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Abstract

Thermo-Hydraulic behaviour of
dual-channel superconducting Cable-In-Conduit Conduators for ITER

Abstract

In an effort to optimise the cryogenics of larg@enconducting coils for fusion applications
(ITER), dual channel Cable-In-Conduit ConductordQC) are designed with a central
channel spiral to provide low hydraulic resistareed faster helium circulation. The
qualitative and economic rationale of the conducemtral channel is here justified to limit
the superconductor temperature increase, but bnmoge complexity to the conductor cooling
characteristics. The pressure drop of spirals peementally evaluated in nitrogen and water
and an explicit hydraulic friction model is propdselemperatures in the cable must be
guantified to guarantee superconductor margin ducmil operation under heat disturbance
and set adequate inlet temperature. Analytical dimeensional thermal models, in steady
state and in transient, allow to better understidwedthermal coupling of CICC central and
annular channels. The measurement of a heat tracisdieacteristic space and time constants
provides cross-checking experimental estimationthefinternal thermal homogenisation. A
simple explicit model of global interchannel heatlgange coefficient is proposed. The risk
of thermosiphon between the two channels is considgince vertical portions of fusion coils
are subject to gravity. The new hydraulic modehtrexchange model and gravitational risk
ratio allow the thermohydraulic improvement of CICéntral spirals.

Keywords: cable-in-conduit conductors, supercondganagnets, fusion, forced flow, spiral,
heat transfer coefficient, heat exchanger, ITER

Comportement thermo-hydraulique des supraconductews de type
cable-en-conduit a double canal pour ITER

Résumé

Afin d’optimiser le contrdle cryogénique des aingstipraconducteurs pour la fusion (ITER),
les conducteurs de type céable en conduit a dowarlal CICC) comprennent un canal central
qui assure une reésistance hydraulique minimalenetairculation d’hélium rapide. Le canal
central constitué d’'une spirale limite la températdes supraconducteurs, mais complique
singulierement le refroidissement du cable. Lesegede charge de la spirale centrale sont
évaluées en azote puis en eau pressurisée ; unlandeldrottement hydraulique est ainsi
proposé. Les températures doivent étre connues ¢taneable, afin de garantir le
fonctionnement des supraconducteurs sous chargaithe. |l est alors possible de définir
les marges et de fixer la température d’entrée. Desléles 1D analytigues en régime
permanent et transitoire ont été développés afimigeix comprendre le couplage thermique
entre les canaux du CICC. La mesure des constaatastéristiques d’espace et de temps
fournit une évaluation expérimentale de I'homogsaton thermique interne. Un modele
simple et explicite du coefficient d’échange intaral est proposé. Le risque de thermosiphon
existant entre les deux canaux dans les partid&cales des bobines de fusion est évalué
grace a un critére. Les nouveaux modeles hydraagigihermiques et le critere de risque de
thermosiphon permettent I'amélioration thermo-hwticpue de la spirale centrale de CICC.

Mots-clefs : conducteurs de type cable-en-condaitnants supraconducteurs, fusion,
circulation forcée, spirale, coefficient d’échartigermique, échangeur thermique, ITER



Abstract

Thermohydraulisches Verhalten des Innengekuhlten
Zweikanalrohrsupraleiterkabels fur ITER

Kurzfassung

Um die Kryogen-Benutzung und -Kontrolle der Suptalelen Grofimagneten fir die
Kernfusion (ITER) zu optimieren, wurde der Zweikmohrsupraleiterkabel (CICC) mit einer
zentralen Spirale entworfen. Der Zentralkanal swlen minimalen hydraulischen Widerstand
und einen schnellen Heliumverkehr gewahrleistemrtfijedoch zu einer schwierigeren
Abklhlung des Kabels. Das qualitative und 6konohesGrundprinzip der Leiterspirale wird
hier durch die Begrenzung der Supraleitertempergarechtfertigt. Der Druckabfall der
zentralen Spirale wird experimentell am Stickstafti danach am Druckwasser ausgewertet
und daraus ein hydraulisches Modell vorgeschlagia. Temperaturen im Kabel missen
quantitativ bekannt sein, um Hitzestérungen des&@eipers wahrend des Betriebes der Spule
zu verhindern, sowie um ausreichende SpielrAume mittsprechend niedriger
Eintrittstemperatur einzustellen. Es wurden anstyte eindimensionale Modelle entwickelt,
um die thermische Kopplung zwischen den Kandlen @€C im Dauer- und
Ubergangszustand besser zu verstehen. Die Messurigadim- und Zeit-Konstanten liefert
eine Versuchsbewertung der internen thermischendgemnisierung. Es wird ein einfaches
und ausdrickliches Modell des globalen Zwischenk@i@meaustauschkoeffizienten
vorgeschlagen. Das bestehende Thermosiphonrisiistizen den zwei Kanalen bei vertikale
Fusionsspulen verweist auf ein Kriterium. Das nebgdraulische Modell, das
Warmeaustauschmodell und das Kriterium des Thephosrisikos erlauben schlief3lich die
thermohydraulische Optimierung der Kabel-Zentraidpi

Schlusselworter: Rohrsupraleiterkabel, Supralegedagneten, Kernfusion, gezwungen
Flul3, Spirale, Warmeubertragungkoeffizient, Warnséauscher, ITER

Association EURATOM-CEA
Département de Recherches sur la Fusion Controlée
Service Tokamak Exploitation et Pilotage
Groupe CRYomagnétisme
F-13108 Saint Paul-lez-Durance
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Introduction

Introduction on thermonuclear fusion and tokamaks

Since the industrial revolution in the X[Xcentury, the world population and the energy
demand keep increasing. Today, the most importarit gf the power consumption comes
from oil (~ 36%) but the world resources are lirdignd oil reserves exhaustion is predicted.
Controlled fusion arises today as a solution witichld supplant disappearing fossil energies
(oil, coal). Research on fusion undertaken sin@lpé&0 years have led to the construction of
large instruments intended to produce reactionsigibn, through the magnetic confinement
of hot plasmas.

Since 1988, the Research Department of ControliesioR (or DRFC) ensures the operation
of a Tokamak (Tore Supra) for scientific reseafétr. this type of machine, the confinement
of plasma is ensured by a magnetic field createctdils. Their design with coils using
superconductivity reduces considerably the heael®shus lowering the operating costs of
the reactor.

Research on controlled fusion is presently domthatg the next establishment of the
International Thermonuclear Experimental ReactbER) in Cadarache. To design and build
this machine, very specific research actions ardechout by CEA in DRFC. One of the
major topics investigated for several years istegldao the design of superconductor cables
constituting the magnetic system of ITER.

Thermonuclear fusion
Two types of nuclear reactions make it possiblertmluce energy on a large scale:

» Fission, which consists in breaking a heavy nuclgusombarding it with particles. A
breaking nucleus produces energy and particles;hwini turn travel and break other
heavy nuclei, in a chain reaction. The atomic dissof uranium is used in the nuclear
power plants.

* Fusion, which consists in combining two light nude form a larger one and to
release energy.

To fuse, the nuclei must overcome their naturalilpn. This is possible when the matter is
brought up to very high temperatures (several tdn®illion degrees). The atoms are then
separated in fundamental components: electronsnaictei. They form a hot gas called

plasma.

Although any random pair of light nuclei can fuiee most accessible reaction is between
deuterium and tritium (isotopes of hydrogen). Dduta is very abundant and inexpensive.
However tritium does not exist in nature. It is taosgly radioactive gas which can be

produced from lithium.

To confine a plasma and obtain the level of densggessary to the reaction, either a
magnetic or an inertial confinement is used.

Magnetic confinement

Plasma is confined in an immaterial box with a soshape (Tokamak, Stellarator), created by
magnetic fields. The density is low (1@imes that of the air) but the plasma confinement
time is “high” (a few seconds).

Tokamaks

Several types of magnetic boxes exist; the mostepioNvis called Tokamak, and was
invented by the Russians in the fifties. It is thest studied and promising research path for
fusion. In a tokamak, the confinement of the plagméased on the property of charged
particles to describe a helical trajectory aroutideof magnetic field.
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To trap the particle, the field line is closed tself. The particle radius of gyration (Larmor
radius) depends on the magnetic field intensitythenmass and electric charge of the particle,
and on its energy. The more powerful the magnétid,fthe smaller the Larmor radius, the
particle remaining in the vicinity of the field n Electrons, much lighter than ions, have a
smaller Larmor radius for the same energy. Highr@nparticles have a larger Larmor radius
than lower energy particles, and are thus mordcdiff to confine. The Larmor radius
typically ranges from a few millimetres to a fewnteetres.

In this basic configuration, the direction of theagnetic field is purely toroidal.
Unfortunately, on a simple circular trajectory diist type, the particle undergoes a slow
transverse drift, caused by the gradient of magrietid and the centrifugal force, and whose
direction depends on the electric charge sign.example, ions will derive upwards (Figure
0-1).

Figure 0-1: lon drift in a tokamak, related to thagnetic field

To compensate for this undesirable effect, theigardition is stabilized by adding a poloidal

component to the toroidal field. It is the magnetomfiguration used in the tokamaks. The
field lines become helices rolled up around torugfages encased in each other, called
magnetic surfaces (Figure 0-2).

Figure 0-2: Trajectory resulting from the toroidad poloidal magnetic field components

The particle passes half of its time “head up”, #mel other half “head down” (Figure ). The

effect of the drift is compensated on average aadighes remain confined close to their
magnetic surface with a helicoid trajectory arotimellines of already helical field.

In tokamaks, the toroidal magnetic field is genedaby external coils, while the poloidal

magnetic field is induced by a current circulatinghe plasma. The plasma current is itself
generated as the secondary of a transformer.

10
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Figure 0-3: ITER magnetic configuration for plasocmmfinement (courtesy of ITER)

The ITER project

Thanks to remarkable results obtained these laatsyethe international research and
engineering community is ready for further studi@smagnetic controlled fusion. The next
step is to demonstrate maintained combustion afuedium-tritium plasma over long times.

It is the principal objective of the tokamak ITEfRe next reactor to be built and operated in
the framework of a world collaboration joining talger countries which have been taking part
for years in the fusion research program.

ITER (Figure 0-3) will be a superconducting tokanwkthe largest size ever built. Tore

Supra, a CEA superconducting tokamak has demoedta@t the long run since 1988, that
superconductivity was not a technological obstémidusion. This technology gives access to
long duration plasma discharges.

The principal objective of ITER is the study of gf@as in combustion, i.e. of plasmas where
the proportion of self heating from fusion reacti@xceeds 60%. The proportion of nuclear
heating hardly ever reached 10% in the best digelsacarried out in JET (Joint European
Torus).

ITER will be the first machine integrating the mdp of technologies necessary to the
preparation of a sustainable fusion reactor: sumehactivity, plasma-facing components,
tritium layers, robotics and diagnostics (Figuré)0-

ITER is a technological challenge in all fields,daparticularly in the field of super-
conductivity. Its characteristics are rather impnes and prove the ambition of the project.
The major radius of the plasma will be 6.2 m anel thinor radius of the plasma is 2 m.
Confinement will be ensured by a toroidal field5oB teslas, a plasma current of 15 MA. The
current of the Toroidal Field (TF) system is 80 Kuperconducting magnets and cryogenic
facilities represent over a third of the constrmectinvestment cost of the machine.

11
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Figure 0-4: Diagram cut of ITER, with a man in bltebottom, represented for scale
(courtesy of ITER)

Coils superconducting conductors require cryogertooling. The International
Thermonuclear Experimental Reactor (ITER) projexs kriggered considerable work in the
technologies of superconductor cryogenics, in thagmets themselves and in their
supercritical helium supply networks. These condiudevelopment programs are a source of
input for a better understanding of CICC, applieatd any large magnet with high field
(>5T).

The aim of this thesis is to study and improve thermohydraulic behaviour of the
supercritical helium flow in the dual channel sweerducting cable-in-conduit conductors
constituting ITER coils.

12



Dual channel Cable-In-Conduit Conductor

1 Dual channel Cable-In-Conduit Conductor

1.1 Conductors for fusion

Since 15 years an important activity has beenai@tl in Cable-In-Conduit-Conductors
(CICC). This activity is mainly related to fusioln this domain, the sizes of the machines
push to high current conductors, and high voltatygghg protection phases when the magnet
must be rapidly deenergised [Weg02, Duc02].

The design of high current and high field condustor fusion application has evolved to the
present solution consisting in CICCs characterisgda steel jacket, an external electrical
insulation, and forced flow cryogenic cooling.

The need of thermohydraulic design and optimisatbiual channel CICC has led to the
construction of numerous full size cable samplesitjsamples and prototypes called model
coils. In the framework of the ITER preparatiorR@loidal Field Insert Coil is programmed
for testing in Naka (Japan).

1.1.1 Superconductivity

History

In 1911, H. Kammmerling Onnes, which had succelshigjuefied helium three years earlier,
observed with G. Holst that the electrical resistarof mercury is null at very low
temperature. This behaviour is contradictory witie tJoule effect. Indeed when current
circulates in a conducting material, losses cawssimg of this conductor. These losses are
proportional to the material resistance and todtyeare of the current. They become very
important for high currents and thus large magnets.

In the case of superconductors, and even if itngossible to assert that it is strictly null,
resistivity becomes very weak (below2P@m). This behaviour is the demonstration of a
quantum effect. The resistivity being negligiblag tlosses by Joule effect are extremely
weak. However these remarkable properties appdarfanrelatively low temperatures. The
principal materials industrially available, likeobium-titanium and niobium-tin, must be
cooled by liquid helium to 4.2 K to become supedigsting.

Among superconductors, a singular class of masenias discovered in 1986 and is called
“high critical temperature superconductors”. It gabirth to many hopes for a wider
application of superconductivity. The weak currdndnsport properties and extreme
complexity and brittleness of these materials dile leandicapping factors for short-term
applications.

Critical parameters

» Critical field Bc

There is a critical magnetic field.:Bbove which the material is not superconducting.

» Critical temperature I

There is a critical temperature. Tabove which the material loses the property of
superconductivity. This temperature is very lowamihe absolute zero. It is lower than 23 K
for conventional materials and around 100 K fohigitical temperature superconductors.

» Critical current densitycJ

13
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The current density circulating in a supercondugtimaterial has a defined value which is the
critical current density J & is a function of the field, of the temperatureddor some
materials of the strain.

* Mechanical constraint

For some material, the critical parameters, (B., X) are sensitive to the mechanical
deformations (traction/compression). Mechanicalst@ints are not seen as a limit, but as a
possible degradation of superconducting condug@errmance.

Two types of superconductivity exist: type | andpeyll. Practically, only type Il
superconductors are used to produce magnetic fieldsils [Wilson]. A characteristic curve
of type Il superconductor can be well approximaiederms of electric field (E) and of
current density (J) by:

E= E(Jij (1.1-1)
Ec et 1 are respectively the critical electric field ahe current density. Hs equal to 18 /m
by convention.

-

Figure 1-1: Niobium-Titanium critical surface
superconducting state under the surface Jc = (T, B

Critical surface

Critical field B, critical temperature cTand critical current density. &re thus the three
parameters which limit the transport of current sayperconductivity. These values are
connected and define a critical surface (Figuré irthe space (B, T, J). If one of these three
parameters is exceeded, the material loses itsrauphicting state. It is therefore very
important to control temperature through cryogemicling [Tix95].
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1.1.2 Superconducting strands

Superconductors and strands: The materials magliaused for the manufacture of magnets
are alloys containing niobium. Two main familiesstx

* Alloys containing niobium and titanium

* Alloys containing niobium and tin

Niobium-titanium alloys

Niobium-titanium (NbTi) today is the most used atite least expensive among the
superconducting materials. This material can bd €meproducing magnetic fieldsup to 11 T
at 1.8 K. One of its greatest advantage is dugtiNiobium-titanium can thus be drawn into
strands, twisted and cabled without degradatiorhef critical current due to mechanical
constraints. Moreover, niobium-titanium strandsndd require an elaborate heat treatment. A
copper crown is always placed around the niobidamitum strands.

The role of copper is to limit the heating in thesiet of a loss of superconductivity. In this
case, the resistivity of the superconductor becoreeglarge and the current can temporarily
redistribute into copper. It is also used to imgrdve thermal stability of the system thanks to
a better thermal coupling of the superconductingnst heart with the coolant.

The magnets of TORE SUPRA use niobium-titanium edoat 1.8 K. However for an
operating temperature equal or higher to 4.2 Kntla&imum field accepted with a sufficient
safety margin cannot exceed 6 T [Lib05-1]. Thisvisy this material is bound in ITER to the
low field coils in the Poloidal Field (PF) system.

Niobium-tin alloys

Niobium-tin (NkeSn) presents a critical fieldcBigher than that of niobium-titanium: about
23 T at 4,2 K for pure niobium-tin and about 290F fiobium-tin with titanium and tantalum
additions.

This superconductor is fragile and a mechanicaitenof more than 0.5% can irreversibly
damage the strands. Strands manufacture (wire dgawwvisting, cabling and winding) must
be carried out in strands in which the phase niokii is not yet formed. A heat treatment is
then carried out, the purpose of which is to casty the diffusion of tin allowing the
formation of the final superconducting compoundat&eatment at temperatures of about
650°C lasts approximately three weeks, indepengeithe object size and mass.

Figure 1-2: Section of an internal tin niobium-sitmand produced by Europa Metalli
(courtesy of Europa Metalli)

Two main different methods to manufacture theseyallare available. The first is known as
“bronze method”. The elementary strand is composkdnicroscopic niobium filaments
inserted in a bronze matrix. Tin confined in brod#éuses in niobium during heat treatment.
The second method is called “internal tin”. Niobifilaments are gathered in crown around a
tin heart (Figure 1-2). The superconductor is poeduduring heat treatment.
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1. Dual channel Cable-In-Conduit Conductor

This type of superconductor will be used for thghhfield coils of ITER (12-13 T). These
coils are the toroidal field coils (TF) and the tahsolenoid (CS).

Copper is present for electrical and thermal stgbiin superconducting strands, but
additional copper strands can be added to ensoteqgbion in the event of transition to the
normal state.

1.1.3 Superconducting conductors

Conductors used in fusion magnets
The Cable-In-Conduit-Conductors (CICC) of the pcoj@ ER are circular cables made up of
a great number of superconducting strands (@ ~m8) twisted in successive stages. The
strands are drawn inside a jacket in which the suieal helium coolant circulates [Tur93].
These cables have the following advantages:

* high transport current up to 70 kA

e circular symmetry favourable to even current disttion

« efficient local strands cooling by the helium ciation

* low magnetic losses in variable magnetic field

» easy external electric insulation (similar to tbia warm conductor)

* easy manufacture of the conductor by cable drairmugh the stainless steel jacket

Forced flow conductors are well adapted to larggofu magnets. Indeed, their built-in steel
jacket insulation installed around the conducteelit is better adapted to high voltage
operations than the conventional bath cooled canmdsidRou97], more sensitive to short
circuits [Lib05-1]. In addition, in operation thesgagnets are subject to heat deposition of
different kinds which can be better removed by umslicirculation. However, practically no
magnets with use of CICC design is yet in operataday except the NbTi magnet of the
Poloidal Field (PF) system of the LHD Torsatrodapan [Sat00].

Nonetheless, the first plasmas of several macheoegpped with magnets systems of this
kind are shortly scheduled: SST1(India) and EASHI&) in 2005, KSTAR (Korea) in 2007,
W7-X (Germany) in 2010, whose conductor cross-eads presented in Figure 1-3.

Figure 1-3: CICC cross-section of stellarator W{eBurtesy of CEA/DAPNIA)

The trajectories followed by strands are helicéledoup around each other. The shape of the
helical trajectories is controlled by two princigarameters: the twisting length L and the
rolling radius R. There is a twisting length antling radius at each stage.
The structure of a cable in conduit can thus becrdssd using the following parameters
[Duc02, Bes98]:

» stages

» twisting length

» cable and strands diameters
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Stages

The different levels of cable manufacture are dadleages (see Figure 1-4). The first stage is
obtained by twisting a defined number of strandse $econd stage is obtained by twisting a
defined number of units of the first stage and soF@r example, for a cable-in-conduit of the
type [3 3 5 4 6], the first stage is made of thweisted strands: a triplet.
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Figure 1-4: Manufacture of the different condudtaiges of a superconducting petal
The second stage consists in the twisting of thrgdéets. The third stage is obtained by

twisting five triplets of triplets. The last but erstage is called petal. It is insulated and
protected by a stainless ribbon called wrapping.
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1.2 Cooling systems

Because superconductors are sensitive to tempergtaniO4], the heat load falling on the
magnets must be carefully evaluated in order tpgse an effective cooling system.

1.2.1 Heat loads and shields

Heat load Ry to the magnet system at 4.5 K

When the superconducting magnet system is at lowpéeeature, heat coming from different

sources is deposited. We will not enter into detabbout the different sources but classically

one can identify in a fusion tokamak TF system ®)E

* ac and eddy current losses in the winding, casesstiuctures of the system (7.29 kW on
average)

* heat loads due to current leads (~1 kW)

» residual nuclear heating escaping through the aewtielding

» resistive joint losses in the magnets and statisde due to thermal radiation from thermal
shields and thermal conduction through gravity sufgpand connections (11.9 kW)

The two first categories of heat sources are lacatehe metallic parts of the CICC (Figure

1-5). Nuclear radiation falls in all metallic voles, preferentially on the row of conductors

closest to the plasma. Static losses fall on thglpery of the magnet and can be partially

removed by a helium circulation outside the magnsyistem. These heat sources cannot be

deflated: they constitute the imposed working cbads from the cryogenic viewpoint.

[}

835 20°

r

- 630.5 -

Figure 1-5: Cut of a TF coil inner leg; conductars dark rings; thermal and neutronic
shields are on the right, facing the plasma; thestane shape allows to lean on other coils.

Mitigation of AC losses

0.055 mm thick stainless steel tape wrappings afdie petals are meant to reduce the
intensity of the eddy currents created by the A€ldfiand the generated heat. The Poloidal
Field Insert Sample (PFIS) presented in upcomirggice 1.3 is made of two asymmetric
conductor legs, where the superconducting stramalgpare wrapped in stainless steel with
80% coverage in the left leg, whereas on the figiptthe subcable petals have been stripped
of their wrappings before insertion in the jackietelf compressed to reach a similar void
fraction [Hur05]. The purpose of this asymmetrytbé sample wrappings is to evaluate
current recirculation minimization within the caplend the thermohydraulic influence of
wrappings.
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Shielding of the neutronic radiation

In ITER the plasma neutronic fusion power (~500 Mig/$hielded by shielding modules and
the vacuum vessel, cooled by pressurised watesepted in Figure 1-6. Thus only the
residual neutronic power reaches the TF coil systémch surrounds the vacuum vessel
(~10 kW instantaneous and 3 kW in average for asspldsma discharge every 1800 s).

<+«— Vacuum vessel
Shielding modules

Figure 1-6: Cut view of the shields: plasma ind¢kater; actively cooled plasma facing
components and divertor (bottom); inside the vacwessel; coils outside (courtesy of ITER)

Thermal shield system

A complex system of thermal shields prevents haditition coming from the cryostat (upper
CTS cylinder, central CTS etc.) and from the vacwassel (VVTS) from falling on the coils
at 5 K (Figure 1-7). These thermal shields areadal 80 K. Heat radiation from 80 K to 5 K

is evacuated by the circulating helium loop.
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Figure 1-7: Thermal shields (TS) and coils posi{ioR, PF and CS) in ITER elevation view
(courtesy of ITER)

1.2.2 Forced flow cooling loop and refrigerator

The heat load from all sources B removed from the coils to keep the temperatorestant
by circulating a mass flow through the conductdrisTcirculation requires a pump work to
compensate the viscous pressure losses, and dsdoaigogenic powerck: (11.4 kW). The
electrical power associated with this cryogenic eows high: about 2.9 MW for the entire
cryogenic circulation system of ITER (TF, PF and.CS
The aim of the thesis is to optimise the Cable-In-@hduit to reduce this power without
affecting the superconducting strands temperature.
Pcirc :% (12-1)

p"]circ

m/p being the volumetric flow circulated in the conthrs andAPgr the pressure variation

forced by the helium circulating pumps, affectedhy efficiencyncirc.
The two main sources of heat loads on the 4.5 Kgesfation cold system arenRnd Rir,

itself a direct function of because the mass flow rate is chosen in proportion to the
power to be removed, to keep superconductor teriyeranargins constant..ik is also
related to the design of the magnet conductor asdcated pressure drop characteristics (see
Figure 1-8).
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Figure 1-8: Cryogenic loops and circulation pressinop in ITER expected design

A minimal mass flow rate is defined for each operatscenario to safely and actively
evacuate heat load in the secondary loop. Duriagnpa operation, the level of heat losses in
the multi-strands ITER TF cable (1000-1500 stranidsposes a minimal mass flow of
8x10% kg.s! to safely remove the energy at the nominal temperaof 4.7 K and with a
pressure drop of 0.06 to 0.1 MPa [ITERO5].

Coils are divided into double-pancakes with condigctof ~700 m, the unit length of the
conductor. To minimise the length of the channeldusy the coolant, helium inlets are placed
through the jacket, in the middle of the pancakedcator length. Helium flows in opposite
directions from the middle to the electric joints each end. The ITER TF system is
constituted of 18 coils each made of 14 pancak®@s13&ng.

The ideal place for the inlet of each pancake i&ah the hydraulic —not geometric— center of
the conductor. This ideal positioning of heliumeitsl would require a hydraulic qualification
of each pancake in both flow direction before thiets are manufactured, in order to check
that pressure drop is symmetrical, and to cortathecessary.

Hydraulic acceptance tests performed on W7-X cotmtsainit lengths show discrepancies of
up to +/- 20% in mass flow rate, with a normalisedm temperature helium inlet pressure of
2 MPa and an outlet pressure of 0.1 MPa. It ishjikbat ITER pancakes will also have
hydraulic resistance differences. It is expecteat tinese hydraulic resistance differences
could be lower than in W7-X due to the presenca céntral channel (section 1.3).

For each helium distribution satellite, the mossisgve pancake imposes the helium

distribution pressure, to obtain the minimum norhimass flow ratem.;,. From this fixed
pumping pressure, the various pancakes may hai@uganass flow rates mm,,. The pump
work Perc is proportional to total mass flow rate cumulatitigat of each pancake

. n . . . . .
m=Ym 2nxmm,- [ IS therefore mandatory to reduce excessivesrfiaw rates in the more
i=1
favourable pancakes, using adjustable valves.
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1.3 Dual Channel Cable-In-Conduit Conductors

In order to reduce conductor friction pressure dibe strands are twisted around a spiral
delimiting a low impedance central channel. Thel dirennel cable-in-conduit conductor

(CICC) originally developed at CEA for high curresuperconducting magnets [Bes92] has
now been selected for the International Thermorauckexperimental Reactor (ITER) colls.

The main advantage of this conductor is to proddew hydraulic resistance as well as a
temperature rise limitation [Duc02]. The low impada central channel consisting of a
stainless steel spiral pipe has a premium rolehendistribution of mass flows and in the

global pressure drop.

1.3.1 Dual channel concept

In certain cases, when the size of the systemrislaege, there is interest to use a special sort
of cable in conduit: the so-called dual channel Cl@ minimize pressure drop and the
associated cold power related to helium circulationthis type of conductor, two channels
are offered to helium transit: a central channal #&me bundle region where strands are
situated (see Figure 1-9). Two parallel hydrauharmels minimize the pressure drop for the
necessary helium flow. Indeed a pressure drop \att@mperature is highly expensive in
terms of the cryogenic power consumed to recoveh#lium enthalpy change introduced by
the loop circulating pumps. Heat loads are effittieremoved with a moderate pressure drop
thanks to the central channel, which serves aatamial heat exchanger inside the conductor.

