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a b s t r a c t

The data resulting from the thermal-hydraulic test of the ITER TF CICC are used to determine the flow
partition and the overall effective heat transfer coefficient (hBC) between bundle and central channel in
a direct way, i.e. by analysis of the heat transfer between both flow channels, based on the mass and
energy balance equations and the readings of thermometers located inside the cable. In cases without
a local heat source in the considered cable segment the obtained hBC values were consistent with those
obtained in earlier studies by analysis of experimental data using indirect methods. It was also observed
that the transverse heat transfer was strongly enhanced in a cable segment heated from outside. This
phenomenon results from the mass transfer from the bundle region to the central channel. The experi-
mental hBC data obtained for the case without a heat source in the considered segment were also com-
pared with those calculated using various heat transfer correlations.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Dual-channel Cable-in-Conduit Conductors (CICCs), designed
for the ITER TF (toroidal field), CS (central solenoid) and PF (poloi-
dal field) coils, consist of an annular bundle of twisted supercon-
ducting strands and a central cooling channel, separated by a
steel spiral, which are enclosed in a leak-tight steel jacket. The
ITER CICCs are cooled by a forced flow of supercritical helium.
Reliable modeling of the transverse heat transfer in the complex
CICC geometry is crucial for the analysis of cooling, stability, and
the quench behavior of the ITER magnets. In CICC models typically
two coupled 1-D channels of flow are considered, which require
the knowledge of friction factors for the central channel and for
the bundle region, and the overall effective bundle-central channel
heat transfer coefficient (hBC). The bundle-central channel trans-
verse energy transfer can involve various physical processes,
namely: (i) thermal diffusion in a boundary layers accompanied
by heat conduction through a wall (a spiral or sub-cable wraps),
(ii) convective heat transfer through the fully open perforation,
and (iii) mass transfer across the perforation. In the present
analysis we make an attempt to separate the energy transfer due
to the mass transfer and focus on the effective bundle-central

channel heat transfer involving the first two mechanisms men-
tioned above.

Four indirect methods to determine hBC values, based on fitting
different simplified analytical models to experimental data, have
been proposed in the literature [1–4]. However, hBC values
obtained with different methods for the same conductor differ by
up to a factor of about 2, since they are affected by the assumptions
of the models used for the interpretation of the experimental data
[5]. Indirect method do not also allow to assess the role of the mass
transfer between the two CICC regions in relation to heat transfer,
so their use should be restricted to cases where the experimental
situation can justify the assumption, that the bundle-central chan-
nel mass transfer is negligible, i.e. when the temperature (and den-
sity) difference between both channels of flow is small and there
are no local heat sources within the considered cable region.

A simplified predictive correlation for hBC, based on the
Colburn-Reynolds analogy, has been proposed in [6]. The hBC values
calculated with this correlation agree relatively well with those
obtained from experiments [1,7], however, it was shown in [8] that
the Colburn analogy is not applicable for the flow in a central chan-
nel of CICCs. The hBC of the ITER CICC was also studied using a CFD
model [9], but the results were about 1.5–1.8 times larger than the
highest hBC values obtained from experiments [1–4,7]. It should be
noted, however, that the case studied in [9] was different from
those of [1–4,7]. In the CFD simulations of [9] a local source with
a very large heating power (100 W distributed over the length of
one spiral pitch), located within the region of interest, was used,
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whereas in [1–4,7] heaters located outside the region of interest
and with much smaller powers were considered, so that the tem-
perature rise in the cable was sufficiently small to justify the use
of analytical models with constant thermophysical parameters
and flow partition.

In the present work we use the data resulting from the thermal–
hydraulic test of the ITER TF CICC [10] to obtain hBC values in a
direct way, i.e. by analysis of the heat transfer between both chan-
nels of flow, based on the mass and energy balance equations and
the readings of thermometers located inside the cable. A similar
approach is often used in literature to determine the heat transfer
coefficients in heat exchangers (see e.g. [11]), but it has never been
used yet to evaluate hBC in a dual channel CICC.

