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Abstract—Recent design changes to the ITER Poloidal Field
(PF) coils and PF conductor layout have been implemented to give
a greater operational window for low li (self-inductance) plasmas
during burn, extend the operating window for plasmas with
currents above 15 MA, and improve the plasma vertical stability
control. In addition, the PF and CS (Central Solenoid) operating
window has been updated leading to higher currents and peak
fields in some of the PF coils. Altogether, this results in higher
heat generation in the PF conductors due to AC losses. To confirm
that the range of heat loads is acceptable for the PF conductors,
a time-dependent thermo-hydraulic analysis of the PF coils has
been performed with a model based on the GANDALF code.
The deposited heat due to AC losses in the conductors, thermal
radiation, thermal conduction, and nuclear heating are given as
input data. The results show a moderate impact on minimum
temperature margin of the PF conductors during the baseline
scenario, stemming from the design modifications.

Index Terms—AC loss, cable-in-conduit conductor, ITER
magnet, NbTi strand, poloidal field coils, temperature margin,
thermo-hydraulic analysis.

I. INTRODUCTION

T HE ITER tokamak features the largest superconducting
magnets ever designed and built [1]. The six Poloidal

Field (PF) Coils, PF1 through PF6, provide shaping and ver-
tical stability to the plasma in the tokamak. The PF coils are
NbTi cable-in-conduit conductor (CICC) magnets ranging in
diameter from 8 to 25 m, and with rated currents from 48 to
55 kA.

A PF coil winding consists of stacked double pancakes (DP),
wound with two-in-hand conductors (two unit lengths wound
in parallel starting from the coil outer diameter). The conduc-
tors are cooled with the circulating flow of supercritical He at
typically 0.55 MPa pressure, 10 g/s mass flow rate and 4.5 K
temperature supplied at the coil inlet. The helium inlets, two
per DP, are positioned at the pancake-to-pancake joggle (tran-
sition length) at the innermost turn of a DP. Cold He is thus
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supplied to the conductor high field region where low tempera-
ture is required. The electrical joints connecting either two unit
conductor lengths within a DP, or two conductors from neigh-
boring DPs, are all located at the coil outer diameter, thus in low
field. They also serve as He outlets.

Three grades of NbTi conductors, relying on two different
strand types with three different cabling patterns, are used,
optimized for each coil operating requirements. The cable is
formed by multi-stage cabling of superconducting strands, with
the final stage consisting of six bundles twisted around a central
cooling channel. The cable and jacket are assembled using a
pull-through, roll-down technique [1].

The PF coil operating limits are established based on 1.5 K
temperature margin [2]. The temperature margin is defined as

, with the local operating temperature at
any point along the conductor and the local current sharing
temperature defined as that for which the electrical field in the
conductor reaches 10 V/m. The minimum design temperature
margin provides both a margin against uncertainties in the strand
performance (e.g. critical current, temperature) or cable perfor-
mance (e.g. non-uniform current distribution) and a capacity for
heat absorption in the surrounding helium before the strands be-
come resistive. It also has the effect of determining a maximum
allowable current as a fraction of the critical current. At the typ-
ical operating temperatures of the PF coils (5 K) this gives an
operating current of about 30% of critical for NbTi at 5 T.

Assessment of the conductor operating margin requires
the simulation of He flow through the conductor and cooling
loops. The temperature distribution along the conductors under
heat loads are then plotted and compared against the local

. This assessment has been extensively performed as the
design evolved in the 2005–2008 period [3] with the aim to
demonstrate that sufficient temperature margin is retained at all
locations along the conductors and for all coils.

