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ARTICLE INFO ABSTRACT

Keywords: Within the framework of the comprehensive research facility for fusion technology (CRAFT) activities, a pro-

CFETR ) totype toroidal field (TF) coil has been designed and will be manufactured at the Institute of Plasma Physics,

Fi:perf:lond“mng magnet Chinese Academy of Sciences (ASIPP), in Hefei. The main purpose is to develop and validate the manufacturing
Ccol

technologies of the large-scale superconducting coils of the China Fusion Engineering Test Reactor (CFETR). To
ensure the safe operation of the CFETR device, the Gandalf-Fluent tool and the 4C code are employed to evaluate
the performance of the superconducting magnets, and their thermal-hydraulic simulation results are compared
with each other. The comparison shows that the thermal coupling between turns and pancakes and the transient
model of the thermal coupling to the casing structures, accounted for in 4C but neglected in Gandalf-Fluent, have
a significant effect on the temperature profile. Then a detailed reassessment of the minimum temperature margin
(AT is carried out using the 4C code. The results show that the ATR is ~ 1.0 K (if a realistic value for the
inter-turn and inter-pancake coupling parameter is assumed), lower than the design requirement of 1.2 K, and it

Thermal-hydraulic simulation
Nuclear heat load

deserves the attention of the designers.

1. Introduction

The China Fusion Engineering Test Reactor (CFETR) toroidal field
(TF) coil system consists of sixteen d-shaped identical superconductive
magnets arranged in toroidal array. The magnetic field of the CFETR on
the magnetic axis is 6.5 T, and the peak magnetic field of the TF coils is
up to 14.4 T. The engineering design of the TF coils was carried out from
2017 to 2020 [1], and a prototype TF coil will be manufactured and
tested at ASIPP in the comprehensive research facility for fusion tech-
nology (CRAFT) [2] framework. The main purpose is to develop and
validate the manufacturing technologies of the large-scale super-
conducting coils of the fusion reactor.

To save costs, three kinds of materials are used for the TF coil, see
Fig. 1(b). High-performance NbsSn is used for the double-pancake
winding of the high field (HF) region (or sub-coil), ITER-like Nb3Sn is
used for the single-pancake winding of the medium field (MF) region,
and NbTi is selected for the double-pancake winding of the low field (LF)
region [3], see also Fig. 1(c). All the sub-coil conductors are
circle-in-square cable-in-conduit conductors (CICC) with a central
pressure relief channel, and the cable layout and the dimensions of the
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three types of conductor are designed to be the same as reported in Fig. 1
(a). The stainless steel casing is actively cooled by a set of 68 parallel
casing cooling channels, 32 in the inboard leg and 32 in the outboard
one, with the He inlet at the magnet bottom and its outlet at the top.

The overview and main characteristics of the TF coil is illustrated in
Fig. 2(a). The design of this hybrid magnet also faces big challenges for
the winding pack (WP) fabrication technology. For example, a gap of 10
mm increasing up to 120 mm will be drawn between the sub-coils to
arrange the helium inlet and outlet tubes, as shown in Fig. 2(b). The
detailed engineering design of the TF coil can be found in [3].

To ensure the safe operation of the CFETR, the Gandalf-Fluent tool
[4] is used to evaluate the performance of the TF coils, and the relevant
results were first published in 2021 [4]. However, the accuracy of
Gandalf-Fluent coupled tool has not yet been benchmarked against
another reference code or validated against experimental data. This
paper aims at verifying the Gandalf-Fluent code by comparing its results
to those of the state-of-the-art 4C code [5,6].

The Gandalf code [7], is a commercial, easy to handle and
well-established numerical tool for the 1D thermal hydraulic analysis of
a single CICC. It does not model the transverse heat diffusion, but it can
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be easily customized through external subroutines [8]. The Gandalf code
has already been applied to the quench analysis of the ITER TF coils [9],
the computation of the temperature margin of the JT60SA TF coils [8]
and the analysis of the CFETR TF coils in normal [4] and off-normal [10]
operation.

The 4C code [5,6] is the state-of-the-art tool for the thermal hy-
draulic analysis of a whole superconducting magnet system, with
particular reference to: (1) the WP, (2) the structure (in the case of the
TF coils) and (3) the cryogenic circuits. During the last ~12 years, the 4C
code has been successfully validated against experimental data [11-16],
also predictively [14,16] and applied to the ITER TF coil fast discharge
[17] and cool-down [18], the EU DEMO [6], JT-60SA [19], KSTAR [20]
and EAST magnet systems [21].

