms in Eq. (1) were normalized using u,°/v’.

As shown in Fig. 4-(1), in the case of Re, =1000, Ha =0,
the contributions of each terms to the budget were in good
agreement with the case of Re= 395 [12], but the magnitude
of the terms in the high-Re case of Re, = 1000 was increased,
particularly those for the turbulent production (P,") and viscous
destruction rate (y). This increasing tendency in terms of P.*
and y is consistent with the theoretical estimations by Rodi and
Mansour [12].

As shown in Fig. 4-(2), in the case of Re, =1000, Ha =34, the

magnitude of each terms is suppressed by the magnetic field, but

)]
0.02F Re,=1000, Ha=0 _
O
-0.02
N | | | L
0041 ¢v 10’ 10° 10°
y+
(@)
0.01 -+ ——rrrr
Re,=1000, Ha = 34
0
-0.01
sl L ||.|l Lol L
10° 10" 10° 10°
+
y
°©  mixed prod. ( Pg1 ) 5
o prod-mean-grad3 (P;)
@ grad. prod. (Pﬂ )
4 turb. prod. (P, )
v dissipation ( y)
X

turb. diff. ( 7,)

+ viscous dff. ( D,)
-==- press. diff. ( IL)M
----- MHD source ( S;" )

Fig. 4 Hartmann number effects on budget of turbulent dissipation rate.\

the contribution of several terms shows little difference between
two figures. Moreover, the contribution of the magnetic source
term (S,) is very small compared with that of the other terms
through the channel. In the case of turbulent kinetic energy, the
contribution of the MHD source term is also small [9]. Thus, the
effects of the Lorentz force on the turbulent transport processes
such as the turbulent kinetic energy and dissipation rate, were
not directly acted on by the MHD source terms. Therefore, the
modulation of non-MHD terms in Eq. (1) by MHD effects is
important from the view point of MHD turbulence modeling.
However, the modulation of non-MHD terms in this transport
equation has not been previously seen as a concern.

Figure 5-(1) shows the contribution of the production minus
the viscous destruction on the transport equation (1). In the
standard k-¢ model [17], the production and viscous destruction

terms were modeled together as follows:

P+ B+ 4Bl =y ="(CB ~Cot) 0

Here, P, is the production of turbulent kinetic energy £, and
C,

els

The behavior of the peak at the vicinity wall (" = 3-4) was

C,, are model parameters.

sensitive to increases in Ha. This peak value showed a negative

(1) production-viscous destruction
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Fig. 5 Hartmann number effects on each term in the transport equation

of turbulent dissipation rate.
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contribution in the case of Ha = 0, but a positive contribution in
the case of Ha = 34. In contrast, the behaviors of the peak at the
buffer layer (y* = 10-20) showed a positive contribution, but
the magnitude of the peaks had a decreasing trend.

Figure 5-(2) shows the contribution of the turbulent diffusion
term (7)) plus the pressure diffusion term (/7). In the standard
k-¢ model [17], these terms were also modeled together as

follows:

T; _+_Hg zi ﬁa_g

v\o, &)

where, v, is turbulent viscosity, and o, is the model

“4)

parameter. As Ha increases, the behaviors of terms (7, + I7,)
show a similar contribution, but the magnitude of the term

decreases.

3.3 R effects on budget of turbulent energy dissipation rate
Figure 6 shows comparison of each term in the transport

equation of the turbulent dissipation rate in the same R
conditions (R = 550). Across all terms, the similarity under the
same R condition was clearly confirmed.

From the view point of high-accuracy prediction of the
modulation of the non-MHD terms, R, which is the Reynolds

(1) production — viscous destruction
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Fig. 6 Comparison of each term in the transport equation of the

turbulent dissipation rate in same R conditions.
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number based on the Hartmann layer thickness and the laminar
centerline velocity, is important because the turbulent energy

dissipation process is similar under the same R condition.

4. Conclusions

In this study, we succeeded in establishing DNS database
significantly increased the range of Reynolds number and
Hartmann numbers for the epsilon transport equation in
turbulent channel flows imposed on a wall-normal uniform
magnetic field.

The DNS results for the turbulent energy dissipation rate
show a decreasing trend with increasing of Ha, but the profiles
of the turbulent energy dissipation rate have the clearly
similarities at the same R, which is the Reynolds number based
on the Hartmann layer thickness and the laminar centerline
velocity.

Like the turbulent energy dissipation profiles, each of the
budget terms shows a decreasing trend with increasing of Ha,
and the profiles and transport equation in the energy dissipation
rate also similar under the same R conditions.

The contribution of the magnetic source term derived from
the Lorentz force to the turbulent dissipation process was very
small. However, in the vicinity of the wall, the contribution
of production — destruction shows opposite behavior as Ha
increases. Therefore, modulation of the non-MHD terms is

important from the view point of turbulence modeling.
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