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Abstract

Problems related to cable-in-conduit conductors (CICC) are intrinsically multi-physics involving coupled electro-magnetic/mechan-
ical/thermal-hydraulic fields. Here we concentrate on the thermal-hydraulic issues because, although the CICC was first proposed for the
low-TC superconducting coils of the International Thermonuclear Experimental Reactor (ITER) many years ago, CICC thermal-hydrau-
lics alone is less understood than could be expected. Some of the difficulties are due to the multi-channel nature of the ITER CICC, where
strands containing the superconducting filaments are twisted in multi-stage sub-bundles (petals) delimited by wrappings and concen-
trated in an annular (porous-medium like) region, while a central channel, delimited by a spiral, provides lower hydraulic impedance
and pressure relief to the flow of the supercritical helium coolant. Other difficulties are related to the multi-scale nature of this problem,
with length scales relevant for thermal-hydraulics ranging from the strand diameter (<�10�3 m), to the CICC length in a coil (up to
several 102 m). On the other hand, taking advantage of this length-scale separation, the models presently used for CICC simulations
are typically 1D (along the conductor) but they need constitutive relations (like friction and heat transfer coefficients) for the transverse
mass, momentum and energy transport processes occurring between different conductor elements. The database for the transverse trans-
port coefficients, unfortunately, does not appear complete, or free of internal contradictions, often because the smallness of the transverse
scales makes even an experimental assessment of these processes difficult. Here we discuss these issues and possible strategies for over-
coming some of the difficulties are proposed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

ITER magnets use cable-in-conduit conductors (CICC),
typically cooled by forced flow supercritical helium (SHe)
at temperature Top � 5 K and pressure p � 0.6 MPa.

Essentially all ITER coils, with the exception of a subset
of the correction coils [1] use a dual-channel CICC, which
has a central channel (hole, H) with preferential low imped-
ance and a cable region (bundle, B) with large wetted
perimeter, see Fig. 1.

Magnets are wound with one or more CICC. While the
CICC are connected electrically in series through joints,
0011-2275/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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which conventionally identify the longitudinal CICC
boundaries, they are hydraulically in parallel to avoid heat
accumulation affecting the high-field region.

Thermal-hydraulics plays a central role in superconduc-
ting coil technology. As a first example the appropriate
use of heaters and thermal-hydraulic modeling as indirect
diagnostic tools allowed the assessment of conductor deg-
radation in the ITER Model Coils [2,3]. As a second exam-
ple, the pressure-drop tests, in e.g. the ITER Central
Solenoid Insert Coil (CSIC), gave first evidence of
Lorentz-induced cable deformation (the so-called ‘‘third
channel’’) in ITER CICC operation [4,5]. However, while
the situation from the point of view of the ITER design
criteria is possibly (albeit sometimes by chance) not unsat-
isfactory [6], we cannot be too happy with what we know

mailto:roberto.zanino@polito.it


Table 1
Typical length scales in an ITER CICC

CICC component and dimension Length scale (m)

Wrapping thickness (tw) 10�4

Strand diameter, spiral thickness (dSt,h) <�10�3

Hole diameter, petal diameter (DH,Dp) 10�2

Sub-stage cabling pitch length (p) 10�1

Coil curvature radius, short sample length (R,LSS) 100

Hydraulic length between joints (L) 101–102

Fig. 1. Sketch of the CICC used for the ITER Central Solenoid Model Coil (CSMC) as representative of a typical ITER CICC. Note the dual-channel
structure.

1 Also in the bundle region, the geometry and flow conditions do not
guarantee a priori the applicability of the Colburn analogy, which was
derived analytically for laminar flow on a plane surface and shown to be
applicable also to turbulent flow on a plane surface or in smooth pipes but
not applicable, e.g., to laminar flow in a pipe [15].
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today about ITER CICC thermal-hydraulics from a more
fundamental point of view, which is our point of view in
this paper.

The major length scales in a CICC are summarized in
Table 1. One may note that Llongitudinal� Ltransverse.
This is used to justify the 1D (longitudinal) modeling
approximation, which has been traditionally adopted
since the early development of tools for the analysis of
thermal-hydraulic transients in CICC (e.g., [7–9]), also
because of its easier experimental validation. Constitutive
relations for the transverse transport fluxes are then needed
to close the set of fluid equations in the different cable
elements.

Transverse inhomogeneities of the thermal-hydraulic
parameters in the CICC lead to the transverse fluxes and
they have been typically dealt with at the macro-element
level, e.g., using multi-channel [10–12] and/or multi-
conductor [13] models.

Transverse transport fluxes involve friction factors and
heat transfer coefficients, for which correlations are needed
(unfortunately, the short transverse length scales also imply
much more difficulty in the experimental assessment of
transverse processes).

Mass, momentum and energy transfer are typically (and
also here) separated, but this separation is rather artificial,
as the similar transport mechanism should be acting at the
microscopic level, independently of the transported quan-
tity. However, note that a particular but popular frame-
work for the integrated treatment of friction and heat
transfer (the so-called Colburn analogy, relating friction
and heat transfer coefficients to their smooth-tube counter-
parts) was shown experimentally not to apply in the case of
the central channel of a model ITER CICC [14].1

Finally, it may be worthwhile to note that a few
approaches at truly multi-dimensional modeling of the
ITER CICC have been presented in the past. Martinez
[16] presented a global 2D home-made model for the whole
CICC, with porous medium treatment of the bundle, but
applied it only in the case of laminar flow. Feng [17] self-
consistently derived a so-called quasi-2D CICC model,
which is however still not validated, to the best of our
knowledge. Inaguchi and co-workers [18] applied a global
2D model of the whole CICC based on commercial soft-
ware (CD code) to the CSIC quench study; however, they
try to explain friction in the central channel while neglect-
ing the spiral thickness (which they are apparently forced
to do because of CPU limitation arising from the attempt
to treat the whole CICC), but the spiral is, on the contrary,
the main cause for significantly increased friction with
respect to the smooth tube, see [19] and below; this approx-
imation makes therefore their model unfortunately irrele-
vant for ITER.