In 2008 a number of changes to the PF coils design and PF
conductor layouts were implemented to give a greater opera-
tional window for low-li plasmas during burn, extend the op-
erating window for plasmas with currents above 15 MA, and
improve the plasma vertical stability control. Compared to the
previous design, the amount of non-copper has been increased
in the superconducting strands for conductors PF2,3,4,5 (Cu/
non-Cu ratio of 2.3), the number of turns was increased in PF6
and PF2 coils by adding extra DPs, and the PF6 coil was moved
up by 15 cm towards the plasma. The up-to-date design param-
eters of the coils and conductors are listed in Tables I and II
respectively.

In addition, the PF and CS (Central Solenoid) current sce-
narios have been updated leading to higher currents and peak
fields in some of the PF coils. Consequently, this resulted in a
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TABLE I
PF COILS DESIGN PARAMETERS

TABLE II
PF CONDUCTOR DESIGN LAYOUT

decrease in local values and higher heat generation in the
PF conductors due to AC losses.

Besides the AC losses induced by controllable variation of
currents in the PF and CS coils (scenario losses), the consider-
able contribution to the losses during plasma burn phase origi-
nates from the fast variation of coil currents due to the system
response to the noise in the plasma vertical stabilization diag-
nostics. The amplitude of such variations increased by a factor
of four on average compared to the previous design values [4].
In the PF3–5 coils, the “noise losses” reach between 50–100%
of the total “scenario losses”, while in the PF2 coil they can ex-
ceed the “scenario losses” by a factor of two.

All mentioned design changes call for re-examination of the
in-coil conductor performance to verify that the increase in heat
loads is acceptable for the PF conductors and the temperature
margin stays within design criteria.

II. MODEL AND INPUTS FOR SIMULATION

A. Thermo-Hydraulic Model

The 1D thermo-hydraulic model of the PF conductors is
based on the GANDALF code [5]. In the model, the cable
is represented as a dual channel flow path extending from
the coil inlet to the outlet, thus only one quarter of the total
DP conductor length is represented, which is sufficient due
to symmetry. The external cooling loops, the heat exchanger
and the joints are not modeled. The boundary conditions are

Fig. 1. PF coil currents for the baseline 15 MA scenario.

Fig. 2. Absolute values of transverse magnetic field on the innermost turn of
the selected PF single pancakes (counting from the winding top) for the baseline
15 MA scenario. This field is the superposition of the coil self field and the fields
from the other PF and CS coils.

the He pressure, temperature, and mass flow rate. They are
applied at the inlet of the conductor. The initial flow along the
cooling path is routinely computed from the inlet pressure and
mass flow. The boundaries for the flow are at constant pressure
and temperature, as established from the initial distribution.
The other inputs for the model are the conductor and strand
parameters (see Tables I and II), and the heat loads from the
magnets themselves and external sources.

The heat loads vary in time and along the conductor length.
They are AC losses in the cable, thermal radiation from the 80 K
thermal shield, eddy current losses in the supporting structure
and the nuclear radiation heat.

The output of the model is the strand temperature as a func-
tion of distance from the inlet and time. It was demonstrated in
the previous analysis [3] that the in the PF coils is gen-
erally driven by peak current and peak field. For this reason,
for each PF coil only one DP is selected for modeling, which
is located in the middle of the stack, thus experiencing the peak
field. For the assessment, is taken at the time corre-
sponding to the maximum of transport current and the magnetic
field (see Figs. 1 and 2). Despite the strong gradient (for PF1,6 it
is about 1 T at 50 kA) of the magnetic field across the conductor,
its peak value is taken for the evaluation. The transport cur-
rent distribution among the superconducting strands is assumed
uniform in the part of the conductor at high field (far from the
joints). Both assumptions seem adequate according to the ex-
perimental results from [6].