Annular channe!

Central channel

Wrapped
subcable petal

Figure 1-9: Cross-section of ITER Poloidal Fielddrt Sample CICC
with wrappings (W) left leg (L) and without wrapgis (NW) right leg (R)

The design choices for this central channel havengyortant impact on the hydraulics,
pressure drop and flow repartition, consequentlijuémcing economical aspects of the
project. Optimisation of forced flow conductor ciogl [Raf03, Tad04] is best illustrated in
the International Thermonuclear Experimental Reagimject (ITER). Experience about
CICC electric and thermohydraulic behaviour hassscumulated but mainly in the tests of
numerous prototypes called model coils. The comuctoss-sections of ITER PF insert
samples are presented in Figure 1-9.
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Figure 1-10: Burst rebresentaﬁon of a cable indedtrwith its six petals

The central channel is materialised by a spiramgontain its diameter and guarantee that
strands from the petals —even if cut— do not chgkéhe free-flow channel. The central spiral
has a mechanical role when the conductor is un@gnetic pressure forces.

Twisting the strands in six petals (Figure 1-10usd a low impedance central channel
delimited by a loose spiral adds complexity to theometry of strands and current
redistribution in the conductor. Figure 1-11 ilkages the complexity of strands trajectories in
a petal. The determination of these trajectoriessoaated to a local magnetic field
calculation, makes it possible to evaluate in diggéaway the variation of the local electric
field along the conductor. It is however not thotfighto envision calculating the hydraulic
resistance from detailed strands trajectories.
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Figure 1-11: Strands Trajectories in a petal onradactor PF twist length, with local zoom
The use of dual channel CICC is considered at ptasee in the case of the ITER project,
but the possibility of application is interestingy fany large magnet with high field. Its most

critical use is illustrated on the Toroidal FieldH) system of this machine, which is the
largest magnet system of ITER.
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1.3.2 Pressure drop reduction

The purpose of the central channel is to ease rhetiuculation by reducing pressure drop.
The presence and geometry of a central channelgiyraffects the global hydraulic pressure
drop along the CICC unit length. The mass flow rgfpan is obtained with the hydraulic
balance of pressure drop in both channels. A hagrakility was measured on strands bundle
cable pressure drops; the central channel is exgéotdrive pressure drop and reduce cable
hydraulic variability. The conductors studied aml csamples of ITER R&D programs
prototypes.

Taking into account the level of TF coils heat lpadn isothermal helium mass flow rate of
8 g/s is a minimum needed to safely remove theggnieom each individual pancake length.
Comparisons of Table 1-1 are based on pressurendeggurements on spirals performed at
CEA under a European contract [NicO2CODES], andcalculated projections. Based on
these first results, it is possible to show that ithpact of the central channel design is large
on a project like ITER. Table 1-1 demonstrates thatoptimisation of ITER CICCs has the
potential to bring significant cryogenic cost retioic thanks to the central channel.

Table 1-1: Calculated comparison of conductors @itgs
for different choices of central channel for th&R TF system only.

ITER TF conductor projections with various central channels
0.6 MPa, 5 K, 8 g/s, 1400 strands, void = 0.332

Spiral 7/9 mm  Spiral 7/9 mm  Smooth tube Smaller cable

Perfor 50% Perfor 28% 7/9 mm without central
ITER reference channel
Central channel  0.12 0.057 0.017 o0
friction coefficient
Mass flow 5,1 g/s (annulus)4,2 g/s (annulus)3.5 g/s (annulus)8 g/s (strands,
distribution 2,9 g/s (center) 3,8 g/s (center) 4.5 g/s (center) homogeneous)

Pressure drop 0,995&10° Pa  0.7%10° Pa 0.5810° Pa 1.%10° Pa
(380 m)

Cryogenic power 2,6 kW 2.0 kW 1.53 kW 5.15 kW
required for TF He
recompression

Electric power of 650 kW 500 kW 382 kW 1.288 MW
TF refrigerator

Refrigerator 1.56 M€ 1.2 M€ 0.92 M€ 3.1 M€
investment cost

Operating cost 0.86 M€ 0.67 M€ 0.5 M€ 1.7 M€

over 20 years;

The pressure drop across a pancake is calculaggdctiag singular pressure drops at inlet
and outlet as well as mandatory design and manufagtmargins. An isentropic pump and
an isobaric heat exchanger fight the isenthalpgsgure drop along the cable. The pump work
is obtained from the fluid enthalpy variation wéh efficiency of 0.6 (see equation (1.2-1)).

In order to transform this work into cryogenic eteal consumption, the power is affected
by the refrigerator global efficienayryo:

”cryo = f '”Carnot = %50 (13-1)
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T,

1 2
Finally, cost assumptions include 40 000 hours pdration at nominal power in a 20 years
machine life-span, cryogenic power investment 608\Wcyo (over 10 kW) and operating
cost 33 €/ MWh.
The worst situation is obtained when there is notreé channel, where R reaches the
largest value of 5.15 kW. However, there would lgai in the cable dimensions in this case,
because the void in the superconducting strandg beikept constant for electrical and
mechanical reasons.
Many concept and technology aspects of these fditoadcooling channels require deeper
understanding, both in satisfactory levels of penfance and in detailed physical processes.
Spirals thermal properties including mass exchdreg@een central and annular channels can
only be assessed in a full CICC sample, where rpangmeters interfere.

with the Carnot efficiency;,,., = and the quality factof = 025 at 4.5 K

1.3.3 Thermal imbalance

Though CICCs are meant to be as compact as pasaibkntral channel is self-justified as it
reduces the circulation pressure drop, which tloeeefonsumes less cryogenic power, hence
reduces plant investment and operating costs. €higl choices for this central channel have
an important impact on the hydraulics —pressurg drod flow repartition— consequently
influencing Reynolds, Prandtl, convection coefiitgeand thermal response of the cable. But
the thermal inhomogeneity in the double helium flawthin the cable brings complexity and
a difference of temperature between central andlanehannels under heat load. This leads
to an increased temperature of the supercondudstirands under heat load or unsteady
cooling. An increased temperature in the heatedndfr reduces the superconductor
temperature margin, as compared to an isothermadlumtor with perfect transverse heat
transfer.

Good thermal coupling allows helium circulatingnggher velocity in the thermal exchanger
central channel to efficiently extract power frorhetannular channel and keep the
interchannel temperature difference low.

Assuming uniform central and annular CICC tempeestua double channel conductor can
be characterised by its annularaTand central (&) temperatures only. This bithermal
assumption allows to work with a 1D model of th€Ck. (Figure 1-12).

t=0_1 2 3

me !
Mal— _l _[ o Ta(X,1)

Figure 1-12: Propagation of a heat front: Longihadiisection of a double channel CICC,
showing the annular and central temperature& Tc,
the annular and central mass flow rates&mc.

Additionally to the temperature differencea(Tc), the difference in velocity induces a
temperature wave and spreading of any heat framgalhe cable. The heat homogenisation
characteristics of the CICC must be understoodfferdnt thermal excitation configurations
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(steady state and transient, for scenarii of hepbsitions in the jacket and annular channel).
The testing of CICC samples and model coils hasigib evidence of a complex thermal
behaviour.

The use of superconductivity for magnetic confinemtusion, as in the reactor ITER,
requires a close evaluation, understanding ananigation of thermal exchanges to maintain
all superconducting strands under a sufficiently temperature, especially during transients
occurring for the reactor operation.

Literature thermohydraulic studies of rib-roughertegh turbulence flows set aside work
conducted in laminar, two-phase and phase changss flinteresting studies include singular
shape tubes [Cha00, Che0l], square sections [M&i®9?2], surfaces [Lew75, Han78,

Tak96], internally finned tubes or inserts [Bos®an95, Liu0l, Sar01l], diaphragms in
circular sections [Web71, Kim03] and rounded rowggmin circular sections [Wei90, Pan93,
Lon95, Vic04]. Spiral-like square roughness in glac section studies are applied to non-
permeable heat exchangers where turbulence is pednfrough added roughness with small
turns and large gaps [Nun56, Gee80, Fir81]. Oncthrdrary, CICC central channel spirals
have a mechanical role hence large turns and snggaijes.

Thesis content

Energetic studies about cryogenic fluid flow incanplex environment (porosity, turbulence),
and thermal exchanges between coolant and superciimgl strands (transfer and transport
physics) are necessary to ensure a proper dimengioh superconducting CICCs, of their
dedicated cryogenic system, and to guarantee thenab working properties of large-scale
magnetic coils.

In this chapter, we have seen that the supercomdu€lCCs projected and developed in

ITER possess two parallel channels: a low presdrop-central channel delimited by a spiral,

and an annular channel containing the supercomdustrands. The dual channel conductor
allows a more efficient cooling of the superconthgtcoils in a tokamak such as ITER. In

order to further optimise the central channel $piesign, this thesis attempts to study in
detail the thermo-hydraulic behaviour of spirale btbjectives are to better understand CICC
thermo-hydraulics, to guarantee a correct coolihghe superconducting strands, and to
provide dimensioning feed-in for the cryogenic sys$ and refrigerator.

In chapter 2 the central channel spiral pressuop dratabase is increased and in-depth
friction study leads to a new pressure drop moghlch was developed in the framework of
this thesis [Ren06-3].

Two experimental methodologies of steady state (Bel] and transient [Ren06-2] types for
CICC thermal testing are developed in chapter 8, laad to a thermal model for the heat
transfer coefficient between the two channels.

Benefiting from the above original contributionshapter 4 concludes by proposing an
improvement of the ITER CICC design.
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2 Pressure drop

Pressure drop, obeying a different law in each obhrequilibrates in these parallel channels.
Spiral pressure drop is strongly dependant on g&a@meharacteristics, because of their
complex influence on turbulence.

Experimental pressure drop data are here studiddnaudelled in order to find a thermo-

hydraulic optimum reduction of friction forces. VKdirst starts with friction because thermal

properties are subordinate to hydraulics patterns.

In this chapter hydraulic models for the annulaarotel are first depicted (2.1), then

experimental campaigns for investigation of pressdnop in the central channel spirals in
pressurised nitrogen (2.2) and water (2.3) areilddtaFinally a pressure drop model is

elaborated (2.4).

2.1 Bundle region pressure drop

Annular channel geometry —twisted strands, sizst@nds, void fraction— is dependant on
electrical and mechanical constraints. The voidtioa of superconducting strands petals is
therefore considered fixed, and no thermohydraoptmisation is sought on the annular
channel geometry. Nonetheless, the annular chaygoehetry drives the pressure drop in the
bundle. It is necessary to have a hydraulic mad¢hé annular channel in order to solve the
full CICC hydraulic law.

2.1.1 Existing models

Calculated central and annular pressure drops aeanded in order to obtain the mass flow
repartition in the cable. An error on annular puessdrop automatically implies an error on
the ratio a, =m'A/m and introduces uncertainty on heat transfer and whole

thermohydraulic characteristics of the conductorstAdy of CICC central channel cannot
omit the understanding of annular hydraulics.

Porous medium model

The annular channel is an anisotropic permeableiumedplit into solid superconducting
strands and pores, through which the fluid flonaoBs media have a fine structure, and the
detailed flow around each element of the fine stmgcis typically not considered, but only
mean flow properties are necessary. A porous medambe described by a hydraulic law
using a permeability, such as the Darcy law:

AP = MLQ m _u.Lyv
K.S pK.S K
wherep is the dynamic viscosity, L the pipe length, S piyge surface, V the volume XE),

(2.1-1)

Q the volume flow ratem the mass flow rate, v the velocity, the density and K the
permeability. K quantifies the liquid flow path tugh the porous medium. This permeability
is larger if the medium has less resistance to,fi@nd if the void fraction is larger). As an
example, it can be calculated using the relativghoess in the formula [Bre79]:
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£.D}

32
The hydraulic diameter {bhas been derived for many common channel georaetrieshich
the pore dimensions are known, and incorporated art expression for permeability.
However, except for known geometries, the capillamgedium cannot be accurately
characterised by a hydraulic diameter. Flow chanely deviate considerably from the ideal
case assumed in these derivations, therefore aimieatly determined permeability should be
used whenever possible.
At higher superficial velocities v through the mami, the ¥ dependence of the pressure drop
becomes significant and the Darcy law is replagethb Forchheimer expression, to take into
account non-linear inertia effects:

AP = 'u'k'v+,8. pL.v2 (2.1-3)

where B is the inertia (or non-Darcy flow) coefficient [#05]. Compressibility of the
medium can cause the permeability to decreasewgltitity. A permeability model is hence
complicated and intrinsic. Permeameters are degigmevaluate the permeability of a piece
of material, which is a difficult task [RenP97].

K =

(2.1-2)

Porous medium model limit

The intrinsic difficulty with the porous medium meldis the necessity to test the channel
before a permeability K can be attributed. Inded)e friction factors are defined for many
microscopic and macroscopic types of roughnessneability is not defined from the
geometry but directly from a pressure drop measentnBecause no general law provides
permeability constants for unknown samples, periigais not a practical tool.

The porous medium model offers a linear law for hslocities (Re ~ 1), and a conjugated
quadratic law for high velocities (useful above R&0). While the use of a porous medium
law is efficient at very small Reynolds number,cdmes close to a classical quadratic
behaviour of hydraulic law for pipes when Re rides)ce looses its specific justification.

The Katheder model

In this model the annular channel is assimilated trcular tube, with a hydraulic diameter
Dn and a friction coefficient f. Based on a databasenonochannel CICC experimental

pressure drops, Katheder proposed a model (2.2@erdling on the Reynolds number and
void fraction only [Kat94].

(= 0.0231+ (19.6 RE™3) (2.1-3)

Void0.742
This validated model is advantageously simple.ughio also used a friction factor to model
pressure drop of coolant in superconducting poweamsiission lines, but for a triplet of
strands only [Fuc98], which cannot be extrapolatethe high number of strands used in the
magnets of thermonuclear fusion reactors.

2.1.2 Katheder model limits and uncertainty

Since the database of available cabling pattermsanochannel and dual channel CICCs has
been increased, it is possible to use these expetahresults to validate the existing
Katheder model. The difficulty to measure presstdirep in the superconducting strands
bundle channel of dual channel CICCs should fiesthighlighted: tests are conducted on
different geometries, in different fluids and wittubious methods to block the central
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channel, or through calculations using an assumgpiio central channel pressure drop. It is
much more difficult to draw conclusions from mea&sunents of dual channel CICCs where
uncertainty can indistinctly come from any of tregalel channels.

A state-of-the-art summary study [Zan05] could steodiscrepancy up to (+/-) 40% between
measured friction factors and the Katheder moded.a@n empirical law, this error margin is

acceptable because it still provides a median ptiediorder of magnitude for bundle region

pressure drop.

It should be noted that the Katheder explicit folemis to be used for a Reynolds validity

domain above 1000. Latest developments with lovegaree drop dual channel CICCs have
strongly decreased mass flow rate through the anmhlannel, leading to Reynolds number
values commonly between 700 and 1100. The useedf&theder law out of its validity range

is a source of additional imprecision.

Void fraction
While the void fraction obviously has a strong umihce on the friction factor

( A katheder Ovoid¥??), the Katheder model provides similar f values fdifferent

superconducting strands cabling twist choices. dpgfiit geometries with the same void
fraction, hence indistinct folk4ieder I€ad to highly diverging pressure drops. The tagy”

of available conductors here demonstrates thattiaddl parameters probably influence
friction as well.

Even within the void fraction itself, the inhomogeus repartition of the strands in the
annular channel may be an important source of teiogy in the Katheder formula: local
minimal and maximal void fractions far from the mealue may drive the pressure drop. It
is not possible to come up with a simple definittona minimal and maximal void fraction,
as these are deviations from an orderly twistintiepa, itself difficult to grasp in 3D. It is
however interesting to compare extreme void fracim Table 2-1.

Commonly admitted void fractions for large magraial channel CICCs decrease from 36%
to 32%, and are around 25% in the connectionsslsgte how much room is left for twisting
and moving:

» Straight pile void fraction: 21.5%

The void of an elemental volume around a stran@aius a is given by :

void, ... = (2a)* - ra’ (2.1-5)

surface

void,, === = 215% (2.1-6)

* Void fraction of an alternated pile: 9.3%
The elemental volume height is x: that of an istescriangle of basis length 2a for strands of
radius a. The void fraction is calculated from:

x/ = ]
/2a = cos%) (2.1-7)
hence:x = ay/3 and % (2.1-8)
. 2\/5 -
void,, = = 9.3% 2.1-9
* 23 (2.1:9)

These theoretical values can never be attainedaittipe, given the space required for strands
twisting. In fact, it is only possible to diminishe void fraction and strands pinching by using
compact rope twisting rationales. But a high stredadsity, which allows limited movements
and pinching, would imply a reduced helium volunwaikable for superconductor thermal
stability.
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Table 2-1: Typical variation range for void fraction the ITER TFMC conductor

global void fraction (%) 33.2
void fraction without dead corners ~30
(conductor with wrappings)

joint void fraction 25
void fraction in perfectly piled cylinders 9.3

Void fraction in imperfectly piled cylinders 21.5

Experimental uncertainty

An example of similar pressure drop measurementsgalpancake P1.1 & P1.2 and
theoretical prediction curves is plotted (Figurd)2Nic02] for the ITER TFMC model coil
tested in TOSKA at FZK.

* P1.1mes.
45 T [ ]
— = P12 mes. .t
© 40 R
D- L
=<, 35 - kP
8‘ 30 | — P1.1 calc. : /
- P1.2 cale. =
o -
L 20-
3
%]
(%))
o
| .
(a

Mass flow rate [g/s]
Figure 2-1: Theoretical and experimental pressunp ds a function of
mass flow rate on the TFMC conductors tested in KOFZK) [Nic02]

Results of HECOL and TOSKA data are summarizedahld 2-2, where the pressure drop,
proportional to the square of the mass flow, iscdbed with a comparable coefficient k:

AP =KL m?2 (2.1-10)
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Table 2-2: CICC pressure drops in water (HECOL, CBAd helium (TOSKA, FZK),
showing high deviation from calculated values

Sample TEMC P1.1 TEMC P1.2 TFEMC PFIS
Facility TOSKA TOSKA HECOL  water loop
(research center) (FZK) (FZK) (CEA) (PSI)
Fluid He He HO H20

Length L [m] 72 82 8.15 4
Mass flow rate used :

m— mC calc m_ mC calc m_ mC calc rhA
k calculated [kg'm3] 1.10x10° 1.22x10° 2.21x10°

k measured [kgm] 1.52x10° 1.46x10° 1.7%10°
Ratio theory/experience 0.72 0.84 1.28 1.5

It should be noted that pressure drops measuresater (section 2.3) have always been
slightly below theory, while previous measuremeaiigained in helium flow on a TFMC

cable (section 2.2) provided on the contrary expental pressure drops higher than
predictions.

Table 2-2 shows discrepancies up to 50 % betweeaorg¢kical calculations and measured
coefficients. The empirical formula of Kathederfiesm now on divided by 1.5 to coincide

with PFIS annular pressure drop measurements [Mla@d extrapolate results to lower
Reynolds values. This is a numerical example ofabak annular hydraulic model precision.

fa, pris = Fratheded 15 (2.1-11)

When PFIS experimental campaigns are scrutinizedhiermal interpretation in chapter 3,
the measured friction factor (2.1-11) will be used.

2.1.3 Bundle pressure drop model improvement

The currently available database of bundle charpreksure drop for different strand
diameters, levels and lengths of twisting allowstosrefine the Katheder model, ideally
adding of new parameters. Remark that for exani@ertfluence of twisting lengths could be
studied through the harmonic mean of the varioustitvg pitches.

Numerical simulation

An evaluation of possibilities to model central arhular channels with a code (Fluent) was
performed by IUSTI (Marseille). Axisymetric 2D ar@D calculations were performed.
While spiral detailed modelling makes sense, a mearous permeability seems more
reasonable for the annular channel. The numbetrahds, level of geometric complexity,
various geometric uncertainties and computer-intengalculations subject to potential
mistakes do not allow to reasonably well model dhaular channel starting from the lower
scale of strands. In fact, even for a spiral, adtlding of a slice may be sufficient, with
helical limit conditions.

The maximal reasonable number of volumes is 1 onilto keep processing time low, and this
number is easily reached in a 3D environment. Coatpaly to 3D, 2D griding is interesting
because of simplicity and efficiency. The annulaarmel complexity seems more adapted to
an experimental comprehension than to a detailedengal model attempt. Future efforts
should concentrate on a spiral period, which remaiccessible to a finite elements
modelling, while the annular channel can conserarasotropic porous averaging [Top97].
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The level of confidence that can be conceded teedigtive friction simulation decreases as
the level of turbulence increases. Hydraulic cometeed use the Navier-Stokes equations.
Models and solutions are effective for laminar figwut tend to diverge from experiments as
the Reynolds number increases. Since the centaaineh spiral flow is characterised by
Re ~ 10, the presence of micro-turbulence with multipleving vortices cannot be well
modelled and eventually becomes non-negligible,ingathe use of a code at high Reynolds
ineffective.

The choice of adequate resolution parameters cdy lb@ done by comparison with
experimental results with a Reynolds and Pranddlagy, which requires experimental
campaigns on spirals. It is easier to compare cedslts and experiments directly for the
same fluid. The numerical simulation of a spiralueballow a parametric sensitivity study to
the spiral geometry, helping design optimisation.

Experimental future efforts

An experimental characterisation of transverse Emmorosity or transverse cable porosity
may be realised on a small CICC sample strippeuah fts jacket and adequately pressurised
in an existing thermohydraulic facility dedicatedtiny samples.

To obtain precise values of varying properties, ghagram must use a supercritical helium
thermodynamic database. Thermal characterisatidimeaspiral may be possible as well.
Researcher from IUSTI are capable, through X-rayaging, of numerically reconstructing
porous objects. Local energy loss and pressure ldwg can be calculated from the material
fine structure. Such technique is applicable tagesconductor bundle petal, and allows local
evaluation of energy dissipation and heat excharmésat a high cost and effort.

It is important to know which tools are availabtded where the limits of preceding work lie.

Because limited resources must be concentratedeasonable and critical design and

optimisation objectives, the annular channel Kag¢inddction factor is considered a fair and

practical tool to model annular pressure drop.

Hydraulic phenomena are scrutinized in the cesspabl only for the following reasons:

» The central channel lacks a decent model, wheheaKatheder model is available for the
annular channel.

e The annular channel is not an optimisation variabt®ils limited size and
superconductors electric contacts enforce a vaictitvn with little variation margin.

» Central spirals of same size, thought to be somesihd@lar have proven friction to vary
by a factor 100%.

« Small spiral modifications can bear heavily on Cl@iraulics (pressure drop and mass
flow repartition).
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2.2 Experimental spiral friction in nitrogen

The low impedance CICC central channel consistihg atainless steel spiral pipe has a
premium role in the distribution of mass flows andhe global pressure drop.

Two test facilities have been built at CEA/Cadarathinvestigate the hydraulic behaviour of
dual channel CICC samples: OTHELLO is dedicatedhytdraulic resistance measurements
using nitrogen at ambient temperature; HECOL isaieel for thermal-hydraulic experiments
using variable temperature liquid water up to 60°C.

A set of various spiral samples has been testdtiase two facilities, providing a double
database of friction factors indind RO flows. Results are to be compared as a function o
the Reynolds number, and taking into account thenvteumber during experiments (in the
compressible blcase).

Section 2.2 is dedicated to pressure drop measutsnre N> using the OTHELLO facility.
Starting from the report by Nicollet [Nic03], thpesific contributions added are the influence
of Mach number in the compressible nitrogen, theicgh of a hydraulic diameter, the
comparison of results using external, internal yarhulic diameter and modelling the role of
geometric parameters.

The experimental campaign and samples instrumentas first detailed. Friction factor
calculation methodology is then explained, takingp iaccount properly the Mach number of
the fluid. Finally, results and precision are given

2.2.1 Experimental campaign

The OTHELLO test facility was built at CEA/Cadaracho investigate the hydraulic
behaviour of dual channel CICC samples. It is dadid to hydraulic resistance
measurements using nitrogen at ambient temperdilore information about this facility is
developed in appendix Al.

Samples

The OTHELLO facility allows the high pressure tagtiof spirals in an open loop with
disposable nitrogen. Spirals samples over 4 m {@age mounted in soft pressurised tubing,
and eventually mounted again in stainless steelspip check results and for more tests in the
HECOL facility. For stainless steel tubing, spiralsre inserted into pipe with the method
called “Overtwist”. It consisted in twisting theisgd over an internal rod to reduce slightly its
outer diameter, then relaxing it inside a pipe emofor its internal diameter. Local brazing of
the spiral through holes every half meter tiedad@nd tube to avoid twist pitch variation and
vibration.

Diameter D

Thickness ¢ \'\.._\ .-.} L -,

Turn length t \\ \ D
Spiral angle o I'%' 1.— —-. r -

Figure 2-2: Spiral geometric parameters
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A wide spectrum of sample geometries including ITERrals manufactured by Showa
(SHO), Cortaillod (COR) and later VNIIKP (PFCI ortlgsted in HECOL) were provided by
EFDA. Additionally, a set of spirals was manufaetiby Mécaressorts: typeIlCI® & S,
where® is the external diameter given in mm. The widectpen of spiral geometries tested
is meant to understand and improve the thermohiidr@ehaviour of the central channel
spirals chosen for the ITER colls.

Spirals have constant thickness e=1mm and tub inm. Their main variable
characteristics are listed in Table 2-3. Spiral€PB9, C9, 19 and |7.6 appearing in grey in
the Table have not been tested in nitrogen, but latér in water (section 2.3). ST8 and ST10
are the names of the Smooth Tubes of internal der:& and 10 mm respectively.

Table 2-3: Basic spiral geometry parameters values

Spiral type L [m] D[mm] e[mm]d[mm] g[mm]tfmm] p[mm] S(e-5) [m2w[mm] Dh[mm]

SHOwa 487 11.¢ 1 99 24 625 8.65 8.64 34.8 9.93
CORtaillod 4.45 12.1 1 101 53 6.5 11.8 9.57 36.6 10.48
PFCI 3.3¢ 12 1 10 1.9¢ 6  7.9¢ 8.6 34.C 9.95
S-10 4.72 9.94f 1 7.945 2.85 6.25 9.1 583 28.9 8.07
C-10 456 9.7 1 774 584 65 1234 6.00 29.3 8.20
[-10 466 9.9¢ 1 799 7.29 6.25 1354 6.53 30.5 8.57
= 3.41  9.5¢ 1 7.5t 257 6.2 8.7 5.2¢  27.¢ 7.64
C9 3.4C 9.7 1 7.7 6.0 64f 12°% 597 29.2 8.18
19 3.4C 9.6 1 7.6 731 6.2 13.5] 6.0c 29./ 8.24
S-8 472 7.8 1 5.88 3.75 6.25 10 3.52 22.8 6.18
C-8 4.65 7.91 1 5915 56 65 121 3.75 235 6.39
-8 4.75 8 1 6 6.08 6.25 12.33 391 239 6.53
I7.6 ITER 3.4z 7.6 0. 6 6 6.5 12°F 3.64 22.¢ 6.38

Figure 2-3: Photo of spiral samples

Experimental equipment of ~4 m samples in tubesided absolute and differential pressure,
temperature and mass flow rate sensors. Centrahehapiral designs shown in Figure 2-3
have been investigated at CEA in the framework Btieopean task.
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Calibration

Performing pressure drop measurements on smoo#s t&38 and ST10, which have a
measurable micro-roughness, provides validatiothefresults. The Blasius equation is the
reference theoretical friction limit for a perfgcmooth tube. Its equation is [Idel'cik]:

- 1 (2.2-1)
(1.8In(Re)- 164)*
This equation is equivalent, for the hydraulicafignooth case of turbulent flow, to the
Karman-Nikuradse intrinsic formula [Tdl pdcA738]:

1_ _ 2.2-2
= 2In(Re f) - 08 (2.2-2)

which is valid for Re up to PO Turbulent flow in stainless steel tubes becomebdulically
rough beyond and f becomes independent of the Réymamber.