Here we stick to the traditional 1D approach, but an
introduction to a first application of a local 2D/3D model,
as a support to global 1D modeling, will also be presented.
2. Mass transfer

Mass transfer between cable bundle region and central
channel allows the pressure relief in case of sudden heating
of the strands and also contributes to access the central
channel helium heat capacity by advective energy transfer
[20]. The latter aspect is particularly important since sepa-
ration/identification of the different mechanisms of energy
transfer between the two regions is often unclear and
source of some confusion as well.
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Direct experimental evidence on this phenomenon is
unfortunately very limited because, generally speaking,
the diagnostics, if any, of what happens in the central chan-
nel, are typically limited to one thermometer or so. To the
best of our knowledge, only in the case of the QUELL con-
ductor some more advanced measurement technique was
applied, in order to diagnose density variations [21].

A rough (valve-like) model of radial transport in the
CICC, relating the radial flow to the (square root) of the
pressure gradient between bundle and hole regions is used
in many codes (e.g., [10,11]), but it is not directly validated.
The same is true for more complicated models [17].

3. Momentum transfer (friction factors f)

Momentum transfer between helium and solids deter-
mines, for a given mass flow rate, the pressure drop along
the CICC and the related cost of pumping.

For the analysis, even in the simplest approximation
adopted here, separate friction factors2 are needed for the
bundle region (fB) and for the hole (fH),3 so that at least
two sets of independent measurements are needed. Once
fB and fH are known one can also compute the flow

repartition in the CICC.4

Two different strategies have been developed for per-
forming independent measurements. In both cases the pres-
sure drop for given mass flow rate is measured in the CICC
with blocked central channel (giving fB), but the strategies
differ as to fH. In the first one, the pressure drop for given
mass flow rate is measured in the standard CICC (giving fH

by subtraction), while in the second one, the pressure drop
for given mass flow rate is measured in a spiral rib-rough-
ened pipe (giving fH).

It should be noted that both strategies rely on the
assumption that the flow is the same with permeable or
impermeable interface. Wraps, whenever present, and cen-
tral spiral typically limit the possible interaction between
the two flows, in particular from the point of view of
momentum exchange (entrainment). In the second strategy
outlined above, it is also assumed that the spiral geometry
will be unchanged once it is in the real conductor. Also, as
a possibly minor difference, the spiral gap is ‘‘attributed’’
to the bundle in the first case whereas it is attributed to
the hole in the second.
2 In this paper we consistently use the so-called Moody (or Darcy)
definition of the friction factor: Dp/L = 1/2fqU2/Dh.

3 fH and the respective Reynolds number ReH are defined in this paper
using the inner spiral diameter to compute both the hydraulic diameter
and the flow area.

4 This two-channel model is a simplification of the reality, as several
different flow channels are actually present in an ITER CICC: as already
mentioned above, a ‘‘third’’ channel naturally appears during coil
operation because of Lorentz forces and finite cable stiffness, and also
‘‘triangles’’ appear on the CICC cross section at the contact between two
petals and the (inner jacket) cable wrap, etc., but the analysis of these
issues is beyond the scope of the present work.
Dimensional-to-dimensionless data conversion is obvi-
ously needed, going from pressure drop vs. mass flow rate
to friction factor vs., e.g., Reynolds number. This conver-
sion sometimes involves tricky choices, e.g., application
or not of the traditional [22] 5/6 reduction in the strand
wetted perimeter,5 inner vs. outer diameter as hole hydrau-
lic diameter, etc. While some of these choices may be arbi-
trary, other may give consistency problems, e.g., it is not
obvious that any choice/definition of the central channel
flow area AH would allow reproducing the correct average
flow speed VH, starting from the measured volumetric flow
rate VHAH (both VHAH and VH could be independently

measured in a heat slug propagation test in the central
channel, but unfortunately such tests were never performed
so far).

3.1. (Sub-)cable region f

The cable bundle region has been recognized as a porous
medium-like structure long ago. Correlations for the fric-
tion factor fB in the form used for pebble beds were derived
[23], which are also adopted, in a slightly modified version
[24], in the present ITER design criteria. These correlations
are in the form

fB ¼ fBðReB;/Þ; ð1Þ
where ReB is the Reynolds number, defined in terms of a
hydraulic diameter DB

h ¼ 4AB
fluid=P wet, while / is the void

fraction (porosity), defined as AB
fluid=AB

total.
The correlation of Katheder [23]

fB ¼ ð1=/Þaðb=Rec
B þ dÞ; ð1aÞ

where a = 0.72, b = 19.5, c = 0.88, d = 0.051, was estab-
lished for design/predictive purposes and the originally sta-
ted accuracy was between ±30% and ±70% against the
database available at the time, which included only con-
ductors without central channel and without wrappings.
Consideration of the limited database available today from
the tests of four different ITER samples with central chan-
nel blocked,6 see Fig. 2, clearly shows that conductors with
essentially the same void fraction, such as the PFCI (/
� 34%) and the CSMC (/ � 36%), show fB different by
about a factor of 2, at the same ReB.7 This consideration
leads to an important question: are we missing a parameter
5 This was originally justified by assuming the core region of a triplet as
inaccessible to the flow and as such not wetted, but it should also be
observed that sometimes, in conductor cross sections, triplets are not that
easily recognized/maintained as structures. It still is important, however,
to guarantee consistency: if, for instance, a certain correlation was
developed using the 5/6 factor in the dimensional-to-dimensionless
conversion, that must be kept in mind once trying to compare one’s
own data with that correlation.

