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 i g  h  l  i  g  h  t  s

This  paper  demonstrates  the  modeling  result  of  power  load  pattern  on  EAST  graphite  divertor  by  using  the  PFCFlux  code.
The  grazing  angle  varies  both  poloidally  and  toroidally,  changing  by  half  a degree  over the  distance  of  50 mm  away  from  the strike  point.
The  correlation  between  both  grazing  angle  and  flux  expansion  and  the  magnetic  equilibrium  parameters  are  found  by  using  the  linear  regression
method.
The  modeling  result  indicates  that  the  edges  of graphite  tiles  of  EAST  divertor  are  perfectly  shadowed.
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a  b  s  t  r  a  c  t

The  power  load  pattern  on  an  EAST  divertor  component,  spanning  six  tiles in the  poloidal  direction,
has  been  studied  with  the  PFCFlux  code.  A total  of 49 different  EAST  plasma  equilibria  in  lower  single
null  configuration  are  used  in the study.  It  is  found  that the  incidence  angle,  or grazing  angle,  varies
both  toroidally  and  poloidally  on the  target,  changing  by  approximately  half  a degree  over  a distance  of
50 mm  from  the  strike  point.  Strong  correlations  between  the  triangularity  of  the  magnetic  equilibrium
and  both  the  grazing  angle  and  the  flux  expansion  are  found  by  using  linear  regression.  A  smaller  value  of
eywords:
ower load pattern
AST divertor
FCFlux code
razing angle

triangularity  gives  wider  plasma-wetted  region  on  the  target  in lower-outer  configuration,  and  a narrower
plasma-wetted  region  in lower-inner  configuration.

© 2016  Elsevier  B.V.  All  rights  reserved.
lux expansion
riangularity

. Introduction

The lifetime of plasma facing components (PFCs) in magnetic
onfinement fusion devices is a critical issue for future high perfor-
ance steady-state operation, such as ITER (having design values:

lasma current Ip = 15MA, toroidal magnetic field Bt = 5.3T, elon-
ation � = 1.7 and triangularity ε = 0.33) [1]. The patterns of power
oading on divertors in current tokamaks are of great concern in
erms of material failure and component damage [2]. The grazing
ngle, defined as the smaller, acute angle between the incident field
ine and the component surface, along with flux expansion, plays an

mportant role in the determination of the power deposition onto
FCs. It is therefore of interest to investigate the correlation of both
razing angle and flux expansion with main plasma parameters,

∗ Corresponding author.
E-mail addresses: binzhang@ipp.ac.cn, binzhang926@gmail.com (B. Zhang),

dzhang@ipp.ac.cn (X. Zhang).

ttp://dx.doi.org/10.1016/j.fusengdes.2016.04.001
920-3796/© 2016 Elsevier B.V. All rights reserved.
such as plasma current, toroidal field, triangularity and elongation,
as these parameters are controllable during plasma operation.

The PFCFlux code [3] is used to predict heat fluxes onto the PFCs.
This code, which includes shadowing effect and has a short calcu-
lation time, has proven useful for several design tasks [3,7,8]. In
this paper, the PFCFlux modelling tool is employed to study the
detailed characterisation of the power loading pattern on Exper-
imental Advanced Superconducting Tokamak (EAST) divertor. A
brief introduction to EAST divertor geometry and of the PFCFlux
code is given in Section 2. Section 3 shows the results obtained of
the power load study, followed by a summary in Section 4.