The smooth tube asymptotic value f =x10? at large Reynolds corresponds to an apparent
roughnesg/id = 5x10%. The roughness measured on the tubgshetween 3.2 andxa0’ m
(half a micron) leads to a relative roughnefd between 4 and 8.%40°, leading to smaller
friction factor values. The OTHELLO facility hengarovides slightly overrated friction
factors. Smooth tubes calibration results were id@ned satisfying given that roughness was
difficult to measure, and because comparison ideith empirical formulae that have an 8
to 10% measurement uncertainty [Tdl pdcA738].

All measurement points are averaged over at l€ase2onds of steady state experiment.

2.2.2 Compressibility

While the roughness in a smooth tube is stochagtit a constant friction factor along the
tube, friction in a rib-roughened tube involvesipdic phenomena. Several pressure drop
mechanisms are hidden behind this global frictiaotdr. Therefore small-scale shear and
large-scale roughness should ideally not be treatetie same way. For example a spiral
lineic friction may in fact hide a form drag frioti per singularity. Following the example of
the literature in the domain of helically ribbedbés and rib roughened conduits, and by
analogy with smooth tubes, a friction factor isatetl to an effective roughness. The same
pressure drop formula is used and a mean fricactof calculated:

AP = f—pu2 L (2.2-3)
Dh

This formula relates the pressure drop to theidmctoefficient, the dynamic pressure (or
Kinetic energy)%pvz, the length and hydraulic diameter for an idealdflin permanent,

incompressible flow. It is equivalent to:
2
8 53

In the more general case of compressible flow,fticdon factor belongs inside an integral
involving the Mach number.

fodp j(  YOOMOO? dex (2.2-5)

P, M (x)?

pAP‘ f.L (2.2-4)
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This formula is valid for an ideal gas, which isemsonable assumption for the diatomic gas
nitrogen, and takes into account properly the Mawamber evolving along the streamlines in
this permanent flow regimeinRand Byt are the inlet and outlet pressures, respectively.
Technically, f should be considered a function ef &d M. Practically variations of f with

Mach are small and neglecteaaL is also known to be insignificant for quadratiowil

O0Re
regime, i.e. for Re larger than®1®o (2.2-5) becomes:
P, 2L 2
[pap=¢ WM g, YOIMOOT (2.2-6)
g 8S° o 1-M(x)

Pressure drop in the central channel was calculftech extrapolated spiral friction
measurements at Re =°18nd assumed constant. A total variation of 8%xjseeted from
measurements with error bars of 10% in the Reynulasber interval [$10% 1.5<10°).

Linear pressure profile input P,

pj"p_dp _ V;gl;”j- - Iq(}j)lai{(:;f - Pressure profile
B B g i P(x)
Integration on [0, x] '
to obtain P, {x) M;(P)
Friction Mach profile M(x)

coefficient f, U Mean density p;

L

. 2 PARE)  integration on [0, L]

1

w.m’ L,rimx).mi(x)zﬁx
g3’ 71— M, (x)

Figure 2-4: Numerical loop principle used to imptrpressure drop with compressibility

Proof for the compressible relation (2.2-5) andntsnerical application are developed in
Appendix Il. The calculation principle given in kg 2-4, applied in a Visualbasic code and
convergence is obtained in a few iterations. Indghd, the friction factor is calculated from
(2.2-7) where is the effect of compressibility:

(. 85]pdP (2.2-7)

w.m?(1+ )L
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m |8 Mach m S8 Mach
m C10 Mach m SHO Mach
ST8 Mach m ST10 Mach
1 00E+00 A 18 incompressible A S8 incompressible
' A C10 incompressible A SHO incompressible
S ST8 incompressible A ST10 incompressible
S 9 o
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Figure 2-5: Friction factors effect of compressipilising the outer diameter od

Friction factors lead to slightly lower values wheore rigorously using the compressibility
effect through the Mach number. The relative défere with/without compressibility remains
under 6% for spirals, and raises up to 11 and 14686 for ST10 and ST8 (Table A-1). On
Figure 2-5 where only some of the spirals perforceanare represented for clarity reasons,
we see that about 5% discrepancy due to comprhigsidibes not appear as a major results
modifier when plotted in logarithmic scale.

Joule-Thomson expansion

A Joule Thomson expansion describes a temperaan@ion that goes along the pressure
release of an isolated gas. These experimentdesd regarded as Joule-Thomson flows,
where the thermodynamic latH = 0 is used.

dH= mgc, dT+ (V - T(Z\_I{de: 0 (2.2-8)
where dP is negative. In the general case we daodirce the coefficienygP 10Vl in
vV aT|,
order to get
dT = i(TBP - )dP (2.2-9)
pc,

The Joule-Thomson coefficiepgr is defined as the instant temperature variatiaol{og or
heating) that collocates a constant enthalpy Johtanson expansion:

_oT| _(TBp-1) (2.2-10)
ToopP H pPC,

The Joule-Thomson coefficient gives a value ofahentual temperature increase or decrease.

Temperature variation due to a Joule-Thomson presdwp can be either negative (shaded

area of Figure 2-6) or positive depending on theallsign ofpusr. Isenthalpic expansion

moves the system along constant enthalpy curvds terperature varying vertically. The
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inversion temperature occurs when the isenthalpangd the sign of their slope [TdlI
thAF4040, Matyushov].

600 )
Nitrogen f<d
(heating)
B Upper
| Inversion
400 a0 temperature
(cooling)
TK
200 [ F Lower
I inversion
temperature
W Hydrogen
Helium
O | |
0 200 400
p/atm

Figure 2-6: Temperature-pressure domain of Joutsydon coefficient for Nand He

Table 2-4:u51 as a function of P and T for.8 (HECOL), N (OTHELLO) & He (ITER)

fluid P[MPa] TI[K] TI[°C] pn[K/MPa]

Water 3 293 20 -0.23
Water 3 333 60 -0.20
Water 0.5 293 20 -0.23
Water 0.5 333 60 -0.20
Nitrogen 2.5 293 20 -0.62
Nitrogen 2 30 -243 0.13
Nitrogen 0.5 293 20 -0.62
Nitrogen 05 73 -200 -0.44
Helium 0.5 293 20 -0.62
Helium 0.5 73 -200 -0.44
Helium 0.5 4 -269 -1.48
Helium 0.5 5 -268 -0.50
Helium 0.5 6 -267 1.38
Helium 0.4 4 -269 -1.36
Helium 0.4 5 -268 -0.17
Helium 0.4 6 -267 3.14

Values ofpuyr for water, nitrogen and helium at various tempeeg are in Table 2-4. This

expansion is isothermal for an ideal fluid:

go=tovl _1onTl _nr 1 (2.2-11)
PovoaaT e PV T

o VOT P
hence dT=0. In other words enthalpy is a functibm only for ideal fluids.
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2.2.3 Results and precision

Starting with formula (2.2-3), the arbitrary choigiea diameter is important for the estimation
of the friction factor. Physically the hydraulicagineter is the most appropriate diameter to be
used in this calculation. Formula (2.2-8) illuseésithe importance of this choice:

2 5
foa =fia Y (-Ld :fid((-)dj (2.2-12)

Uy id id
The OTHELLO set of friction factors calculated feach sample, with measurement at every
inlet/outlet pressure drop plateau is displayedFrigure 2-7 for spirals defined in Table 2-3.

The Blasius equation (2.2-1) plotted as a black lelow the data points is the theoretical
friction limit for a perfectly smooth tube.

1.00E+00 I I ——— ——
- C10 = C8 i
COR 10 ]
. x 18 + S10 |
- s8 SHO
) ST10 ST8
= —Blasius i
S
48 X
8 XX XX Xy XX R XK KR ﬂf._
1.00E-01 : R o L L
4+ + e ot + -l++$#‘
5
k3]
\\. ] )
1.00E-02
1.00E+04 1.00E+05 Reynolds number 1.00E+06

Figure 2-7: Friction coefficients calculated usthg Mach number and
the hydraulic diameter {Pas a function of the Reynolds number (Moody diagra

Table 2-5: Friction factors calculated using hydia(Dr), internal (id)
and external (od) diameters. roughness functidariber defined in section 2.4

Spiral type f Dn fid fod R' D, Rid R od
Showa 438102 4.33%102 1.10x10Y 6.4¢ 655 3.56
Cortaillod  1.06101 8.3%102 2.0710Y§ 407 4.61 2.36
S-10 7.3%102 6.74x102 21410y 54¢ 575  2.79
C-10 8.9x102 65%102 2.16x104 49¢ 588  2.83
-10 1.0x101  6.9%102 22104 456 564 2.73
S-8 9.0%102 6.98102 3.13%107 5.6/ 641 2.85
C-8 1.0%10%  7.14x102 31710y 516 633  2.82
-8 1.33%101 8.55x102 3.71x104 467 5.84 261
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The Showa and Cortaillod external diameter measainésn0.11 and 0.207 respectively, can
be compared to the ITER design criteria correlaidic00] in the appropriate Reynolds
range [16,1(P] and with the external diameter:

—_ — 00707
fsno =0:3024Re™ g (2.2-13)

— - 01083 ,
foor =0.7391Re (2.2-14)

that leads tosho values of [0.11, 0.13] while-§; values are within [0.17, 0.21].

Internal diameter results available in [Zan0O0] iaferior by a factor 4 to the internal diameter
values of this study and to the ITER design crtdrecause they are expressed as US (as
opposed to European) friction factas = /4.

The friction factor does not provide direct pressarop or mass flow rates comparison
because of the different spiral diameters and dyngmessures. Only spirals of similar size
may be compared, where the recurring classificatimours: § < fc < fi (see Table 2-3). When
looking for a friction factor reduction, the vedicclassification of the probes is enlightening.
In other words at constant diameter, thicknesstandlength, the smaller the gap, the lower
the f.

Whatever the diameter chosen, the recurrent serpames from the Cortaillod spiral aligned
on the 0d10 spirals in Figure 2-7, and that displaigh friction results for a 12 mm diameter
spiral (COR).

Another way of modelling spiral friction is to loo&t the rib roughness as a series of
diaphragms constituting singular friction. In fattte slight declivity of spiral f as a function
of Re appears to be that of a smooth tube. Thaldpiction factors could be modelled as a
micro-roughness (on the spiral turns), shifted uplwdy a value defined by the gaps singular
friction (a constant multiplied to dynamic viscgsit

Noise and precision

The noise level observed on the pressure probgsdsi constant, resulting in quite large
relative error at low pressures and Re, while messant uncertainty is kept very low as
soon as P is above 0.2 Mpa, which is the case HEDLLO measurements (see Appendix I).
The friction factor is calculated from (2.2-8), whiprovides the possible sources of error:

gf:AIde+2Am+ A(3) (2.2-15)
f  [pdP 0 (1+9)

Calculation uncertainty orfde is about 1%, and sensor uncertainty on the avdrage

pressure measurement is no more than 1%. Uncertafnin = pQ, is the measurement

relative error on Q in principle less than 1% according to the dewvimanufacturers.
Calculation uncertainty o (the effect of compressibility) is on the order ¥ (from
iteration). Uncertainty o# itself is also of 1%. We obtain a global frictitactor uncertainty
of 5%. Calibration and discrepancy with measures@ntvater presented in the next section
show that real uncertainty may be larger than ¢aled uncertainty.

40
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2.3 Experimental spiral friction in water [Ren06-3]

The pressure drop of spiral prototypes was invatt)in pressurised water in order to cross-
check N results, to use better adapted rigid spiral tubtogbe free from compressibility
effect and to complete the database.

2.3.1 Experimental campaign

The Heat Exchange Conductor Operational Loop (HEX®4t facility operated at Cadarache
offers similar hydraulic measurement possibilitiesH.O as the OTHELLO facility in N
Appendix Il details working pressure and tempematof the facility. The pressure drop of
various CICC central spirals samples was investtyat HECOL, using pressurised ambient
temperature water at Reynolds numbers relevanfTERI conditions (1.81C°). The test
facility pumps and heat exchangers allow mass flae up to 1.810° m®s? and temperature
ranging from 15 to 75°C.

Spirals previously tested had either their presangtemperature sensors remanufactured, or
were tubed using a better method called “Co-dralyimgalised with an industrial
collaboration (Nexans). It consists in inserting #piral inside a steel pipe 0.4 to 1 mm larger
than the spiral diameter, and co-drawing the pifith Whe spiral inside, reducing its outer
diameter until the gap between the spiral and tie is closed. All spirals were tested in
HECOL. Spirals characteristics are listed in Tab{&

,er P2 |
L 3B MM pipe
4
MTMM 1o
Spiral

About 50 mm Reference length L ,_About 50 rm
Ee%%%?ﬂ?gtﬁrroﬁ\ | :/— 2 mm pipe .
[nlet —== —i}i} ) ‘ -%t
Reinforcement pipe Fipe
Figure 2-8: Sketch of sample spiral inserted astriimented in a pipe

Samples were completed by hydraulic connectiomapégature sensors and pressure drop
holes at each end (Figure 2-8R data is used to avoid adding measurement errors.
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2.3.2 Results

Although spiral roughness is macroscopic and stasdsseries of singular turbulent patterns,
spirals are simply modelled as rough tubes withydrdulic diameter Dh and a friction
coefficient f. The friction factors were derived fa volume flow rate Q the fluid density
and the dynamic viscosityfrom:

_ T xAPxD,’
8x L x pxQv? (2.3-1)
Re=4*P*Q/
pxmxDh (2.3-2)

Table 2-6: Spirals advanced characteristics; ficfactor f given for Re =>2.0°

Spiral Diameter Roughness Cavities Angle Spatial freq. Perforation f
Dh[mm] e/Dn gle a[°] 1/p [m?] g/p % for Re>1(P
SHO 9.93 0.101 24 77.0 116. 27.7 4.6310?
COR 10.48 0.095 53 728 84.7 449  9.4210?
PFCI 9.95 0.100 1.93 781 126. 24.3  4.0710?2
C10 8.20 0.122 5.84 68.0 81. 47.3  8.40<10?2
110 8.57 0.117 7.29 66.7 73.9 53.8  1.05x10%
S9 7.64 0.131 257 737 114. 29.3  7.10x10°
C9 8.18 0.122 6.05 67.7 80. 48.4  1.01x10?
19 8.24 0.121 7.31 66.0 74. 54.1 9.45¢10?
S8 6.18 0.162 3.75 68.0 100. 37.5 8.0102
C8 6.39 0.156 56 64.1 82.6 46.3 9.7x107?
18 6.53 0.153 6.08 63.9 81.1 49.3 1.110?
17.6 6.38 0.125 75 624 80. 48.  7.70x102

Pressure drop graphics are given in friction factor linear pressure drop [Pa/m] as a
function of Reynolds number in order to easily §@ose results to any fluid through
similarity laws. More classical flow rate-pressdrep curves do not provide easy similitude.

Previous spiral empirical laws [Nag86, ITERO5] demsivate very low dependence on
Reynolds number. This low dependence is confirnme8ligure 2-9: friction coefficients do
not change significantly after Re passes$. Xurvature of results looks flat in this usual
logarithmic scale and above Re =1 fact, the spiral friction factors’ dependerme the
Reynolds number is comparable to that of the smaalie. The Blasius friction law for
smooth tube could serve in the friction model regdi for spirals in order to add the small
Reynolds influence.
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$ 0,06 - PFCI
= — Blasius
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0,04 -e L
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1,E+04 Reynolds number 1 E+05 IT central spiral 1,E+06
Figure 2-9: Moody diagram: friction factor as adtion of Reynolds number
2.3.3 Precision
Calibration

The accuracy of the volume flow rate ultra soundsse located at the outlet is better than
1%. The differential pressure dradg® measurement, recorded between pressure tubes on a
reference length L, also has an accuracy better #?%. Qualification of HECOL was
conducted on smooth tubes, compared to the Bldawmsand Colebrook intrinsic formulae
(2.2-1 & 2). Measurements gave a friction factampsigingly below the minimum friction of
perfectly smooth tubes. Pressure intakes were forergeduced to the smallest possible
internal diameter of 2 mm sketched in Figure 2-D@stance from end connexions was
checked in order to guarantee state-of-the-arspresntakes [Tdl pdcA738].

IX— _ 2 x 4 mm pipe
8 x 10 tube 7 1 mm ID pipe

N Y

about 200 mm

Figure 2-10: Pressure intake configuration: smadl far from connexions (> )
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Pressure intakes were visually inspected and dethuiithe flow meter was also inspected,
replaced, and checked by integrating and weightiog. Results were confirmed: friction
factors in HECOL may be slightly minimised. Thefdience between measured and expected
values of friction factors from intrinsic formulas within the 8 to 10 % accuracy of the
formulae. Assuming that the absolute error is amtstwhich is a reasonable assumption, the
maximum error reported on higher spirals fricti@cbmes a relative error under 3%, which
is similar to the experimental accuracy.

The qualification of the facilities (OTHELLO and KIOL) can be discussed when comparing
overestimated friction factors in nitrogen to urestimated friction factors in water. Water
experiments are retained as the reference expetahdata for the following reasons:

* Tests conducted on the full set of spirals,

« Tubing dispositions identical or better,

* Finer and double-checked pressure intakes,

» The flow is incompressible, which is useful for hige measurements (ITER conditions)

* The Joule-Thomson coefficient is closer to 0, tfeeeno thermal perturbation is present.

While it seems safer for cable designers to ovienas¢ pressure drop, it is wiser to correctly
evaluate flow repartition and the resulting heansfer properties in the dual channel CICC.

Symmetry

Spirals tested in both directions should demorsti@at symmetric hydraulic behaviour.

Experimental discrepancies observed up to 30%ttibwded to the insufficient manufacture

and tubing quality of spirals. S10, displaying 6%#fierence, was discarded. The dynamic
pressure level —compared to the absolute presssineet sufficient to explain the variation

due to flow direction. Because spiral turbulence easily be augmented but not diminished,
only the minimal friction factor is considered iafdle 2-6.

Considering the results obtained in this investigatand whatever the prediction system or
parameter considered, one cannot help to thinktiieaCortaillod spiral behaves worse than
all expectations, whereas the Showa spiral offeny \ood hydrodynamics performance.
While essential geometric dimensions have beeriiegrby direct measurement, there were
different manufacturers for the whole set of sgiraind different fabrication process probably
induce side effects in the spiral geometry. The tnodwvious differences observed on the
prototypes are the sharpness of the angles arsligi bend of the metallic ribbon shown in

Figure 2-11: spirals provided by different supiaeray not be strictly comparable.

Figure 2-11: Exaggerated ribbon geometrical defects

Furthermore, probes tested in reverse flow directiave provided pressure drop variations
with up to 36% difference. It is believed that thgirals may not be perfectly symmetric
and/or that spirals may not be attached to thetirtg pipe at sufficiently small intervals.

Spiral geometric parameters (Figure 2-2) influennepressure drop is sought from friction
results reported in Table 2-6.
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2.4 Friction factor model

The influence of the spiral geometric parametegggathydraulic diameter, spatial frequency,
thickness to diameter ratio (rib roughness), gdip etc. on the pressure drop is investigated.
Theoretical works are required to select or disecatdvant parameters among the pleiad of
factors which intervene. Not all parameters in é&xperimental database have a range of
values large enough to draw conclusions.

2.4.1 Parameters driving turbulence

Relative roughness and relative friction

The friction factor evaluates shear phenomenaarflthd layer at the interface with the wall.
Spiral small-scale roughness is not relevant githen relative magnitude of smooth tube
friction compared to spiral friction. The ratitwspiraJ / fsr is not very interesting because the

roughness measured on all stainless steel smdmtk &and spiral ribbons are almost identical.
£ss=5%107 (2.4-1)

Still it is interesting to measure the order of miigde (3 to 10 times) between the pressure
drop in a rib-roughened environment and that ahaah canal. This observation tells us that
the form drag (section variation) contribution toetpressure drop reaches one order of
magnitude over the skin shear drag. High frictiactdérs are driven by spiral geometric
turbulence, or macroscopic roughness, and the Reéymomber.

For fully turbulent quadratic flow regime, f is anfction of relative roughness only. The
hydraulic diameter, while determining the sectiod anean velocity of the fluid, has no direct
implication in the friction, a local phenomenonthe surface of the pipe. It appears only
because relative roughness gi®used instead of absolute roughness.

Spirals are said to have roughness similarity & geometry of the ribs is the same in all
aspects except for a scale factor. Only the usthefsimilarity law would lead to a strict
comparison of spirals according to their hydradiemeter.

Hydraulic diameter Dn

The calculated hydraulic diameter takes into acta@linthe available volume. A physical
interpretation of the fluid flow in the spiral willell us however that all the volume is
occupied but part of it cannot be used as flowiagat. The area behind the ribbon where a
recirculation occurs does not contribute to themilmiw and is called dead corner. It depends
on g,a and Re. This detail is neglected in the geomdtth@hydraulic diameter.
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calculated hydraulic diameter geometry of the canal
geometry (spiral transverse cut) physically used by the flow

(K

Flow direction for right-turn
splrals according to Figure 2-12

Figure 2-12: Hydraulic diameter surface S and vdeterimeter w

For the spectrum of spirals studied in this setxqferiments, e is kept constant but a varying
gap length g leads to slightly varying Bnd relative roughness @/D'he choice of bversus
id or od is significant because it redefines tHatiee roughness.

-1 -1
Dn is a weighted average betwei@E1+ ﬁ) and 0({1+ ﬁj depending on the
Ttid mod

perforation (Figure 2-12).

D=10 ]
3
£
— 9
g
O
e
©
he]
o d=8 ¥
g /
© |
g I
e Dh<d | Dh>d

7 T I T T T
0 0.2 0.4 Perfor 0.6 0.8 1

Figure 2-13: Hydraulic diameter evolution as a tiorcof Perfor
for a id8-0d10 spiral of constant thickness 1mm

D, = 4S od? - 4e(od - e)(1- Perfo) (2.4-2)

w  od- 2{(1-1)/ t- Perfo)
The additional lateral ribbon surface tends to dpia closer to id and even below id (Figure
2-13). The real space available for the flow —saditrd the dead corners— depends on the flow
pattern and on the spiral angieetc. It was therefore decided not to model theldsaners in

order to keep the definition of the hydraulic didergurely geometric.

Dn has a small incidence on f, but is extremely ingrarto get the dynamic pressure and the

global pressure drop. Substitutigg= 7247”‘ in (2.2-4), one gets:
pPS pmD,’
2
~ ¢ 8m LS (2.4-3)
pTe D,
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Note that at quadratic regime where f is constamfpressure drop is varying aif%/Dh5 .

S. Nicollet et al. [Nic03] calculated f using od #ha study from R. Zanino & al. [Zan00]
used id, much closer to the definition of.D

Spiral perforation Perfor

The perforation is defined as Perfor = t/p, thecpetage of open spiral surface (Figure 2-14).
The two spirals represented in Figure 2-15 haves#me perforation of 50%. Different gaps
will clearly lead to different hydrodynamic behawis, all other geometric parameters
remaining equal. The sample spirals tested in thelELLO facility all have the same turn
length t. As a result, spiral perforation relategctly to g in this set of samples. Perfor can be
shown to have an artificial influence on friction.

tight spiral (Perfor = 25%) open spiral (Perfor =75%)
=
2
> A_t|! j A
5 L g
2 g 7 o
5 t
(]
o
v /}‘\
a Mﬁ |
a3 =—- 2
@ l
g turn
2 ~
5
g F\\‘\::'f g \\:l
s ;]tIp o
> 179
o i
m ' -
o0

Figure 2-14: Sketch of spiral geometry side vieansverse cut and longitudinal cut

In the case of double channel cable with porouslpeturrounding the spiral, perforation
certainly has a leading role in the mass transfesss the spiral, combined with the type of
vortices in the gaps, the relative roughness efi2l the Reynolds number. But concerning the
pressure drop, the frequency of the accidents d&ed niature of the accidents would
advantageously replace the perforation.

Figure 2-15: Various spiral gaps of equal perfamati
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Turn length t

The vortex created by the protuberance leads éalaction of the central section available for
the flow right after the gap (Figure 2-16). Thisrtex is short (~e), therefore t has little

incidence on it as long as t>e. Most of all, thistex has a much smaller part in the overall
friction than the form drag in the gap due to thargye in diameter and the long vortex. The
large area behind the ribbon where a recirculatoours is a dead corner that does not
contribute to the main flow [Lew75, Kakag].

—— Flow directior

O~

Figure 2-16: Average turbulent streamlines in $ygjep

Sketches of streamlines in Figure 2-16 are timeaaee positions of turbulently moving and
intermittent phenomena, including reverse flows aodices.

Because form drag and vorticity effects have a myidater impact om\P than the shear
drag, t has a secondary role compared to g. Théegagph, which dominates the physical type
of flow and turbulence in the gap hence the formagdris one of the leading factors
determining the total friction coefficient.

Gap and ratio g/e
While g is an important parameter, the flow patierthe gap depends on e also: There can be

a full reattachment with a growing boundary layeig(re 2-17 a), just reattachment (Figure
2-17 b) or vortices independent of e (Figure 2-1&acording to Webb [Web71, Kakag].

(a) ?)\ /

(b)

PN
(©) ~

Figure 2-17: Reattachment patterns inside spinal ga

Hydraulic models are always based upon non-dimeasioroperties. The ratio g/e is thought
to provide the general type of perturbation in ¢ap, while the Reynolds number and the
relative thickness are important to the shape eeguency of the vortices.

The aspect ratio gibdoes not offer a direct physical meaning, but a®tthat this
dimensionless parameter is the product (g/e)*(g/@here both factors are already regarded
as physically significant.

For small g/e, the vortex in the gap does not reaeldepth e, and ejRloes not evaluate the
relative roughness anymore: only the gap upper igan this case subjected to turbulent
vorticity. In this case, g alone or g/i3 the relevant parameter.
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0 1 2 3 ratio g/e 5 6 7 8

Figure 2-18: Influence of g/e on experimental dgniation factor
The trend curve rises and is expected to fall abayond g/e= 9

According to literature using square ribs with ¢ §Lew74], the most unfavorable p/e —
leading to a local maximum of the roughness fumcamd minimum the friction factor— is
reached at the value ptel0. We can transfer this maximum to a value ofxgfeusing the
transformation (for t = e):

z=ge”= gle+l (2.4-4)

Above this limit, form drag is constant and shesagdbecomes non-negligible. The spatial
frequency is expected to drive f and the frictiantor slightly drops as g/e increases.

This maximum is beyond the range of spirals g/eetesbut an observable behaviour change
also occurs around g/e = 3 in Figure 2-18. Thiaditeon can be attributed to the physics of
the drag led by vortices of a size directly projoral to g when g is small enough for the
vortices not to reach the depth e. Above a cettagshold, for example g/e = 3, the boundary
layer reattaches to the pipe in the spiral gapsw&en 3 and 10, reattachment pattern is
varying. Above g/e = 10, reattachment patternssarelar: a friction layer grows in the gap
and the singularity frequency becomes a leadingrpater. Diaphragms of nearly identical

2

singular friction (typically AP:[S"’—lj }puz) create turbulence at a given spatial

2
od

frequency. Because our study is based on samplagtofrequency without reattachment and

2
constant thickness drivinE;Sd _1] , this interpretation of the observed phenomenomat
Sod
be properly validated.