6 CSMC short straight sample [25], Toroidal Field Model Coil (TFMC)
short straight sample [24], Poloidal Field Conductor Insert (PFCI) short
straight sample, with and without wraps [26].

7 Note also from Fig. 2 that wrappings do not contribute significantly to
the friction factor of the PFCI conductor [26], as opposed to what seen on
EAST conductor tests [27], see also below.
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Fig. 2. Bundle friction factor as a function of the bundle Reynolds number for ITER conductors tested with blocked central channel: PFCI conductor
with wraps (solid triangles), PFCI conductor without wraps (open triangles), TFMC conductor (circles) and CSMC conductor (diamonds). The data
reduction accounts for the 5/6 coefficient, to be consistent with the friction factors resulting from the Katheder correlation, which are also reported,
multiplied by a correction coefficient.

8 The stronger disagreement in the case of W7X may be related to the
peculiarities of the cabling pattern used for this CICC [30].

9 At least in an ideal cable bundle, K should depend mainly on the so-
called tortuosity of the medium, which in a CICC should reasonably
depend in turn on the cabling pattern and on the pitches of the different
cabling stages, as well as on spiral and cable diameters.
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in the fB correlation? Indeed, a correlation only depending
on the porosity cannot be very accurate: according to such
a correlation, a single-stage CICC, with the strands assem-
bled all parallel in a spaghetti-like fashion, should have the
same friction factor than a CICC with the same strands
randomly twisted, but this cannot be true because the tor-
tuosity of the coolant path will certainly affect the pressure
drop.

In order to properly address the issue of friction in the

cable bundle region, an extended database will be used here,
including also conductor test results from non-ITER CICC
characterized by the absence of the central channel, e.g.,
those used in the EAST [28] and KSTAR [29] tokamaks,
as well as in the W7-X [30] stellarator. The inclusion of
non-ITER conductors in this database is aimed at explor-
ing a broader range of parameters (cabling patterns, etc.)
than present in the ITER database strictly speaking, thus
hopefully helping in identifying the most critical ones to
be included in the correlation for fB. Also (a subset of)
the original Katheder database will be considered, which,
for obvious historical reasons, does not include any ITER
conductor strictly speaking.

The main features of the extended database are summa-
rized in Table 2. It is seen that most of the tests were per-
formed at room temperature (RT), using different fluids.
Therefore, hydrodynamic similarity must be assumed to
extrapolate to the relevant (cryogenic) ITER conditions.
The whole database is shown in Fig. 3, wherein the conven-
tional representation fB vs. ReB is used and ReB is related to
DB

h . A rather significant dispersion of the data may be
noted, even emphasizing the differences between the ITER
conductors, which was shown in Fig. 2. The relative
error for the different datasets is shown in Fig. 4 indicating
that, while the predictive accuracy of the Katheder correla-
tion is remarkably maintained also in the extended data-
base (the original database including only the CICC from
AIRCO 5 on in Fig. 4),8 these errors are rather large
(35–50% average-maximum error for the ITER CICC
set alone). Therefore it is worthwhile attempting to corre-
late the pressure drop in the bundle using a more funda-
mental, porous-medium approach, which was pioneered
by Long [14].

In a porous medium a generally accepted model for the
pressure gradient is given by [31]

rp
�! ¼ � l

K
~a� Jffiffiffiffi

K
p qj~aj~a; ð2Þ

where l is the fluid viscosity, K is the permeability of
the porous medium,9 a is the so-called seepage velocity



Table 2
Test conditions in ITER-relevant bundle friction database

Conductor (cabling pattern) Nominal void
fraction (%)

Fluid p (bar) T (K) Re range Comments Source

CS1.2B (3 · 4 · 4 · 4 · 6) 36.3 H2O 11 301 10–1000 Short straight sample [P.Bruzzone]
TFMC (3 · 3 · 5 · 4 · 6) 36.9 N2 30 273 600–7000 Short straight sample [S. Nicollet]
PFCI (3 · 4 · 4 · 5 · 6) 33.5–34.3 H2O 8 299–300 10–1000 Short straight sample

wraps/nowraps
[C. Marinucci]

ABB-L 43 He 5 300 20–500 [H. Katheder]
Hitachi 39.9–46.6 – – – 400–42,000 f(Re) only
JA-DPC 37 – – – 300–22,000 f(Re) only
AIRCO 5,7 (3 · 3 · 3 · 7) 47, 35 He 617.2 (pin) RT! 77 100–4000 f(Re) only, 6 m sample
US-DPC 43 – – – 80–800 Correlation only
WSTGH 40.5 – – – 40–10,000 Correlation only
KSTAR TF00 (3 · 3 · 3 · 3 · 6) 32 He 5.3 (pin) 5 �4000 No central channel,