2. Thermal-hydraulic model of a CFETR TF coil

The central channel and the bundle area of the cable are modeled by
two parallel channels where the supercritical helium flows, with heat
and mass transfer between the two. In each channel, the pressure drop
AP can be expressed as

m* U
AP = f7 o €h)
where f is the friction factor, U is the helium wetted perimeter, m is the
mass flow rate, p is the helium density, A is the flow area and L is the
hydraulic length.

The friction factor in the bundle region f}, and the central channel f.
are given by [22,23]

1 19.5 . .
fr= P <IW + 0,0231> inthebundleregion 2
0.3024
f.= Roco0707 inthecentralchannel 3
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where v is the void fraction and Reb and Rec are the Reynolds number of
bundle and central channel respectively. Note that the friction factor
correlation for the central channel is developed for an outer diameter of
12 mm, while the channel in the CFETR TF coils will have a 10/12.5 mm
inner/outer diameter, see again Fig. 1(a).

The critical current density of the high-performance NbsSn and
ITER-like Nb3Sn is computed according to the scaling law in [24]. The
expected effective strain used in the NbsSn critical current density is
assumed to be —0.60 %, from [3]. The critical current density of the
NbTi is computed according to the scaling law in [25]. The scaling law
parameters of the NbsSn and NbTi strands are shown in Table 1.

The magnetic field on the conductor axis at each axial location along
the cooling path is used to evaluate the temperature margin (ATpay),
which is defined as the difference between the current sharing temper-
ature (T) and the operating temperature (Top). For the sake of
simplicity, the magnetic field generated by central solenoid and poloidal
field coils and plasma on the TF coils is neglected, so it can be considered
that the magnetic field distribution along the cooling channels is con-
stant during the whole simulation.

The main differences between the Gandalf and 4C models are as
follows:

The inter-turn and inter-pancake thermal coupling are not included
in the Gandalf model, while it is accounted for in the 4C code. Here, the
insulation between the turns and pancakes is considered as a thermal
resistance [26], and the heat transfer coefficient is defined as

Heat transfer coefficient = My p, k / ) 4)
where k is the thermal conductivity of insulating material and § is the
insulation thickness between two neighboring jacket sides. The My p is
a fitting parameter that needs to be calibrated by means of suitable
experiments, being it related to the uncertainty on the thickness and
thermophysical properties of each layer of the insulation, including also
resin layers after the impregnation [19]. In [19] Mt = 0.2 was
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Fig. 1. In (a) the cross section of the conductor is shown; all the sub-coil conductors are circle-in-square CICCs with a central pressure relief channel. In (b) the cross
section of the inboard leg is given. In (c) the cooling paths of the sub-coils are reported: for the HF and LF sub-coils, each pair of neighboring pancakes is cooled in

series, while for the MF sub-coil each pancake is cooled by one hydraulic channel.

(Partly reproduced from [4]).
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He inlets

Compressible 1D SHe flow in dual
channel CICC

Fig. 2. Overview and main characteristics of CFETR TF coil. Each helium inlet
feeds two adjacent cooling channels, hence the helium flow direction in adja-
cent cooling channels is opposite: one is clockwise (CW), the other is anti-
clockwise (ACW), as shown in (a). In (b) a gap of 10 mm increasing up to
120 mm will be drawn between the sub-coils to arrange the helium inlet and
outlet tubes. (Reproduced from [4]). The He inlet and outlet of the winding is at
the magnet bottom, and the He inlet of the casing is at the magnet bottom and
its outlet at the top.

Table 1
Scaling law parameters of NbsSn strand and NbTi strand.
High-Jc NbsSn ITER Nb3Sn NbTi

Ca1 38.00 49.00 o 1
Ca2 2.6 0.300 [} 1.54
£0a 0.24 % 0.312% v 2.1
€m 0.00 0.00 Beao (T) 14.61
HoHeom(0) (T) 29.17 33.24 Teo (K) 9.03
Tem (K) 15.92 16.34 Co (A'T) 168,512
C (AT) 72,700 32,300
p 0.50 0.593
q 2.00 2.156

obtained as best-fitting parameter comparing the simulations with the
experimental data in the case of JT-60SA, and same fitting parameter is
computed in [20] for KSTAR PF1 coil. More recently, also in the case of
the ITER CS module tests [27] an average value of 0.2 was estimated
experimentally for Myt and Mjp. The value of 0.2 for this parameter can
therefore be considered typical for the coils without radial plates.