Period and spatial frequency

The friction due to small-scale roughness is négkgcompared to the form drag due to

large-scale roughness. Hence g is more signifittaant t to understand the mechanics of the
drag because most of the form drag effects takeeplathe gap. As a result, the period p is
not as adequate as the gap to characterise frigimthe decisive parameter hidden behind p,
but many studies using t << p or t constant ohtaigresting correlation with p/e nonetheless.

Beyond the critical value of gke10, the singularities do not vary significantly asunction
of g/e anymore, but the frequency of accidentsgakere and more influence. At large period
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values, the singularities become uncorrelated aachave three separate phenomena: shear
stress on the external diameter on a length snthler g, shear stress on the internal diameter
on length t, and form drag once per period.

1.6E-03

1 X
1.4E-03 |
T X
1.2E-03 + % x
4 X
1.0E-03 X
T X
= T
C 8.0E-04 |
: 4
- 4
6.0E-04
4.0E-04 1 /
2.0E-04
0 1 2 3 ratio g/e 5 6 7 8

Figure 2-19: Unit friction coefficient as a funatiof g/e
Notice the aberrant datapoint on top, from S10ated because of asymmetry

Because the singularities have much more hydraigaificance than the linear friction
unless the friction lengths considered are muégblby a factor 10, the number of these
accidents is a key parameter. the singularity feeqy 1/p is defined. It is especially
significant when the accidents are similar: saneeagld varying t or for g/e above a certain
threshold (at least 10) where the form drag becarnastant. Neglecting linear shear, the unit
drag coefficientf,,, = f.p —friction coefficient per singularity— could be pocted to be

constant. This consequence is not observed in &iget9 because of the measly values of
gle.

The predominating form drag could be modelled asr&es of diaphragms of constant spatial
frequency although the ribs would be parallel wah“spiral” angle a=90°, which is
impossible in a spiral. A singularity here consist®oth section augmentation and reduction.
A singularity is independent of another if the digte in-between is at least 7 to 10 times the
pipe diameter. If not, the velocity profile is affed and the singular pressure drop is usually
reduced. In this case, formula (2.3-5) allowingctdculateAP for a singularity cannot be
used, or would need to be altered by a proximitgdia Spirals are a good example of non-
independent singularities, with ribs in the hydirashadow of each other.

AP =(%pV2 (2.4-5)

A diaphragm model does not seem indicated for kpiveh a great frequency of hydraulic
accidents. Diaphragm friction is much higher thamad friction.

Spiral cross-sectional shape

q| oA AR

Figure 2-20: Ribbon attack angle
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Edges shape (Figure 2-20) remains square andgts @B0° perpendicular to the flow.
Although the diaphragm interpretation is unsati&fa¢g a hydraulic section reduction
coefficient a is inspiring: the edges of the spiral cross-sectould be accommodated to
reduce both the section reduction and the gap lemba [Mey79, Saj95]. Just like a wing, a
rounded inside leading edge is necessary to avoidggnto a stall. In other words, flow
separation leads to a reduction of the sectionlaai for the flow and surely augments
pressure drop while reducing heat transfer betweespiral and the fluid.

(a) S <~ ]
(b) ( Q(

Figure 2-21: Ideal spiral cross-section with edgiésration

If flow reattachment occurs in the gap, the tragiledge should also be bevelled so that the
flow leaving the turn tangentially will result inraduced thickness e from the hydraulic point
of view, with less vortex shedding (Figure 2-21 l@)no reattachment occurs however, the

trailing edge should be kept rectangular to keepgap small and the spiral as close to the
smooth pipe as possible (Figure 2-21 b). This psedageometry would still need to comply

with fabrication methods and undergo further pressiiop testing.

Coolant is flowing from the center to the ends a@ihgakes, so the cable is necessarily
symmetrical to optimise flow in both directions. €l'ledge is an important parameter. Edge
shape seems but a detail, and no variation of gdgmetry was conducted. Nevertheless, it is
advisable to have smooth round edges.

Spiral anglea

Spiral angleo. may induce a mild axial rotation of the flow; theffect is not specifically
quantified in the literature. It may contribute tive fact that measured friction is not as
unfavourable as diaphragms perpendicular to the.fldan showed that friction drops with
the angleo, while the Stanton number (and consequently treg transfer) remains almost
constant for values of above 50° in the studied surfaces [Han78]. Théeavaries only from
63.9° to 77° in the set of spirals benchmarked kermfluence ofi cannot be extracted.
Because existing models takénto account, this available correlation is used.

Parameters retained

Many parameters, while more simple to grasp oraliga are not relevant or would be poor

choices for friction interpretation. Choices must made in the vast array of variable

parameters.

The number of unrelated macroscopic parameterssaneto fully characterise a rectangular

ribbon spiral is five. Four adimensional independsrameters and one length are enough to

know all other characteristics, hence its hydralbébaviour:

» the hydraulic diameter ) calculated using the wetted perimeter and floviase in the
cavities

« the relative rugosity e/also called rib roughness)

« the shape of the cavities g/e (related to the patift;n g/p),

» the angle of the spiral,

» the spatial frequency of hydraulic singularitiesldted to the period p)
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Table 2-7: Advanced spiral geometric parameterszted from geometry and from Re)

Spiral  Diameter Roughness Perforation Cavities Angle Spatial freq.

Dh [mm] e/Dh % gle o [degrees] 1/p

Showa 9.93 0.101 27.7 2.40 77.0 115.6
Cortaillod 10.48 0.095 44.9 5.30 72.8 84.7
PFCI 9.95 0.100 24.3 1.93 78.1 126.1
S10 8.07 0.124 31.3 2.85 73.8 109.9
C10 8.20 0.122 47.3 5.84 68.0 81.0
110 8.57 0.117 53.8 7.29 66.7 73.9
S9 7.64 0.131 29.3 2.57 73.7 114.0
C9 8.18 0.122 48.4 6.05 67.7 80.0
19 8.24 0.121 54.1 7.31 66.0 74.0
S8 6.18 0.162 37.5 3.75 68.0 100.0
C8 6.39 0.156 46.3 5.60 64.1 82.6
3] 6.53 0.153 49.3 6.08 63.9 81.1
17.6 6.38 0.125 48.0 7.50 62.4 80.0

2.4.2 Elaboration of the model

Interpretation of the results is based upon litemassessment of the relevant parameters, and
includes reduced coordinates that are used by @atimprs.

Friction function and roughness Reynolds

In order to account for the friction similarity amdduce the spread of the data, Nikuradse
[Nik50] used a change the coordinates (Re, f) (efpR") to reduce data spread, defining the
roughness Reynolds €2.4-6):

et =S el (2.4-6)
D, V2

and proposed a roughness functicifeR (2.4-7) taking into account the relative rougtmes

R*(e") = |2 + 2.5|n[§J +375 (2.4-7)
f D,
For liquid helium at 0.5 MPa and 4 K we have thesiky p = 143 kg/ni and the dynamic
viscosityp = 4x10° kg.mt.st. Values of velocity of the order of 1m/s and anaiiger of about
1cm yield: Re= 400 000 > 18 hence a quadratic flow regime. In this case (R€>or
e" > 2x10°) the quadratic or fully turbulent regime is chaeaised by a constant friction
coefficient, R is therefore not a function of the roughness RiEg;me anymore.

This complex change of coordinates leads to Fi@u22, which replaces favourably Figure

2-9 without any loss of information. The entire alatet is here represented in this new
coordinate system, where the data spread is redSeegdrisingly the 10-12 mm spirals SHO

and COR have an either much better or worse behiavio

Webb & al. [Web71] used the roughness functioieR and found for P/e>10 a successful

k2
friction correlation expressed as+(e+)=k1(P) . Because of g/e is more physical, and as
e

chosen by Zanino [Zan00], p/e is replaced by g/e.
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Figure 2-22: Rewith hydraulic diameter Pvs. € for all spirals

Regression on g/e

A complete regression of R{eneeds to exploit all the parameters involvedhia physical
process of the friction: Re of &, g/e andux. The model of Han, based upon lower Reynolds
number experiments, was created of the form (2 #H&8n78]:

R* = 4.9(e%5)m (%0)"’35( %Oe)n (o, ™ (2.4-8)

» fand R(e") are considered constant for quadratic flows,kenfirevious spiral empirical
laws [ITERO5], hence e+ is not longer a variable.

* 0 has the invariant value of 90°, for spirals testethis study all have rectangular cross-
section; its effect is therefore left as previousigdelled.

« The cavities shape g/e, physically linked to thebuilence patterns, replaces
advantageously p/e.

* Dependence on remains unrevised given its narrow variation rahgee (19% variation
between 62.4° and 77°)

As a increases, the friction factor drops faster thaesdthe Stanton number, indicative of

heat transfer. Gee and Webb found that the wetd&° provides the maximum St/f [Gee80].

A power regression (2.4-9) provides the frictioomeo dependency on the parameter g/e, with

the coefficient of determination®R82.4%. This expression provides a full frictiométion

correlation (2.4-10) at large Reynolds numbers [Re8:

057 -031
R+(e+)*(a) =1o.9(9)
45 e (2.4-9)

R* = 10.9(%0)'035(%5)'057(% )_031 (2.4-10)

The understanding of the friction phenomenon anmicehof parameters to model pressure
drop may be biased by the fact that the spirakedes this research have constant e, almost
constant t and limited extension of g. Becauseheflimited studied geometry range, results
interpretation and validity is not expected to tansposable to another geometry.
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Influence of Reynolds number

We have seen in sections 2.2.3 and 2.3.2 thatlsgation factors slightly decrease as
Reynolds increases. Blasius provided an explicipression (2.2-1) of this skin layer
Reynolds dependence. When this shear drag Blasttisth is subtracted from the data, spiral
friction factors become independent of ReynoldgFe 2-23).

—_—
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Figure 2-23: Drag component of the spiral frictfantor

The total friction factor is considered to be themsof shear and form drag friction
coefficients:

foirar = T + f (2.4-11)
A regression performed on the form drag componéigufe 2-24) leads to (2.4-12):

sheardrag form drag
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5 12 *
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Figure 2-24: Dependence on g/e anaf the form drag friction function TRm
R* = 14.4(%0)'035(%5)'057(% )_0'42 (2.4-10)
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2. Pressure drop

2.4.3 Application

Predictive friction analysis
The friction function definition (2.4-5) is reverseusing correlation (2.4-10), which allows to
propose (2.4-11) as a predictive assessment toothi form drag of a regular spiral of
rectangular cross-section in a quadratic turbulemt.

2 (2.4-13)

form drag — P -035 -057 -042 2 ?
144 %) (2] (9]  -25m[ 2 |-375
90) 45 e Dy

Friction factors function trends are given in Figu-25 for constant diameters and angles.
Experimental data has been added to this grapleriee sas indicative values. The cavities
shape ratio g/e has a positive influence on frictim reduce the rough tube friction factor,
reduce the gap g.

The spiral was assumed to be inserted inside a tintabe, similar to the hydraulic test
configuration used. This includes a smooth outermditer in the gap and the possible
reattachment of the flow. The reality of a dualma CICC is quite different: the annular
petals form an arch around the spiral with edges for the flow.

f
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0,14 | fexp Dh~10 fDh=10, 0=75—* |
.
F s * ‘
o 0,12 P
= ' N ~ /A‘
O 01+ P O A
© ’ > A
Y= I's
» / A
< 0,08 | ¢ 0 -~ o
e As T
+— - -
Q ¢ -
= 0.06 -
-
0,04 -
ratio g/e
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Figure 2-25: Friction factors predictions (sheaRat= 2%10° + form drag) for an array of
hydraulic diameters Pand spiral ribbon angles(at constant attack angle= 90)
as a function of spiral gap to thickness ratio.
Rigorously each spiral experimental data has andisb, anda,

It is complicated to measure simultaneously theeesve channel mass flow rates. Channel
mass flow balance is calculated, but uncertaintyaias in the empirical law used. Similarly,
it is Herculean to evaluate mass exchange betweenlar and central channels (through the
use of a colour marker such as Methylen blue irop@n circuit). Of course the respective
mass flows strongly influence physical phenomerchlagat transfer rates.
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2. Pressure drop

Conclusion on pressure drop

The annular channel hydraulic model is preserved.

Central channel spirals pressure drop is testecpemddes a database in pressurised nitrogen
and water. Spiral modelling parameters are propobgdraulic diameter B gap over
thickness g/e, relative thickness g/Bpiral anglen, as well as the drag singularity frequency
1/p. The influence of these parameters on the pressrop is demonstrated when possible
and a model is given to guide ITER design. Addiibnthe attack and trailing edge ang@le

or the specific cross-section shape of the spindl the Reynolds number are needed for a
complete hydrodynamic picture of the channel.

Spiral pressure drop is subdivided into shearifnc{Blasius model) and form drag, which is
modelled from a friction function correlation. Thiellowing hydraulic pressure drop
prediction model is proposed for CICC spirals:

1 2
= +

18In(Re)- 164)* -035 -057, \-042 2
(18In(Re) ) LMA(H) (0') (9) _2,5|n(2ej— 3_75]
90 45 e D,

Improvement of the CICC central channel will be aved as a compromise between
mechanical and heat exchange properties: turbulierftgdraulically negative, but can have a
positive influence on thermal properties by int&nisg convection coefficients.

fspiral
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3. Interchannel heat exchange

3 Interchannel heat exchange

Temperature difference between the two channeldsladirectly to an increase in the
temperature of the superconducting strands, anéftive to a loss of temperature margin for
the properties of the strands, as compared toahasmal conductor. We must ensure good
thermal coupling so that helium circulating at reghrelocity in the thermal exchanger central
channel will efficiently extract power from the anar channel.

Thermal exchanges are here studied in order to retaohel and model both nominal
superconducting conductor temperature operationramdient forced flow coil cooling, such
as phases of coil current increase and decrease.

In this chapter the steady state thermal behavidua CICC is first modelled (3.1) and
experimented (3.2); the transient behaviour is latyi modelled and tested (3.3 & 3.4).
These experimental investigations lead to an aicalytieat transfer model (3.5).

3.1 Steady state analysis [Ren06-1]

The principle of thermal behaviour investigatioways consists in using a heat excitation of
the conductor and in measuring resulting tempeeaton a real size dual channel conductor.
In a steady state CICC behaviour investigationergdt lies in the channels temperature
homogenisation downstream from the heat excitatemgth characterised by a strong

temperature imbalance.

3.1.1 Principle and hypothesis

Under a series of simplifying assumptions a sinipteermal model of the CICC allows to
fully solve the heat equation in steady state [MICGEC]:

* invariant mass flow distribution, and

» each channel isothermal,

* temperatures invariant in time,

* no longitudinal heat transport in metallic part$lard other than mean mass transport,

e constant heat capacity for small temperature variat

e perfect heat distribution.
Let us consider a dual channel conductor, uniforndgted along a length L, for the purpose
of modeling an experimental test configuration (Fe&3-1):

|
_ 0 ™ T _ .

N/ —

>

Figure 3-1: Heat flux model on the CICC bundle oegi
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3. Interchannel heat exchange

Supposing the annular {Yand central (&) temperatures are uniform in each cross-section,
their spatial rates of change is given by:
- dT
ma Cpg =_Hp(TA _TC) +Q

: T
mc Cpoljx = Hp(T, -Te)

(3.1-1)

where the distributed heat source Q is presentlorated length Lma and mc designate the
annular and central mass flow rateS, =C (T,,) the specific heat calculated at the

common outlet temperature and H the global heabaxge coefficient through the spiral of
external perimeter p. Spiral external diametersodsied, although a mean perimeter would be
more physical, in order to allow a valid comparisainspirals of different thickness for a
given cable central channel available space.

Because we consider a boundary condition of unifdreat load, and the longitudinal
conduction in the jacket is neglected, we haveckgatemperature () difference imposed
under the resistive heaters by the heat flux condit

T,-T, = Q in the heated zone (3.1-2)

ApAJ
where h is the annular channel convection coefficiest,, =0 outside the heated zone. In

fact, for a CICC under AC field losses, heat lomthriought directly to the metallic parts in the
annular channel, so jacket and annular temperatugesxpected to concord everywhere. We
define the annular-central heat exchange charatiteléngth as [Duc04]:

AzmAmcCp _an(1-a,)mC, (3.1-3)
H.p

H .p.rh
A is strongly dependant on the flow repartition ptag in with the fraction of annular mass
flow percentagena. The system of equations (3.1-1) combines intb-43.
(7, =Te) A =Te) =g A (3.1-4)
The power Q is hidden behingh, rate of temperature increase when the heat lead i

supported by the annular mass flow offly=Q/(maCy).

3.1.2 Heat equation solution

In the case of a semi-infinite heater, the solutwn (3.1-4) for annular and channel
temperatures is given by the everywhere valid teatpee difference:

(T, =To) = BA1-e7) (3.1-5)
leading to the temperatures system:

T =,3iso(x—/\(1—e%))
Ta = Box +(Ba - ,@:w)/\(l—e%) (3.1-6)
T, = Box+(B, - ﬂiw),\(l_e%) +AT,,

whereATay is given by (3.1-2), anfliso is the rate of temperature increase in an isotakbrm
conductor pise=Q/(m Cy)
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3. Interchannel heat exchange

For a finite heater, the temperatures solution$tordle [Nic02], center and jacket [Ren04-2]
are (see Appendix V):

- before the heated regiond-0]:

T =T,=T,=0 (3.1-7)

- in the heated region [0, L], (3.1-6) applies.

- after the heated region [Lec}: equation (3.1-1) finds a solution with:

T. =Bl - ,BisoA(l—e_%‘)e_(x_L%\
T, =T, =B L+(B, - ,[;}SO)A(l—e_/’\)e_(x_% (3.1-8)

These equations are illustrated in Figure 3-2. @atsthe heated region, the jacket
temperature is equal to the bundle temperature.cbhductionless assumptioh-& 0 in the
jacket) leads to a non-physical temperature discoiy at the end of the heated zone.
Practically, conductionless means the temperattadignt in the jacket due to conduction
varies over a characteristic length small compar@dA. The annular temperature is
continuous but its derivative experiences discaiities at the heater ends. The central
temperature is continuous and can be derived witinflexion point at the heater ends.

ai
w

Jacket Temperature
—— Annular Temperature
Central Temperature |-

al
N

a
ih

a

T [K]

0.5 x 1 [m] 15 2 2.5
Figure 3-2: Bithermal conductionless model tempeest

Annular temperature rises sharply on the heatingtleand homogenises beyond
Central temperature rises slowly, with an inflexpoint at the end of the heating length.
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3. Interchannel heat exchange

3.1.3 Applications

From (3.1-6), it is useful to defineisd=Piso.X as the average cable temperature giving the
uniform temperature of mixed helium, considering ttonductor is isothermal as a unique
channel. From (3.1-5) we know that even with arnitdly long distributed power, the
temperature gradient between the two channels arernincrease beyond the limit
[Duc04thermosiphonl:

A -
(TA _TC)max = BA/\ = Q (3-1 9)
m, C,
where the temperatures are given by:

Ty =Ty (T T e -7 )= B 20T 1) (3.1-10)
m m,C, m
and similarly:
TczBisz_ Q/\ %(1_6_)(//\) (31-11)
m,C, m

5.3

5.25 - / I AT pgq

T o
N

Temperature [K]
. )]

5.05 4

Q ) Q %) Q L) Q L) Q

. . S N S K S & S

PFIS nw conductor length [m]

Figure 3-3: Evolution of annular, central and uniidemperatures in a steady state infinite
annular heating environment: the difference reaenmegsymptotic value.

lllustration for the PFISnw conductor subject theat distribution of Q =2 W/m

This is illustrated in Figure 3-3, where the tengpere difference between annulus and center
reaches an asymptotic value after a fewr his very important result means we can assert an
upper boundary to interchannel temperature diffegeand thus evaluate the maximal
acceptable T required at the coil inlet in a giveating configuration in order to keep the
superconductor temperature under the appropriatginsafrom Tcs. We will also extract
from ATca the maximal density gradiemipca that serves the risk of a thermosiphon
discussed in section 4.1.

The characteristic lengtih provides both a measurable value to get H, andsipaly
information on the length necessary to transfet fieen one channel to the other.
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3. Interchannel heat exchange

Mc  seems reasonably small
m

(a few hundredths of Kelvin for TF conductors)isiinot taken into account in the ITER coils
that only use Tniform at the critical magnetic field location for thepsuconducting strands.

Hence ATadd iS to be subtracted directly from the nominal sapeducting magnets

temperature margins, and may not be negligible @etpto these margins.

Although this additional temperature termiTaw=(Ta~Tc

max

3.2 Assessment of the heat transfer coefficient gteady state

The purpose is here to experimentally measure tlobab interchannel heat transfer

coefficient H by means of a characteristic lengthCompared to hydraulic experiments, heat
transfer experimental campaigns are always moffecdif to conduct with rigour, because

heat transfer is not directly measurable and arst heidge can lead to a compromised
thermal balance through heat leaks. The princiglesteady state experiment consists in
imposing a heat flux on the conductor jacket angeoling the annular temperature decline
downstream, as fluid temperature homogenises ictihanels.

3.2.1 Preliminary comments on experimental set-up

Spiral thermal properties including mass exchargfeiéen central and annular channels can
only be assessed in a full CICC sample, where npaarameters interfere. It should be
possible to evaluate a heat transfer coefficiert apiral alone, inserted in a tube. But such an
experimental campaign would only provide convectioefficients, and the absence of mass
exchange in the gaps wouldn’t allow a direct congoar with the heat transfer conditions
happening in a real conductor.

The HECOL facility, used for the hydraulic charaigation of conductor and spirals, was
designed for the thermal characterisation of ClC&hductors in pressurised ambient
temperature water (Appendix Ill). The SULTAN fatyli operated in supercritical helium by
EPFL at CRPP/Villigen in Switzerland, allows elettragnetic as well as thermohydraulic
testing of the superconducting cables (Appendix V)

Full size samples have been used for all hydrauldtthermal tests.

Heat load simulation by annular heaters

Practically, the experimental simulation of headaleposition is made by external heating of
the jacket: this simulation used in steady expemtaeoperation is imperfect and brings
questions about the temperature homogeneity ofpdials and of heat exchange between
helium and jacket.

However this corresponds to the situation of a meeuirradiation which heats mostly the
metal of the jacket, and the conductor through ection and further penetration. Solving the
complex experimental conditions in the analysihis useful for ITER.

Homogeneity of water temperature and thermometer pecision

Given the extreme geometric complexity of the aanghannel that includes strands twisted
in petals, empty corners and eventually wrappintss anisotropic porous medium is

hydraulically turbulent and thermally nearly unif@r Temperature uniformity is obvious in

the (ITER) case of strand heating. The temperatoreogenisation is generated by forced
convection, conduction in the copper, mechanicaidposition (various twisting levels) and

turbulent fluid advection.
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3. Interchannel heat exchange

In the experimental facilities, jacket heaters julevthe heating simulation of neutronic
heating. Temperatures homogeneity in the annukea and inhomogeneity at the channel
interface (the spiral) is an imperfect supposition.

The cable jacket has been perforated to place threeters 1 mm inside the annular channel
in the water experiments. Because heaters areskbcat the jacket, and thermometers make a
localised measurement, it is wise to check thentlaétransfers to assess both that the annular
channel is well heated, and homogeneously therethlis

The power transmitted longitudinally through contiut in the jacket is proportional to

’]SSI—A$, where | is a chosen length of CICC, chosen edquah in order to compare to

transverse heat transfer, while heat transfer ¢obtimdle is driven by,,p,l. These factors

appear under a square root in the equations driviagconduction in steel at ambient water
temperature:
\/hAJpJ/\Z _ \/ haA _ \/46000*1.112 97151 (3.2-1)

AAss VAe 15*4*10°
which proves —with a theoretical heat characterigtiassumption further given in section
(3.5)— that conduction should not disturb the heansfer from the jacket to the annular
water, at least on the scale &f The same type of calculation to evaluate conduacin the
copper strands at ambient temperature water leag$rtuch more disputative conclusion:

haPe\’ _ \/46000*0126*1.112 665 (3.2-2)
APy 400* 4041*1073

Over the scale al\, conduction does not prevail. But if a smallergémof interest is chosen,
conduction in the copper may not be negligible carad to heat transfer between copper and
water at ambient temperature. Although thermal tar$ are not ideal with ambient
temperature water, the transmission of energy @oatmular channel is much more efficient
that longitudinal conduction, which makes the tle¢ioal developments in section (3.1)
receivable to model these experiments.

Water density decrease in the bundle region thieaiist reduces bundle mass flow but by
values so insignificant that this effect can beleetgd without any doubt.

Jss

Homogeneity of helium temperature and thermometer pecision

Two samples tested in SULTAN (Appendix 1V) were jgab to a thorough thermohydraulic
experimental investigation: the Poloidal Field F8Ike Joint Sample (PF-FSJS) tested only
with downward flow [Dec02-2, Dec03-3], and the Rd#b Field Coil Insert (PFIS), tested in
upward and downward flow directions [Duc05].

Contrary to the PF-FSJS, the PFIS is asymmetriauserthe superconducting subcable petals
are 80% wrapped (W80) in stainless steel tapeioknless 0.055mm in the left leg, whereas
on the right side these petals have been strippetear wrappings before insertion in the
jacket (NW), which required a slightly higher corapan in order to keep the annular void
fraction constant.

Because helium circulation cannot admit leaks,nttoeneters are located on the cable jacket.
They are not ideally distributed because coppeditimming blocks could not be located in
the AC losses region where they would heat up ffaucault currents. The stainless steel
jacket, trimmed at the sensors locations down thiekness <2 mm, has a high thermal
diffusivity and negligible thermal inertia compared supercritical He at 5K, so jacket
measurements can rigorously be assimilated to anterperatures if appropriately glued.
The same temperature homogeneity question arisescrgogenic helium temperature
experiments. Comparing similarly longitudinal contlan to transverse convection leads to:
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3. Interchannel heat exchange

haPsA° _ [haA _ \/ 1500411% _ a0 s (3.2-3)
)\ ssA ss )\ ssers 0-3 * 4 * 10_3
in the steel jacket, again with a theoreticdrom section (3.5), and in the copper strands:
hasPcu\ :\/1500>< 0126x 0.532 — 038 (3.2-4)
Ao Acy 800x 404.1x10°

Steady state experiments with the central chanloelkbd could assess whether there is a
residual A due to metallic conduction. In fact the inertia afperconducting strands is 2
orders of magnitude lower than the enthalpy ofumliwhich guarantees the stability of the
superconductors and limits the thermal influenceefals on the helium temperature.
Transverse conduction in the inhomogeneous buredjom is a weighted average between
conduction in copper and in helium. It depends gty on contact surfaces between the
copper strands and on fluid turbulence, and casingply be calculated from the void ratio.

Calibration

Thermometers are calibrated from a reference medseifore being fixed to the cable. In

order to eliminate the Joule-Thomson heating althveg CICC, the temperature offsets are
measured when the additional heater is turnedfaffthe same pressure drop. We obtain a
(Joule-Thomson) reference for each thermocoupldactwis subtracted from temperature

readings with annular heating in order to be laéthwhe sole temperature elevation from AH

(Figure 3-4). This calibration deals with temperatuse from the Joule-Thomson expansion
and zeroes sensor offsets.

28

annular temperatures

temperature [°C]

N
(6]

—&— T pumps+heater
—— T pumps alone

heater
24 .

0 2 4 length [m] 6 8 10

Figure 3-4: Raw heated vs. non-heated annular teatyre evolution in water at 0.85L/s

Temperature differences should be large enougle tacburately measurable, and as small as
possible to avoid undesirable heat leaks and nmasfities, i.e. ~2 K in water and ~0.5 K in
helium. Low mass flow rates are required on somemexperiments to reduce temperature
differences, a necessity that leads to shorterRénnolds number and draw away from the
validity domain of the annular friction Kathederrfoula as well as from the Prandtl
similitude for cryogenic cooling.