Limited subset
[K. Kim]

KSTAR CSMC (3 · 4 · 5 · 6) 37 4.5 (pin) 5 �4000
EAST ((2+2) · 3 · 4 · 5+1) 36.7–38.4 N2 1.1 (pout) RT 300–3000 N2! 4 short samples,

2 wraps/2 nowraps,
He! TF5, nowraps,
No central channel,
Limited subset

[H. Bai, P. Weng]
37.3 He 5 (pin) 5.1–5.4

W7X (3 · 3 · 3 · 3 · 3) 37 ± 2 He 1 (pout) RT 10–150 Double layer on spool,
No central channel,
Limited subset

[K. Risse]
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KSTAR TF00 (ave)
KSTAR CSMC
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Fig. 3. Bundle friction factor as a function of the bundle Reynolds number derived from the experiments on the samples listed in Table 2.
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(i.e., the velocity averaged over a representative elemen-
tary volume, including both the fluid and the solid phase),
J is the inertial constant and q is the fluid density. The
linear term in (2) is the well-known Darcy contribution
(friction drag), whereas the quadratic term is the so-called
Forchheimer contribution (form drag). We may rewrite
(2) in the 1D case we are interested in (coordinate x

along the CICC), introducing the fluid flow velocity u

(averaged over a volume including only the fluid phase)
in x direction, which is related to the seepage velocity
by the Dupuit–Forchheimer relation ax = /u. We have
then
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op
ox
¼ � l

K
/u� Jffiffiffiffi

K
p q/2u2. ð3Þ

This relation can be integrated along the CICC length L

under two different simplifying assumptions: either incom-
pressible flow is assumed, which will be applicable to, e.g.,
the H2O test results, or Fanno flow (compressible, 1D, iso-
thermal flow of a perfect gas) is assumed, which will be
applicable to, e.g., the He and N2 RT test results. The re-
sult of the integration can be summarized in dimensionless
terms by the deceptively simple relation:

fK ¼
1

ReK

þ J ; ð4Þ

where the friction factor and Reynolds number are defined
(using the square root of permeability as length scale
instead of the hydraulic diameter), respectively, as
fK � b
Dp
L

ffiffiffiffi
K
p

qoutA
2
fluid

ðdm=dtÞ2
1

/2
; ð5aÞ

ReK �
ðdm=dtÞ/

ffiffiffiffi
K
p

lAfluid

; ð5bÞ

b = 1 for incompressible flow (whereas b = hpi/pout = (pin +
pout)/2pout for Fanno flow), qout is the fluid density at the
outlet of the test section, dm/dt is the mass flow rate.

It is seen that (4) predicts, for any (!) CICC bundle
(independently of the details of its internal structure), a lin-
ear dependence of the suitably defined fK on 1/ReK. It is
known [31] that the permeability K depends on the medium
porosity and geometry but, unfortunately, there is no obvi-
ous way to compute the permeability K from the medium
geometry except in very simple cases, which are hardly rel-
evant for the case at hand. Concerning the inertial constant
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J, it is known that this is actually not a constant but may
depend also on the medium geometry, as well as on pore-
scale turbulence [31], but this term is otherwise even less
known than K. Indeed, the only potentially practical way
to compute K (and J) in an ideal bundle geometry is
through CFD calculation, correlating a posteriori the mass
flow rate computed for a given pressure gradient with the
pressure gradient itself, see below.

In view of the above, we use the pressure drop data to
find, for the subset of CICC in the database for which all
needed input is available to us, the values of K and J best
fitting the measurements. These values are collected in
Table 3 while the result of correlation (4) is shown in Fig. 5.

It is seen in Table 3 that the deduced K’s vary by a factor
of �4 notwithstanding a range of porosities different by at
most �15%! An even larger variation of J, by about a fac-
tor of 10, may be noted. These variations obviously reflect
Table 3
Best fitting K and J from pressure drop tests

Conductor Void fraction / K (m2) J

PFCI (w) 0.335 2.80E�09 7.57E�02
PFCI (nw) 0.343 3.80E�09 7.34E�02
CSMC 0.363 3.10E�09 1.14E�01
TFMC 0.369 1.10E�09 1.56E�02
EAST PF1 (w) 0.367 1.60E�09 3.34E�02
EAST PF2 (w) 0.367 1.60E�09 2.84E�02
EAST PF3 (nw) 0.384 2.80E�09 1.99E�02
EAST TF (nw) 0.373 2.30E�09 1.87E�02
W7X 0.370 3.70E�09 1.25E�01
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Fig. 5. Friction factor, as defined in (5a), as a function (4) of the Reynolds num
listed in Table 2.
the above-mentioned significant differences in the hydraulic
characteristic of the different CICC. Both K and J turn out
to be in the same order of magnitude assessed in the past
on somewhat different cables [14].

Quite obviously, the direct comparison (in terms of
accuracy) between (4) and Katheder’s correlation, see
Fig. 4, is partly unfair, because the former is mainly inter-
pretive in nature, while the latter confirms its predictive
purpose, although error bars are rather large. Predictive
use of (4) would require an a priori determination of K

and J, which is presently beyond our capabilities.

