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Abstract—In ITER, the supercritical helium (SHe) coolant
enters the superconducting toroidal field (TF) cos from the bore
of the magnet, each inlet feeding two adjacent paakes. Here, as
a complement to and extension of experimental meamments
performed by other authors, we address the issue merically
through a 3D CFD (“micro-scale”) study of an ITER TF inlet, in
both nominal and backflow conditions (like, e.g.,n the case of a
quench of the coil). The localized pressure drop dhe inlet turns
out to be relatively small. Nevertheless, for dematration
purposes of the multi-scale approach, suitable coefations for
the localized pressure drop are derived, and thenriplemented in
a lumped parameter component, to be used in the 4€§ystem code
for the “macro-scale” analysis of the entire TF cdiand related
cryogenic cooling loops.

Index Terms— Nuclear fusion,
magnets, Supercritical helium, CFD.

ITER, Superconducting

[. INTRODUCTION
HE safe planning of the operation of present artdréu

pressure dro@\p as well as the distribution of the mass flow
rate in the different parts (petals, central chnmé the
superconducting cable.

Here we develop a CFD model, based on the OpenFoam®
software [7] and briefly described in Section by fthe full
hydraulic characterization of an actual ITER TFetnlwhich
differs in several details from the previously séadmock-up
[6]. Both the case of nhominal operation, when tiletiactually
feeds the pancakes with fresh SHe, and the case, \wkdan a
fast discharge or a quench, the localized and Ipgssi
asymmetric He pressurization in a pancake gives ts
backflow in the T-junction, are considered.

First we consider nominal operation and the hyidtraul
characteristic of the inlet, in terms of localizeessure drop
coefficient, is derived from steady-state numerigderiments.

Second, we investigate the case of backflow froma th
pancakes fed by the inlet. Two conditions are am®rsed,
namely when both pancakes sharing the inlet expegie
backflow, as during a fast discharge, and therdfove reversal

fusion experiments using superconducting (SC) miagnenccurs also at the inlet, and when backflow ocaursnly one

should significantly benefit of the availability sfstem-level
tools able, e.g., to reliably predict if for a givdesired plasma
scenario the needed temperature margin is maitaineot,
if the magnet can be suitably protected in the cdsequench,
etc. Such tools must be able to simultaneouslyedfidiently
model the “macro” scale, i.e., the magnets, inclgdivinding
and structures, if any, and the respective cryageicuits,
including all the different details at the “micrgtale among
which, of particular relevance here, the inlets thfe
supercritical helium (SHe) coolant.

In the ITER SC toroidal field (TF) coils and cehtsalenoid
(CS) [1], the SHe coolant enters from the boréhefrhagnet, at
the transition between adjacent pancakes [2]. THie iBlet in
the CS and in a TF inlet mock-up, both with theib&satures
of a T-junction, have been recently analyzed in ¢thse of
normal operation using computational fluid dynam{€-D)
[3], as this approach had proven in the past tordiker
successful for the derivation of thermal-hydrawdarrelations
(e.g., for the friction factor) in CICC [4], [5],ie CFD model
was proven in [6], by comparison with the availabl
measurements [2], to be a reliable tool to asdesdocalized
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of the two pancakes, as more likely during a quewtiich may
or may not result in flow reversal at the inlet.dl different
situations a correlation for the localized pressdrep is
obtained.

Following the approach proposed in [8], the cotiets
derived via “micro-scale” CFD analysis for the dint
situations considered above are then used to ingpiera
lumped parameter component modeling the inletén‘thacro-
scale” (system) code 4C [9], which was already usedhe
study of several types of transients in the ITERI0.