Similarly, SULTAN temperature data are first lingacalibrated using reference data with
and without heating (Figure 3-5 for SULTAN). Forther accuracy and to discard Joules-
Thomson perturbation, only temperature differeravesused [Rou04].
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Figure 3-5: PF-FSJS raw helium temperatures dateowti any heat source
showing the need for calibration

Following calibration inconsistency on the PFISmperature data are first linearly
normalized using reference data from external teatpee sensor with and without heating
[Rou04]. For universality and further accuracy, pematures differences are used and reduced
to variations between 0 and 1. Indeed absoluteegadue not needed to interpret experimental
temperature variations velocities and offsets.

3.2.2 Measure of the heat transfer coefficient iwater

Theoretical calculations of heat transfer coeffitiél, used to compare with experimental
data, are developed in section 3.5. In the bureti®on f=kathederwith a void ratio of 0.36 is in
principle valid for Re within [1000; 6000] while Isting the equilibrium of bundle and central
pressure drop leads to a more laminar Reynoldsev@xperimental variable parameters are
provided in Table 3-1).

Table 3-1: Water thermal experiments properties

Experimental parameters Model parameters
parameter value unit parameter value unit
T 303 K oA 25 (%)
Pin 1.525 MPa M 0.20 kg/s
Pout 0.511 MPa e 0.61 kg/s
APmeasured 1.014 MPa APcalculated 1.41 MPa
m 0.81 kg /s £ 0.456 -
Q 8 630 W/m Re 337 -
Total power 3.28 kW k 46000 W/mz2K
P=Po=nXDmean 0.0374 m & 0.136 -
pr=nx40x10°%  0.126 m Re 84700 -
id 9.9x10° m hc 130000 W/m2K
Dn 10.9x10° m H 17200 W/m2K
Perfor 28 (%) Hp 580 W/mK
C 4180 J/kgK A 1.10 m
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3. Interchannel heat exchange

hc is the convection coefficient inside the centfadrmnel, and one of the thermal resistances
in series composing the global interchannel heahaxge coefficient H=kt. ha —used on
the jacket and on the spiral side— and the hedtilopose the temperature difference between
jacket and bundle in the heated zo~n€x;=1.47K.

Model and measurements comparison

In Figure 3-6, experimental data points are plottagether with central channel and annular
region model temperatures. The final mixing temperis expected to be:

AT, =B L=~ 256*038=+097K (3.2-1)

The asymptotic mixed temperature expectation shexgsllent similitude with measures. We

observe that the model temperature curve doespprbpriately fit the observed temperature
evolution along the bundle. After extracting altalrom these temperature profiles, possible
explanations shall be brought.

6
3.5 A o Taexp |
5 {'\ TAcefoJ —
4.5 I \ —Ta calc ||
O 4 f \ —Tccalc | |
et [\
2 3 f \
©
O 2.5
o
£ 21
215 | ¢ ~__
1 — +
0.5
OH_L/// | | _length [m]

0 heater 2 3 4 5 6 7 8 9

Figure 3-6: Model and measured temperatures ewoluni central () and
annular () regions; water at 0.85 L/s and T=30°C

Even if supposing annular and central channel lreentally isolated in the heated zone the
annular temperature should never rise above:

aT=-QL o 3280 _ 4o (3.2-2)
021* 4180

ma .Cp
A temperature difference almost as high is obseated significant distance from the heater.
Conduction in the jacket seems to bring some ofhat load downstream of the heater,
furthermore the location of the thermocouples rtbarjacket may strongly bias the bundle
measurement: the temperature recorded may not @vbrage bundle temperature but a
temperature closer to that of the jacket.
If we consider annular temperature to be non homeges, whether because of the dead
corners between the wrappings and the jacket ausecof the laminar flow and poor mixing
within each petal, we expect an external bundleerature higher than the internal one. This
would artificially stimulate a higher temperatubat would drop back with a smallar.
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3. Interchannel heat exchange

Experimental steady stateA value

The five measurements downstream of the heatarsae to calculate an experimentaland
supposing that the asymptotic common temperatwealue has been reached before the
sample end (8.15m).oTis the first measurement, and the expected expiahdrehaviour is
recorded regardless of the distance from the h¢atg2m).

%ﬁ%izem{-w-&axj (3.2-3)

reduced coordinates for A evaluation

i expT30

13
— -1.7904x NA=0.65
0.8 1 y=e
R“=0.9105 N=0.45
0.6 Exponentiel
exp T30
04 | (exp T30)
i
0.2
N

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
length [X]

Figure 3-7: Steady state hence stationary charsiitdengthA calculation

The exponential regression provides (Figure 3-7):
1
Awater =
1.7904
The observed higher external bundle temperature smdll characteristic length are
compatible with the diagnosis of a “third channei’the CICC. The isothermal channel
hypothesis is indeed based on either turbulent mgixvhich can be objected, or some
conduction.
Even with this tentative explanation, the extrapedabundle temperature should not possibly
rise above the jacket temperature, as it does gar€i3-8: we see that the conductionless
model applied with the experimentalvalue of 0.56 m does not fit the experimental detd
either. This jacket temperature calculated throudf ,, :Q/(hAJpJ) carries a high

uncertainty because of the value calculated £gr h

= 056m (3.2-4)
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Figure 3-8: Jacket temperature (TJ) calculated fiers and Ta extrapolation at heater end
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3. Interchannel heat exchange

Imposing a heat flux rather than a jacket tempeeatoay explain the high overheating of the

annular channel if its temperature homogenisatsonat efficient enough. This hypothesis

would clarify the anomalous annular temperatureseedownstream from the heater.

The analytical model assumes a uniform annular égatpre. A corresponding thermometer

measure should ideally be performed in the certer sirands bundle petal, rather than just
1 mm away from the jacket, which is not self-cotesis with modeling.

If “the” annular temperature was to be divided iatéew temperatures evolving separately, it
could take into account the concentric geometrthefentire cable (e.g. dead corner T, outer
annular T, inner annular T) or the geometry of gaetal (e.g. dead corner T, external petal T,
petal heart T).

Discussion onua value
The conductionless thermo-hydraulic problem sohdi@re entirely known when both the
bundle mass flow proportioms and the heat exchange characteristic legtire given. In
order to make an experimental best fit of the madehe datana must be evaluated from
experimental values. An easy way to do so is toagtion (3.1-8) and fit the maximal
bundle temperature to the extrapolated experimerahie Ta(L) at the end of the heated
zone:

T,-B,L _ 519- 256*038

(Ba-Be) = o= = D 2= 153K/m (3.2-5)
A[l—e %j 056(1—e %Sﬁj
from (,BA —,Biso):_i(i—lj we get:
mC, An

-1
(.= B)mC, | _ ( 153*081* 4180,
Q 8630
As was expected, a higher bundle temperature xeded to a lower bundle mass flow.

ma=0.14 kg/s instead of 0.25 kg/s.

-1
a, = 1) =0.143 (3.2-6)
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Figure 3-9: Thermal model applied with experimeidal A)
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3. Interchannel heat exchange

In Figure 3-9, we observe that the steady stateamibeouples data obtained on HECOL is
perfectly compatible with the conductionless madieleloped at CEA but with experimental
values ofoa andA far from theoretical previsions.

Table 3-2: Summary table of theoretical and expenitalaa andA results

ar (%) A [m]
Theoretical value 25 1.10
Experimental value 14.3 0.56

The valueaa could in principle be checked with transient expents annular heat front
travel times. Practically this hypothesis of extetynlow annular mass flow rate is hardly
thinkable because the total CICC pressure drowes éower than expected, while a higher
overall pressure drop for a constant mass flow d/bel necessary assuming the pressure drop
for spirals is correctly known.

Discussion

Jacket and strands thermal inertia are suppreasgedteady state data collection. Because the
HECOL loop temperature is very hard to stabilisepeziments are conducted in slowly
drifting temperatures (<2K/min). The difference weén the heater on and heater off cases
leads to a different drift speed and averaged teatpes may be biased.

Thermocouples absolute error bars are as high?as, O he relative precision to be used here
iIs somewhat smaller, but cannot be expected to ety the order of magnitude of 0.1 K.
Because our steady-state measurement\ ofs based upon a very limited number of
thermocouples (five), precision and redundancypa@. But the uncertainty on temperature
measurements is not high enough that it could axphaitself the divergence between model
and results. There must be an additional phenomeabtaken into account in the model.

The measured value of (0.56 m) is much less than the value expected ttarcalculations
(1.11 m) with the model forda. Furthermore, the experimental temperatures ddafiowv a
simple model of localised heat load and redistrdsutbetween homogeneous temperature
channels: the annular temperature raises moreadisff more quickly than expected.

Hints to explain the discrepancies are listed Hezea

* The heater may provide a wide heat load with agatémperature overheat distributed
over a width greater than that of the heater itselibngitudinal conduction in the jacket is
non-negligible. This may lead to a peak annulampemature shifted downstream at x>L;

* The bundle mass flow may be smaller than what nsogeédict (lowaa) This is
incoherent with measures of a low global pressuop,dout would explain both a higher
temperature rise and a reduced valug of

* The bundle temperature may not be homogeneouke Itliead corners and possibly the
outside of the petals do not mix well with the he#Hrthe petals, it can lead to a higher
external bundle temperature measurements, witbwceslA;

* As far as heat losses through the jacket insulasien concerned, cooling jacket and
annular temperature will tend to reduce the obskmxevalue, while on the central
temperature no influence is expected other thaedaaed asymptotic final temperature.
Because the power balance is recovered at thet endlenometer, losses are not a good
explanation.

The results obtained in permanent regime conditmars only show good accordance with

model previsions if botha andA are reevaluated with experimental values. Disarelgs in
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A and temperature after the heated zone leads tiscaisdion of possible explanations,
including conduction in the jacket (unlikely), lolundle mass flow (unlikely), incomplete
model of heat coefficient (likely), with inhomogenes bundle temperatures (likely) and a
possibly strong dead corners disturbance (likely).

3.2.3 Measure of the heat transfer coefficient Hhicryogenic helium

The thermohydraulics of full size conductor samplas been explored at low temperatures in
the SULTAN facility at CRPP/Villigen, where supencluctive cable critical properties are
also being investigated (Appendix 1V).

Experimental campaigns with supercritical heliunfeofthe tremendous advantage of
providing measurements that do not require a duddi law to be applicable to a conductor
design. There is a small disadvantage howevennereters can only be located on the cable
jacket because of leak concerns.

PFIS AC losses

Due to the thermometer layout of the PFIS, thislgtwas carried out using only the AC loss
deposition provided by a dipole on a conductorisactThe two legs of the PFIS are
asymmetric because the superconducting strandspa®ldirectly inserted in the jacket in the
right leg, whereas they are wrapped in stainlessl $ape in the left leg. The eddy currents
created by the AC field and generating heat haredaced intensity on the left leg, which is
presently the main option for ITER.

An example of results and theoretical expectatiohkeat transfer coefficient is given for
each leg at 10 g/s with AC heating in Figure 3-dth results summarised in Table 3-3.
These experiments do not provide accurate theresallts concerning the space constant
and associated heat transfer coefficient H betwkertwo conductor channels, nevertheless
this kind of heating is instructive given its repeatativeness of AC losses in the final coil
use. The main reason for the deficient experimaellt quality is that the exact length and
homogeneity of the heat deposition is uncertaine€lof an extended heating width arise
especially on the left leg with wrappings, bothnfrthe upstreamsIslight temperature rise at
extremely low levels of input power, and from higbwnstream 3 measurements compared
to Ts, which can only be explained by a heat sourceeimvben. This point is further
discussed in section 5.3.
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Figure 3-10: PFIS annular (jacket) temperaturelfbiz AC heating (annular) at 10 g/s

Table 3-3: PFIS AC power, characteristic lengthnd resulting heat transfers at 10 g/s

Expected values A=0.48m
(0=0) H = 418 Wm-2K-1
Hp = 13.1 Wm-1K-1

AC frequency 4 Hz 3 Hz 2 Hz 1Hz
w80 measures (L) W=37 W 25W 15W 10w

A= 0.7m 0.75m 0.8m 1m

H=285 W/nfK 265 Wm?K! 250 Wm?K! 200 Wm?K™*

w0 measures (R) W54 W 36 W 21 W 14 W

A= 0.35m 0.35m 0.4m 0.4m

H=570 W/ntK 570 Wm?K! 500 Wnm?K? 500 Wm?K?

On the PFIS experiments, AC losses heat up the &\rore than the W, as expected. The
minimum power used in these 10g/s experiments W/A&5assuming a deposition length of
0.4 m. The NW leg temperatures heat up especiefly than expected. The PFIS AC loss
upstream temperature is slightly rising even ay\Vew power, which is disturbing and may
be also a sign of wide heating length.

PF-FSJS AH stimulation

PF-FSJS-results of annular temperature profil&gs in each leg are shown for symmetrical
0.4 m AH power of level 10, 15 & 20 W/m (Figure 3}land 25, 30 & 35 W/m (Figure 3-12).
In each case, a constant inlet temperature upstoédine heated region is observed, followed
by an annular temperature sinking downstream tla@ehend reaching isothermal channels
asymptotic value.
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Figure 3-11: PF-FSJS calculated (lines) and medqpants) annular temperatures

for 10, 15 & 20 W/m AH per leg at 8 g/s
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Figure 3-12: PF-FSJS calculated (lines) and medqp@nts) annular temperatures
for 25, 30 & 35 W/m AH per leg at 8 g/s

Temperature differences should be high for betteasarement precision,

but low enough to avoid the distortion between tii@md nonlinear experiments.
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Table 3-4: Heating power andfor PF-FSJS annular heating at 8 g/s in the model,
Left and Right leg experiments.

P distributed 10 15 20 25 30 35 W/m

P electric per leg 4 6 8 10 12 14 W

AH in-out (R) |508 731 1012 1250 1482 1555 |J/kg
(L) |506 728 1012 1244 1473 1565 | J/kg

P from AH (R) |4.06 5.85 8.09 10.0 11.9 14.0 |W

— mAH (L) [4.05 5.82 8.09 9.95 11.8 141 |W

A model 0.457 m

H model 360 W/m2K

A experimental (R) |0.45 0.58 0.43 0.47 0.49 0.3 |m

A experimental |(L) ]0.48 0.53 0.41 0.42 0.43 0.3 |m

H experimental (R) |365 283 382 350 335 547 |WI/m2K

H experimental |(L) |342 310 401 391 382 547 |W/m2K

600

500 -

400 . ]

300 >

200 @

100

Experimental heat exchange H

Heating power
0 ‘ ‘

0 5 10 15

Figure 3-13: Heat transfereld [W.m2K Y] as a function of experimental heating powesckc
conditions per leg [W] at 8 g/s, while its theocativalue should remain constant

Analyses with numerical values of the heat transfaaracteristic length are summarised in
Table 3-4 and visible in Figure 3-13. The heatritigtion power is the total power divided by
the heating length, here 0.4 m. The ratio r appgam this table will be introduced in
section 3.6.

Experiments and predictions using the model of AypeV are in good agreement only at
lower power £20W/m) for reasons discussed in section 4.1, butdower tends to minimise
ATca and leads to higher relative uncertainty on th@suoeements. Data acquisition ranges
set absolute thermometer uncertainty at most & K.I'he quality of the agreement between
result and model prediction for the senspislprovided by the second column of Table 3-5.
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Table 3-5: Experiment-calculation discrepancy anedrity limit comparison to r-values
in PF-FSJS AH at 8g/s for various distributed paver

Distributed |Relative difference at T risk ratio
power experiment-calculation (%) | r
[W/ m] (T2calc _T2exp)/ (T2exp _Tin)

L R
10 2.2 5.7 0.69
15 -0.04 -0.42 1.03
20 8.7 2.0 1.38
25 17.2 11.1 1.73
30 26.6 20.6 2.07
35 38.9 31.0 2.42

While absolute heat transfer values are the paemdtiving the physics of the temperature
variations, the space constant provides expli¢drmation about the scale of absorption of
heat load in a CICC.
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3.3 Transient analysis [Ren06-2]

The purpose of a transient analysis is to obtairaalytical solution for the measurable
annular temperature as a function of time and wigtaThis analytical solution requires the
knowledge of the interchannel heat transfer coefficwe seek, but a numerical inverse
method will allow revert from the temperature battkk H. Analytical procedures to
characterise transient behaviour of heat exchanpexe also been reported for other
geometries [Hen91].

3.3.1 Principle and hypothesis
Another means of measuring the heat transfer coefti between the two channels is to

observe the transient behaviour of the conducttéimie and space when a temperature step is
suddenly sent as admission fluid temperature aintee(Figure 3-14).

PF Insert Sample ax=0m PF Insert Sample ax = 0.8 m PF Insert Sampleax=1.7m
1 1 ) 1
08 08 08 ’f‘-—'
Q Q
8 £ e /7
0.6 ga.e gos
o Taew 0 Taexp
04 04 / 04
02 02 J’f 02
0 L 0

20 40 temps [s] 80 100 20 40 temps [s] 80 100| 20 40 temps [s] 80 100|

1 1 1
1 -

| | 1
Conductor inlet Xx=0,8m Xx=1,7m

Figure 3-14: Evolution of an experimental tempemttep (Heavyside)
as it transits along a PF conductor.

The central and annular temperatures evolutionsdar@ted by the energy conservation
equations in an incompressible fluid flow, againthwihe assumption of two uniform
temperature channels:

DT
A +VA(TA _Tc):Q
[5)% (3.3-1)
Dtc _YC(TA _Tc) =0

D
Wherea is the derivative following the fluid particles,

Q the power deposited in the annular channel,
y the ratio of the linear heat transfer coefficiemer the channel linear heat capacity:

- H.p for iz, c (3.3-2)

I pi Al 'Cpi
H the unknown transverse heat transfer coefficierthe spiral external perimetep(T) the
density, A the channel cross-sectional area, griiti€Cchannel helium heat capacity.
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3.3.2 Heat equation solution

An analytical solution can be given for a heatiog ¢ooling) step entering the CICC and
progressively replacing the fluid present in thbleat t = 0 (Figure 3-15).
The different fluid velocities generate a spacedein of interest[UA.t ; Uc.tj which is

expanding and shifting in space as time goes byrevhkl is the mean velocity in channel i.
The upper part of Figure 3-15 illustrates snapsbbtie temperatures in the conductor.
For x<U,.t, all temperatures are set to 1 because He floartgat distance has been fully

replaced. Forx > U .t, all temperatures in the cable are set at O bedésheating wave has

not yet reached this point.
The very first central fluid particle entering &(0,0)=1, and exchanging with a uniform

annular temperaturé, (x, X/ UC)=O, provides with its temperature derivative at theance

. . .. U-ma
(0,0) a graphic evaluation of a heat exchange clexiatic lengthp = =¢ .
yem
PHS at t=2s PHS at t=5s PFIS att=7s
1 1 1
» 081 © 081 . 08
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Qo o o
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Figure 3-15: lllustrations of PFIS W (L) space (tepd time (bottom) windows at 8 g/s

Similarly, The dual channel model is characterideg a time window of interest
[x/UA ; x/UC], expanding and shifting in time. The lower partajure 3-15 illustrates the

theoretical time evolution of temperatures as cdddsensed by an observer, depending on
the distance from the conductor isothermal inlet.

In these representations at fixed positions, wetlsgtea temperature derivative can provide a
measurable transition time providing a practicaywhevaluating H. The transition timeis
quantified precisely in appendix VI and discusseddction 3.3.3.

Laplace transform and integration, detailed in apipeVI, lead to the implicit solution:

(6. -6,)(x,t) =exp(-a -ad?).| ,(2ad)

dé. _expa-ad?) Y U.l, (2a0) )
T(X't)_—AU .(yCUAIO(Zad) +—5 j (3.3-3)
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where b, |11, are modified Bessel functions of the first kind,
AU =(U. -U,) (3.3-4)
a(x,t) =y, (x-U ,t)/au (3.3-5)
WUct=X)ya

o0 = (X _UAt)yC

(3.3-6)
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annular
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Figure 3-16: Calculated annular temperafiag, t) as a function of time and space
on PFIS W (L) at 8 g/s.

Explicit and practical use of these implicit eqoag is detailed in Appendix VI. These
equations are illustrated in Figure 3-16. He citing in the central channel enters on the side
‘distance=0’ and advances parallel to the hnsU ,.t, while temperature sensors experience
annular time evolutions at fixed distances (Fig@r&6). The conductionless assumption
(L — 0 in the jacket) leads to a non-physical tempeeatliscontinuity at linex =U ,t shown

in white.

3.3.3 Application: Transition time t

The transient analysis is a useful tool to undacsthow a coil temperature transient is
operated, whether operational or accidental.

The first application of this analytical solutiored of course in the evaluation of H. But a
computation of temperatures first requires the Kedge of the interchannel heat transfer
coefficient we seek. Determining the heat trangfeefficient H is possible using an
identification (inverse) method, comparing the ekpental and analytical data.

An evaluationH of H is found as solution minimising the distarmtween analytical and
experimental temperature evolutions:
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H = arg{min ( Z Z (Tanalytical - Texperimerml )zj} (33-7)
thermometes time

A minimisation of the residual difference done amé#tically through an iterative method of

conjugated gradients is a practical way to fit @emalytical solution to the experimental data.
One of the limits of this method is the fact thastahce between temperature curves is
calculated and minimised only in the vertical direc.

The other important application of the temperatumealytical solution is the transition time.
The transition time is a concept illustrated inUfey 3-16 that can easily be applied to the
future ITER conductors in order to provide tempamttransient durations. The transient
duration is a coil property that a cooling loop sldomatch, but does not need to over-match:
cryogenic circulation over-capacity would not briugy benefit in terms of recooling time.
The cooling of each double pancake, likely to kaised with an increased circulation rate,
pressure drop in this configuration should not iending factor, which should preferably be
inertia, heat exchange coefficients and maximalepiable temperature gradients. The
recooling time must be known for a reasonable pranof successive plasma shots in the
reactor.

A front velocity is defined as:

. Ualp.AC,), +Uclp.AC,), (3.3-8)
(0.AC,), +(pAC,).
simply expressed by:
g=YcatUnre (3.3-9)
VatVe
rhA+ I’hc

Remark that this mean velocity of the heat front becomes = when simplifying

AptAc

Pa = Pc andeA =C . More aboulU characteristics is presented in appendix VI.

p

The transition timer is defined as the inverse of the slope at thetpanfying x =tU, it
counts the duration of the transient between twgperature equilibria:

20Uy \ Y X3 (3.3-10)
(yAUC +ycU A)/2

=~ z‘(x) =
dés
dt
Half of the transition time(L)/2 is approximately the additional time requiteelyond L/ U

to extract heat from a dual channel CICC of lengtiThe transition time is a measurable
constant and could be used to experimentally assess H:

_ 4mpC L.AZ A AU (3.3-11)
rpl(AUL)% +(AU, )2

Fitting the temperature data time evolution witheagponential curve has been performed as a
practical way to achieve heat transfer coefficienéasurements [BotO6CHATS]. This
Heavyside thermal step is a convenient experimeetaltation to explore heat transfer
between the two channels. A Heavyside step is @presentative of the re-cooling of the
cable after a long experiment where the coil terajpee would have drifted. The analytical
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coil recooling timeui+% is an operating constraint useful to design th@mant helium

bath, potentially dimensioned for a nominal powezllvbelow the maximal instantaneous
cooling demand.

3.4 Assessment of the heat transfer coefficient transient

The purpose is here to experimentally measurentieechannel heat transfer coefficient H by
means of an inverse method (3.3-7), or by usingrtresition timer (3.3-10).

3.4.1 Transient experimental campaigns

Transient experiments in the HECOL facility (Appéent) in water are made possible by the
large pressurized tank, which allows to suddenlitgcbwfrom direct water feed to tank water
feed at a different temperature.

The two SULTAN samples (Appendix IV) were subjeot & thorough thermohydraulic
experimental investigation. The PF-FSJS instruntemta allowed for steady state
experiments, while only the PFIS tested in upward downward flow directions [Duc05],
was scrutinized through a series of transientsighoy a full set of measurements at various
mass flow rates and temperatures.

Water temperature and thermometer precision

The validity of the transient bithermal model deyed in section 3.3, and of the resulting
temperature calculations, is not the same as #adgtstate bithermal check conducted in
section 3.2.1. Thermometer placement and calibragmains unchanged.

Steady state experiments raised the question opdrmture homogeneity in the annular
channel subject to transverse heat. Transient empets feed each channel directly, therefore
annular temperature inhomogeneity is not the ingmarissue. In fact, the central channel
cable cooling necessarily leads to weak annulairakagtadients even in these transient
experiments. Turbulent smoothing of the front iglaeted in the transient approach. There is,
however, a concern about metal inertia and ab@ubhtbmeter time response.

All metallic parts (spiral, strands and jacket) @davthermal inertia. The energy required to
thermalise this hardware is taken from the heattfrmampers and weakens it. Metals inertia
should be compared to the coolant enthalpy. Usimbient temperature water, the energy
swallowed by steel and copper heating rapidly irges and the heat front is weakened after
a few tenths of meter. A direct analytical resalntis not interesting in these unsatisfactory
testing conditions.

Helium temperature and thermometer precision

The thermal perturbation from the conductor metafiarts is neglected in supercritical
helium given the strands and jacket low inertianf@butions from viscous heating, heat
conduction in helium and mass exchange betweenchiamnels can also be neglected
[BotO6CHATS]. It is necessary to verify whetherkat measurements can be assimilated to
annular temperatures with a fast enough resportse.diiving parameter in this case is the
thermal diffusivity:

__ A _ 028 54— 177x10¢ M?/s, high enough compared to usual values of®-10

pC, 79*2

J
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Thermometer data are again linearised for congsigteand precision. Linearity of
temperatures may not be respected beyond tempesalifferences of 0.5 K [Ren05], which
is the case here, because of otherwise neglectexbptena and the resulting thermosiphon
[NicO4ICEC, Zan04]. In these cryogenic helium expents, it is important to control mass
flow rate. Supercritical helium thermal expansisnndeed non negligible, although this fluid
can be considered incompressible in the nominaispire drop range expected in a CICC.

3.4.2 Water transient applicability

Time step experiments [Dec02-2] & [Dec03-1] arethro means of measuring the CICC
internal heat transfer coefficients. In both steathte and transient case, we have seen that
ambient temperature water does not provide optemperimental conditions. Diffusivity of
metallic parts must remain low compared to thathef fluid. Because metallic inertias must
be used in these water experiments, only a codelaiimn can compute cable calorific
capacity and transient temperature evolution [Ma@i04]. The model for the heat transfer
coefficient H seems to be coherent with these nigaletime-steps analyses of HECOL
measurements.

On the contrary, the analytical approach is notable for ambient temperature water tests,
because the strong hypothesis that allow simptiboaof the system (3.3-1) are invalid. H
may have to be altered but this alone will not expthe discrepancies between the analytical
resolution and the experimental transients

Still transient experiments could provide a waycbécking the mass flow repartition by
looking at the transit time of a first move andffsiép temperature of the central or annular
channel. Data of successive temperature rise dn@ifpand down steps) are also interesting
because their signature can reveal eventual prablemthermal diffusion if it is not
symmetrical.