Prior to calculation with the new heat loads and conductor
designs, the model was benchmarked against the results in [3].
The outcome was satisfactory, showing discrepancy in the
evaluation within 10% between the two models.
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TABLE III
PF STRAND SCALING PARAMETERS

B. Current Scenarios

An assessment of the conductor temperature margin cannot
be done without a specification of the current pulses. For design
purposes, the baseline pulse is the 15 MA plasma current pulse
with the period of 1800 s (1285 s pulse duration) as specified
in [7]. This pulse corresponds to a magnet current ramping sce-
nario as shown in Fig. 1 for the PF coils (TF coil current remains
constant). Fig. 2 shows the corresponding time evolution of the
peak magnetic field (on the innermost turns) in the single pan-
cakes selected for the thermo-hydraulic simulation as described
previously. This scenario is also used for calculation of the AC
losses in the conductors and eddy currents in the coil supporting
structure.

Current and field in the coils, however, do not reach their max-
imum values in the 15 MA baseline scenario. The pairs of the
current-field limiting values defining the operating window of
the burning plasma in the so called ‘PF-CS bounding scenarios’
[7], given for the time instants corresponding to start and end of
plasma burn, will also be used in the assessment of the temper-
ature margin.

C. Superconducting Strand Scaling Parameters

Two types of NbTi strands are used for the PF coils: Type 1
is used for PF1 and PF6, while Type 2 is used for PF 2 to 5.
The scaling expression proposed in [8] was used to scale the
strand performance as a function of the operating temperature
and magnetic field. The scaling parameters for the two types of
strands—Type 1 [9] and Type 2 [10]—are listed in Table III.

D. AC Losses

In the superconducting cables two AC loss components, hys-
teresis and coupling, have been modeled. In all calculations,
which require the critical current density estimations, the cable
(and helium) temperature is assumed to be constant with time
and equal to 4.5 K (which is generally conservative).

The loss model of the cable (LOSS code) used to calculate
AC losses includes two features found in recent experimental
measurements on full size cables [11]. Firstly, the coupling time
constant of the cable depends on the local magnetic forces (these
press the strands together and reduce the cable transverse resis-
tance) and the load cycle history. Secondly, due to screening
and saturation effects, the effective time constant of the cable
depends on the rate of change of field. Although first observed
in the experimental measurements on short conductor samples,
these features were also seen in the experiments with the long
length solenoidal coil [12]. Details of the interpretation of the
measurements, the derivation of the coupling and hysteresis loss
model and its benchmarking is given in [13]. The core loss ex-
pressions are given as follows. Loss power: ,

,
, where is the applied magnetic field,

Fig. 3. Time variation of heat load in the selected turns of the pancake 10 in
the PF6 coil. The data are for the 15 MA baseline scenario.

T/s as determined from the experiments, and ac-
count for the dependence on the number of cycles (or history)
and the transverse load . The effective time constant
varies between the two boundaries corresponding to low and
high field variations (e.g. at high dB/dt the coupling losses satu-
rate, tends to ). For the PF conductor, ms and

ms are determined. This corresponds to an equiva-
lent time constant (single time constant model) of 32–45 ms.
The number of cycles is taken equal to 10,000 for AC loss as-
sessment.

The expression for hysteresis loss is
, , where penetration field

is the filament critical current
density (3057 A/mm2 at 5 T and 4.2 K), is the effective
filament diameter (8 m for PF1/PF6, and 6 m for PF2-PF5
strands). is selected depending if the field changes are

, or .

E. Steady State, Eddy Current and Nuclear Heat Loads

The data for the steady, eddy current and nuclear heat loads
are taken from [3]. The thermal radiation from the thermal
shields and labyrinths is the steady state heat deposited on the
PF coil external surface. The eddy current losses are generated
in the PF supports and covers and are applied as heat flux on
the top and bottom surfaces of the coils where the clamps are in
thermal contact with the coils. These losses are time dependent,
with the peak power during the first 130 s of the scenario. The
nuclear heat is also applied as a heat flux on the coil surfaces
during the burn phase (between 130–530 s).

Although the middle pancake is chosen for the simulation,
it is assumed that heat from all three sources is uniformly de-
posited over its mass as if it were on the side pancakes. Obvi-
ously, this is a conservative approach.

