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The influence of the J x B force on the topographical modification of W targets during a type-I-like ELM in ITER
has been studied numerically. A two-dimensional (2D) fluid dynamics model is employed by solving liquid hydrodynamic
Navier-Stokes equation with the 2D heat conduction equation in addition to driving forces for surface topography, such as
surface tension and pressure gradient, the J x B force is particularly addressed. The governing equations are solved with
the finite volume method by adequate prediction of the moving solid-liquid interface. Numerical simulations are carried
out for a range of type-I ELM characteristic parameters. Our results indicate that both the surface tension and the J x B
force contributes to the melt motion of tungsten plates when the energy flux is under 3000 MW-m~2, the surface tension
is a major driving force while the pressure gradient is negligible. Our results also indicate that the J x B force makes the
small hills grow at different rates at both the crater edges under a type-I-like ELM heat load with a Gaussian power density

profile.
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1. Introduction

The ELMy H-mode is considered to be the standard op-
erating scenario for ITER.!') Heat loads brought by type-I
edge localized modes (ELMs) impact on the ITER divertor
plates,'”! which may exceed the tungsten (W) melting thresh-
old and form a melt layer. The melt layer is subjected to dif-
ferent driving forces, such as plasma pressure gradient, surface
tension, and Lorentz force (J x B),3%1 etc., and it will then
move. Melt layer propagation will increase surface roughness,
which reduces W thermal conductivity, degrades its mechanic
strength, initializes arcing,!”! and even causes droplet splash-
ing. The melt motion will be the major mechanism of W di-
vertor erosion in the next generation of tokamaks. Therefore,
it is very important to take the melt motion into account to
study the W thermal erosion caused by type-I ELMs. Cur-
rently, melting and the melt motion of W plates have been
studied in tokamaks (e.g., JET and TEXTOR).!®! However,
plasma—material interaction (PWI) is much stronger in ITER
than in any existing fusion device and there is a big gap in our
present understanding of PWI in ITER and in the present toka-
maks. Therefore, extrapolations from current devices to ITER
are uncertain, including transient peak thermal loads during
ELMs. !
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Theoretical study of the W erosion is growing in impor-

1.119-12] pyilt a one-dimensional model to

tance. Federici ef a
study the W divertor erosion under ELM-like heat loads. Has-
sanein et al.!'>!'%l evaluated the W divertor thermal erosion
using the code HEIGHTS. However, the W divertor erosion
owing to melt motion has not been included in these stud-
ies. Bazylev er al.!'>-2%] evaluated the thermal erosion of the
W divertor plates under type-I ELMs using the code package
MEMOS. To simplify the solution, they separated the heat
conduction equation into two one-dimensional heat conduc-
tion equations: the first equation represents the heat transfer
of W target in the vertical direction (through the liquid and the
solid phases), and the second represents the heat transfer along
the horizontal direction of the W target due to melt motion. To
the best of our knowledge, no detailed study has reported on
the W melt erosion under an energy flux of 3000 MW-m~2.

21221 o study

In this paper, we extend the previous works!
the influence of J x B force on the melt motion during the
type-I ELMs under a set of plasma parameters similar to those
of ITER. In the model, typical interaction forces (pressure,
surface tension and J x B force) responsible for melt layer
motion are taken into account. Simulations are carried out for

type-I ELMs under a range of characteristic parameters. In ad-

*Project supported by the Scientific Research Foundation of Liaoning Province, China (Grant No. 2016J027), the Open Research Project of Key Laboratory
of Materials Modification by Laser, Ion and Electron Beams, Ministry of Education (Grant No. KF1705), and the National Key Research and Development
Program of China (Grant Nos. 2017YFA0402500, 2017YFE0300400, and 2017YFE0301200).

TCorresponding author. E-mail: jsun@dlut.edu.cn
© 2019 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

045201-1


http://dx.doi.org/10.1088/1674-1056/28/4/045201
mailto:jsun@dlut.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 28, No. 4 (2019) 045201

dition, an improved numerical method has been used to solve
the governing equations.