2. EAST divertor and PFCFlux code

2.1. EAST divertor
EAST, as a superconducting device aiming at long-pulse steady-
state operation, started its first operation in 2006 [4] and achieved
the record of longest pulse length (over 30 s) in high confine-
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Fig. 2. Power load pattern on one sector of LO divertor targets as calculated by
ig. 1. (a) Picture of three-dimensional model of in-vessel components in EAST, in
ide.  (b) A typical lower single null magnetic equilibrium on EAST, where the blue
olour  in this figure legend, the reader is referred to the web version of this article.)

ent regime during the 2012 campaign [5]. The main machine
arameters of EAST are: major radius R = 1.7–1.9 m,  minor radius

 = 0.4–0.45 m,  toroidal field Bt = 3.5 T, plasma current Ip = 1MA, tri-
ngularity ε = 0.4–0.7 and elongation � up to 1.9. Three different
ivertor configurations can be used: lower single null (LSN), upper
ingle null (USN) and double null (DN), which gives EAST a broad
perational space. A picture of the three-dimensional model of
AST PFCs is shown in Fig. 1(a), including upper outer (UO), upper
nner (UI), lower outer (LO) and lower inner (LI) divertor targets,
ome structure, passive plates and high field side (HFS). A typi-
al LSN magnetic equilibrium is given in Fig. 1(b), with Ip = 0.4MA,
t = 1.8T, ε = 0.51 and � = 1.6. The last closed flux surface (LCFS), rep-
esented by the blue solid line, is obtained from the magnetic field
econstruction code EFIT, which provides the essential informa-
ion relevant to magnetic equilibrium, e.g., triangularity, elongation
nd poloidal magnetic flux with a grid size of 129 × 129. The inter-
ection points of the LCFS on divertor target plates, named strike
oints, are usually controlled near to the divertor corner in order
o improve pumping efficiency.

EAST graphite divertor component consists of two  vertical target
lates and one dome structure, creating a ‘W’-shape. Each target
late, e.g., LO, LI, UO and UI, has 16 sectors in the toroidal direction.
here are 54 flat graphite tiles in a 9 × 6 array, bolted to CuCrZr
eat sink with soft graphite interlayer [6], installed in one sector,
s shown in Fig. 2. The angle between the tile surface of LO divertor
arget plates and the horizontal plane is 77◦, while it is 70◦ for the LI
ivertor target plates. The power load limit for EAST actively water-
ooled graphite divertor component is 2 MW/m2 in steady-state
peration [12]. In 2014, the upper graphite divertor was  replaced
y an ITER-like W-monoblock divertor, which is not indicated in
ig. 1(a).

.2. PFCFlux code

The compatibility between high performance steady-state oper-
tion and safety of PFCs requires the development of a tool which
ould provide reliable power load prediction on these components.

he Tokaflu code [3] was developed earlier to meet this require-
ent. In order to enhance its calculating capability, the PFCFlux

ode was completely redeveloped on a more modern platform,
ith the same physics models and algorithms. The powerful fea-
PFCFlux, for a standard LSN magnetic equilibrium with parameters of Ip = 0.3MA,
Bt = 1.85T, � = 0.48 and � = 1.6. The input parameters are power loss Psol = 1MW  and
power decay length �q = 10 mm.

ture of field line tracing enables the PFCFlux code to calculate heat
fluxes onto PFCs within a short time period, taking into account the
shadowing effect. The shadowing effect means that parts of target
object are shielded by neighbouring surfaces when doing the field
line tracing. The two essential inputs for the calculations are fine
meshes of the 3D in-vessel components and a magnetic equilibrium
file with standard format. In principle, the mesh size of 3D objects
should not be larger than the power decay length �q. The mag-
netic equilibrium file, consisting of major radius R, vertical axis Z,
poloidal magnetic flux �, magnetic field in R and Z directions Br/Bz,
and toroidal magnetic field Bt is output by the aforementioned EFIT
code. A classical exponential decay function, shown in Eq. (1), is
introduced to describe the profile of parallel heat flux q//at the out-
board mid-plane (OMP) in the scrape-off layer (SOL). The equation
reads

q// = q0 exp(−(r − r0)/�q), (1)

where the r represents the major radius along the OMP, r0 stands

for the major radius of the LCFS at the OMP, q0 accounts for the
parallel heat flux at r0. �q means the power decay length at the
OMP. This definition comes from the empirical knowledge of power
repartition in the SOL. In the PFCFlux code, the quantity �q is an
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nput parameter set by the user. q0 can be automatically calculated
n the PFCFlux code from another input parameter, the power loss
n the SOL Psol , through Eq. (2).