Both Fluent and 4C use finite element methods to build the casing
model. The casing is divided into a limited number of segments in the
poloidal direction and every segment is approximated with a 2D finite-
element model. The commercial Fluent tool is coupled to the Gandalf
code: it runs once before Gandalf, to provide a constant input to it. In the
4C model, the shareware FreeFem++ [28] is employed, which is run in
parallel (co-simulation) to the M&M code [26] modeling the WP, and
the data can be exchanged at each time step.

Fusion Engineering and Design 197 (2023) 114033

3. Simulation setup

The reference plasma scenario is characterized by a pulse length of
5000 s, with a plasma current of 14 MA [4]. The deposited nuclear heat
load decreases exponentially along the radial direction from TF coil
inner edge.

Pnh(r) = Puhmax CXp(—7r) (5)

where Ppp max is the maximum deposition power density (in W/m?), and
r (in m) is the radial distance from the plasma facing wall of the magnet,
see Fig. 1(b).

The distribution of the average nuclear heat load along the D shape
of the TF coil is shown in Fig. 3. The assumed net thermal power pro-
duction of the CFETR following the plasma burn giving the nuclear
heating is 1 GW. A constant nuclear heat load is applied to the WP and
casing during the plasma burn (70-5000 s), while during the plasma
current ramp-up (0-70 s) and ramp-down (5000-5300 s), the nuclear
heat load is applied proportionally to the plasma current. The dwell
period (without nuclear heat load deposition) will then last 3000 s.

The thermal-hydraulic boundary conditions (BCs) are kept fixed in
the simulation: inlet pressure ~0.6 MPa, inlet temperature ~4.2 K, and
outlet pressure such as to guarantee a mass flow rate ~0.012 kg/s in
each cooling path during the dwell [3]. The main conductor parameters
are shown in Table 2.

The 4C analysis has been carried out to assess when fully periodic
thermal-hydraulic behavior would have been obtained. Fig. 4 shows that
it is already repetitive after the first pulse. The HF1 outlet temperature is
higher than HF5 because the WP is compressed inward by the centering
force during normal operation, and a gap up to 3 mm appears between
the coil case and the inner side of the HF WP [2]. Hence the nuclear heat
load on the coil case side facing the plasma that cannot be taken away by
the casing cooling circuits will be transferred to the side pancakes
(namely, HF1 and HF8), causing the outlet temperature of the HF1 to be
higher than that of HF5.

4. Results
4.1. Code comparison without structure model

The code-to-code comparison results reported in this part are ob-
tained without coupling the WP model to the structure one. The tem-
perature profiles at the end of plasma calculated by the two codes show a
good consistency if the coupling parameter Myt 1p in the 4C code is set to
0, i.e. assuming the turns and pancakes are adiabatic to each other, see
the black and blue solid lines in Fig. 5 and Fig. 6. The difference between
the conductor temperature computed by the two codes at the maximum
magnetic field (Bpax) location is only ~0.06 K, which is considered
acceptable. The conductor temperature distribution at 5000 s is reported

10°

Nuclear heating (W/m®)

0 10 2I0 50

TFC segment

Fig. 3. The distribution of nuclear heat load along D shape of the TF coil is

given on the left. The numbering schematic used to define the nuclear heating

distribution is shown on the right. The nuclear heating is the lowest below the

divertor due to the insertion there, in the CFETR, of a new blanket module

concept that increases the tritium breeding ratio (TBR) and reduces the nuclear
heat load of the TF coils.
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Table 2
Main conductor and strand parameters relevant for the present study.
LF MF HF
SC material NbTi  ITER RRP
NbsSn NbsSn
Strand Dia. (SC, Cu in triplet and Cu in core) 1.00
(mm)
Cu:Non-Cu 1.60 1.00 1.00
Bmax (T) 5.5 10.6 14.5
Number of SC 900
Number of Cu 522
Number of strands 1422
Conductor width (mm) 64.0 x 64.0
Cable Dia. (mm) 47.0
Dia. of central spiral (mm) 12.5/10.0

Operation current (kA) 95.6
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Fig. 4. Evolution of the outlet helium temperature computed by 4C for HF1
and HF5 cooling channels, with coupling parameter Myrp = 0.2.
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Fig. 5. Computed distribution of the temperature along the HF5 cooling
channel at the end of plasma, without structure model.

in Fig. 5: the outlet temperature there is compliant with its evolution
reported in Fig. 6, at that time.