3.2. Central channel f

Early attempts to correlate the pressure drop with the
mass flow rate in the QUELL CICC central channel
assumed fH ¼ afH

� fsmoothðReHÞ [32]. However, tests of dif-
ferent TFMC pancakes at Ansaldo showed that details in
spiral design (in particular the gap size g) could signifi-
cantly affect the pressure drop [33]. This was eventually
confirmed both in the CSMC operation (MIT circular wire
vs. flat spiral) [34] and in the TFMC operation [35]. In this
sense, a fundamental understanding of the friction in the
central channel could in principle allow the optimization
of the spiral (for instance, minimizing the pressure drop
while keeping sufficient heat exchange and pressure relief
capabilities), subject to mass, momentum, energy transfer
and mechanical constraints, as well as to the presence of
the wraps.
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ber, as defined in (5b), deduced from test results of a sub-set of the samples
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CEA started testing of spiral rib-roughened pipes in the
OTHELLO facility using pressurized N2 at RT during
1999, providing least square fits for each spiral in the data-
base [33].

From the same database (3 spirals with different gap but

same diameter Din � 10 mm) a general correlation for all
spirals in the database was developed, including g/h as
additional dimensionless parameter [19] in the form

fH ¼ fH ReH; ðh=D fixedÞ; g=hð Þ; ð6Þ
and validated [36] on CSMC straight sample data.

Unfortunately, the limited database available at present
on fH is not free of contradictions. For instance, derived
data for fH from the TFMC straight sample differ by a fac-
tor of �2 from TFMC spiral data, see Fig. 6. In Fig. 6 we
may also note that the results of the PFCI sample are in the
same ball park as the CSMC sample and the TFMC spiral
data over a certain range of ReH, notwithstanding a smaller
value of the gap (�1.7 mm for the PFCI [39] vs. 2.4–3.0 for
CSMC-TFMC10). Also, at decreasing Reynolds fH tends to
10 Some uncertainty exists as to the actual gap width in one very popular
spiral (the so-called Showa) used for some of the TFMC pancakes as well
as for some of the CSMC layers. While the original measurement for the
spiral alone gave 2.4 mm [33], on which all correlations for fH are based,
measurements performed during the conductor QA resulted in �3.0 mm
[37] and very recent examination of �10 pitch lengths in the CS1.2B
conductor gave a range 2.7–3.0 mm [38]. Therefore, at least a ±10%
uncertainty around an average of 2.7 mm should be considered, based on
the whole set of dimensional checks above.
increase in the PFCI case whereas it decreases in the case of
the CSMC sample, suggesting that either data are not reli-
able for ReH < 104. Finally, the spread between PFCI data
with and without wraps may only be attributed to measure-
ment inaccuracy, as the central channel is the same in these
two cases (more mixing between the two channels in the
case without wraps should not happen anyway, because
at steady state the local radial pressure gradient driving
the flow between the two should vanish, both with and
without wraps).

In view of the proposed use in ITER of CICC with a
smaller central channel (Din � 7 mm for the CS and TF
coils [1]) CEA recently started performing tests of new spi-
rals based on which we aimed at assessing if there is any
explicit dependence of the friction factor on the relative
roughness h/D

fH ¼ fHðReH; h=D; g=hÞ. ð7Þ
These tests were performed both in the OTHELLO

facility (which uses pressurized N2) and in the HECOL
facility (using pressurized H2O). Unfortunately, several
problems have been encountered during the evaluation of
the data concerning, e.g., smooth-tube validation, hydro-
dynamic similarity, dependence on flow direction. It may
therefore be concluded that, concerning friction in the cen-
tral channel, the experimental database available today
appears insufficient to draw any conclusions in the form
of generally applicable correlations of the type given in
(7), so that such a predictive correlation for fH is not avail-
able at present [40].
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We shall see below that advanced computational fluid
dynamics (CFD) methods are being proposed to address
the problem of friction in the central channel (as well as
others in ITER CICC thermal-hydraulics, see above) and
can be applied, of course within their own limitations, to
help overcome at least some of the above difficulties.

3.3. Global f

The above results should be used in the end for at least
two ‘‘practical’’ purposes, which are obviously not inde-
pendent: (a) to determine the pressure drop on the conduc-
tor for a given total (bundle + hole) mass flow rate, (b) to
assess the flow repartition between the two channels.
Details of this approach and implications for the ITER
design criteria are discussed in [6].

If we rely on the correlation of Katheder for fB and we
assume we have a perfect correlation for fH, the error bars
in fB, see Fig. 2, result in an uncertainty of pressure drop
and flow repartition as shown in Fig. 7. It may be noted
that for the range of multipliers relevant for ITER conduc-
tors (see Fig. 2) a decrease of fB obviously leads to a
increase of the flow fraction in the bundle as well as,
because of the simultaneous reduction of the flow fraction
in the hole at constant total mass flow rate and fH, to a
decrease of the pressure gradient. It should also be noted
that the range of uncertainties (Katheder multipliers)
shown for ITER conductors in Fig. 2 corresponds to a
rather significant uncertainty of up to 40–50% in the pres-
sure drop and up to ±5% (absolute) in the flow fraction in
the bundle.
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It was already noted in the past that the comparison of
different data (including 3-turn samples) of the TFMC con-
ductor seems to indicate an effect of conductor curvature,
leading to an �50% larger f for both the TFMC and the
3-turn samples, if compared with the straight sample [36].
In view of their singularity, we also checked the TFMC
straight sample data (where N2 was used), but they appear
to be confirmed by data collected, again at CEA, on
another straight TFMC sample using H2O, see Fig. 8. Note
that correlations for curved pipes, e.g., Ito’s [41], predict an
increase of the pressure drop scaling with the parameter
[Re(rcond/rcurv)2], where rcond is the channel radius and rcurv

is the curvature radius of the coil (i.e., irrelevant for the
bundle flow if compared with the central channel, in view
of the much smaller hydraulic diameter); these correlations,
however, give at most a 10% correction or so, i.e., not
enough to explain the above-mentioned differences in the
case of the TFMC.