0 = Psol

A//,SOL
= Psol

4�r0�q(Bp/B)r0

, (2)

here the A//,SOL means the cross-sectional area perpendicular to
agnetic field B in the SOL and(Bp/B)r0

is the ratio of poloidal field

p to magnetic field B at the position r0. Under the assumption
hat A//,SOL remains approximately constant from the OMP  to LO
ivertor target plates along the SOL flux tubes [2], the heat flux
eposited on LO diverter components could be calculated from the
q. (3),

div = sin  ̨ × q//, (3)

here � is the grazing angle, as described in Section 1. In the
FCFlux code, the q//is assumed to be constant along each SOL flux
ube and the factor (sin�)−1 is used to represent the increase of
eposited area on divertor target with respect to A//,SOL .

. Results

.1. Pattern of power loading on LO divertor

The divertor acts as a sink for power ejected into the scrape-off
ayer from the plasma core, along with the advantages of improved
nergy confinement and Helium pumping [2]. The compatibility
etween power handing capacity of divertor component and high
erformance steady state operation is one of the most critical issues
or EAST, thus promoting us to better understand how to predict
he power deposition. A wide-angle IR camera diagnostic system
as been employed on EAST since 2012 to routinely monitor the
hermal response of major PFCs, including both upper and lower
ivertor targets [13]. Due to the lack of three-dimensional heat flux
alculation code for EAST, we could not conduct the research of
ower load pattern on EAST divertor target plates with the experi-
ental IR-based temperature. However, the PFCFlux code has now

een used to investigating the 3D characterisation of power depo-
ition on EAST divertor components.

The modelling result of power load pattern on one sector of
O divertor targets by the PFCFlux code is shown in Fig. 2, for a
SN magnetic equilibrium with parameters of Ip = 0.3MA, Bt = 1.85T,

 = 0.48 and � = 1.6. The areas displayed in green colour are the
hadowed parts, meaning that there is an intersection of field lines
ith the neighbouring surface, and so the power load is reduced.

FCFlux modelling shows that the tile edges are perfectly shadowed
y the nearby tile surfaces. This means that the divertor structure
esign on EAST is capable of alleviating leading edge effect, if no
isalignments appear during installation. By comparing the total

ower deposition on LO divertor targets with the input SOL power
oss, the power balancePdep ≈ Psolis found, thus manifesting that
he heat flux computation method used in PFCFlux is reliable. As
nput parameters, we use a power loss crossing the separatrix of
sol = 1 MW,  which is in agreement with the EAST steady-state oper-
tion condition [11], and a power decay length �q up to 10 mm.  A
trong correlation between �q and Ip has been found through multi-
achine scaling [9]. A statistical study of �q in RF-heated type-III

LMy H-mode plasmas [10] indicates that the typical value of �q is
round 10 mm for EAST high-confinement steady state operation.

As the mesh size of the divertor tile surface is 1 mm,  i.e. much
maller compared to the �q value of 10 mm,  it is sufficient to

bserve both the poloidal and toroidal variation of power load foot-
rints on divertor targets. It is worth noting that the midline (see
ig. 2) of each graphite tile on EAST divertor is designed face to
he machine centre to fit the curvature of the plasma shape. The
nd Design 107 (2016) 58–63

toroidally asymmetric distribution of power deposition was found
on every one unit of divertor component, spanning six graphite
tiles in poloidal direction, and the picture is the same for each unit.
The same phenomenon is found on the other three divertor compo-
nents, but which is not shown here. Therefore, it is representative
to extract only one unit of the divertor component for detailed
analysis.