Then, a parametric study is performed using the 4C code to assess the
effect of the coupling parameter Mirp on the temperature profile,
showing that this effect is significant. While Myt ip increases, the tem-
perature peak moves towards the middle of the cooling channel length.
The reason is that the fresh helium flowing in the first pancake is (pre-)
heated by the warm helium flowing back in the second pancake. If Myt 1p
is set to the typical value of 0.2, the temperature difference between the
two codes reaches 0.3 K in the critical, high-field zone. As the T dis-
tribution along the cooling channels is constant during the whole

Fusion Engineering and Design 197 (2023) 114033
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Fig. 6. Computed evolution of helium outlet temperature of the HF5 cooling
channel, without structure model.

simulation, it means that neglecting the thermal coupling between the
turns and pancakes will cause a non-conservative overestimation of the
AT,y in the critical zone.

The inlet and outlet mass flow rate evolution calculated by the two
codes are in good agreement (with the 4C coupling parameter Mirp =
0), as shown by the black and blue lines in Fig. 7. Increasing Mirp, i.e.
causing more heat to be transferred back by conduction towards the
helium inlet, leads to a decrease in the computed inlet mass flow rate
during the plasma, see the solid lines in Fig. 7.

The pressure drop (not shown) given in input to the two codes is
perfectly consistent, as expected, because the same friction factor for-
mulas are used in the simulation.

4.2. Code comparison with structure model

The Fluent tool is used to model the heat conduction in the structures
with finite element methods before running the Gandalf simulation. In
the steady state Fluent model, the WP external boundaries in contact
with the structures are assumed to be at 4.2 K, and the structure tem-
perature distribution is computed. This is then used to provide constant
thermal BCs to the Gandalf simulation of the transient in the WP [4]. On
the other hand, in the 4C model the shareware FreeFem-+-+ tool [28],
also based on finite elements, is employed. It solves the transient heat
conduction problem in selected 2D cross-sections of the casing and runs
in parallel (co-simulation) to the WP model, so that the BCs are updated
and exchanged at each time step, taking into account the thermal
feedbacks due to the transient scenario.

The results of Gandalf-Fluent model and 4C model are compared,
showing the effect of the coupling parameter Myt 1p in Fig. 8. The qual-
itatively different behavior shown in the Myt 1p = O case is due to the fact
that in the 4C model the thermal feedbacks exchanged between the

m, -Gandalf - = = m_,-Gandalf I
0.0130 T, 4C-Mypp=0.0 | = = My -4C-Myp =00
—m,-4C-My; ;=0.05| = = = m_,-4C-My; ;=0.05

/\ZTD w0, -4C-Mypp=0.1 | = = = my,-4C-Myp;p=0.1
& 0.0125F 1, -4C-Myp p=0.2 m,,-4C-Mi; p=0.2
P Cs §$‘ ——m, AC-My =05 | = = = my,-4C-M; ;=0.5
s
% 0.0120 F
=
v
wl
S
= 00115¢

0.0110 L ; L

0 2000 4000 6000 8000
Time (s)

Fig. 7. Computed evolution of mass flow rate at the inlet and outlet of the HF5
cooling channel, without structure model.
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Fig. 8. Temperature profile along the HF1&HF5 cooling channel at the end of
plasma, with coupling between winding and structures.

casing and WP allow capturing the heating of first turn (0.0-43.3 m) of
HF cooling channels by the last turn (214.9-258.2 m) (which is therefore
cooled); this heat transfer occurs by conduction through the insulation
that is inserted between the HF sub-coil and MF sub-coil. Actually, the
major differences arise in the turns of the WP in contact with the
structures, namely the first three turns of the side hydraulic channels (e.
g. HF1), and the first and last turn of all hydraulic channels: actually, in
HF5 the temperature distributions computed by Gandalf-Fluent and 4C
differ in the first turn, then the offset is kept constant in the central turns
not in contact with the structures, and then is again different in the last
turn. The latter in the 4C code is cooled by the structures, in turn cooled
by the cold He entering the first turn close to it. This effect is indeed not
visible in Fig. 5 (e.g. for the case Myt 1p = 0), where the structure model is
not included. The Gandalf-Fluent assumption of keeping the WP tem-
perature constant at 4.2 K for the structure analysis was considered
conservative before, because it overestimates the temperature difference
between the casing and WP. But this code-to-code comparison shows
that it needs to be reconsidered, since the coupling between the WP and
structures bridges heat exchange of first and last turns of HF sub-coil
cooling channels, as shown by the 4C code results.

4.3. Thermal analysis of TF coil using the 4C code

The code-to-code comparison shows that both the thermal coupling
between turns and pancakes and the thermal feedbacks from the struc-
ture temperature evolution, accounted for in 4C code but neglected in
Gandalf-Fluent tool, have a significant effect on the temperature profile.
This may affect the design of the CFETR TF coil cooling. Therefore, a
detailed reassessment of the minimum AT,y (AT‘m“E;) in TF coil during
normal operation is performed using the 4C code, together with the
sensitivity analysis to the coupling parameter Mt p on the Aﬂiar;. The
radiative heat thansfer with the thermal shield, whose temperature is set
at 80 K, is also accounted for by the 4C code, and the coupling parameter
Mir,;p = 0.2 is adopted as reference value.