However, the curvature effect seems not confirmed by
CSMC data (although from the point of view of curvature
it should be at least as affected as the TFMC, which has
locally smaller curvature radii but also long straight legs),
see Fig. 9, where CSMC 1A data (obtained using He in
cryogenic conditions) [34] appear to fall on a reasonable
extrapolation of CSMC straight sample data (obtained
using H2O at RT) [25].

The forthcoming test of the PFCI should hopefully help
in clarifying the curvature issue by comparing results of
pressure drop tests with those obtained on a PFCI short
sample (without blocking the central channel) [39]. Also
tests from other conductors (e.g., W7X) or perhaps
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dedicated tests of curved conductors with blocked central

channel could be used to track which, if any, of fB and/or
fH may be affected by curvature.

4. Energy transfer (heat transfer coefficients h)

The major heat transfer processes in a CICC are sum-
marized in Fig. 10, emphasizing the different conductor
components involved: bundle region helium, hole region
helium, strands, jacket. Heat transfer significantly affects,
together with friction, the most relevant time scales of ther-
mal-hydraulic transients in CICC [42]. The single heat
transfer processes are considered below.

4.1. Strand–helium h (transient and steady state)

The heat transfer coefficient between strands and helium
(hSt–He) enters the stability (Stekly) condition [43].

hSt–He is modeled in the codes as series of min(1/ht,
1/hNu) and Kapitza resistance, where ht and hNu identify
the transient and steady state components, respectively,
of the heat transfer coefficient.



Fig. 10. Different heat transfer channels in an ITER CICC: strand–He
(upper right), bundle He–hole He (lower right), strand–jacket (lower left),
bundle He–jacket (upper left). A four-temperature model (jacket uniform,
all strands common and uniform, bundle He uniform, hole He uniform) is
implicitly assumed in this representation.
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Transient heat transfer (ht) can be modeled at different
levels of sophistication [44]. In the simplest approach we
may consider the thermal boundary layer of thickness
df(t) forming at the strand surface because of sudden (step)
heating of the strand and then propagating inside the fluid
at a rate related to the fluid thermal diffusivity af, until ther-
mal and flow layers become comparable (steady state heat
transfer condition). As a thermal boundary layer has not
been established yet during the transient phase, the heat
transfer coefficient may be deduced assuming pure conduc-
tion with conductivity kf through the forming boundary
layer, while df(t) can be assessed as the length scale in the
fundamental solution of the transient heat conduction
problem. Therefore, we have

ht �
1
df

kf

� 1ffiffiffiffi
af t
p

kf

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kfqfcp;f

t

r
. ð8Þ

Steady-state heat transfer (hNu) is derived from corre-
lations for the Nusselt number Nu (Re, Pr) and the
Dittus–Boelter correlation is typically used, giving hNu =
hDB � several 102 W/m2 K. However, it should be noted
that, strictly speaking, application to our case (essentially
heat transfer between solid and fluid phase of a porous
medium) of the Dittus–Boelter correlation, which was
derived for pipes, is somewhat unjustified. Furthermore,
it was already noted in the past, see, e.g., [45,46], that
hNu � several 103 W/m2 K appears needed in several appli-
cations. Even in this case, as for the friction coefficient in
the bundle region discussed above, correlations for porous
media not in thermal equilibrium between the phases, see,
e.g., [47], may indeed result in more appropriate values,
up to 1 order of magnitude larger than hDB.

Kapitza heat transfer, which is related to the ‘‘interfacial
thermal boundary between any two dissimilar materials
where electronic transport does not contribute’’ [48], is
modeled as hK ¼ 200ðT St þ T HeÞðT 2

St þ T 2
HeÞ. Simple verifi-
cation shows that the Kapitza thermal resistance is typi-
cally negligible at ITER operating conditions (T > �5 K)
since hK > �105 W/m2 K.

4.2. Strand–jacket h

Provided there is sufficient contact between strands and
jacket (which is typically the case except on the high-field
side of a conductor because of Lorentz forces inducing
sometimes significant deformation of the cable and its
detachment from the jacket), the heat transfer coefficient
between strands and jacket (hSt–Jk) contributes:

• The second, after hSt–He, parallel channel for direct
strand cooling (but the strand contact perimeter
�fcontactPJk is � two orders of magnitude lower than
the strand wetted perimeter).

• A channel for accessing the jacket heat capacity in the
later quench phase. Above 30 K, indeed, the jacket heat
capacity in the CICC is about an order of magnitude lar-
ger than the helium heat capacity. Therefore, the time
scale�1000/(hSt–Jkfcontact) s could be relevant (see below)
for quench propagation and hot spot temperature.

• The only direct channel for strand heating, if the jacket
is heated first by, e.g., a heater as, for instance, in the
case of the Insert Coil stability tests [46] (here a possible
selective heating in case of cable deformation should
also be taken into account).

Direct experimental knowledge of hSt–Jk is unfortunately
very limited. Values up to 2500 W/m2 K were recently
measured [49] but @ relatively low mechanical load
(<30–40 kN/m) with respect to the operating (I · B) peak
load of ITER conductors. Values assumed so far in the
simulations are therefore most likely arbitrary.