3.2. Detailed analysis on one unit of divertor component

It is widely known that the amplitude of power load on diver-
tor target is strongly correlated with the aforementioned grazing
angle � [2], promoting us to investigate the variation of � in toroidal
direction, a candidate reason to the toroidal asymmetry distribu-
tion. Fig. 3 shows the pattern of power loading on one unit of
divertor, exclude the shadowing effect, and the red bold line in the
right picture of Fig. 3 indicates the line chosen for the analysis. It
is interesting to note that the divertor heat flux increases linearly
along the toroidal direction from ∼0.1 MW/m2 to ∼1.7 MW/m2.
This strong difference might bring intolerable damage to graphite
tiles due to the emergence of local overheating. As expected, �
varies also toroidally on the target, changing by two  degrees over
the tile surface.

In order to investigate the difference in power load footprint
along the poloidal direction on the divertor, six different lines were
selected in the range of 207.7◦ to 209.7◦ toroidally, as shown in
Fig. 4. It is interesting to note that the highest value of peak heat
flux value is obtained on the line having the widest extension of
power spreading in the poloidal direction. In addition, � varies
poloidally on the target, changing by half a degree over the dis-
tance of 50 mm away from the strike point. In Fig. 4 the coordinate
s is the distance to divertor corner along target, with s = 0 indicating
the location of the strike point. The tile shape turns into a curved
surface at s = 150 mm,  leading to the change of grazing angle. For
all six lines selected for the analysis, the grazing angle � decreases
linearly along divertor target, with the same rate (Fig. 4).

In this paper, a definition of effective flux expansion fx expressed
by fx = �q,div/�q,omp is introduced to evaluate the power spread-
ing effect. The parameter of �q,omp is the aforementioned power
decay length at the OMP, set by the user as an input parame-
ter in PFCFlux, and �q,divaccounts for the power decay length on
divertor target obtained by fitting the calculated heat flux pro-
file, within the near SOL region, to the exponential expression
qdiv = qdiv,maxe− s

�q,div , s ≥ 0. It can be seen from the inset inside
Fig. 4 that the flux expansion broadens with increased peak heat
flux, from 1.68 to 3.43. The physical meaning is that a smaller value
of � means a larger spreading of power load on divertor targets, thus
gaining a larger plasma-wetted area (PWA). The quantity of flux
expansion fx is used to characterise the averaged power extending
effect poloidally over a specific distance along the divertor target.
The fx is widely used to study power decay widths, e.g., power
decay length �q and Gaussian dissipation width S, when mapping
the experimentally measured divertor widths to the mid-plane in
order to make multi-machine comparison [9].

In order to evaluate quantitatively the effectiveness of the defi-
nition of fx, a wide range of�q,omp were chosen to obtain the relevant
fx at the same poloidal line under a standard LSN magnetic equilib-
rium, see Fig. 5. As the maximum peak heat flux is of most concern,

we choose the line at the toroidal angle 209.7◦ to conduct this
investigation. The peak heat flux significantly enhances with lower
�q,omp, while the fx is approximately constant, indicating a weak
dependence of flux expansion on �q,omp.
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Fig. 3. Left part shows the profiles of both divertor heat flux (red, in unit of MW/m2) and grazing angle (black, in unit of degree) along toroidal direction on one unit of
divertor component. The right picture gives the power load pattern excluding the shadowing effect, with the red bold line indicating the line chosen for detailed analysis.
(For  interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ig. 4. Profiles of both divertor heat flux and grazing angle along divertor target as a
f  different lines used for the detailed analysis. (For interpretation of the references

.3. Scaling of grazing angle and flux expansion

As the maximum peak heat flux is usually the most pertinent
alue when considering material failure issues, it is reasonable to
hoose the � at the position where the highest heat flux appears
or the linear regression analysis. In this paper the plasma cur-
ent Ip, toroidal field Bt, triangularity ε and elongation � act as the
ependent quantities for the linear regression, since all these four
arameters are controllable during plasma operation. In order to

etter illustrate the physical meaning of �, the sine values of the
ngle � are used as independent parameter. The divertor geometry
n the LO region differs from that of the LI target, as well as the mag-
ion of toroidal angle. The six red lines in the right-side picture indicate the location
lour in this figure legend, the reader is referred to the web version of this article.)

netic equilibrium, so the linear regression is performed separately
for both lower divertor targets (LO and LI) (Fig. 6).