II. MICRO-SCALE (CFD)INLET MODEL

The ITER TF inlet geometry is similar to that ofetiF
inlet mock-up considered in [6], see Fig. 1, excieptsmall
differences in the holes drilled in the grids amd the fact
that, in the case of the actual TF inlet, the petapping is
inlet grids,

removed below the to guarantee a more

(a

=

(b)
Fig. 1. Detail of the grid directly below the inlpipe: (a) inlet mockig

considered in [2]; (b) actual ITER TF inlet consielé in this papefThe pete

wrappincis shown indarkblue
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Fig. 2. (a) Cross section of the refined mesh irs¢de present analysis f
the region away from the inlet (the central regmmtains a more refin
mesh close around the central channel); (b) (Nozed) pressure dro@cros
the inlet as a function of theverage mesh size, estimated as;(# cells}?,
computed on three different meshes and compareld thi¢ Richardsc
extrapolation.

homogeneous flow distribution among the petals.

As in [6], the computational domain of the CFD miode

includes 0.6 m of conductor on each side of theinl& (the
inlet grids are ~11.4 cm long), and a small portibrihe inlet
pipe (0.3 m long). Only the fluid domain is consil: the
cable is modeled as an anisotropic porous mediumerevthe
transverse permeability is reduced with respect the
longitudinal one by a factor of 100, as resultimgnf the
analysis in [6].
Three different meshes (a coarse one of 14.5 MCalis
intermediate one of 23 MCells, and a refined onéMCells,
shown in Fig. 2a) have been developed for the aisalgnd the
grid independence has been checked consideringnenalanlet
mass flow rate of 16 g/s of helium at 4.5 K and lPBa. The
results in terms of computed inlet pressure dropghenthree
meshes have been compared with the Richardsorpeletian
[11] based on the medium and fine meshes, as shokig. 2b.
The refined grid, showing a difference below 1%nfrahe
results computed by the Richardson extrapolatias,then been
chosen to carry on the analysis presented below.
Different flow conditions have been addressed is study:
A. normal operation (Fig. 3a), with possible flow ularee
within the two pancakes;

B. flow reversal in both pancakes (Fig. 3b), with plles
flow unbalance;

C. flow reversal in one pancake only, with backflowtie
inlet pipe (Fig. 3c);

D. flow reversal in one pancake only, with normal flow

direction in the inlet pipe (Fig. 3d), for the saké
completeness.

onsidefor the CFI

view of the different situations
analysis of the TF inlet: (a) normal operation, ecas (b) reverse flo\
operation, case B; (c, d) hybrid operaticases C and D, respectively. “F
“P2" label the two pancakes on the same doubleaanded by the comm:
inlet “Pipe”. The arrows indicate the directiontbé flow.

In the different cases, different boundary condsicare
imposed at the actual inlets/outlets, imposing riess flow
rate at the actual inlet(s) and the pressure at dtieal
outlet(s). The (total) inlet mass flow rate is eakiin a range
from ~6 g/s to at least ~22 g/s in all cases. b wutlets are
present, the pressure of one of the two is kemdfiat 0 Pa
(relative), while the other is varied in order t@re different
flow unbalances.

The output of the simulations is post-processeterms of
computed pressure at the inlet(s) and average speetie
cross sections at the outlet(s).

I1l. RESULTS ANDDISCUSSION

In order to develop the characterization of thetiflom the
computed results, we use the Bernoulli equationichvban be
applied following the fluid streamlines from thetwzed inlet(s)
to the actual outlet(s) [12], assuming negligibteemtial head
and constant density.

A. Localized pressuredrop in Case A and B

In Case A, the Bernoulli equation can be appliethglthe
streamline in Fig. 3a, giving:
17Fz’ipe —

vp AT
2 pP+p?+pKLac ?

pPipe + P (1)
=2
Kioc" = 27PE5T0 4 e — ()
pYp vp
where the subscripts refer to the different sestishown in
Fig. 3 (P is either P1 or P2 in case of symmetaw), while
the superscripts refer to the different cases (B)or
Note that the localized pressure drop is writtea &snction
of a dimensionless coefficien(,.) and of the average speed
of the fluid in the pancake where the streamline exits. This
choice is driven by the final use of the computedracteristic
in a system code, see Section IV below).
In Case B, the Bernoulli equation can be appliesh@lthe
streamline in Fig. 3b, giving:

=2
17Pipe

vp B
Pr+ P~ = PKioc” 5 = Pripe + P—— ®3)
=2
K B _ 2 PP~PPipe Vpipe 1 4
Loc pﬁ}g’ 17;2’ + ( )

K, ,.* andK,,.® are computed post-processing the simulation
results, and plotted in Fig. 4 as a function offtaetion of mass

6
10

Comp. — Case A
5 . Comp. - Case B
10 Fi\: : Best fit

Fig. 4.K,,. computed from the simulations of Casedpen circles) ar

Case B (dots), together with their best fit (wi#spective error bar).
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Fig. 5. Comparison between the operating point computel thi¢ CFL
simulations in Case A and B, atite results obtained using the best fit for
K, ,. evaluated for the same cases.

flow in one pancake over the total in the inletep{this choice
will allow to derive a single expression fiéf,., valid for a wide
range of mass flow rates). Mainly in view of theqes medium
nature of the cable, a single correlation fgy,. can be
developed from the numerical database:

" —-1.9663
KpocAF = 80.122 (mp;e) (5)

which fits the entire CFD dataset for both casesnd B with
a R = 0.99, and it is applicable for a mass flow ristehe
inlet pipe up to ~22 g/s.

If we focus on the series of points with balanceaksflow
rate (i.e., same mass flow rate to or from the Bwfacent

mp

pancakes) (

mPipe

value, withK,,. varying by a factor of 2 depending on the

)=0.5, we note a spread around the fit

The comparison is presented in Fig. 5, that shogs 5,6)
give a prediction of the pressure drop at the nahimass flow
rate (8 g/s) within 20% of that extracted diredtlym the CFD
results. Although the localized pressure drop atfirtket is small
in relative terms (equivalent to ~ 2 m of condujttve derived
correlation(s) will be used below to practicallyntmnstrate an
application of the multi-scale approach.

Looking at the computed flow and pressure fieldthaminlet
region (Fig. 6), it is possible to see that, whhe flow is
balanced (Figs. 6a-b), the flow path is, as exgeateughly
symmetric in the two pancakes. However, when thege pi
behaves as a common outlet (in the case of balamseilse
flow from both pancakes, Fig. 6b) the region whtre He
flows from the central channel to the outlet pigariuch more
localized below the pipe itself (where the two ogifoflows hit
each other) than in the case in which the piperéahbinlet (Fig.
6a). In the cases of unbalanced flow with the pigiing as an
inlet, the asymmetric behavior in the two channglgvident
(stagnation point no more under the inlet grid§tifying the
trend in Fig. 4 (differenK . computed at different mass flow
unbalance), see Fig. 6¢.

B. Localized pressuredrop in Case C and D

In Case C, the Bernoulli equation can be appliedgithe
solid streamline in Fig. 3c, using Egs. (3) and hile in
Case D, Egs. (1) and (2) apply again for the sifidamline in
Fig. 3d. The results are collected in Fig. 7, whtee abscissa
is mpympipe for Case C andmnpimpp for Case D. The
resulting best fit is
mp

—-0.1625
Ki0c8P = 93.109 (H) (7)

value ofmp,. It is interesting for those points to assess thehich fits the entire CFD dataset for cases C and D

accuracy of Eq. (5), deriving from it the localizedessure
dropAp..c across the inlet at the different mass flow rates

Aproc = pKLocv?P (6)

and comparing it to thAp, .. resulting directly from the CFD.

p [m/s?]

w S~

N

Mvhmumh\muﬂ

0 1 2 25
sttt il mag(u) [rs)

Fig. 6. Pathlines (colored according to the He speed) arebspr
distribution in the inlet region: (a) pipe acting ialet; (b) pipe acting as out
with balanced mass flow; (c) pipe acting as inlghwnbalanced mass flow.