Furthermore, an ideal similitude to transfer restdtsupercritical helium would need not only
to match Reynolds number and Nusselt number, lsat tde conduction coefficient in the
fluid. Because such simultaneous similitude ontlalée parameters is not possible, results
with ambient temperature water, though simple acidl in questioning, have been left aside
to concentrate on available experiments conduatedupercritical helium close to ITER
cooling conditions.
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3.4.3 Helium transient application

The PFIS leg samples of section 1.1 are fed witisiag temperature step as defined in 2.2,
and provide experimental temperature data at seresoshown in Figure 3-17

. External temperature evolutions allow to underdtéhe internal cable behaviour and to
measure the transverse heat exchange, with com@aedponses whether with upward or
downward helium flow. The analytical formulae oéttemperature are numerically integrated
in a datasheet using a time step of at most O.dshahum thermodynamic properties. An

appropriate choice of starting delay and a simpileerise method minimising the distance
between analytical and experimental temperaburéor sensors 2, 3, 4 (upward); 2, 3, 4, 5
(downward) provides a best fit of H. Time dependemgreement is excellent between
temperature sensors more than a metre from thalklieand conductor joint (Figure 3-18). A

confidence margin on the best heat transfer coefficH value is given according to

sensitivity (Figure 3-19).
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Figure 3-17: PFIS W (L) upwarde,ITs, T3, & T1 reduced temperature data steps at 8 g/s
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Figure 3-18: PFIS W (L) upward reduced temperattisgSs, T3, & T1 at 8 g/s
vs. calculation (in light grey) with H=400 W/m2.K
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Figure 3-19: PFIS W (L) calculated temperature=2.X m (LT1) 8 g/s sensibility
to the value of the heat transfer H around 400 WKrh

This heat transfer assessment method seems marsepthan the alternative steady state
approach [Ren05]. Both were never compared ondheessample: steady state tests cannot
be conducted on the PFIS with inappropriate annblkeiters. Contrary to steady state
experiments, fits of transients offer a consista&itof measurement on the full range of mass
flow rate, for each leg and in both flow directions

Agreement between transient, steady state and feddeeat transfer coefficients values
allows to give some credit to the calculated fos¢xa

Upward and downward heat transfer results aretifitesd in Figure 3-20 with their fitting
error bars. This fitting uncertainty remains undeéX%, but there are other sources of
uncertainty listed in the following discussion. #snperature rises, mass flow rate reduces in
each leg, by up to ~4% (upward) or ~2% (downwatidg; smaller final mass flow rate is
arbitrarily used for computation of channel balaand heat transfer coefficients.

No heat transfer estimation between the two zao@sed on cold supercritical helium in full
size CICC samples, was available before the simedtas publications of the CHATS
conference [BotO6CHATS, Ren06-2]. A. Long measutezht transfer through central
channel cylindrical springs alone [Lon95], while Martinez and R. Zanino interpreted CICC
measurements in water [Mar03, Zan05]. This thesesuhe displacement of a temperature
front —method suggested by L. Bottura [BotO6CHAT®&Jrough a simple analytical treatment
never proposed before. This approach coupled imples model enables to account for the
resulting experimental observation of heat transbafficient in a typical CICC.

Although a refined modelling of the heat transfequires a better understanding of forced
convection and mass exchange through the spimlcdkculated influence of the mass flow
rate on the heat exchange coefficient illustratedFigure 3-20 is in agreement with
experimental results.
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Figure 3-20: PFIS W (L) and NW (R): heat transfeeficient H measurements (points)
and expectation calculated from the model develapaegction 3.5 (lines)

Striking graphic agreement between transient teatper data and analytical curves show
that the simplification hypothesis and Laplace hetsan match the experimental mode. It is

not possible on this sample to fit all sensor deith the same delay because the joints —not
taken into account in the model— perturbate timaysdefor thermometers 1 and 5 near the
inlet and outlet.

It is difficult to experimentally evaluate the regpive channel mass flow rates. Results must
be extrapolated to the right Reynolds number, aredainty remains in the empirical laws
used [Mari04]. Of course the respective mass flstwsngly influence physical phenomena
and experimental evaluation of heat transfer radedy the global interchannel heat transfer
iIs measured via the characteristic lengthwhile the fine modeling of heat transfer requires
to separate annular and central forced convectowl, to evaluate conduction and mass
exchange in the spiral. A fine hydraulic understagdis a prerequisite for a thermal
understanding. The calculated influence of the gllabass flow rate on the heat exchange
coefficient is illustrated in Figure A-5; a differeflow balance would alter this projection.

It is demonstrated on the PFIS sample that wragpiegd to a substantial reduction of the
heat exchange coefficient between the CICC chaniiis shortcoming is compensated by
the electrical benefit of the wrap: under AC losmaslation, the thermal power received by
the cable is scaled down by the wrap, outmatchieg thermal draw back. Most of all, the
local wrap thermal downside brings the global binef tapering the cryoplant power
required for magnetic field operation CICC cooling.
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3. Interchannel heat exchange

3.5 Heat transfer model

The analytical thermal model for dual channel CI@@s built progressively, published
[NicO4ICEC, Ren05], and used to demonstrate therbraunning expected from fusion coils
cooling circulation. An evaluation of the heat eafe H is helpful to provide fully analytical
steady state and transient temperature solutidng hecessary to serve as comparison
reference to experimental measurements. Most iraptyt the heat transfer model must
serve the thermal optimisation of the CICC centhannel.

3.5.1 Unhomogeneous thermal resistances

Heat transport is most hindered through the thptkasturns. In this case three heat transport
mechanisms and corresponding coefficients areriasse

* heat convection from central region to stee) (h

» eventually heat conduction in steel spirak{e/

* heat convection from steel to annular regio) (h

The mechanism of heat transport from central chatmennular region is substantially
affected by the existence of the subcable wrappiWjsen present, wrappings force heat to
cross a metallic barrier in the travel between reérdhannel and annular region. In practice
the heat conduction in the thin wrappings (0.055)ncan be neglected, but heat transport
requires convection on each side. The wrappingssgnce results in the sealing of the
subcable and imposes the superposition of the mweartive processes on each side of the
metallic barrier. A first model imposed either 0%1®0% wrappings coverage in the spiral
perforated interstices [NicO4ICEC]. A refined modedludes the wrappings coverage ratio in
the perforated parts, just like the perforatecordéfines parallel thermal resistances:

The model for the heat exchange coefficient throtghspiral is an arithmetic mean of the
coefficients through closed and perforated areagagstionally to their applicable surfaces.
Ass: Stainless steel thermal conductivity [W/mK]

H : global heat exchange coefficient [W/m2K]
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3. Interchannel heat exchange

through the spiral perforation with wrap perforation without wrap

1 1 1
Jhe Jhe h,
1 1 1
H spiral turn H perfor w H perfor nw

L\rap (1- wrap)J

~—
&- perfor) perforJ

Figure 3-21: Areas closed and perforated, with ithaut wrappings are set in parallel
proportionally to their surface; thermal resistanaee in series in each area

The spiral is modeled as a sealed tube with imfieinductivity in the gaps, although it is
obvious that mass transfer contributes efficietlyheat transport, even with a null net
exchange. The simple heat exchange representationgh the spiral now differentiates the
two legs, which was not the case before becausevtappings do not alter annular void.
Wrappings tend to block the transverse mass fltwg; is not considered in the model of H
nor in A. Putting the thermal resistances in series andllphfNicO4] according to Figure
3-21 leads to the formulae:

H= Hturn (1_ perfoD *+H Perforw * perfor* Wrap+ H PerforNW * perfor* (1_ Wrap) (35_1)
with
H spiral turn = " 1 \ (35-2)
mod|—1+ 4+ 1 e, 1 )
\ﬂ.Od.hconvA JDmean Ass  72id. heonve
H perfor W = 1 A\ (35‘3)

(1 1
mr.od \ﬂ.Od .Ncona + 7.id .heonc )

H perfor NW =—— 1 (35-4)
od| .1 ’
\rid.h-

where h indicates an unknown heat transfer coefficient ttgpends on interchannel mass
exchange and turbulence in the spiral gap. Thealspelium being able to convect on the
subcable strands; k hc (more conservative tham hused with (3.5-7)) oh, =(h. +h,)/2
(used with (3.5-10)) provide an order of magnitémteh..

1 (3.5-5)

2
7r.0d ( mid .(hconvC + hconva )J

H perfor NW =

The heat coefficient can be calculated with a nrggerous radial conductivity, replacing
(3.5-2) by:

- P 1 \ \
qua]_nod(i 1 In(ﬂ S )

: (3.5-6)
7700 e+ 2770 Nid 1 7210l Foome
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3. Interchannel heat exchange

Heat exchange is calculated considering that cdroretakes place in a tight helix. In other

words no transverse mass exchange is modeled. &tabkange is obviously non zero, but is
simply considered to increase turbulence on ealtsh si

In these experimental temperature steps betweeatl® K, evidence of mean temperature
or Prandtl number influence cannot be made; H re lvensidered to be a function of the
mass flow rate only.

This evaluation of the heat transfer coefficienbily intends to provide a reference order of
magnitude, since a refined value, depending onctimeplex CICC geometry and turbulent

thermal boundary layers, is difficult to asses®thgcally.

3.5.2 Convection coefficients

From convection coefficients, the global interchelnheat transfer coefficient is calculated
and plugged into the steady state or transientnmtalemodels to resolve the temperature
profiles. Local convection coefficientsohy must be evaluated in each channel.

The central spiral is highly turbulent; the annutdrannel is a tortuous medium where
turbulence and Nusselt number are expected tohgsgfor fully developed turbulent flow in
rough tubes is applied to both central and anrailannels, as a default and arbitrarily simple
convection model. The Nusselt number is definednftbe convection coefficient with the
general expressioNu=(hconv.Dn)/Are , and allows to calculate a non-dimensional coneact

An expression of the Nusselt number is now necgdsaevaluate &ny in the channels. The
expression proposed by Dittus-Boelter [Dit30] fagyRolds number under X20°, leads to

. He Re%8 Pro4 . . )
the famous correlatioronw=0.025 5 . Values of this Dittus-Boelter correlation

h
for the central channel {wc = 1100 W.n*KY) have proved to deliver convection
coefficients two to three times under the obsemaddes.

A simple Nusselt number expression, derived frommdRpression of Nu for fully developed
turbulent flow in rough tubes:xlu:%Re.Pr]/3 [Holman], and directly proportional to the

friction factor f, could also be used [Ren06-1]:

13
hconv =f AHE'Ri (35_7)

8.D,
In this case a numerical value abhic = 2800 W.nPK ! is satisfactory when compared to
exerpimental measurements as shown in Figure 3-20.

While the literature justifies Reynolds and Prami#pendence, a previous contribution seems
to contradict linear variation of the Nusselt numlas a function of the friction factor
[Lon95]. In Long’s work, Bonv has not been measured for the same kind of red@ngpiral
geometry. This thesis is the first attempt to mddek in such high-turn low-gap spirals, very
different from the springs studied by Long. Geomestof springs vs PFIS spirals sketched at
the same scale in Figure 3-22, show that turbulennet directly comparable:
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3. Interchannel heat exchange

O, OO0 O

closest Long spring: 1.55 mm 1.754 mm and tliameter D=12.3 mm

PFIS rectangular spiral: 6 mm 1.98 mm ane wibmeter D=12 mm

thickness 1mm I | | |

Figure 3-22: Comparative geometries of CICC ceitedik

Nusselt number dependence on friction reportedhen Master’'s thesis of Long provides
Nu/Nusmooth values between 2 and 4 (widespread ttataprings characterised bysiboth
between 12.5 and 45. The (comparable od) rectangplaal used in the PFIS sample is
reported with ffmeoth=4.5. The rough tube hypothesis is clearly nofgoe but goes along
with the hydraulic assumption of the CICC channel.

Another experimental study seems to call for agavwer dependance on friction [Nun56]. A
detailed study of convection in helically rougheneles with rectangular spirals is the only
way to have a serious model of convection. A maeegal expression okd can take the
form:
h,, =g(f) e REPE (3.5-8)

8.D,
Further work more dedicated to the sensitivity efathtransfer to mass flow, and with
different spiral geometries could give the oppoitjuo refine a model forg(f) in each

channel or contradict these simple laws.
The experimental values of the heat transfer adefit H plotted in Figure 3-20 as a function
of mass flow rate display a linear behaviour. Clalimd H values are not far from being

linear, because cbhv is modelled proportional to the Reynolds numbencdeeto m.
Linearising heat exchange is a possibility that waed to simplify the optimisation of
complex thermohydraulic systems [Cos98]. Simplet ir@amsfer predictions can be given by
settingg,(f,)=f, and¢_(f.)= f. in the convection coefficient model (3.5-8) —usthg Nu

correlation proposed by Holman for rough tubes fhit]. This choice offers good
experimental correlation (Figure 3-20) and seemeeptable in the range of annular
Reynolds, without claiming universal validity.

Other Nusselt number expressions are provided agddr[Pra44] and Von Karman [Kar39]
for low Prandtl values. Petukhof et al [Pet58, Be#ihd Gnielinski [Gni76] provide Nusselt
number correlations in the central channel validgigmain. The explicit law proposed by
Gnielinski is the most interesting for simplicitycaprecision:
NU = (f /2)(Re=1000).Pr

3.5-9
1+12.7,/f /2(Pr 35-1) ( )
leading to an explicit expression, function of thetion factor f
hon = [ /2)(Re =1000). Pr .Awe (3.5-10)

1+12.7f 2(Pr #*-1))Dn
but this correlation provides numerical values ahJa under the observed values of global
heat transfer, which is unacceptable when theresag¢tances are added.
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3. Interchannel heat exchange

Uncertainty on heat transfer coefficients is vamge even for academic geometries with well
known hydrodynamics. Here we have poor knowledgth@fturbulence patterns in the CICC

channels. The convection models are precisely digygron the type of turbulence and skin
layer thickness on the spiral walls, therefore aveation coefficient cannot be accurately
predicted.

H is considered to be a function of the mass flate,rbut not of the temperature. Interchannel
helium mass transfer contributes to heat transpmbugh increased convection. It is

unknown and results in a null net exchange, theeats precise contribution remains hidden
in the global —diffusion and convection— heat exg®acoefficient in the spiral openings.

Conclusion on interchannel heat transfer

Steady state temperature measurements were intape two conductor samples, reaching
excellent agreement between model and data ordylatv AH power threshold. The steady
state experimental campaign has allowed to gradepdeature margins of the
superconducting strands and to validate the thelet@viour of the CICC.

Transient experiments provide a robust heat trartgfefficient H evaluation method with a
best fit uncertainty of +10%. The transient resoluffers a precise way of measuring H and
a clearer understanding of a CICC Heavyside stgporese in time and space. Behaviours of
central and annular temperatures under a step lstionu bring insight about the thermal
characteristics of a CICC through its recoolinggim

While steady state model limits lie in the homogmreechannel temperatures assumption and
non-linearities at high power, transients heatdf@mmeasurements find their limit with the
precision of the temperature step shape and theperturbation.

Non measurable calculated channel mass flow balsngeite uncertain due to the empirical
formulae used to determine the friction factor &icefnts. Of course the respective mass
flows strongly influence the physical phenomenaitteat transfer rates, while only a
limited number of global CICC behaviours are obsdrv

A complete CICC simulation is a double-nested motted thermal solution is based on H,
itself based ondan. The model proposed is the following:

H = , (1- perfor ) | v+ perfor *wrap \+ perfor *(1—wrap)
- 1 1 jnlod 1 (1 1 2
modl ot o 8 F i he ) 799 o e * i e ”°d(md.(hc+m))

AneRe..Pr
8.Dnc

Ane Re, Prie

and ha=heon= fA 3 Din

using hc=heonv=f¢ respectively in the central

and annular channel.

While steady state and transient measurementsnagead agreement with predictions, the

model of the heat transfer coefficient H remainarse. These heat transfer coefficients can
be useful for code users and help extrapolateugiresimple albeit improvable laws, heat

transfer coefficients to predict performances bieotCICC geometries.
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4. Central channel spiral improvement

4 Central channel spiral improvement

Is the preliminary design of ITER spirals optimaf?not, how should their geometry be
altered in order to gain on performance? What perdmce is most crucial: pressure drop,
heat exchange, cryogenic power, recooling timegstment cost, operating cost? These are
the questions at stake in this chapter.

Section 4.1 is dedicated to the danger of thernhosipThe spiral design sensitivity to friction
and heat transfer is studied (4.2), leading topifuposal of an optimal central channel (4.3).
Finally (4.4), other issues and alternative CICGigles are discussed.

4.1 Danger of thermosiphon

The thermosiphon phenomenon was unexpected wheasitdiscovered with these PF-FSJS
Sultan experiments (Figure 4-1) [Cia03, Zan04, BarBxperiments are steady state annular
heating tests described in section 3.2. The vérticafiguration of Sultan appears useful to
assess the vertical flow behaviour in a heated CICC

— > 5.4 ---0--- power 8.5W/m
Flow direction / —=— power 5.2W/m
ioB2
Z 5]
— ."
; 48 Go
T4 L @--Q~--~O
Tin V -—

-1.25 -1 075 -05 -025 0 025 05 075 1 125
distance [m]

Figure 4-1: Experimental temperatures upstreandamchstream of the magnetic heater in
PF-FSJS at 4 g/s, 2 and 4Hz AC heating
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4. Central channel spiral improvement

4.1.1 The thermosiphon principle

Unbalance of heat load between channels in a aédigal channel cable leads to a coolant
density unbalance among channels and to a relatasg frow disturbance (Figure 4-2). This
configuration of heat load is reproduced in powgensive AH or AC annular heating steady
state experiments described in section 3.2. ThE®FS sample (Appendix V) being tested
in a downward flow, it is subject to possible m#sw inversion for high heating input. This
phenomenon is witnessed in Figure 4-3 where anratalty high upstream temperature is
measured on sensos after about a minute of heating.

'3

[}t 'ﬂE Wﬂ%ﬂ}

Figure 4-2: Principle of CICC annular mass flowersion because of thermosiphon:
moderate heating on the left, strong heating flowfiguration on the right

An upstream temperature rise is somewhat abnorfmodlcould be due to conduction. But
when upstream temperature is above downstreanontligossible solution is a reverse flow.
This inverse flow can also be observed with the SPEkperiments (Appendix [V) in
downward flow direction, where in that case (upstream from heat) rises oves T
(downstream) after some unstable transient behavigugure 4-3). This abnormal
temperature rise is a concern for sensitive supelocting strands. Note the evolution of
mass flow rate sinking from 7.73 to 6.94 g/s asstieady state heating phase settles: this 10%
reduction in coolant circulation is also criticallgpreciative for conductor performance.
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Figure 4-3: Evidence of thermosiphon in PFIS ACtimegleft leg with downward flow:
upstream temperature Tises irregularly over sTafter a transient phase

There are yet many issues not precisely predictabieh as the maximal rise of above &

in full thermosiphon examples obtained on the P&i8 visible in Figure 4-3. This figure

shows that a transient thermal behaviour is induogda not-too-high power input, but

experiments cannot be carried long enough to asdether equilibrium is always reached.
Apart from the stream inversion, gravity may weliroduce a progressive flow disturbance,
such as a nonlinear behaviour clearly observed iguré 4-4 above 15 W/m of rising

distributed power in the PF-FSJS experimental arntdmperatures. From this figure, we
have evidence that downstream annular temperataoeserge to a uniform CICC

temperatures mixed by the thermosiphon as heatdoads. The bottom line illustrating the
linear behaviour of the mixed outlet temperatureslightly curved downward because of
increasing Q(T).

Of high importance, an assessment of the flow reéolucor inversion risk is being first

investigated.
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Figure 4-4. PF-FSJS evaluation of thermosiphon pakreshold for annular heater at 8g/s:
the experimental annular temperatures have a limgaaviour up to ~15W/m only

4.1.2 Evaluation of the risk

A precise modelling of the thermosiphon phenomenauld imply to be able to model
transverse hydraulic resistance, i.e. to providiava of mass flow redistribution given a
pressure difference between the two channels.

In a CICC, thermosiphon phenomenon is very compgtexmodel in detail because of
unknown interchannel pressure gradient, hydraeisistance and associated transverse mass
diffusion. It has been decided that an evaluatibthe risk and of the maximal acceptable
power to avoid annular flow halt would be more efifee than the use of a model requiring
adaptable but not mastered parameters [ZanO4}der ¢o evaluate the relative importance of
the “gravity pressure”, we compare its static puessassuming two distinct temperatures
which leads to different densities, to the cablespure drop calculated with dynamic balance
of mass flows in the channels without any thermuomip hydraulic alteration
[Duc04thermosiphon].

APthermosiphon = ApCA'g'l-t sin® (4-1'1)

with the density, the gravity g, a conductor lengtihdnd angled with horizontal.

r = AI:)thermosiphon (4 1 2)
AI:>friction .

Annular mass flow inversion is obtained for r=1hé circulating pumps behave as a pressure
generator (Figure 4-5), and for r>1 if they behagea mass flow generator (Figure 4-6),
because the conductor pressure drop would incraasthermosiphon disturbs the flow,
making r a conservative risk ratio. Note that thespure-flow rate relation is quadratic and
that pressure increase is very high to maintaed tagss flow in the conductor.

Circulating pumps are commonly assimilated to asguwee generator, and evaluation of the
power needed to inverse the flow udé%icion, With (reduced) total mass flow forced through
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the central channel only. In shomy reduced tom c unchanged andn »=0. This is an
unstable situation given the continuous heat l@ad, may lead to either a bi-stable annular
mass flow hysteresis or to a positive and negathrailar mass flow cyclical alternation.

Pin
AP
APcl APa AP¢ APl AP APc
AP AP
Pout
no heat weak no annular flow AP _
thermosipho (unstable full thermosiphon
Flow ma inversed
direction M=Me-Ma

Figure 4-5: CICC pressure evolution for a presg@merator circulating pump

Flow
direction

Py APy AP AP

APl AP
APl APa AP¢ AP
Pout
no heat weak no annular flow (unstable) APAI
thermosipho total mass flow in cent

full thermosiphon
ma<0, m constant
Mc=m-+|ma|

Figure 4-6: CICC pressure evolution for a mass ft@merator circulating pump

The simple parameter r is hence valid wiAhermosiphoi<APrriction. We can simply state there
is no danger of poor annular refrigeration if r kfDuc04], becausen, ~ /AP, will not vary

significantly. Figure 4-7 provides values ofrr at various power inputs for the two samples
studied in SULTAN. Note that the definition of rualid for an infinitely long heater, or more
practically for a length of at least x while the experiments are heated onALand
therefore affected by less density difference th&alculated on an infinite length, r provides
the greatest possible asymptotic temperature gradibtained for a given heat load and
places a coil designer on the safe side. The betawdf the PF-FSJS AH experiments in
Figure 4-7 seems corroborated by values of r itic@e8.4: nonlinear above r=1.
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Figure 4-7: Thermosiphon risk ratio in PF-FSJS BR¢t5 for an array of mass flow rates

4.1.3 Thermosiphon risk in ITER coils

The temperature difference between the two chanoéla CICC adds an additional
superconductors temperature increase to that eddcllwhen the heat load is taken by the
total isothermal mass flow. In order to keep wogkspecifications below superconductors
chosen margins, it may require to further drop tdraperature at the inlet of the coil. This
raised the concern in the community that if we dodiagnose thermosiphon on a sample
heated on a very short length (0.4 m), the 15 rh KigcR TF coils could choke and come up
with unacceptably low cooling performances.

Due to the reasonable expected distributed heat ioathe vertical ITER TF inner leg,
Q=1.6 W/m [Bes05], the r ratio is evaluated at 294 ao thermosiphon blocking is expected.
This r ratio is calculated with an isothermal catolass flow rate hypothesis, the resulting 2%
perturbation leads to the belief that the simplessnflow hypothesis is correct and no
recursive evaluation of r is needed. Furthermarenf(3.1-9) a maximal annular relative
temperature difference is calculated independemitithe heated length, with L -. This
central to annular temperature difference givendach geometry in Table 4-1 should be
accounted for in the machine design of the supe&hector margins.

Table 4-1: ITER TF Temperature margins and extreemtral channel choices comparison

ITER TF conductor

Perfor 50% Perfor 29%  Smooth tube no central
ITER reference spiral channel
id/od [mm] 7/9 7/9 7/9
r risk ratio 0.018 0.036 0.22 0
at 2 W/m and 8 g/s 0 if sealed
interchannel tempe-0.03 K 0.04 K 0.18 K 0K

rature difference
ATca at 2 W/m

It can be understood in Table 4-1 that the sindk@noel CICC eradicates both the
interchannel thermal difference and the risk ofrt@siphon, at the expense of a high. The
opposite design would be a smooth tube, which daexyerience local recirculation unless it
is pierced to allow mass transfer. In fact, a skaélde is not desirable because in a quench
situation the fast pressure rise in the annulanieéilis more limited if the volume of central
helium is accessible. Piercing a tube is a comditaand costly industrial operation
compared to twisting a spiral from a manufactuk@npof view.
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Furthermore, in a vertical coil where the cryogdiud is flowing alternatively up and down,
the buoyancy effect does not accumulate and thenehanass flow repartition can only be
altered because of one coil height. It should renoai@ltered in a seal tube, but the price to be
paid is an excessive superconductors temperategeasi reported in Table 4-1.

Sensors linearity and thermosiphon discussion

With increased power, PF-FSJS experiments becomgi@yhnonlinear above r=1 and the
downstream temperatures tend to drop (Figure 4Bdj. does a weak conductor annular
heating invariably lead to an alteration of massvflbalance and of the expected channel
temperature evolutions?

A weak thermosiphon also reduces the annular massrate and tends to increase on the
contrary the temperature in the annular channes. [dtv experimental PF-FSJS downstream
temperature may be interpreted as a reduction:olielium expansion leads to a smaller
bundle mass flow ratiaa that reduced. The associated mass transfers (annular He etzape
the central channel, then partial refueling aftee heaters) tend to increase H and again
locally reduceA. This could explain a low downstream annular terajee rise.

Another side effect of feeding high power to the@ahactor is that temperatures significantly
high may result in a non-negligible jacket longihal conduction. Note that AH experiments
give evidence of progressive non-linearities abovgé while experiments reflect sudden
changes at certain temperature thresholds. AH a@dfidld experiments are not directly
comparable, whatever the value of r is.

AC losses experiments have a more complex distobw@nd thermal behaviour; they provide
evidence of thermosiphon in the two conductor ckeénwith a reduction of their cooling
functionality. Instead of modeling this intricategmomenon, its occurrence risk is evaluated
using a simple ratio r, where hydraulic and therasdects of the conductor are intrinsically
linked.

4.2 Design sensitivity to friction and heat transfe

The interdependency of spiral hydraulic and therneslponses is here under focus. It is
important to comparatively determine how spiraligiesnfluences CICC thermohydraulics.
Mass exchange between channels through the smradtili considered an underlying
parameter, that remains hidden in the heat exchiautgesity and is not directly measurable,
nor necessary to evaluate.
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4.2.1 Friction sensitivity to spiral design

Spiral friction is calculated according to the clem® experimental model, and conducted on
spirals of various gaps and diameters (Figure AA8jh close friction factors values, the
diameter is the primary factor leading pressurg@dro

250 71 spiral 7/9 g=1 I ‘
spiral 7/9 g=2 “ |
spiral 7/9 g=3 ’
spiral 7/9 g=6

200 1 - - - annular channel

conductor 7/9 g=1
conductor 7/9 g=2
conductor 7/9 g=3
150 H conductor 7/9 g=6
spiral 10/12 g=2
conductor 10/12 g=2

100 ~

linear pressure drop [Pa/m]

50

0 =— T T T T T T T

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
mass flow rate [kg/s]

Figure 4-8: Calculated pressure drop for spiralgasious gaps
and constant 50% conductors wrappings

Perforation: The ITER project raises the questibarooptimal perforation for a 7/9 spiral.
Wrapping being equal (50%), lowering perforatioads to enhanced hydraulic behaviour
with reduced friction. A friction factor differencamong spirals becomes less significant
between conductors equipped with these spiralsausec of the common presence of the
annular channel.

