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ABSTRACT

In this paper, the first of a series, we propose a novel approach, based on
Computational Fluid Dynamics (CFD), to understand the complex transverse thermal-
hydraulic processes in the dual-channel cable-in-conduit conductors (CICC), which are
used for the superconducting magnets of the International Thermonuclear Experimental
Reactor (ITER). Advanced 2D and 3D CFD, including sophisticated turbulence models, is
used to compute the mass flow rate corresponding to an imposed pressure drop in rib-
roughened pipes, including spirals mimicking the central channel of an ITER CICC and
used in several experiments. The results of the calculation are validated against measured
data and can be used to deduce the friction factor fy in the central channel, throwing at the
same time some light on the role played by the different parameters (Reynolds number,
spiral geometry, etc.) in the central channel friction process for an ITER CICC.

KEYWORDS: Fusion reactors, ITER, Superconducting magnets, Computational methods
in fluid dynamics, Turbulence simulation and modeling
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INTRODUCTION

In the superconducting magnets of ITER, supercritical helium in forced convection
flows both in the voids of the annular region where the cable bundle is present — a porous-
medium-like structure, and in the lower hydraulic impedance central channel (hole),
delimited by a spiral, see FIG. 1. Assessment of the pressure drop along the CICC is
crucial in the determination of the pumping cost of the coolant and this requires suitable
correlations for the friction factors in each region. The latter influence also the flow
repartition in the CICC, i.e., the fraction of flow directly available for the cooling of the
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FIGURE 1. Exploded view of an ITER CICC (inner hole diameter is 10 mm in this case).

cable, and are at the same time major input ingredients for the customarily 1D (axial)
modeling of ITER CICC’s, see, e.g., [1].

The traditional approach to the determination of these friction factors requires at least
another independent set of measurements, besides the hydraulic characterization (pressure
drop Ap on a pipe length L vs. total mass flow rate) of the whole CICC [2], in order to
determine the mass flow rate in the central channel dm/ds. Either the central channel is
blocked, and dm/dt is deduced by difference, see, e.g., [3], or a spiral rib-roughened pipe
can be used to mimic the real central channel, see, e.g., [4]. The friction factor in the
central channel in which we are most interested here, is then defined

2
as f, = AP—M, where D, is the hydraulic diameter, 4 the flow area ', p is the fluid
" 2L (dm/dr)* "

density. However, notwithstanding their apparent simplicity, these measurements do not
always lead to an unequivocal picture [2] so that, in parallel to the experimental efforts
conducted worldwide, it may be worthwhile attempting also other approaches.

Here we propose a novel general approach to the thermal-hydraulic modeling of ITER
CICC’s. While axial processes are fully retained in the typically 1D (axial) models,
transverse processes require a lumped parameter description, which is given in terms of
friction factors, heat transfer coefficients, etc., since global 3D modeling of the whole

! In order to be consistent with the present ITER design criteria, we define here both the hydraulic diameter and the flow area based on
the central channel outer diameter D, (i.e., including the spiral thickness).
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Geometry Fluid Symbol
Tube with annular ribs [12] Air

Tube with annular ribs [12] Air

Tube with spiral ribs [14] Air

Tube with spiral ribs [14] Air
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FIGURE 2. Parameters defining the channel geometries (annular, transverse and spiral repeated ribs) used
for model validation.

CICC is obviously unpractical. Here we propose to use sophisticated CFD tools (the
FLUENT code in the present case [5]) to provide a local 2D/3D description of the CICC,
from which constitutive relations for the relevant transverse transport fluxes can be first
deduced and then applied to global 1D modeling.

For the present paper we restrict our attention as a first application of the above
approach to friction in the central channel. The role of the central channel geometry (spiral
width w, thickness /# and gap g, as well as outer diameter D,,, and spiral angle 6 ) was
relatively early recognized as influencing the pressure drop [6] and will be assessed
here.While our approach has to assume a definite geometry of the CICC, it might also be
used to computationally study the effect of geometrical irregularities and/or deviations
from ideal/design conditions, as they were recently observed, e.g., for some central channel
spirals [7], on the thermal-hydraulic performance of the CICC.

MODEL DESCRIPTION
The FLUENT code solves a finite volume approximation of the Navier-Stokes

equations in several space dimensions, provided a suitable grid is preliminarily built on the
computational domain.
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Flow in the central channel is typically turbulent, with Reynolds number

Re, Epu—D">10“, u being the fluid viscosity, u the average flow velocity, and
U

incompressible (Mach number < 0.1) for typical ITER coil operating conditions
(supercritical He @ temperature T ~ 5 K, pressure p ~ 0.5 MPa, dm/dt ~ 10 g/s, Do ~ 9-12
mm). Also, we shall make the assumption (which is always very well verified in the
experiments referred to below) that the flow is isothermal, with constant transport
properties.

Here we are interested in fully developed turbulent flow in ducts having stream-wise
periodic variations of the cross-section (due to the gaps of the spiral, in the case of ITER
CICC). Separation and possibly reattachment phenomena occur downstream of the
obstacles (e.g., helical ribs) inserted on the inner surface of the duct. This flow feature will
be the major item in the choice of the turbulence model below.