The pressure drop from one pancake to the adjacentin
Cases C and D, can also be translated in termdsaxfadized
pressure drop for Case C as

vp, h, h,
pP1+PT=PP2+PT+PKCCT (8)
K,..=2PP17PP2 4 Th1 _ 1 (9)

ce Pﬁﬁz ’7}2’2
and for Case D as:
73, 78y 73,
Pprt P —PKec— =Pp2 + P (10)
__ oPbP17Pp2 @

Kee=2—7——-3+1 (11)

PYp1 Vp1
If we rearrange the results as a function of thie fzetween

(O Comp.-CaseC
Comp. - Case D |
Best fit

mP/m

Pipe

Fig. 7.K,,. computed from the simulations of Cas€open circles) and Ce
D (dots), together with their best fit.
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Comp. - Case C |
e Comp.-CaseD []
Best fit :
— — — Comp. from [6]

mMin/mMax

Fig. 8. K. computed from the simulations of Casgdpen circles) ar
Case D (dots), together with their best fit. Theiieglent valueof Kcc
computed from thdistributed pressure drop in [6] is also reported.

minimum and maximum mass flow rate, we get the bieha
plotted in Fig. 8, where a single excellent fit denfound as

oo —-1.6351
Kec = 106.47 (22in ) (12)

MMax

In Fig. 8,Kcc is also computed for Case C starting from th

distributed pressure loss in pseudo-dimensiontass ffor the
definitions off* (m™) andRe* (m) see [6]), giving
=2
Kee = 2 10943, f5,L + -5 — (13)
P2
whereA is the He flow area in the conductor cross section
Fig. 8 shows that, in the case of a plugged inipé fi.e.,

same mass flow rate in P1 and R&)e gives the pressure drop

of the distributed friction factor along the conthr¢ as

expected since at that point a constant mass fibevis flowing

in the conductor as the inlet could be ignored. ¥aues of

%< 1, Eq. (13) returns a lower value than Eq. ($Rjce in
Max

Eq. (13)f* refers to the pancake witl,,;,, (and consequently

the lowest Re* and the minimukg oc ).

IV. APPLICATION OF THEMICRO-SCALE RESULTS TOMACRO-
SCALE ANALYSIS

As described in Section | and following the ratiena

explained in [6], the three correlations (5), (A412), derived

via CFD forK o, andKcc in the different situations considered
above, have been implemented in the lumped paramete

characterization of the TF inlet used in the 4Cecff], which
can be applied to the macro-scale analysis of aredfER TF
coil [10], see Fig. 9. Each inlet pipe feeds a $inldt manifold

TF
WINDING
PACK

Common inlet manifold
Common outlet manifold

Fig. 9. 4C macro-scale model of a TF coil, inclgdihe He inletswith
localized pressure drops evaluated using the edioek obtained from tl
micra-scale analysis of the He inlets.

for each double pancake (DP), corresponding tqptrgon of
the inlet pipe included in the CFD model: the obtained
introducing in Eq. (6) the value &f .. from the correlations
above and the average velocity at the inlet of gaecake
(frozen at the previous time step) is added at ¢auh step to
the pressure drop computed for each pancake. \&fbect to
[10], a centrifugal cold circulator was introduced the TF
winding cooling circuit, to connect the pressuredpdalong the
pancakes with the mass flow rate. The computeditechinlet
pressure drop induces as expected only a very small
perturbation in the mass flow rate when steade sipération is
considered as here.

V. CONCLUSION

A detailed CFD model of the ITER TF coil He inldias
been developed and applied to the characterizationhe
localized pressure drop. The pressure drop turhtodae small
in relative terms (equivalent to ~ 2 m of condugtor
Nevertheless, a set of correlations has been derixadid for
different situations (normal and reverse flow, bakd and
gnbalanced flow in the two pancakes fed by the shret),
exploring a wide range of mass flow rate valuesprider to
fully demonstrate a practical application of the ltivacale
approach [8].

The correlations derived via CFD have been impleéetem
a new circuit component to be used in the 4C macate
model.
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