All this Table 4-2 is calculated assuming a 33%dvivaction which is the specified ITER
value. Due to the sensitivity of MBn to flexion, it could be considered to decreaseviid
fraction of TF conductors down to 28%. In this céise linear pressure drop increases to
256 Pa/m.

Variations of the gap lead to variations of thelangof the spiral, which decrease friction
faster than heat exchange as it drops from 90%fo @ee and Webb reported a maximum
value of St/f fora=45° [HSPCHT].a. may be reduced by increasing the turn length tchvh
would also result in a smaller frequency of theamingularities.
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Table 4-2: Thermohydraulic performance of TF cornduat 8 g/s
with variable perforation (gaps from 1 to 6), 33%d/fraction and 50% wrappings

TF glw50 | TF g1.5w50, TF g2w50 TF g3w50| TF géw5Q dni
Perforation 14.38 20 28 33.3 50| (%)
Turn 0.006 0.006| 6.15x10° 0.006] 6.15x103%|m
gap 0.001 1.5x103| 2.35¢103 0.003 6.15x10%|m
fc 0.037 0.046 0.057 0.838 0.12-
Mc 3.98x10° 3.74x10%| 3.72x10° 3.38x10° 3.22x103| kg/s
Lineic
pressure drop 185 200 204 227 239|Pa/m
H 358 466 614 840 1384| W/m?K
A 0.88 0.68 0.512 0.367 0.219m
(Ta =T Daspmptotc 0.98 0.071 0.054  0.0355  0.0206 K
AT pgq 0.049 0.034 0.025 0.0151] 0.0084 K
r 0.089 0.054 0.040 0.024 0.013(-)

The shape of the spiral attack angle is importarthé turbulence. Spirals fabrication method
generates rounded edges on one side of the rib&fmnebit is helically shaped into a CICC

spiral. ITER design recommends the external twgsth the rounded side of the spiral, in

order to avoid local pinching of the fragile supmrducting strands. In fact, it would be

desirable to have the spiral inside edges roundededl (Figure 4-9). Turbulence pressure
drop is highly responsive to flow separation andrghrailing edges; these should absolutely
be avoided. Of course, because helium is fed inrtidelle of a double pancake and flows in

both directions, spirals must be symmetrical aretelcan be no difference between attack
and trailing edge. The operation of edge smootkhmmuld not raise the price of spirals much
above its value of ~10€ per meter, that remaingtads compared to the tons of valuable
superconducting strands.

central channel

annular channel

central channel

( I )

annular channel

Figure 4-9: Spiral angle shape: ribbon fabricatimmnded edges are set outside
additional rounded edges would allow to both pressuperconducting strands
from local pinching, and reduce trailing turbulence

A reduction of the spiral gap provides a mecharacal hydraulic benefit: the strands petals
are better sustained and the pressure drop iseddsee Table 4-2). From the pressure drop
point of view, it is recommended to reduce spiratfpration. The down side is thermal:
because the perforation is smaller (combined wikirger quantity of helium flowing in the
central channel), all thermal properties are degptaghen the spiral gap shrinks.
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4. Central channel spiral improvement

4.2.2 Interchannel heat exchange sensitivity to spl design

The steady state analysis from section 3.3 illtestrshe maximal temperature difference that
appears in an infinitely long conductor subjectatpermanent heat load. A real conductor
heating of finite length and finite duration willaturally lead to a somewhat smaller
temperature difference. The thermal barrier betwéesm channels of a CICC being
alternatively made of central spiral perforated aluded parts, the local thermal resistance is
varying and local temperature differences have hbesaulated in Appendix V. Numbers
prove that the spiral step scale is too small dvad this additional level of complexity is
unnecessary. The average heat exchange propditsaa accurate macroscopic evaluation
of the maximal interchannel temperature difference.

Providing an upper limit to these thermal differesds fundamental to superconducting
strand temperature control, and allows to assessgtimal geometry that should be assigned
to the CICC central spiral.

Given the extreme geometric complexity of the aanudhannel, which includes twisted
strands, wrap around petals and empty cornersptrsus medium is more isothermal when
heat load is applied to the strands directly. Tipothesis of a high lateral heat transfer is
important to temperature homogeneity, carried bicdd convection and turbulent mass
exchange. The various twisting levels of the stsandad to a pitch of mechanical
transposition of the subcable of at most 0.45 m.

Conduction has a major impact on the heat exch#mgeigh the spiral: the heat resistance
through the spiral closed parts is 5 to 10 timesentisan the resistance through the perforated
area. The thermal characteristics of the spiraharee very sensitive to the perforation.
Because reducing perforation is the most efficigay to reduce pressure drop, it is vital to
demonstrate how perforation acts on the CICC iheemoel heat exchange. Table 4-2 shows
how perforation influences H, all other geometrargmeters remaining constant. Note that
heat exchange measurements were performed onlyi@ssof diameters 10-12 mm, and that
thermal data in Table 4-2 is derived from the maodehapter 3.

As expected, a smaller perforation degrades teryperdaomogenization properties. While

the trend is clear, the reasonable values of haasfer in Table 4-2 (a few hundreds of
W.m2K1) allow to advocate that it is acceptable to reduedoration as low as ~0.15 to 0.2.

It is clear that benefits outweigh drawbacks; tfaeethe author recommends to minimise the
perforation, keeping a gap of 1 to 2 mm.

Table 4-3: performance of TF conductor joint

TF joint Tube 6/12 unit
Perforation 0 (%)
mc 6.15¢10° kg/s
Lineic pressure drop 43®a/m
H 58 W/m?K
A 29 m

10 W/m
(Ta =T )asmproric 2.69 K
AT,qq after A 4.27x10% K
r 0.223 ()
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In the limit case without perforation, as in thenjs mounted with tight tubes, mass exchange
is no longer possible, turbulence is strongly reduand heat transfer becomes poor. As
shown in Table 4-3, the combined effect of a damgglly small annular flow, also contributes
to a poor heat exchange coefficient value, althotighcentral channel diameter has been
reduced to 6 mm.

4.2.3 Wrappings

The purpose of conductor wrappings is to reduceesinable currents induced in the copper
strands.

Manufacturing the two PFIS sample legs differentlgs intended to assert whether the
wrappings electrical benefit in AC losses reductvaes mitigated by their thermal penalty.
On the PFIS experiments, AC losses heat up the &/Nright) without wrappings more than
the W one (left), as expected. The heat generatatidoeddy currents resulting from an AC
field excitation has a reduced intensity on theS?W (L) leg.

From temperatures evolution, the heat transferficosits without wrappings reported in
Table 3-3 are twice as good as their twins withpprags. However, the temperature rise with
the wrappings remains much lower than without (FegB-11). At first sight, it means the
wrap electrical advantage (less heat) overcomethtrenal coupling reduction (less cooling)
for superconductor’s temperature. In fact, the t@gs may not be directly comparable
because of a different heat distribution. The A€ldfiexperiments conducted in SULTAN
create a magnetic field on a narrow length, ars@ms the induced heating length is longer
that the field itself. The flat temperature evabuatis evidence of a longer heating distribution
in AC losses with wrappings as compared to witholihe PFIS AC loss upstream
temperature dis slightly rising even at very low power, which disturbing and may be a
sign confirming a wider W heating length. Resulisidd therefore not be extrapolated to any
length or any power. It is not certain that a retlu@ower is always preferable, from a
temperature point of view, to an increased heatts.

Wrappings results are more dependent on gravigurgi3-21 shows W upward is lower
than Hv downward. This is probably not due to the valud¢latself, but artificially linked to
the transient measuring method: a change of massrépartitionaa (and velocities) directly
impacts the transient thermal response (Figure)4tt@he case of an upward flow, when the
wrappings reduce heat transfer and keep the subgabhls tight, the central channel front
advancing faster is warmer, contrary to previous-FBBS experiments exhibiting
thermosiphon [Ren05]. The density of the He de@®agth temperature; this effect increases
Uc and reduces Mandoa. The rising temperature slope is decreased almbks as if Hy
was smaller, from a constant velocity and tempeeatudependent material properties model
point of view. Without wrappings, the opposite etfebserved could be explained by faster
upward central channel circulation again, but timse transmitted more efficiently through
mass exchange and higher heat transfer to the anclihnnel, thus leading to an increased
rising temperature slope.

A conductor without wrappings is more permeable lasd subject to thermosiphon.
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Figure 4-10: Annular T calculation sensitivity toraular flow ratiooa value (+/-15%),
at x=2.7 m (LT1) 8 g/s W (L), H being constant

The wrappings covering percentage will affect treathtransfer performance of spirals,
according to the model developed in (3.5-1). Cogtta the choice of spiral gap that has a
significant hydraulic impact, the percentage of ppiags coverage has a negligible influence
on the pressure drop. The thermal downside is tmatsnced with the electrical benefits.

The following Table 4-4 is given for a constantfpeation of 33%:

Table 4-4: influence of wrappings on conductor theinydraulic performance

TFg33nw  TF g33w50 TF g33w80 unit

Perforation 33.3 33.3 33.3 (%)
Wrap coverage  NW 50 80 (%)
H 1197 840 625 WI/RK
A 0.257 0.367 0.493 m
(Ta =Tc )agmpoic  0.0249 0.0355 0.0477 K

AT pgq 0.0106 0.0151 0.0202 K

r 0.0166 0.0237 0.0320 ()

The presence of wrappings has a significant immactthe interchannel heat exchange
according to the model (section 3.5). This locakgative impact on H seems acceptable and
wrappings are more than welcome when consideriagttteir presence not only reduces the
local heat load, but also total temperature in@easl refrigeration power [Nij04].

When measuring a reduction of H with the preserfcerappings, the physics of this heat
transfer setback is not well known. It is thoudtdttthe wrappings impede the contribution of
heat transport due to mass transfer, while the @ctiron in the spiral remains unchanged. A
serious heat transfer characterisation requiregnbg/ledge of the interchannel helium mass
transfers.

ITER wrappings specifications will be of 50 % sulblea coverage instead of the 80 %
manufactured on the PFIS. This raises H and ensuresasy transverse thermal coupling.
The wrappings do not constitute or burden anyaaiitilesign point for dual channel CICCs.
Even if the local impact of wrappings is balancew anay be discussed, there is still a
fundamental certitude to their thermal effect: viags reduce the global heat load supported
by the coil and the associated cryoplant power.ppirags reduce investment and operational
refrigerating costs dictated by the coil desigmdeewrappings are good.

100



4. Central channel spiral improvement

4.2.4 Central channel diameter and thickness

The size of the central channel is also a variphlameter that can be justified and optimised.
The cable pressure drop and cooling time deperntfiisiameter: the spiral diameter is more
significant than the spiral roughness in deterngnine respective channels flow rates and
velocities.

A large diameter central channel best carries @ dhannel principle of fast and easy
helium flow. However, a variety of reasons lea#bdance the choice of spiral diameter. In
the case of toroidal coils the diameter was chdserall enough) to keep coils compact, in
relation with the high current density requiredthg ITER project to reduce the reactor size
and thereby the cost. In these TF vertical coilbjestt to critical heat loads, the spiral
diameter should also be chosen (small enough)dardo maintain a small thermosiphon risk
ratio r. Thirdly, strands temperature —the prioiitythese high heat load coils (ITER TF &
CS)- require a small enough diameter to maintamukan helium surface and mass flow rate
high. Indeed, annular helium flow surface arounel skrands (linked to the void fraction) is
the only volume of coolant considered in the caka guench. ITER design has reduced
annular void fraction from 36% to 32%, but the voigbact on electromagnetic issues is more
critical than on thermohydraulic issues, and the&lve here considered firm. In practice,
temperature criteria lead to an annular helium rflagsrate of about half the total mass flow
rate.

In the case of horizontal poloidal coils, with ntrirgent heat load and compactness
conditions, a large spiral conveying most of thessndlow rate is acceptable for the
superconducting strands, and certainly a betteicelto reduce pressure drop. The design of
the ITER PF coils should consequently call for&lpaf diameters 10-12 mm.

The spiral has an important mechanical role of ques distribution when the petals are
subject to the Laplace force. Thermohydraulic itssewould not offer this regularly
distributed support [Bos95]. The mechanical comstsampose the minimal thickness of the
spiral. Proposed spirals have a constant defaigkribss of 1 mm. A design improvement (a
reduction) of this spiral property is possible, lmnly with a mechanical calculation that
should justify the minimum acceptable thicknessegiwther spiral properties and expected
pressure conditions.
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4.3 Optimal central channel proposal

4.3.1 Spiral improvement criteria

Experimental CICC testing and modelling has progidm-depth understanding of

temperature variations mechanisms.

Beyond model validity and accuracy, their physicedaning and parametric trend allows to
better understand how design changes the cablendhgdraulic properties and cryogenic
needs. The improvement first consists in definisy situations and keeping cable operation
away from it. An accurate annular channel additidamperatureaT,,, above the average

conductor temperature can be calculated. A thehosi risk ratio has been defined
(section 4.1).

An appropriate mass flow repartition is desiralskec(ion 4.2.4). From this frame it is possible
to choose a minimal safe interchannel heat tramsfefficient. While a monochannel CICC is
isothermal, it is the heat transfer coefficientardual channel conductor that governs the
temperature increase in the annular region. A traasfer coefficient of a few hundreds of
W.m2K? for a nominal magnet mass flow rate of 8 g/s letmdsin efficient temperature
homogenization. The expected temperature differenceT, is < 004 K with the most

stringent ITER local heat load deposition scenafiQ=1.6 W/m [Bes05].

Given this minimal interchannel heat transfer deoefht, an improvement consists in
minimising costly pressure drop according to thieasphermohydraulic laws in Figure 4-11.
Once a spiral is chosen, a global conductor pragsetheck can guarantee that conductor
cooling operation will contain strands temperatim&ease even when calling for minimum
pumping power. The recooling time is a parametat thay not be critical, but should
nevertheless be minimised to gain time during amperation.

Behind the physical properties, the characteristicshe cooling system feeding the coils
provide the cost function in terms of pumping lessad cooling power. This cost function
will ultimately set the optimal choice. In summapgnstraints other than thermohydraulic
first set the frame of possible modifications. &pttesign improvement is conducted from a
sensitivity analysis on three criteria: pressur@pdrannular channel temperature and
thermosiphon risk. Other properties are simply kbdc

ATaqq ATadd| j wm K™ r (%) ——r | AP[Pa/m]
0.06 ——>¢H 1000 10% AP 240
0.05 A -+ 800 8% X 220
0.04 1600 6% N, 200
0.08 + 400 4% %Xf\ 180
0.02 200 2% \ 160
0.01 T T T 0 0% ‘ ‘ T 140

0 1 g [m%n ] 3 4 0 1 gl rr%n ] 4

Figure 4-11: Sensitivity analysis of the additioteahperatur@Tadq, the heat transfer H, the
risk ratio r and the conductor lineic pressure dk&pon the gap length g
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4.3.2 Proposal of spiral design

A simple and efficient way to optimise a complexsteyn is to work on the variables

separately, tuning parameters again after all esthave been modified, in order to converge
towards a solution obeying the optimisation laweaich variable [Siarry]. Reducing the
perforation offers a reduced hydraulic pressurg dinat reduces thermal exchange. A look at
the global conductor hydraulic and thermal progsrallows to advocate that the benefits of
small gaps spirals outweigh the thermal drawbagkigitionally, it is wiser to seek a best

thermohydraulic compromise at small perforationueal where the spiral keeps its
mechanical strength. The author hence pleads foalspwith a small perforation ratio

between 0.15 and 0.2 (Table 4-5). TF and CS ce#sgsitive to thermosiphon, must be
equipped with spirals of external diameter no larggan 10 mm. Higher diameter central
channel spirals are a better hydraulic choice, iptesonly for PF coils unresponsive to

thermosiphon.

Table 4-5: Example of proposed ITER spirals of citars 7/9
and associated dual channel Cable-In-Conduit Cdndperformance

Central spiral Dual channel conductor

id [mm] 7 Flow repartitiora % 47
od [mm] 9 me [g/s] 3.74
e [mm] 1 ma [0/S] 4.26
t [mm] 6 Pressure drop [Pa/m] 203
g [mm] 1.5 Wrap coverage % 50
p [mm] 7.5 Hum [W/m?K] 196
Diameter Dh [mm]  6.89 brior w [W/M2K] 864
Roughness e/Dh 0.145 pétor nw[W/mM2K] 2162
Perforation % 20 H [W/AK] 458
Cavities g/e 1.5 A [m] 0.69
Angle o [degrees]  /° (Ta = Te Dagmpronc (K] 0.071
Spatial freq. 1/p [mM] 133 ATuq [K] 0.034
Friction factor 0.0465 r 0.054

Although this study cannot experimentally sustéi@ ¢hoice of spiral edges, rounded instead
of square inside edges of the spirals’ rectangtriass section are proposed with the intention

to further reduce friction turbulence.
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4.4 Other issues and alternative CICC design

Large superconducting coil design is on the frontié knowledge in the fields of
superconductivity, electromagnetism, cryogenicgriiohydraulics and mechanics. This
section evokes interdisciplinary issues, open guestnd possible future experiments.

4.4.1 Strands compression

The current supported by superconducting strands @ICC, characterised by the current
density 4, is negatively affected by:
= The compression of petals by the magnetic field haocentz forces, flexion that
creates curvature and local pinching of strands.£20%)
» The thermal differential expansion between stamakjacket, which compress strands
when cooling after the heat treatment (steel expamd contracts more than copper)
(Je - ~30%).
Both mechanical effects generate a performance d6€0 to 60% between tested CICC
samples and the individual performance of a headtngnd, extrapolated to the number of
cable strands. Strands with higher performanceldeae hence being studied, in order to
keep a sufficient CICC current after mechanicalrdégtion.

The magnetic force on each strand is proportian&*t.

F=JLCB (4.2-1)
Pressure integrates with the number of strandyiogrcurrent; therefore it integrates on the
conductor height [Ren95].

The effect of pressure could be alleviated. Sevaoakible ways to reduce strand movement
have already been thought: bigger superconductnagds [Lib05-2], conductors filled with
brazing [Pas04], or conductors with a reduced Jogdttion. A solution to keep helium
volume high and provide a mechanical continuitythe annular channel could consist in
filling the void fraction with metallic foam (Figar4-12). The choice between copper and
stainless steel would depend on the desirablerel@cintacts between strands.

Figure 4-12: Copper foam with open porosity
(courtesy of ‘Société de Conseil et de Prospe@isientifique’)

The thermohydraulics of the conductor would be geaihbecause of a seriously impeded
annular helium circulation. In short, an idea ttegjuires to rethink the concept of CICC, and
cannot be implemented on the short term, exceilplgsn a conductor joint.

The pressure itself could be lowered by reducing ¢hble height. Instead of petals, the
bundle channel is formed by subpetals, and a patroatsuch as that of the Rutherford cable
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provides the conductor relative electrical symmefiigure 4-13 provides a graphic example
for a half-cable, but it is possible to draw a ftable having any number of strands.

L_J1lcm

PFISw flat hexagonal cable
Figure 4-13: Proposition of a flat dual channel CIC

Magnetic
forces
directior _
/‘*.’\
(g
SO S
Classical CICC flat hexagonal cable

Figure 4-14: Comparative pressure level on strands

The thickness of the bundle channel is the sameyehere, therefore it is minimal anywhere
and magnetic pressure does not accumulate to sttestds. The dual channel concept, with
pressure drop reduction and faster helium ciroohais still possible. Wrappings should limit
undesired lateral currents, if possible. Coil fahtion using such conductors with half
coverage is not a space loss, because a trapeamstah coil cross-section is well filled with

a half widths increments grid.

The potential gain on superconductor performancefiat dual channel conductor deserves a
more thorough study.

Superconducting material is produced through diffusof a metal in another. This is
achieved with a heat treatment of hours at temperatof 700°C of the fragile conductors in
their final shape. Heated metals become lax angearogtretches to match the expansion of
steel. The thermal differential expansion betwdands and jacket becomes a concern during
cool-down, when limp copper becomes resilient:Isteatracts more than (stretched) copper,
curving and compressing strands. Curvature addshéocomplexity of the differential
expansion, as observed during the TFMC fabricafieaf03]. Strands current transport
capacity is strongly compromised by mechanical whefdion [ZaniO4]. The jacket-strands
differential expansion should be minimised to avmdssive coil performance loss. Low
contraction jacket metal was tested, but easy na@twfe and soldering remain a priority for
the helium-tight conductor jacket.

Jacket stretching —either during cool-down or whp&ating pancakes in their casing— could
be an efficient way of zeroing the strands compoas$reliminary calculations demonstrate
that small displacements with a high precision septoducibility are required, making this a
delicate process [Dec97]. Because a high performgam is at stakes through this seemingly
simple mechanical touch, it seems worth a thoraigimination.

Superconductor strand stability depends on localptzature and heat transfer properties
[Bot98, Cia05, BotO6LHC]. It is however not possipbto extrapolate strand properties to a
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cable properties, whether hydraulic, mechanicalelectrical [Duc76]. Empirical models
prove to be simpler and more efficient than trytogbring small-scale models to a larger
scale.

4.4.2 Future investigations to optimise CICC thermhydraulics

The pressure drop testing of smoothed spiralsgpeals with rounded inside edges), would
be interesting, as the edge shape can hardly ben teko account in a model, while it
certainly can affect trailing edge turbulence arespure drop.

Water testing should maximize the number of tentpegasensors at various depths on a short
distance, and benefit from the possibility to mdéke heater in order to obtain the multiple
measurements sensitivity to distance from the amnlikater. Ideal thermometer locations
include the bundle dead corners, a petal heart thedcentral spiral, helpful to better
understand temperature behaviours. Jacket temperanderneath the heaters would be
desirable as well. Given the short thermal homagian length\, a CICC sample length of

a couple of meters is enough, plus a hydraulidesaént length.

A set of water experiments in a configuration obseld central channel would allow
measurements of the bundle pressure drop and tidlebto jacket heat transfer coefficient.
This data would be pertinent to the understandfrtgefull CICC complexity.

Next conductor samples in Sultan will be approphatinstrumented with the PF-FSJS
configuration: long AH and thermometers regulady, €lose downstream and away from the
joints —where mass flow repartition is disturbed.

It would be wise to obtain both steady state andsient experimental measurements of the
heat transfer coefficient on the same piece ofgbype CICC, in order to validate the values
obtained by the two experimental procedures andragpcalculation methods [Cia06].

A parametric study of the global interchannel hemtsfer coefficient H as a function of the
volume flow rate @ and the temperature T (or the Reynolds and Pramuitibers [Vic04])
would qualify the thermal CICC properties at higtemperatures and complete the model.

CEA\Grenoble disposes of a cryogenic helium loopigmed with a 4.5g/s pump in a

horizontal sample configuration (about half the snfhisw rate needed for the forced cooling
of a CICC). This loop has been used weekly for CE®MNs testing among other samples.
This testing loop provides an opportunity of gejtmeasures on CICCs, with the possibility
of imposing electric losses in the copper stramdsimulate Joules losses occurring during
current rise or decrease.

A numerical study of the hydraulic and thermal tuent flow patterns is an important tool.
After a proper validation with experimental dathe thnumerical model should allow the
parametric study, understanding of turbulent phesran extrapolation of the geometries,
validation of the analytical models and improvemafthe spiral.
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Conclusions

Dual channel Cable-In-Conduit Conductors

A forced flow cooling circulation through large hidield superconducting coils Cable-In-
Conduit Conductors is an efficient way to removealde heat load and maintain the low
temperature, critical to superconductor reliablerapon. The necessity to balance the fusion
reactor ITER pancakes pressure drop is demonstiateatis thesis. A free-flow central
channel is justified to reduce pressure drop inftiheed cooling circulation, highly expensive
in cryogenic cooling. The dual channel concept, éwmav, introduces a problem of
temperature homogenisation and requires designowveptent. This improvement is the grail
that was sought in this work; it requires to untherd the driving parameters of the central
channel spirals thermo-hydraulics.

Pressure drop

Models for helium flow through a bundle of superocting strands exist and are useful,
even though they have stringent limitations. Erggtilata of spiral hydraulic pressure drop in
nitrogen were studied, adding compressibility andulgThomson expansion. An
experimental campaign focused on a dozen spirgtiraulics in water was further conducted
with a better precision, obtained after redundéueicking. A slight Reynolds dependence was
modelled as shear drag. The high form drag is nhediély choosing appropriate parameters
from turbulence patterns and available models. iSaed form drag are added in an explicit
parametric friction factor model, proposed for {t&lly roughened tubes) spirals.

Thermal coupling

The thermal coupling between the hydraulic chanaals investigated using water and low
temperature supercritical helium, taking part iro tiiuropean campaigns in the test facility
SULTAN. Imprecise water testing was rapidly setdasito focus on steady state and
Heavyside transient helium experiments. Two difienmethodologies have been developed
for the two kinds of experiments, respectively lbasgpon a characteristic length and a
thermal wave traveling propagation, or characteristme. Despite annular conductor

temperatures measurement difficulties, experimeraaipaigns have led to validate analytical
bithermal laws of dual channel conductor tempegatavolutions under local heat load

excitation or during a coil cooling phase. Theseettgpments unveiled the interchannel heat
exchange behaviour, key to the spiral improvem&rimple explicit model of heat exchange

coefficient was built. Maximal temperature diffecenn the conductor, thermosiphon risk and
recooling time have been defined and estimated.

Conductor design improvement

The now available pressure drop and heat exchamydels) are explicitly simple albeit
already quite elaborate, given the tenuous and imgertainty experimental database they are
each drawn from. Based on these models and onetheunderstanding of Cable-In-Conduit
Conductors thermohydraulic behaviour, a centratasmptimisation could be initiated, in
order to propose a best central channel designfusion reactors (ITER). The risk of
thermosiphon choke must be avoided and an enligbtemnimum to the intensity of heat
exchange is set. Within this frame, a pressure dedpction is possible by reducing spirals
gaps down to 1.5 mm, with -a perforation of 15 @8
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Perspectives

More experimental work is required to complete dagabase and validate the choice of a low
perforation spiral with rounded edges. A numerigalidation of this experimental and
analytical contribution would help to complete aredine the understanding of the spiral
geometry impact on its thermohydraulic propertiés. order to alleviate mechanical
degradation of superconducting strands performamngestudy of a reduced annular void
fraction or increased strands diameter could bopaed. The circular geometry of the cable
itself, less adapted to the high mechanical comégran the new N§Sn strands, may have to
be flattened or reduced in size. The newly devalapedels provide tools to accompany the
design of a dual channel Cable-In-Conduit Condutton a thermo-hydraulic point of view.
Though forced flow dual channel Cable-In-Conduinh@actor coils could be replaced by bath
or dry coils technologies in the future, they pdmvian established way to stabilise the
temperature of high discharge voltage superconagicioils operating in transients.

Personal conclusion

The success of a research lies in the art of quresg, sustained in this Ph.D. thanks to the
rich scientific environment of “Groupe CRYomagngtes that holds competences in
cryogenics, mechanics, superconductivity and thégudiaulics. Preparing this long term
project forced me to seek the right questions,efpagate the message from the pedagogic
vector, to be open-minded, to develop my scienkfiowledge, skills, creativity, tenacity,
autonomy and responsibility. | had to surpass niysed to demonstrate an innovating mind,
intellectual honesty and the ability to grasp coempintellectual developments with the
ambition of providing a state of the art answerisTéxperimental and theoretical work, which
contributes to an international energy projectp alscludes technological, numerical and
economic aspects.
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Résumé détaillé

Résumé détaillé :
Comportement thermo-hydraulique des supraconductews
de type cable-en-conduit a double canal pour ITER

Introduction

Les besoins croissants d’énergie pour la consoromationdiale poussent les chercheurs a
trouver des solutions alternatives aux énergiesiless La fusion thermonucléaire fait partie
des énergies propres susceptibles d’étre fourmagande quantité. Pour obtenir et contrbler
la réaction nucléaire similaire a celle qui chautftdgre soleil, un mélange deutérium-tritium
est porté a une centaine de millions de degrés Bouse de plasma qu’il faut confiner
efficacement afin de limiter les pertes thermiquPfusieurs systémes de confinement
existent ; le plus étudié et prometteur est le nokda Le plasma est confiné dans un tore au
moyen de champs magnétiques intenses. La densjtértieules y est faible (0fois celle

de l'air) mais le temps de confinement de I'énergé grand (quelques secondes). Dans un
tokamak, le confinement du plasma est assuré gacldté qu’ont des particules chargées de
décrire des trajectoires hélicoidales autour d'ligme de champ. La configuration
magneétique d’'une telle machine comprend des systataechamp toroidal (TF), poloidal
(PF), ainsi qu’un solénoide central (CS) et le ghanmopre du courant plasma (Figure R-1).