2. Model description

In ITER, the ELMs heat loads are foreseen in a range
of 1 MI-m—2-3 MJ-m~2 on a time scale of about 0.1 ms—
1 ms, and inter-ELMs thermal loads are expected 5 MW-m—2-
20 MW-m~2.[2324] In this range of heat loads, the melt layer
will be a thin boundary layer—far thinner than the target thick-
ness. Therefore, it is a shallow water circulation problem, in
which a velocity component parallel to the surface (a melt ve-
locity averaged over the melt layer thickness) can be used to
describe the melt motion.>>) The melt layer propagation is
shown schematically in Fig. 1 under a Gaussian power den-
sity profile heat load. As shown in Fig. 1, the melt layer flows
along the x-coordinate axis (the poloidal direction of ITER),
and the z coordinate is orthogonal to the x axis (into the layer).
The y axis is the opposite direction of the toroidal magnetic
field. All of the key surface heat transfer processes (e.g., evap-
oration, melting, radiation, and melt motion) are considered in
the present model.

heat flux

LT

divertor

[————>$
z
(direction of current J)

target

Z=1cm

Fig. 1. Sketch of melt layer and melt motion of the target.

Driving forces of the melt motion, such as surface tension,
pressure, and Lorentz force due to external currents, are con-
sidered. Meanwhile, gravity is ignored in the present model
because it is a small amount compared with the J x B force
and surface tension (our simulations indicate that the average
value of the J x B force at each point is about ten times larger
than the gravity, and the average value of the surface tension is
about ten times and even more than gravity). In addition, the
model assumes the liquid to be incompressible. The equations
of conservation of mass, momentum and energy can be written
as follows:

Vv =0, (1)

0
p (&’;} +v- V'U) = —Vp+ UAV + FLorentz, )

ar

pes +pcv-VT =V (kVT)+ 0, 3)

where p, ¢, v, and T are the material density, specific heat
capacity, velocity, and temperature, respectively. The temper-
ature dependence of thermal conductivity k is described by
a function k = 1/(aT + b),!*®! where a and b are empirical
parameters,m] Q is the sum of the volumetric heating, and p
is the pressure across the target surface.

The boundary conditions at the liquid—vapor boundary
are represented by equations as follows:

oT
- kai = Pl_pLVVV_sc(nirface_TS)? )
2 |surface
v do
.Uafx = o 5)
Z |surface X

Here equation (4) is the energy balance equation at the sur-
face, where Fy is the surface heat load, Ly is the latent heat of
vaporization, V, is the evaporation front velocity, and 7p is the
unperturbed divertor target surface temperature. Equation (5)
gives the force balance condition at the liquid—vapor interface,
where the term on its left-hand side (LHS) is the friction force,
the term on its right-hand side (RHS) is the surface tension
gradient, « is the surface tension coefficient, and U is the melt

viscosity.
At the melting front (z = zy,), the classic Stefan boundary
condition2®]
0T, T,
ksa—s — k=Lt =pLnVa(t) (6)
Z Z=Zm aZ Z=Zm

is set for the solution. Here, the subscript s refers to the solid,
and subscript 1 refers to the liquid, Ly, is the latent heat of
melting, and Vi (¢) is the melting front velocity.

The shallow water approximation allows us to model the
propagation of melt layer using a modification of the St Venant

equations,
oh  d(vch)
5t = W), )
vy  _dv  1dp 929, Py
ey T Tpax nmiT (V a2 ‘%2)
3kq OT  J,B,
zpihg 0 (3)

The second term on the LHS of Eq. (7) describes the velocity
of melt layer thickness change due to melt motion (where v,
is the melt velocity averaged over the melt layer thickness, &
is the melt layer thickness). In Eq. (8), the second term on the
RHS describes the friction due to mass addition of the melt
layer, the third and fourth terms describe the effects of melt
viscosity, the fifth term describes the effect of surface tension,
and the last term describes the volumetric Lorentz force. Other
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parameters are the same as those defined in Refs. [16], [22],
and [29].
In this model, we use the following 2D transient heat con-
duction equation for both liquid and solid phases,
oT

9T v 9T e 0T
PCgr TP g TP

0 oT 0 oT
= &c(k(T)&c)+(9z’(k<T)(9z’)+Q’ )

where V; is the total velocity of the melt surface, and v, equals
to zero in the solid. Here, the new variable 7’ of a moving ref-
erence frame has been introduced to replace the old variable z
of the fixed reference frame,??! 7/ = 7+ fot vdr.