Choice of the turbulence model

We do not attempt here a direct simulation of the turbulent flow field. Among
FLUENT features we choose a so-called Reynolds-Averaged Navier-Stokes (RANS)
approximation to the simulation of turbulence [8]. This approach consists in averaging the
Navier-Stokes equation on a period of time much longer than the time scale of turbulent
fluctuations, which are filtered away. The filtering procedure results in having additional
dependent variables (Reynolds stress tensor), and a proper “closure” (the Boussinesq
approximation in our case) must be used to express them as a function of the time-
averaged original dependent variables. In the Boussinesq approximation, the so-called
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FIGURE 3. Validation of simulations against smooth-tube correlations. Friction factor fvs. Reynolds
number.
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eddy viscosity is introduced, which is a function of the flow field.

Within this framework, different possible options are available to model the eddy-
viscosity. Here we choose two which, based on the available literature, appear most
promising for problems with flow separation:

» The 2-layer k-¢ model of Chen and Patel [9],

» The k- model of Wilcox [10],
where k is the turbulent kinetic energy, € is the turbulent energy dissipation rate and o «
e/k.

The 2-layer model of Chen and Patel divides the flow domain in two regions: a near-
wall region, including the viscous sub-layer, the buffer layer and a small part of the
turbulent core, where a one-equation model is solved to compute the eddy viscosity; the
rest of the fully developed turbulent core region, where the standard k-& model is used to
calculate the eddy viscosity as a function of k and €.

The k-o model of Wilcox is a two-equation model, specifically developed to
accurately predict non-equilibrium, adverse pressure gradient flows. Here the eddy
viscosity is computed as a function of k and .
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FIGURE 4. Comparison of simulations and measurements in the case of repeated annular ribs (2D) and
spiral rib-roughened tubes (3D).
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FIGURE 5. Computational 3D grid for FLUENT analysis of CS1.2B spiral. Note the use of hexahedra in the
gap and boundary layers, while tetrahedra are used in the core flow region.

MODEL VALIDATION

We perform here a fairly comprehensive set of validation exercises of the FLUENT
model, using two selected turbulence models. We start from the smooth tube, for which
very accurate correlations are available. We then move to the case of repeated ribs with
both annular/transverse (2D) and spiral (3D) geometry, taken from the available (non-
ITER) literature (mainly in the field of turbulence promoters for compact heat exchangers)
and finally compare the results of our simulations with measurements performed on both
an ITER spiral and on the central channel of an actual ITER CICC. The set of geometries
considered, together with the respective most relevant parameters, is summarized in FIG.
2. Also, different fluids (air and water) were used in these tests, and we shall assume
constant thermodynamic and transport properties.

In all cases, grid-independence of the solution was verified numerically. Grid-
independence of 2-layer k-¢ and k- RANS solutions requires a grid able to resolve both
the recirculation regions, where present, and the boundary layer including the viscous sub-
layer. This typically requires grids whose first cell adjacent to the wall has y* < 1

(V=pV /uisa Reynolds number based on the distance y of the cell center from the
wall and the velocity v* =z, /p, 7, being the wall shear stress).

Smooth tube
This is quite obviously the simplest but already relevant test for our approach. A 2D

(axisymmetric) periodic model is built. For any given pressure drop applied on the unit
(periodic) length, the corresponding mass flow rate is computed by FLUENT and the
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FIGURE 6. Comparison of simulations and measurements in the case of ITER spirals.

friction factor correlation is deduced from this computational hydraulic characterization.
Results of the simulations are shown in FIG. 3, indicating a very good agreement with

Prandt!’s universal law of friction for smooth tubes, ﬁ = 2.0Log(2 Re \/7 )—0.8, for
both turbulence models, in the range 10* < Re < 10°.
Repeated ribs (annular and spiral)

In view of their relevance as turbulence promoters, there is a long history of
measurements and analysis of repeated ribs, starting from the pioneering work of Webb
[12]. Data from [12] and [13] are used here for the case of annular and transverse ribs,
respectively, data from [14] for the case of spiral rib-roughened pipes. Simulations, see
FIG. 4, show a very good agreement with the measurements in the case of annular ribs,
particularly when the 2-layer k-¢ turbulence model is used, whereas in the case of the
spirals the agreement is very good for the 49 degree spiral case but worse (~ 20 % error)
for the 70 degree case (notwithstanding its less 3D nature).

ITER spirals

As last and most ITER-relevant application we consider here two cases: a) the so-
called I-10 spiral, recently tested at CEA [4], and b) the CS1.2B conductor, tested at CRPP
[3]. An example of the complex, mixed hexahedral-tetrahedral, mesh used for the
simulation of the latter is shown in FIG. 5. Results presented in FIG. 6 confirm the very
good agreement between simulations and measurements when the 2-layer k-¢ turbulence
model is used.

CONCLUSIONS AND PERSPECTIVE

A novel approach has been proposed for the hydraulic analysis of ITER CICC, based on
Computational Fluid Dynamics. The FLUENT code was applied to the problem of
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turbulent flow in several geometries relevant to the central channel of ITER conductors.
2D and 3D simulations show very good agreement with measured data in a broad range of
operating conditions, when the 2-layer k-€ turbulence model is used.

This approach allows therefore to reliably compute the friction factor in the ITER
central channel as a function of Reynolds number as well as spiral geometry. In
perspective the same approach will be applied to the study of other thermal-hydraulic
issues of ITER CICC, e.g., friction in the bundle, heat transfer to the central channel,
advection between bundle and central channel.
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