The resulting temperature profiles along selected cooling channels
are reported in Fig. 9, showing that the temperature rise of the side
channels is higher than that of the central channels. The reason is that
they have an entire pancake side in contact with the casing from which
they are heated, while in the central channels only the sub-coil inner-
most and outermost turns are in contact with the casing. Moreover, a gap
between the casing and the inner side of the HF sub-coil is considered,
due to the electro-magnetic force pushing outwards the WP, that inhibits
the direct heat transfer by conduction of the nuclear heat deposited in
the plasma-facing side of the casing to the innermost turns of the HF sub-
coil. Therefore, some of the heat load on the casing that can’t be
removed by the casing cooling channels is transferred to the side pan-
cakes only. The temperature rise of the HF sub-coil is larger than that of
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Fig. 9. Computed distribution of the temperature along selected cooling
channels with coupling parameter Mirp = 0.2.

the MF and LF sub-coils, because the nuclear heat load decreases rapidly
from the plasma side along the magnet cross section. The peaked
behavior of the HF coil is due to its double-pancake winding topology,
see again Fig. 1(c): the cold He injected at the outer radius of the sub-coil
is heated while moving towards the inner (plasma) side, and then when
in the second pancake it moves outwards towards the outlet it is partially
recooled by the cold He in the neighboring pancakes. The same effects is
barely visible in the LF sub-coil, also double-pancake wound, because of
the much lower nuclear heat load there. On the other hand, the MF sub-
coil is single-pancake wound; therefore, its temperature distribustion is
monotonically increasing in the first turns, and then as the nuclear heat
load decreases (because the He, entering at the sub-coil inner radius, is
moving outwards) the temperature profile flattens.

The computed AT decreases as the coupling parameter Mir,ip in-
creases, see Fig. 10. For the reference value Myt 1p = 0.2, the Amg} is ~
1.0 K, which is lower than the design limit of 1.2 K. Even for Mir1p = 0,
the ATEI js still below the design requirement, as opposed to the
Gandalf results, because of the non conservative assumptions made in
the Gandalf-Fluent tool, where the thermal coupling between the WP
and the casing is not modelled. This will possibly drive changes of the
CFETR TF coil cooling design (e.g., reducing the cooling channel
length), or of the cooling parameters (e.g., increasing the mass flow rate
or reducing the inlet temperature).

5. Conclusions and perspective

The thermal-hydraulic behavior of the TF coils of the CFETR during a
plasma scenario is analyzed here with the Gandalf-Fluent and 4C codes.

14
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2 09 i i i i i i
0.0 0.1 02 L3 0.4 0.5

Coupling parameter

Fig. 10. Minimum temperature margin during the reference scenario computed
by different values of the coupling parameter My p. The yellow dashed line
represents the design requirement of AT™. The inset shows the computed
distribution of the temperature margin along the cooling channels with
coupling parameter M ;p = 0.2.



X. Wen et al.

Firstly, the two codes are compared in the case without the structure
model. The comparison shows a good consistency between the two
codes when the turns and pancakes are considered adiabatic in 4C, as
intrinsic to the Gandalf model. However, this thermal coupling has a
significant effect on the temperature profile, and the temperature dif-
ference between the two codes reaches 0.3 K in the critical zone, if that
coupling is accounted for in the 4C code.

Then, the results of Gandalf-Fluent and 4C simulations including the
structures are compared, showing that the coupling between the WP and
structure bridges the inter-turn heat exchange, increasing the difference
between the temperature profiles computed by the two codes. There-
fore, this code-to-code comparison highlighted the importance of some
heat transfer mechanisms, namely the thermal coupling between turns
and pancakes and the thermal feedbacks from the structure temperature
evolution on the WP. They do not apply only to the CFETR TF coils, but
can also have an impact on the design of cooling channels and cooling
parameters of other superconducting magnets.

Finally, a detailed reassessment of the A m;’; in the TF coil is per-
formed using the 4C code. The results show that the computed ATRIn
decreases as the inter-turn and inter-pancake thermal coupling in-
creases. The ATRR falls below the design requirement, and it deserves
the attention of the designers.

In the future, effective strategies to mitigate the reduction of the m;i,’;
will be investigated with the 4C code, such as increasing the mass flow
rate and decreasing the operating temperature.
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