In this work, the numerical calculations were performed
using the finite volume method to track the moving interface
between solid and liquid phases. T, h, and v, are discretized
on the staggered grid. Here, the origin of the coordinate frame
is set at the plate edge. Since 7, is different on the two sides
of the separatrix strike point (SSP), the upwind scheme is
adopted, respectively, for both sides. In this way, the diffi-
culties associated with conventional approaches can be effec-
tively surmounted. The temperature at the bottom side is fixed
to Tp = 350 K, representing the cooling effect, the initial tem-
perature of the material is also fixed to 7Ty, and the magnetic
field strength is setto B=6T.

3. Results and discussion
3.1. Melt surface evolution

We first look at the evolution of surface topology induced
by an ELM heat load of 2000 MW-m~2 with a Gaussian power
density profile (our previous studies on power load on the di-
vertor target of DIII-D,3%311 EAST, 32331 and HL-2AB* by
using SOLPS modeling show that the energy flux shape is
very similar to Gaussian distribution. To analyze the influ-
ence of various factors on the divertor erosion straightly, the
Gaussian power density profile was assumed with the same
standard deviation on both sides of the SSP). Here a typical
value of k, is taken to be —0.1 x 10~% N-m~!.K~1.[16] The
initial sample temperature is 1000 K (the steady-state tem-
perature distribution in the PFC block of 1-cm thickness is
about 1000 K under the steady-state inter-ELMs heat flux of
10 MW-m~2, which is similar to that of ITER, and the prede-
fined boundary conditions!!%?!l). Recent theoretical and ex-
perimental works[®33%! indicate that the energy decay length
at the SOL () is inversely proportional to the toroidal mag-
netic field strength (Bt), and predict Aq ~ 1 mm for ITER.[¢]
Considering the flux expansion at the divertor target, it is as-
sumed the energy deposition width during ELMs is 1 cm in
the present work.

Figure 2 shows the effect of J x B force on the tem-
poral evolution of the melt surface profile. The result shows
that both the surface tension and the J x B force can induce

melt motion, but the pressure gradient is negligible when the
value of heat flux peak is less than 3000 MW-m 2. The W
melt flow can lead to a rather deep erosion dent near the re-
gion of the SSP, and two humps at the dent edges during the
ELM. The heights of the two W humps are the same when the
J x B force is neglected. In contrast, if the calculations are
performed with J x B force included, the melt W driven by
the J x B force can accumulate at the dent edge facing to the
J x B force, the forming humps are asymmetric at both the
dent edges and the roughness of W plate surface turns more
severe, as shown in Fig. 2. The hump height on the J x B
facing side increases by 0.5 pm than without the J x B force
att = 0.8 ms, and 1.1 um at r = 1.0 ms, respectively.

—4

—with JXB
Lo W/O JXB

l.JXB facing sid¢|

|
N

Profile of melt surface/um
o

21 L

t=0.8 ms t=0.9 ms t=1.0 ms

4 1 1 1 1 1 1 1 1 1

0.4 0.5 0.6 04 0.5 0.6 0.4 0.5 0.6
z/cm

Fig. 2. The melt surface profile calculated under an ELM with the peak
heat flux of 2900 MW-m 2, kg is —0.1 x 10~* N-m~'-K~!. The initial
sample temperature is 1000 K.

Table 1 gives the values of the hump height on the J x B
facing side at different irradiation time (from 0.75 ms to 1.0 ms
in an interval of 0.05 ms) without and with the J x B force.
The increase in the amount of the hump height in 0.05 ms is
much larger with the J x B force than without the J x B
force. It can be seen that the hump height increases more
rapidly as the irradiation lasts longer if the J x B force is
included. This mainly happens because the longer heat flux
duration leads to a deeper melt layer and faster melt motion
if the J x B force is included. Garkusha et al.*"! calculated
the height of the hump induced only by J x B force is about
0.2 um. Their calculations were performed according to the
experimental conditions (B, 1.4 T, maximum external current
density, 20 MA-m~2, current duration, 0.15 ms).