III. ANALYSIS RESULTS

Fig. 3 shows an example of the total heat power deposited in
the pancake 10 of the PF6 coil during the baseline plasma pulse.
The peak power density of 5 W/m is deposited in the innermost
turn during first 1.5 s. During the dwell time of the pulse, only
the steady state heat loads remain.

It was shown in [3], and confirmed by present analysis, that
the quasi-cyclic conditions of temperature are reached after four
consequent plasma pulses of 1800 s. Therefore, the temperature
distribution in the fourth pulse is used for the assess-
ment. In all simulations we assume K,
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Fig. 4. Temperature distribution along the pancake 10 of the PF6 coil at dif-
ferent time moments of the 15 MA scenario 4th pulse.

Fig. 5. Temperature margin distribution along the pancake 10 of the PF6 coil
at different time moments during the 4th pulse of the 15 MA baseline scenario.

TABLE IV
MINIMUM TEMPERATURE MARGIN SUMMARY

MPa, g/s, the values are close to the design
operating conditions of the PF coils.

In Fig. 4 the calculated distribution of temperature along the
conductor length of pancake 10 in the PF6 coil is shown at the
selected time instants. The corresponding profiles at the
same time instants are shown in Fig. 5. The minimum tempera-
ture margin of 2.07 K is indeed found in the innermost turn and
at the time corresponding to peak current (37.8 kA) and peak
field (5.43 T) in the conductor.

The sensitivity of the temperature margin to uncertainty in
the AC loss computation has been evaluated in the case of PF6
coil. It is found that increase in AC losses by a factor of three
(equivalent ms) leads to decrease in the minimum
temperature margin by 4% only. Although the cable is heated
more in this case, the temperature rise of the first turns (with the
peak field) is marginal because of their proximity to the He inlet.
The heat accumulates along the conductor and the temperature
rise of the outer turns is much bigger, however the field there
is considerably smaller. Thus, the temperature margin remains
bigger (2.5 K) than in the innermost turn.

Table IV summarizes the values of temperature margin in all
PF coils. Four different current-field scenarios have been ana-
lyzed. The recovery option means bypassing a faulted DP with a
jumper cable and corresponding increase in current (to maintain

the same Ampere-turns) and magnetic field on the conductor.
For calculation of the temperature margin in the scenarios other
than the baseline 15 MA, is taken identical to the one found
in the 15 MA scenario. In other words, the same level of heat
loads is assumed for all considered scenarios.

For all coils and baseline scenario (including the recovery op-
eration), the temperature margin is well above the design cri-
terion of 1.5 K. For the PF 1 to 4 coils it is above 1.5 K in all
considered scenarios. For the PF5 coil and PF-CS bounding sce-
nario with the recovery operation (59.4 kA, 5.97 T), the temper-
ature margin is below 1.5 K. Even lower temperature margin
was found in the PF6 coil in the bounding scenario (48 kA, 6.8
T) and in the same scenario with the recovery operation (55 kA,
7.17 T). To maintain the temperature margin above 1.5 K in the
PF6 coil, a subcooling of He is required by 0.4 K. The helium
bath temperature shall be at approximately 3.8 instead of 4.2 K.
On the other hand, the recent experimental results [6], [12] sug-
gest that 1 K margin might be sufficient for reliable operation of
PF coils. While this point needs further confirmation, it is rec-
ommended to keep the subcooling option in the design for risk
mitigation.

IV. CONCLUSION

The results of the thermo-hydraulic simulations show that
with the recent design modifications, the minimum temperature
margin of the conductors in all six PF coils during the baseline
15 MA scenario satisfies the ITER design criteria. However, in-
creased operating window together with the fault recovery op-
eration of the PF5 and PF6 coils can reduce the temperature
margin in these coils below the design criteria. Subcooling of
He bath down to 3.8 K might be needed. This point is worth
further confirmation with more detailed simulations of full coil
including the complete cooling circuit.
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