Finally, let us note that, at least to the extent that they
are both related to contact resistance issues, hSt–Jk is also
relevant for the heat transfer coefficient between strand
and strand hSt–St needed in the case of multi-solid models,
which are not discussed here in detail.

4.3. Jacket–helium h

The heat transfer coefficient between helium and jacket
(hJk–He) is relevant for several issues and namely:

• Analysis of stability tests and resistive heater tests.
• Interpretation of the jacket temperature sensor signals.
• Access to the jacket heat capacity in the later quench

phase (but the corresponding time scale may be longer
than that estimated above for hSt–Jk because of stagnat-
ing He in the hot spot region).

From the porous medium point of view, hJk–He should
be in principle different from hSt–He because the different
(lower) porosity close to the jacket [31] leads to a different
flow pattern and therefore to different heat transfer [47].
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4.4. Helium–helium h

The most important heat transfer mechanism between
helium and helium affects the heat transfer coefficient
between bundle and hole region hBH, which contributes
to determine the time scale on which the central channel
helium heat capacity becomes accessible for cooling the
strands. This is not relevant (it is too slow) for stability,
but it is important for, e.g., re-cooling of the coil after tran-
sient events (AC losses), and/or quench propagation.

A longtime interest for this topic exists, related to heat
slug propagation in a dual-channel CICC [50,51]. Very
recently, the problem has been reconsidered, following dif-
ferent approaches and making use of new experimental
data available from the test of short samples. We refer to
that literature for details [52–54].

The helium–helium heat transfer problem appears more
critical, in perspective, for multi-channel modeling, where,
e.g., the issue of heat transfer between sub-channels, for
instance between petals, see below, must be considered, or
even worse, between artificial channels (without real physi-
cal boundaries like the sub-cable wraps). The latter situation
is relevant to the case when the description/discretization of
the CICC cross section should go below the last but one
stage and possibly down to the single strand level [12].

5. Comments on the present design criteria

We present here just a brief summary of the above-men-
tioned issues, as seen from the point of view of the ITER
design criteria.

Transverse (bundle/hole) mass flux is presently not
included in the design criteria.

For the case of the pressure drop (friction) a detailed dis-
cussion is already given in [6].

Instead of attempting a first principle approach, in the
design criteria the Stekly criterion is assumed valid and val-
ues of hSt–He have been deduced from experimental data of
stability margin. One disappointing implication of this
approach is that different hSt–He are presently foreseen for
different SC material, which is obviously unjustified from
a purely thermal-hydraulic point of view.

None of the other above-mentioned heat transfer coeffi-
cients – between strands and jacket (hSt–Jk), between helium
and jacket (hJk�He), or between bundle and hole region
(hBH) – enters the present design criteria.

6. Special problem areas

Under this heading we collect a couple of selected
thermal-hydraulic problems, which in a sense combine
the previous items into a (more) complex picture.

6.1. Buoyancy effects

In the case of a vertical tract of a CICC (like it may
occur in the TF coils, but also presently in the Sultan short
samples), localized heating of a portion of the CICC (typ-
ically the He in the bundle region cooling the strands
heated by neutrons and/or by AC losses) may result, in
the case of originally down-flowing coolant, in stagna-
tion/backflow of the coolant in the annular region com-
bined with increased down-flow in the central channel. In
this situation, although the total (forced) mass flow rate
would be maintained, heat transfer in the cable region
could be compromised, seriously affecting the CICC per-
formance. Indirect evidence of these phenomena was
indeed provided by temperature measurements in Sultan
short samples at sufficiently high input power [55]. Simula-
tion results, however, were only in qualitative agreement
with the measurements, in view of the very complex inter-
play of local heat and mass transfer phenomena both along
and across the CICC, over very short length scales (10�2–
10�1 m, in the case of AC-loss-induced buoyancy in a Sul-
tan sample) [56]. More recently, the similar phenomena
were investigated in another Sultan sample [57].

The potential relevance of buoyancy for ITER TF oper-
ation (where it might be induced by nuclear heating of the
inner leg) turned out to be doubtful according to simple
modeling [58] but is now under more detailed evaluation
[57,59].

6.2. Transverse temperature gradients

Most of present-day codes are one-dimensional, as seen
above, so that temperature gradients are assumed to exist
only in the axial direction (along the CICC). Because of
their different proximity to the strands, a possible temper-
ature difference between helium in the cable region and
helium in the central channel (both assumed separately uni-
form) was hypothesized, but temperature measurement in
the central channel is not easy/customary except in dedi-
cated experiments, so that experimental evidence in this
field is somewhat scattered.

Indeed, a DT between central channel and jacket was
measured, e.g., in the USP joint and also simulated [60],
while a DT between central channel and annulus was mea-
sured in HECOL tests at CEA [61]. DT between petals

was measured in the GJ conductor [62] and simulated
semi-quantitatively [63] with the M&M code.

Clearly, transverse DT between different cable compo-
nents, even at the sub-petal level, may be particularly
relevant in the case of coupled electro-magnetic thermal-
hydraulic transients (e.g., a local normal transition in NbTi
CICC in the form of ‘‘sudden quench’’), as discussed above
for the single heat transfer coefficients [67].