The results obtained from the present work are in good
agreement with those in the previous work,*’! considering
there is a small difference in magnetic field strength and in
current density (in the present paper, the current density varies
between 1 MA-m~2-2 MA-m~2, which is similar to ITER
parameters!®38)). All of the results from both experiments and
the present modelling indicate that the J x B force makes the
small hill on the J x B facing side grow relatively faster, the
J x B force may aggravate the W plate erosion, whose extent
depends on the temperature and properties of tungsten plates.
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Table 1. The height of peak hump on the J x B facing side, and its increase in an interval of 0.05 ms without and with J x B force.

w/o J x B with J x B

t/ms Hump height/pum Increase in 0.05 ms/pm Hump height/pm Increase in 0.05 ms/pm
0.75 0.8089 0.1582 1.2756 0.2582

0.8 0.9835 0.1746 1.5711 0.2955
0.85 1.1810 0.1975 1.9057 0.3364

0.9 1.4008 0.2198 2.2748 0.3691
0.95 1.6427 0.2419 2.6877 0.4129

1.0 1.9081 0.2654 3.1424 0.4547

Figure 3 shows the temporal evolution of surface temper-
ature. In the initial stage of melting, the difference in the sur-
face temperature between without and with J x B force is
not noticeable because the significant melt flow has not yet ar-
rived. After the beginning stage, as the melt flow generated by
the surface tension and the J x B force carries heat from the
SSP toward its periphery on the J x B facing side, the location
of the maximal surface temperature moves a bit from the SSP
to the J x B facing side. When the heat flux duration pro-
gresses to 1.0 ms, the maximal surface temperature with the
J x B force is 1 K higher than without the J x B force, and
its location is 20 wm away from the SSP. From these results, it
can be seen that the flow induced by the J x B force results
in a higher melt surface temperature on the J x B facing side
(see Fig. 3).

9000 ——=
/_7_'.: t:18m8\§\
8000 F 7 P N
% ,/,/ /-/t =1.0 r;s\\ Q'\
i’ : — AY
o) 7 R
5 70001 / //'//t =0.8 ms\\ N §
2 Ay MR
5 6000t S/ WY
g 7 N
£ e AR
& s000f 7./ N\
/ N
// —.— with JXB \:
4000 £ ---w/o JXB )

0.40 0.44 0.48 0.52
z/cm

0.56 0.60

Fig. 3. Temporal evolution of the surface temperature. Incident heat
flux of 2900 MW-m~2, kg, —0.1 x 1074 N-m~!.K~, the initial sample
temperature, 1000 K.

To further assess the effect of J x B force on erosion of
W plates, we prolong the calculation time to 1.8 ms. We find
that the difference in the melt surface temperature between
without and with the J x B force becomes more apparent as
the calculation time increases. Although the influence of the
J x B force on the melt motion is less than the surface tension
(as shown in Table 1), the accumulated effect of the J x B
force increases remarkably with the calculation time.

Figure 4 shows the temporal evolution of the melt front
location in the W plates. At ¢t = 0.8 ms, before significant
flow of melt W arrives, the melt front locations are not no-
ticeably different between without and with J x B force. At
t = 1.0 ms, small difference can be seen. Compared with the
case without J x B force, the melt depth is a little shallower

on the J x B facing side and a little deeper on the other side of
the SSP. The melt layer flow carries heat from the central part
of the dent, increasing the surface temperature nearby, which
siphons a part of the total heat flux penetrating into the bulk.
The difference in the melt motion between the cases without
and with J x B force gives rise to the difference in the conduc-
tion flux penetrating the melt layer. When the duration time
increases to 1.8 ms, the difference in the melt front location
between without and with J x B force is more evident.

90 ——with JxB ;

,\'\,\ —-—w/o JXB ’,f"
g 100f S, t=08ms_ _.- -’
i e s em g . - 1
< 110 - o
S 120F s P
E Seell._t=1.0ms =
< 130 = t
= 190 Py, Z

s .z
00 | e, tZl8ms oe=”
0.48 0.52
z/cm

Fig. 4. Temporal evolution of the melt boundary under peak heat flux
of 2900 MW-m~2, and k¢ is —0.1 x 10~ N-m~!-K~!. The black dot-
dashed line is for the case with J x B force.