A total of 49 LSN magnetic equilibria were collected for the
linear regression analysis, having the following parameter range:
plasma current Ip = 0.3MA–0.8MA, toroidal field Bt = 1.76T–2.31T,
triangularity ε = 0.45–0.61 and elongation � = 1.53–1.92. Note that
the triangularity accounts for the lower X-point position. The R-
square value is commonly used to evaluate the goodness of linear
regression result, with the higher number indicating a better qual-

ity of the fit. As this number approaches one for both cases, a
reliable correlation between grazing angle and the four parame-
ters is obtained. It is very interesting to find a strong dependence
of � on the trianglularity ε of the magnetic equilibrium for both
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Fig. 5. Comparison of divertor heat flux profiles as a function of �q,omp , and flux
expansion fx, as shown in the inset.

Fig. 6. Scaling of sine value of grazing angle, �, with respect to the magnetic equi-
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ibrium relevant parameter, toroidal field Bt, plasma current Ip, triangularity � and
longation �, for both lower divertor targets. Note that the grazing angle is chosen
t  the position where highest heat flux appears.

argets. The power exponent is positive for LO target and turns neg-
tive for LI target, indicating that it is impossible to obtain a wider
WA  on both divertor targets at the same time by regulating the
riangularity itself. The PWA  on the LI target is smaller than that of
he LO target due to the difference in major radius R (RLI ≈ 1.35 m
hile RLO ≈ 1.8m). Considering the case of identical power deposi-

ion onto both lower targets, it is necessary to achieve a wider PWA
n LI target to mitigate the peak heat flux. The correlation of � on
oth Ip and Bt is almost the same for both targets, and shows that
igher Bt and/or lower Ip yields a better power spreading. The effect
f � on � is relatively weak, but the sign of its exponent is opposite,
.e. negative for LO target and positive for LI target, respectively.

A linear regression of the flux expansion with respect to the four
ontrollable parameters was also performed for the 49 magnetic
quilibria, as shown in Fig. 7. As the flux expansion fx represents
n average poloidal power spread, a distance of 10 mm is chosen
o obtain the fx for both targets along the line where the maximum

eat flux is located. It is found that the R-square numbers are rel-
tively small for both cases, showing an intermediate regression
uality. As expected, the strongest correlation is between fx and ε,
or both targets, with opposite signs of the power exponent for the
Fig. 7. Scaling of flux expansion fx with respect to magnetic equilibrium relevant
parameters, i.e. toroidal field Bt, plasma current Ip, triangularity � and elongation �,
for both lower divertor targets. The �q,omp is 10 mm for all data points.

two targets. Note that the negative dependence of fx on ε for the
LO target is consistent with the finding that sine value of � of LO
target increases with increasing ε. A weak influence of fx on both Ip
and Bt is found, but this needs further validation.

4. Summary

The PFCFlux code has been used to perform a detailed study of
the power load pattern on EAST graphite divertor target with lower
single null (LSN) magnetic equilibrium. The PFCFlux code is an effi-
cient tool to predict the heat flux on PFCs, including shadowing
effect, with the advantage of powerful field line tracing capabil-
ity. It is found the power load pattern is toroidally asymmetric on
one unit of divertor component, spanning six tiles in the poloidal
direction. The grazing angle � varies both poloidally and toroidally,
changing by half a degree over the distance of 50 mm  from the
strike point. The position where the maximum peak heat flux is
located has a larger power spreading effect, leading to a larger
flux expansion. The flux expansion fx, defined asfx = �q,div/�q,omp,
has little dependence on �q,omp, while the peak heat flux increases
significantly with smaller�q,omp. Strong correlation of the trian-
gularity of the magnetic equilibrium on both � and fx are found
by using linear regression analysis. A smaller value of triangu-
larity is associated with a wider plasma-wetted region on the
target in lower-outer configuration, and correspondingly a nar-
rower plasma-wetted region in lower-inner configuration.
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