7. CFD modeling of thermal-hydraulic phenomena in

ITER CICC

It was seen above that several uncertainties affect trans-
verse transport (be it mass, momentum or energy) in CICC
while, on the other hand, 1D models are already sufficiently
computationally intensive to make a multi-dimensional



Fig. 12. Example of a 3D computational grid (only surface elements are
shown) for the study of spiral friction. Domain length is one spiral pitch.
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treatment of the whole CICC unpractical. Therefore, we
propose here a novel approach:

• Assess the radial/transverse transport with local 2D/3D
(Reynolds-Averaged) Navier–Stokes models.

• Determine by post-processing the resulting constitutive
relations.

• Apply these relations in 1D axial but global models.

Here only an introduction to a first step in this direction
is given, devoted to the issue of friction in the central chan-
nel (details and validation of this step are reported in [64]).
This approach, in view of its potentially modular nature,
shall then be extended elsewhere to transverse heat and
mass transfer, friction in the annular region, etc.

We use the FLUENT commercial code for detailed 2D/
3D flow modeling in the central channel: for any given
pressure drop Dp the mass flow rate is computed by the
code integrating the axial flow field across the CICC and
compared with experimental results. This corresponds in
a sense to performing a computational experiment. From
the results of several runs (i.e., several different Dp) a com-
putational hydraulic characteristic of the central channel
can be determined from which the friction factor vs. Re

and geometry can be computed. In other words, f is in such
2D/3D computation an output parameter as opposed to
the 1D computation where it is needed in input.

Just to give an idea of the approach, we consider a 2D
model of the spiral (simulated in this case by repeated/peri-
odic annular ribs), see Fig. 11 which shows the computed
streamlines inside the gap for two different turbulence
models. The results confirm the critical sensitivity of the

prediction to the turbulence model chosen, which is well
known in the literature on separation and reattachment
problems, see, e.g., [66]. As discussed in [19], the shorter
the predicted reattachment length is, the higher the friction.
Fig. 11. Numerical solution (streamlines) of the 2D model @ Re � 105

obtained using the k–e turbulence model [65] (a), with resulting dm/dt
0.34 kg/s, or the k–x turbulence model [66] (b), with resulting dm/dt

0.51 kg/s, for the same given pressure drop and mesh. The computational
domain includes half annular rib width on each side of the gap where a
major re-circulating vortex is formed (a zoom of the region close to the
wall is shown, excluding most of the central channel). Periodic and axially
symmetric conditions are assumed for the incompressible flow of H2O at
RT conditions. Main (imposed flow) is from right to left.
It may also be worthwhile to note that, in this 2D simula-
tion at least, the so-called form friction (proportional to the
fluid pressure at the wall) dominates on the viscous friction
(proportional to the velocity shear at the wall).

This simple 2D analysis can obviously be extended by
considering the more realistic, full 3D problem, for which
the (ideal) geometry and meshes similar to that shown in
Fig. 12 can be used. With respect to the previous 2D case,
this analysis aims at the assessment of swirl flow possibly
induced by the spiral, as well as of possible preferential
channeling along the spiral gap. Again, a periodic structure
is assumed in the simulation, so that the considered compu-
tational domain can be reduced to a spiral pitch length.
8. Conclusions and perspective

Although ITER CICC’s work, thermal-hydraulics in
ITER CICC is perhaps less understood, from a fundamen-
tal point of view, than it could be expected after many
years of research.

Thermal-hydraulic issues in ITER CICC are summa-
rized by friction factors and heat transfer coefficients,
which enter the lumped-parameter description of trans-
verse fluxes used in the present codes. These codes are rou-
tinely used to analyze thermal-hydraulic transients that are
intrinsic to the operation of such systems, but of course,
they depend heavily on the availability of accurate coeffi-
cients for the set of equations they solve, as the simulation
results will never be more accurate than the input.

The main issues identified in this paper can be roughly
summarized as follows:

• Transverse (bundle/hole) mass flux: not well known.
Further work (both experimental and theoretical/model-
ing) is needed to understand this possibly important
coupling mechanism between the two main regions of
an ITER CICC.

• Friction factor in the cable region fB: available predic-
tive correlations, depending on void-fraction only, lead
to errors > 60% in some cases. Based on the porous
medium approach we have proposed an improved



554 R. Zanino, L. Savoldi Richard / Cryogenics 46 (2006) 541–555
correlation, Eqs. (4) and (5), in terms of permeability
and inertial constant. The latter have however to be
determined either experimentally case by case or they
could be assessed computationally in idealized geometry
for predictive purposes. An improved predictive correla-
tion is therefore still missing.

• Friction factor in the central channel fH: available corre-
lations fit well only a sub-set of the data. The database is
partially internally inconsistent. Extended data (at dif-
ferent spiral diameters) and modeling effort are needed
to take advantage of the potential for optimization of
spiral design, as well as for understanding the physics
of friction in this region.

• Heat transfer coefficients: experimental work directly
addressing the measurement of hSt–He in ITER CICC
is presently missing, so that correlations typically used
for this basic heat transfer mechanism come from avail-
able literature in other fields of application; for hJk�He

the situation is similar, while limited available work on
hSt–Jk should be extended to peak load conditions in
ITER; much new work has become recently available
on hBH, although a correlation is still missing.

The use of local multi-dimensional CFD modeling of
thermal-hydraulic transport processes in a CICC is advo-
cated as an alternative means to obtain constitutive rela-
tions and assess the respective transport coefficients.
Hints at a first application of this novel approach to the
problem of friction in the central channel were given.
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