3.2. ko dependence

Impurities in the W plates will change the surface
tension.!'% In Eq. (8), kg = da/dT is the gradient of sur-
face tension coefficient with regarding to temperature, and
the term (3ky/2ph)(dT/dx) in the RHS describes the ef-
fect of surface tension. Therefore it is necessary to evaluate
the influence of different values of k, (the values of k, are
taken from Ref. [16]) on the erosion of W plates when the
J x B force cannot be ignored. Figure 5 presents the melt
surface profiles under different values of ky for a scenario of
a sample with initial temperature of 1000 K, a heat flux of
2900 MW-m~2, and a heat flux duration of 0.8 ms. We can
see that the hump height on the J x B facing side of the SSP
is larger for different values of k. It is found that the humps
become more asymmetric when the value of &k, is smaller. The
peak value of the hump height is 0.7 pm higher than in the
case without the J x B force (increased by 87.2%) for k¢ of
—0.1 x 107* N-m~".K~!, and is 0.4 um higher (increased by
3.3%) for kg of —1.4x 10~* N-m~1-K~!. When the value
of kg is small, the contribution driven by the surface tension

045201-4



Chin. Phys. B Vol. 28, No. 4 (2019) 045201

drops in the total of driving force while the contribution of
J x B force relatively increases. The calculation results show
that the presence of impurities in the melt layer which changes
the value of surface tension will accordingly affect the effects
of surface tension and J x B force on the melt layer.

—15 -
— with JXB
......... W/O JXB
—10F
£
=2
~
L —5F
a: .
% 0 ‘-,kuf —0.1x10~* N-m’?(’l”............
[0} A s
g N, —0.9x107* Nom ™)
T 5f
=]
n
107 ko=-1.4x10"* N-m LK~!
0.36 0.40 0.44 0.48 0.52 0.56 0.60 0.64
x/cm
Fig. 5. Calculated melt surface profile under peak heat flux of

2900 MW-m~2 for different coefficients of surface tension. The heat
load duration is 0.8 ms.

3.3. Heat flux dependence

The heat deposition Q on the divertor is anticipated in
the range about 1 MJ-m~2-3 MJ-m~2 on a time of 0.1 ms—
1 ms for ELMs for ITER. Figure 6 shows temporal evo-
lution of the W melt surface profiles without and with the
J x B force under different peak heat fluxes of 2000, 2500,
and 2900 MW-m~2, respectively. For them, the value of
kg is —0.9 x 1074 N-m~ 1K~ L,[10] and the heat load du-
ration is 0.8 ms. Although the chosen peak fluxes in the
present work are in the ITER range, they are relatively
moderate. The humps at both edges of the dent caused
by such an ELM heat load with a Gaussian power den-
sity profile are the same at height when the J x B force
is neglected. In contrast, when the J x B force is consid-
ered, the humps at both the dent edges grow at different
rates—the hump on the J x B facing side grows notice-
ably faster. When the J x B force is taken into account,
the maximal hump height increases rapidly from less than

0.1 pum under heat flux of 2000 MW-m~2 to about 0.6 pm

— with JXB 2900 MW.m~—2
-8t ---w/o JXB
_al 2500 MW-m~2

2000 MW-m—2f

Melt surface profile/pm

0

4_

87040 044 048 052 056 0.60
z/cm

Fig. 6. W melt surface profile without and with J x B force under
different peak heat fluxes (ky, —0.9 X 1074 N-m~!-K~!, and heat load
duration, 0.8 ms).

under heat flux of 2900 MW-m~2 at ¢ = 0.8 ms. This mainly
happens because as the heat flux goes up, the J x B force in-
creases, and the asymmetry becomes larger. In this work, only
the Lorentz force caused by external ionic currents is consid-
ered. If the eddy and halo currents are also considered, then
the J x B force will have an even larger effect on the melt
motion.