2. Experimental setup

The ITER TF CICC prototype sample of the Russian Federation
(TFS-07W1 conductor, in short TFS) underwent a series of ther-
mal–hydraulic tests using supercritical helium (at nominal 4.5 K
and 1 MPa) in the SULTAN facility at EPFL-CRPP PSI Villigen [10].
The complete characteristics of the TFS sample was presented in
[7,10], whereas the conductor parameters relevant for the present
analysis are compiled in Table 1 (we report in Table 1 also the char-
acteristic of the TFPS, PFISW and PFISNW conductors discussed in
Section 5). Fig. 1 shows the schematic layout of the instrumenta-
tion used in the SULTAN facility for the tests of the TFS conductor,
relevant to the present analysis. More details, including the figure
presenting how the temperature sensors were mounted, are given
in [10]. In this experiment the sample did not carry current, since
only the thermal–hydraulic behavior was studied. This gave the
unique opportunity to install temperature sensors not only at the
jacket surface, which is typically the case for conductor tests in
SULTAN, but also inside the cable space. The temperature sensors
located inside the cable space (TRax, TRbx and TRcx, x = 2, 3 or 5)

allowed us to perform a direct analysis of transverse heat transfer
within the cable.

During the measurements supercritical helium entered the
sample from the top with the total mass flow rates _mtotal regulated
to 4, 5, 6, 8, or 10 g/s. The power in one of the resistive foil heaters
H2, H3 or H4 attached to the jacket surface increased stepwise
(considered heating powers for each run are specified in Table 2).
The length of each heater was 0.381 m. Each heating step lasted
until a steady state was reached, indicated by constant readings
of all thermometers. In our analysis we use the temperature data
measured in steady state conditions to assess the overall effective
transverse heat transfer coefficient according to the procedures
described in Section 3.

3. Heat transfer analysis and hBC evaluation

Our analysis is based on the energy and mass balance equations.
We take into account the dependence of the helium enthalpy on
pressure and temperature. The pressure gradient in the sample is
assumed constant, while the inlet and outlet pressures are read
from the experimental data. At no heat deposition temperature
along the sample slightly increases due to the Joule–Thomson
effect. We assume that this temperature rise can be approximated
by a linear function

Tref ðzÞ ¼ Tin þ cz; ð1Þ

where Tin is the temperature at the sample inlet, approximated by
the T8 readings and the values of parameter c for each considered
mass flow rate are given in Table 3.

In the case where heater H4 was used, we assume that the flow
partition between the bundle and the central channel remained
constant within Segment 1 (see Fig. 2a). Thus, for this case the
energy balance equations for Segment 1 can be written as

_mBiðp3; TB3Þ þ _Q J3 þ _QS3 ¼ _mBiðp2; TB2Þ þ _Q BC þ _Q J2 þ _QS2; ð2aÞ

Nomenclature

ABC heat transfer area, m2

DCS cable space diameter, m
Dh hydraulic diameter, m
Din inner diameter of a central spiral, m
Dout outer diameter of a central spiral, m
Dparticle particle diameter in a porous medium, equivalent diam-

eter of a spherical particle, –
Fdead dead space in the porous matrix (sealed pores), –
f Fanning friction factor, –
h heat transfer coefficient, W/(m2 K)
hBC overall effective bundle-central channel heat transfer

coefficient, W/(m2 K)
i helium specific enthalpy, J/kg
k thermal conductivity, W/(m K)
_mtotal total helium mass flow rate in a cable, kg/s
D _m mass transfer between the central channel and the bun-

dle region, kg/s
Nu Nusselt number, defined as Nu ¼ hDh=kHe, –
Nuu seepage Nusselt number, defined as Nuu ¼

hDparticle=kHe, –
p pressure, Pa
P wetted perimeter, m
perfsp gap fraction of the central spiral, –
perfswr gap fraction of the sub-cable wrap, –
Pr Prandtl number, defined as Pr ¼ Cpl=k, –
Re Reynolds number, defined as Re ¼ qvDh=l, –

Reu seepage Reynolds number, defined as
Reu ¼ qvu Dparticle=l, –

tsp spiral thickness (height), m
tswr sub-cable wrap thickness, m
T temperature, K
Tref reference temperature at no heat deposition, defined by

Eq. (1), K
T1 common outlet temperature of both channels of flow, K
u standard uncertainty
z coordinate along the conductor, m

Greek
a helix angle of the central spiral, deg
u void fraction of the bundle region, identical to porosity,

–

Subscripts
B bundle region
C central cooling channel
J jacket
owr outer wrap
ref reference
S strands
sp spiral
swr sub-cable wrap
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