3.4. Surface roughness

Melt motion under the J xB force can induce some
surface instability, which may result in the splashing of W
observed in TEXTOR, 73! causing significant local and core
plasma contamination. The melt motion will also increase
the hump on the J x B facing side, where the erosion will
be increased and the electric field will be enhanced, thus the
heat flux and electron emission will increase, resulting in ini-
tiating the arc.!”! The surface topography gives the change of
target surface under the J x B force visually while the surface
roughness introduced here can be calculated quantitatively to

1.0
- (@ with JxB
& osl W/O JXB )
»
¢ ko= —0.1X10"* N-m LK.~
= 0.6¢f
oD
=
<)
= 04F
Q
Q
&
= 0.2}
n
1600 2000 2400 2800
Heat flux/MW-m~2
7t (b) - - with JXB
g ~ - —W/O JXB
= 6F .
> ~
2 ~
8 5t So
= N (2900 MW.-m~2
o 4 ~
2 S
Q AN
£ 27 AN
a 1} NN
O 1 1 1 1 1 1
—1.4 —1.0 —0.6 —0.2
ka/107* N-om~1LK-!
(c) —-—with JXB ]
g 1.6 —.—w/o JXB e
= .
= s
£ 1.2f 2900 MW-m 2.7 >
o0 o R
=] . e
I /./ -
o 0.8F - - -
Q i -
‘E /'/ ./b/
= - e
U)s 4 T - .
0.4p e " Tkq=—0.1x10"% N-m~L.K-!

0.6 0.7 0.8 0.9 1.0
t/ms

Fig. 7. Surface roughness of W plates versus heat flux (a), value of k¢
(b), irradiation duration (c). The initial sample temperature is 1000 K.
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describe the change of target surface. In the following, we fur-
ther assess the effect of J x B force on the W divertor erosion
quantitatively by evaluating the surface roughness. Surface
roughness*>*1 has been defined as

(10)

here h(i) is the actual height of each point on the plate sur-
face (a total of 150 points with an fixed interval of 20 wm have
been taken between x = 0.35 cm and 0.65 cm in the calcu-
lation), & is the average height of plate surface. The surface
roughness varies with heat flux, the value of k, and duration,
as shown in Fig. 7. We can see that the surface roughness
is about zero when the incident heat flux is less than about
1650 MW-m~2, because the divertor plates just begin to melt
under heat flux of 1650 MW-m~2, as shown in Fig. 7(a). As
the heat flux goes up, the surface roughness becomes larger,
and the difference in surface roughness becomes even larger
between without and with the J x B force at the same k.
From Fig. 7(b) we can see that as the absolute value of kg
goes up, the target surface roughness becomes more severe,
and the difference in surface roughness becomes smaller be-
tween without and with the J x B force under the same heat
flux. The bigger absolute value of k, means that there is a
bigger surface tension gradient, which gradually overshadows
the effect of J x B force. The longer duration of the ELM,
means that the surface roughness grows larger, and the differ-
ence in surface roughness between without and with J x B
force becomes more evident, as shown in Fig. 7(c).

4. Conclusions

A two-dimensional (2D) fluid dynamics model has been
employed in this work by solving the liquid hydrodynamic
Navier-Stokes equation together with the 2D heat conduc-
tion equation to assess the thermal erosion and topographical
change of divertor target plates during a type-I like ELM in
ITER with a Gaussian power density profile heat load. Apart
from the driving forces, such as surface tension and pressure
gradient, this paper particularly addresses the J x B force and
its effect on the melt layer. The present simulation results in-
dicate: (i) the J x B force makes the humps grow with differ-
ent rates at the crater edges, and the difference in topograph-
ical modification between without and with the J x B force
becomes noticeable when the W plates is exposed to a heat
flux higher than 2000 MW-m~2 for 0.8 ms with k, equal to
—0.1 x 10~* N-m~ 1K1, (ii) the small absolute value of kg
can enhance the effect of J x B force on the melt motion due
to the reduction of the surface tension gradient, (iii) the J x B
force makes the surface roughness increase faster as the heat
flux increases, which can make the erosion of the divertor tar-
get more inhomogeneous, (iv) the melt motion induced by the

J x B force during a type-I like ELM in ITER will increase
the target erosion. These can all have a great impact on the life-
time of the divertor target. Moreover, the eroded and splashing
W impurity may contaminate the core plasma and even cause
the disruption, which is a big threat to the ITER operation.
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