Figure R-1 : Configuration magnétique d’ITER poaicbnfinement du plasma (source ITER)

Projet ITER

Des partenaires internationaux regroupent depueés quinzaine d’années leurs efforts de
recherche sur la fusion contrélée par confinemeagmétique, en vue de la construction d'une
machine nommeée ITER (chemin ou International Thewuntear Experimental Reactor). Le
projet ITER, décidé en 2005 et dont l'implantataera & Cadarache, a pour but de démontrer
que la fusion thermonucléaire est une source dga@ossible pour I'humanitée.

Les bobines des systemes de champ magnétique (gt pr&R nécessitent des courants
électriqgues importants sur de longues périodesquiejustifie l'utilisation de matériaux
supraconducteurs. Les conducteurs doivent étreuigo@uis bobinés ; un refroidissement
cryogénique leur confere I'état supraconducteur.pta@et ITER a concentré un important
travail dans les technologies cryogéniques pousugsaconducteurs, dans les bobines et dans
les réseaux de distribution d’hélium supercritig@es programmes de développement des
conducteurs offrent une mine d’expérimentation nisa comprendre et modéliser les
conducteurs supraconducteurs de type cable-en-tpatilisables pour toute bobine a haut
champ (>5 T).
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1. Conducteurs de type Cable-en-conduit a double nal

Supraconductivité

C’est la propriété remarquable qu’ont certains onétau alliages de voir s’annuler leur
résistance électrique a trés basse températurenatsiaux utilisés a échelle industrielle (le
niobium-titane et le niobium-étain) doivent étr&oglis par de I'hélium liquide a 4,2 K pour
devenir supraconducteurs. Ces matériaux ont lesygares critiques suivants :

* Densité de courant critique Jc

La densité de courant qui circule dans un mat&igaraconducteur s’établit a la densité de
courant critique ¢J C’est une fonction du champ, de la températutejes sollicitations
mécaniques pour certains matériaux.

e Champ critique B

Si le champ magnétique dépassel® matériau perd son état supraconducteur.

* Température critiquecT

Au dela de la température critique;, Tle materiau perd sa supraconductivité. Cette
température est trés basse, au plus 23 K pouufgasonducteurs conventionnels.

« Contraintes mécaniques

Certains matériaux ont leurs parametres critiqugs Tc, ) sensibles aux déformations
mécaniques (traction/compression). Les contraimgssont pas une limite a proprement
parler, mais peuvent occasionner une dégradatiepelformances du supraconducteur.

Si au moins l'un des trois parameétres (B, T, J)adép sa valeur critique, le caractére
supraconducteur du matériau est perdu. Maintersiséoda température du supraconducteur
est incontournable. Les brins supraconducteurs sonstitués majoritairement de cuivre,
pour leur stabilité thermique et pour porter leremt en cas de perte de la supraconductivité.
lIs contiennent des filaments de niobium-titane da®i niobium-étain. Ces derniers sont
fragiles, moins ductiles que le NbTi et nécessitentraitement thermique a environ 650 °C
pendant trois semaines, mais supportent des chamgsétiques plus élevés et sont donc
requis pour ITER.

Conducteurs de type cable-en-conduit

Les conducteurs de la fusion, caractérisés parfatess valeurs de champ magnétique (5-
13 T), de courant (40-70 kA) et de tension (5 k\8e® ont évolué vers la géométrie de cable
en conduit caractérisée par une gaine d’acierjsolation électrique et une circulation forcée
de réfrigérant.

Les cables du projet ITER sont circulaires et dtmss de 1000 a 1500 brins
supraconducteurs de diametre 0,81 mm, torsadésesux successifs (Figure R-2).
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Figure R-2 : Torsadage d’un pétale de cable supchaieur (source CEA/DRFC)

Le cable ainsi formé est inséré dans sa gaine et'dooxydable, dans laquelle circule
I’hélium pour la réfrigération. Ces conducteurs lestavantages suivants:

» courants forts jusqu’a 70 kA

» symétrie circulaire favorable a une distributioncd@rant homogene

» refroidissement local des brins efficace par uneutation d’hélium

» faibles pertes magnétiques en champ variable

* isolation électrique externe efficace (comme pauconducteur ordinaire)

» fabrication maitrisée du conducteur en tirant lede@ans sa gaine.
La conception des conducteurs ITER a conduit atesttuction de nombreux prototypes de
cable, joint et méme de deux bobines modéles reptdtsves du systéme de champ toroidal
et du solénoide central.

Charges thermiques R sur les bobines a 4,5 K
Des sources de chaleur variées occasionnent dageshahermiques sur les bobines
supraconductrices du systeme TF du tokamak ITER :

« pertes de courant variable dans les structurebal@ses et dans le conducteur

supraconducteur (en moyenne 7,3 kW)

» pertes dues aux ameneées de courant (~1 kW)
Pour limiter les pertes dans le conducteur, unkeamnage d’acier d’épaisseur 0,55 mm isole
entre eux les six pétales au sein du conducteur paluire les boucles de courant. Des
échantillons PF avec et sans enrubannage, ontestéstafin d’étudier I'efficacité des
enrubannages.

» chauffage nucléaire résiduel derriére les écrangom@ques
Le rayonnement neutronique échauffe les volumesliitgtes, plus intensément les parties
les plus proches du plasma. La puissance neutrenggl fusion du plasma d'ITER
(~400 MW) est écrantée par des modules activenedraidis a 'eau pressurisée et par la
chambre a vide elle-méme. Ainsi seule une puisseggiduelle peut atteindre les bobines du
systeme TF, avec une puissance instantanée de ¥l kWwdyenne de 3 kW pour un scénario
de décharge de 500 s toutes les 1800 s.

» pertes résistives dans les joints des bobinesgstatiques par rayonnement a partir

des écrans et conductions dans les supports desba les connexions (11,9 kW)

Les charges statiques peuvent étre en partie éemgo@ une circulation de réfrigérant
externe a la bobine. Un systeme complexe d’écraesmiques refroidis a 80 K a 'azote
liquide limite encore le rayonnement du cryostatietla chambre & vide. L’hélium liquide
maintient finalement la température des bobine&a 5
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Circulation forcée d’hélium supercritique

Toutes ces charges thermiques sont irréductiblesredtituent I'hypothése de travail pour le
refroidissement cryogénique. Un débit d’hélium mial de 8x16 kg.s* est déterminé afin
d’évacuer R et de maintenir les supraconducteurs sous la tetypé limite nominale de
4,7 K. Une perte de pression de 0,06 a 0,1 MParappdans les circuits hydrauliques
élémentaires du systeme TF (galettes) [ITEROSr&eail de pompage de I'héliuniR pour
combattre cette perte de charge introduit un éébeint (11,4 KW) qui s’ajoute anPau
niveau du réfrigérateur (Figure R-3).

‘ machines frigorifiques ‘

Réfrigérateur
Circuit primaire

Echangeur (Bain d’Helium

Par+ P — VA
bypas Distribution et circulation
Circuit secondaire
Circulateurs
Pﬂ-m ~m.AP Tout\ Vg/ in
Bobines divisées en doubles galettes | Evacuation de la chaleur des
Charges thermiques Py bobines supraconductrices

Figure R-3 : Principe des circuits Cryogéniquegestes de pression de circulation d'ITER

La puissance électrique associée a cette puissayogénique additionnelle a 4,5 K est
co(teuse : environ 2,9 MW. Un bypass permet dddinka charge instantanée de I'échangeur
du réfrigérateur, mais provoque alors une dériviadempérature d’entrée des bobines.

Le but de cette thése est d’optimiser la circulatio de I'hélium supercritique dans les
conducteurs supraconducteurs de type cable-en-coniita double canal d’'ITER, pour
minimiser le travail de la pompe et la puissance gogénique, sans compromettre le
refroidissement des brins supraconducteurs.

Equilibrage des doubles-galettes

Les bobines d’'ITER sont divisées en doubles gaeattmt les conducteurs mesurent environ
700 m. Pour réduire la longueur hydraulique dansddie circule le réfrigérant, des entrées
d’hélium sont introduites au milieu du conductees djalettes ; I'hélium coule en direction
opposée, partant de cette entrée hydraulique gsrsonnexions électriques des extrémités de
galettes. Le systéme TF d’'ITER comprend 18 bobickeacune constituée de 14 galettes. La
position idéale pour I'entrée d’hélium de chaquketja est en réalité le milieu hydraulique —
et non géométrique— du conducteur en cas d’asyemétri

A titre d’'exemple, les essais de réception des wotedirs du stellarator W7-X montrent des
différences de débit massique jusqu’a +/- 20%, plesrconducteurs théoriguement similaires
et des pressions d’entrée et sortie normaliséeprésence d’'un canal central devrait réduire
ces différences pour les galettes d'ITER. Pour abasptellite de distribution d’hélium, la
galette la plus défavorable, c’est a dire ayanplless grande perte de charge, impose la

pression de distribution d’hélium qui assure leidéiassique minimah,,, recherché. Une
fois cette pression de fonctionnement fixée, leettgs peuvent éventuellement avoir des

débits différents mais supérieursri,;,. Comme le travail de la pompe est proportionnel au

. n . .
débit total m:zmi >nxXmmin Y Circulant, il est obligatoire de limiter les débau strict
i=1
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b

nécessaire en effectuant un équilibrage hydrauliges galettes a l'aide de vannes
d’équilibrage.

Canal central

Pour réduire la perte de pression de I'hélium ¢amcudans le conducteur, et le travail de
pompage qui lui est inhérent, les brins supracotedus sont torsadés autour d’'une spirale
perméable qui délimite un canal central a faiblpédance (Figure R-4).

Figure R-4 : Vue éclatée des six petales et dpitale centrale
d’'un cable-en-conduit (source CEA/DRFC)

Le conducteur supraconducteur de type cable-enuibaddouble canal ainsi congu a été
sélectionné pour les bobines d'ITER. Un tel conductoffre 'avantage d’une résistance
hydraulique faible et d’un refroidissement pousgécaune compacité maximale. L’hélium y
circule en parallele dans la spirale centrale eisda zone annulaire ou il baigne les brins
supraconducteurs. Le débit de réfrigérant est dssaré par une circulation rapide d’hélium
dans la spirale, permettant I'évacuation des aadamoyennant un bon transfert thermique de
la zone des brins vers la spirale centrale. Lelozgraral joue un rble prépondérant dans la
répartition des débits d’hélium et dans la car&tique hydraulique globale du conducteur,
donc sur les circulateurs, I'enthalpie de pomp#&éehangeur cryogénigue qui combat cette
enthalpie, les réfrigérateurs, la consommationg&teyue et les codts d’investissement et de
fonctionnement. La Table R-1 montre que le canatraka un impact important sur un projet
comme ITER, avec des conséquences économiqueBcsitines.

La spirale garantit la dimension du canal centrgrévient qu’il ne soit bouché ; elle assure
un roéle mécanique lorsque le conducteur est soardiss sollicitations magnétiques. Mais si
le canal central permet de réduire les pertes dssmn, il introduit une complexité
géomeétrique et thermique.
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Table R-1: Simulation comparée des propriétés daecteur
pour le systéme TF d’'ITER et differents choix daalacentral.

Projections du conducteur ITER TF a canal centralvariable
0.6 MPa, 5 K, 8 g/s, 1400 brins, taux de vide 33%

Spirale 7/9 mm Spirale 7/9 mm Tube lisse Conducteur plus

Perfor 50% Perfor 28% 7/9 mm petit sans canal

référence ITER central
Coefficient de friction 0,12 0,057 0,017 0

du canal central

Répartition de débit 5,1 g/s (anneaw),2 g/s (anneau) 3,5 g/s (anneau) 8 g/s (brins,
2,9 g/s (centre) 3,8 g/s (centre) 4,5 g/s (centre) homogenes)

Perte de charge 0,9%10° Pa 0,7%10° Pa 0,5810° Pa 1,%10° Pa
Puissance cryogénique?,6 kW 2,0 kW 1,53 kW 5,15 kW
pour circuler I'He (TF)

Puissance électrique d650 kW 500 kW 382 kW 1,29 MW
réfrigérateur (TF)

Codt d’'investissement 1,56 M€ 1,2 M€ 0,92 M€ 3,1 M€
frigorifique

Codt total sur 20 ans 0,86 M€ 0,67 M€ 0,5 M€ 1,7 M€
d’opération

Echanges thermiques entre les deux canaux

Si le but affiché d’'une spirale centrale est délifac la circulation d’hélium pour refroidir le
conducteur, elle n'est pas sans conséquence sanlportement thermique du conducteur, en
particulier sur la température des brins supracoedus. Comme I'hélium central a été
détourné de sa fonction de refroidissement du octeduy, les débits et vitesses annulaires au
contact des brins sont réduits. Sous sollicitati@rmique, le canal annulaire du conducteur
recoit de I'énergie et sa température s’éleve. r@pport a un conducteur de température
homogéne, une différence de température entrecl@s chnaux représente donc une perte de
marge thermique pour le supraconducteur. La spicaletrale ne peut se contenter de
minimiser les pertes de pression, ce qui condudraihoisir un simple tube lisse, mais il faut
trouver le compromis qui assure un échange themmsuyiffisant entre I'hélium annulaire et
I'hélium central. Un bon couplage thermique desacandoit permettre a I’hélium circulant
plus vite dans la spirale faisant office d’échangéermique interne, d’extraire et d’évacuer
efficacement la puissance thermique loin des mimsaconducteurs. En plus de la différence
de température qui peut étre un phénomene statiqudjfférence de vitesse entre les
circulations dans chaque canal introduit des phémas dynamiques de propagation d’'une
sollicitation thermique.

Les phénoménes physiques complexes et transittatesjue les échanges de masse a travers
la spirale, ne peuvent étre compris que sur deanéitlons a taille réelle. De nombreux
aspects de la thermohydraulique des conducteuttypae cable-en-conduit a double canal
nécessitent une meilleure compréhension. Les ctsmegpes technologies ne demandent qu’a
étre optimisés. Bien que de nombreux travaux thepai@uliques expliqguent et modélisent
les phénomeénes liés a une rugosité macroscopigugjpe d’échangeur poreux a tres haut
Reynolds n’a encore jamais été traité dans laditée scientifique.

Contenu de la these

Des études énergétiques portant sur les écoulerogragéniques dans un environnement
complexe (porosité, turbulence) et sur les échatiggsniques entre I'hélium réfrigérant et
les brins supraconducteurs (physique du transfeduetransport) sont nécessaires pour
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s’assurer du bon dimensionnement des conductepsacanducteurs de type cable-en-
conduit, de leur systéme cryogénique, et pour garanfonctionnement nominal de bobines
supraconductrices a haut champ.

Le premier chapitre montre pourquoi les conducteiéngeloppés pour le projet ITER sont a
double canal, avec une spirale centrale a failbftie gie charge et un canal annulaire contenant
les brins supraconducteurs. Afin d’optimiser la métrie de la spirale centrale, cette thése
étudie son comportement thermohydraulique.

Le chapitre 2 est consacré a I'étude expérimertiale modélisation hydraulique des spirales
[Ren06-3].

Le chapitre 3 est consacré a I'étude et la modi@isahermique, en régime permanent
[Ren06-1] et transitoire [Ren06-2], de la spiralesain d’un conducteur.

A l'aide des nouveaux modeéles hydrauliques et tigpras développés, une optimisation des
conducteurs d’ITER est proposée dans le chapitre 4.

2. Pertes de pression

L’hydraulique est étudiée en priorité car la theyua est subordonnée au type d’écoulement
et de turbulence. Les pertes de charges, dont &stalifférente dans le canal central et dans
le canal annulaire, régissent I'équilibrage destdébe canal annulaire voit son torsadage des
brins supraconducteurs et son taux de vide fixéslea considérations électriques. Bien que
le canal annulaire ne fasse pas l'objet de cettdegtil faut se pencher sur sa caractéristique
pour résoudre la loi hydraulique (débit-pression) conducteur. De plus une erreur

d’appréciation de la répartition de dehit = m'A/m introduit automatiquement une incertitude

sur le coefficient d’échange thermique entre lesaoa, et sur toutes les caractéristiques
thermohydrauliques du conducteur.

Pertes de pression annulaires

L’hélium circule dans la zone des brins a traver&ntrelacement qui s’apparente a un milieu
poreux anisotrope. Pourtant les lois hydrauliques milieux poreux (Darcy et Forchheimer)
ne sont vraiment utiles qu’a trés faible vitessagegquiérent une connaissance expérimentale
de la perméabilité. Katheder a proposé un modéleodéicient de friction [Kat94] pour la
circulation de réfrigérant dans les conducteurgyge cable-en-conduit monocanal, qui ne
dépend que du nombre de Reynolds Re et du tauklddwoid) :

_(0.0231+ (19.6 Re>7%3)
fA - void®742

Le canal annulaire est ici assimilé, comme la $&mira un canal circulaire avec un diamétre
hydraulique et un coefficient de friction f. Ce netela I'avantage d’étre simple. Sa validation
expérimentale est acquise, mais avec une margeeditude qui atteint (+/-) 40%, ce qui
donne un avant-goQt des difficultés de mesure axétale. Il est évident qu’il ne prend pas
en compte certains parameétres de la géométrieerdels les pas de torsadages (ou leur
moyenne harmonique) qui modifient la perte de ahargaux de vide constant. On peut noter
aussi que ce modeéle a été défini pour Re>1000s ajoe l'introduction du canal central
baisse Re a des valeurs généralement entre 700@t 1

Aujourd’hui la base de donnée expérimentale powolae des brins permettrait d’affiner le
modele de Katheder, idéalement en y ajoutant deasmgdres justifiés. La modélisation
numérique du canal annulaire semble inutilemernisive a cause de la forte turbulence et du
nombre de petits canaux de géométrie incertaintte Genulation est donc inappropriée sauf
pour comprendre par exemple linfluence locale detdille des brins. La simulation
numérique de I'écoulement dans une spirale esainerhent beaucoup plus intéressante et
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devrait permettre une étude de sensibilité a cerfgarametres géométriques, pour aider a son
optimisation.

Pertes de pression dans la spirale centrale

Les efforts sont désormais concentrés sur les phénes hydrauliques de la spirale car :

e |l nexiste que des modeles empiriques ponctuelsdis que le modeéle de Katheder
fournit une loi générale, méme imparfaite, pourdaal annulaire.

* Le canal annulaire n’est pas une variable d’optutni® : la compacité des bobines et les
contacts électriques imposent le taux de vide sarge de manceuvre.

» Des spirales de mémes tailles et assez similaimesnontré des coefficients de friction
variant de 100%,

» La spirale centrale a un impact fort sur I'hydrgué du conducteur (perte de charge et
répartition de débit).

Les pertes de pression dans une spirale sontdnissbies aux caractéristiques géométriques,

de par leur influence complexe sur la turbulenas tampagnes expérimentales de pertes de

pression de spirales visent a comprendre et meddées maniére paramétrique cette influence

géomeétrique. La spirale est assimilée a un tubeewy caractérisé par un coefficient de

friction. Cependant, cette modélisation ne constipas une comparaison directe des lois

débit-pression dans des spirales de diametreseafitie

Campagne expérimentale en azote de perte de presside spirale

Une campagne expérimentale de mesure des pertebalge de spirales dans l'azote a
température ambiante a été réalisée avant cette ther la station d’essai OTHELLO
(Annexe 1). La valeur ajoutée réside ici dans lgodélement des résultats avec une analyse
et de la compressibilité (Annexe 2). Une douzaieespirales de dimensions variables sont
insérées dans un tube souple ou dans un tube i’deiéa maniére la plus jointive possible ;
température et débit sont enregistrés pour diftésepertes de pression lors de la circulation
d'azote. L'étalonnage du banc d'essai sur des tdisess est laborieux et les résultats
semblent systématiquement majorés, mais les résulta référence (Blasius, Karman-
Nikuradse) sont eux-mémes donnés avec une inatita 8 a 10 %.

Les coefficients de friction sont calculés par unmeicle numérique convergente intégrant
I'influence du nombre de Mach pour la compresdibitle I'azote. Le coefficient de Joule-
Thomson, qui quantifie la variation de températassociée a une détente isenthalpique, est
évalué mais n’affecte pas les résultats car laiteenarie peu. Un calcul d’erreur fournit une
incertitude de 5% pour ces mesures, mais I'étalpamd la comparaison aux essais en eau des
méme spirales laissent penser que la précisiomasidre.

Campagne expérimentale en eau de perte de pressigpirale

Une campagne expérimentale de mesure des perteshatge de spirales dans l'eau

pressurisée et chauffée de 15 a 75°C a été organise montage du banc d'essai doit

beaucoup a MM. Cloez, Decool, Serries et Tena. réssltats expérimentaux permettent

d’accéder aux variations du coefficient de frictiem fonction du nombre de Reynolds. Un

étalonnage par rapport au tube lisse indique feiteune sous-évaluation des coefficients de

friction, qui a conduit a une vérification systéigat et redondante de tout le matériel de

mesure. Finalement les résultats en eau sont efntdt que ceux en azote pour les raisons

suivantes :

» Eventalil de spirales testées plus large,

» Fixation identiqgue ou meilleure des spirales dasgubes tous en acier,

» Prises de pression plus fines et toutes vérifiées,

* L’eau permet de s’affranchir des problemes de cesygibilité pour des écoulements a
tres grand Re nécessaires pour reproduire lestcamsliTER,

» Pas de perturbation thermique due a la détente-Jdwdmson,
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» Etalonnage plus proche de la théorie que celuedsais en azote.

Bien qu'il puisse sembler plus sécurisant de simestla perte de pression (cas de I'azote), il
est préférable d’évaluer la chute de pression Us pigoureusement possible pour ne pas
biaiser la répartition des débits dans le conduckedouble canal, avec des conséquences
thermiques. Etant donné la précision expérimertptzaulique disponible dans la littérature,
en particulier la précision attendue de la formdk Katheder pour le canal annulaire,
I'incertitude de mesure sur les spirales est sasighte.

Parametres géometriques qui régissent la turbulence

Les spirales théoriqguement symétriques suivaneihs sle circulation de I'’hélium, montrent

expérimentalement une asymétrie qui peut s'éleusgqy'a 30%, attribuée a la qualité de
fabrication des spirales et de montage des éclugtjimais sans pouvoir identifier de défaut
corrigible. Finalement une spirale est écartéeréssltats car elle montre 65% de différence
reproductible selon le sens de I'essai. De nombngapametres peuvent servir a définir
hydrauliguement une spirale, le choix s’est portié des parametres adimensionnels si
possible, et déterminant le type de turbulence [ETRE2).

Table R-2 : Parametres géométriques avanceés (eslasgéométrie et du Reynolds)

Spirale  Diamétre Rugosité Perforation Cavités Angle fréq. spatiale

Dn [mm] e/Dn % gle a [degrés] 1/p [m?]

Showa 9.93 0.101 27.7% 2.40 77.0 115.6
Cortaillod 10.48 0.095 44.9% 5.30 72.8 84.7
PFCI 9.95 0.100 24.3% 1.93 78.1 126.1
S10 8.07 0.124 31.3% 2.85 73.8 109.9
C10 8.20 0.122 47.3% 5.84 68.0 81.0
110 8.57 0.117 53.8% 7.29 66.7 73.9
S9 7.64 0.131 29.3% 2.57 73.7 114.0
C9 8.18 0.122 48.4% 6.05 67.7 80.0
19 8.24 0.121 54.1% 7.31 66.0 74.0
S8 6.18 0.162 37.5% 3.75 68.0 100.0
C8 6.39 0.156 46.3% 5.60 64.1 82.6
18 6.53 0.153 49.3% 6.08 63.9 81.1
17.6 6.38 0.125 48.0% 7.50 62.4 80.0

* Un diametre hydraulique proche du diametre intétrest défini.
Les résultats quantifiés d’aprés un choix arbiraie diametre sont transposables avec les lois

DhY’ id \?
fon = fig (Id) etRe, = ReDh(Dhj '

» Larugosité relative effreprésente I'épaisseur relative des singularigda dpirale
» Laforme des cavités g/e (en lien avec le tauxedéopation g/p) (Figure R-5),
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-
]

Figure R-5 : Détachement de veine dans les cadééa spirale

» L’anglea de la spirale,

» Lafréquence spatiale des singularités hydrauligeredien avec la période p), et

« L’angle d’attaque et de fuitedu ruban de la spirale, qui pourrait aussi étee ecourbe.

Ce dernier parametre est fixé a 90° pour ces sgigli présentent une section rectangulaire.

Modélisation du coefficient de friction ; friction visqueuse

Les courbes f fonction du nombre de Reynolds saaisighorizontales, ce qui indique un
régime d’écoulement quadratique, en accord avedraadaible dépendance en Reynolds des
lois empiriques existantes pour quelques spirdéms que les coefficients de friction des
spirales sont de deux a quatre fois supérieurana @e tubes lisses, la courbure en Reynolds
est identique. Il est donc décidé de séparer dhart la friction de peau correspondant aux
forces internes de viscosité le long des surfaaasit@es, modélisée depuis un siecle pour les
tubes lisses (Blasius), et d’autre part le fact@eirforme correspondant a la résistance de
déformation des lignes de courant dans chaquelanitgude la spirale. Le facteur de forme a
une valeur prédominante, constante en fonction eyn8ds (Figure R-6) et qui représente
une moyenne des singularités hydrauliques tresiér@gs dans une spirale semblable a une

suite de diaphragmes. La formule explicite de Bllsxqulasiu Sfrictionz( 1 42 est par
18In(Re)-16

conséquent retranchée des coefficients de frickinris pour obtenir le facteur de forme
linéique.
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Figure R-6 : Pertes de pression de spirales expdraga fonction de la fonction de friction
Re" et du Reynolds rugueux e
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Modélisation du coefficient de friction ; facteur ce forme
La modélisation du facteur de forme a été élabames’appuyant sur le changement de
variable classique [Nik50] (f, Re}» (R+, e+) en introduisant la fonction de rugosité

R*(e*) = 3+2_5|n 2e +3.75 et le Reynolds rugueux' = - Re Al
f D D 2

h h
e/Dn est pris en compte. Une régression sirdeit pouvoir faire intervenir les autres
parameétres des spirales. Han propose un modéledesuspirales largement ouvertes et a
faible Re [Han78] :

) g V) 1

* e+ prend une valeur constante pour une spirale @omar toute variation en Re est
désormais négligée,

* 0 est invariant a 90°, car toutes les spirales ¢sstans cette étude sont a section
rectangulaire ; son modéle est laissé intact,

« La forme des cavités g/e, physiquement reliée amgest de turbulence, remplace
avantageusement p/e,

» La dépendance em demeure encore inchangée étant donné la faibge ple valeurs
disponibles dans I'’échantillonnage testé (19% dmtian entre 62,4° et 77°).

13
~ 12 *
0
11
O
B 10
S ,
g 8 0.4178
".CF) 7 y= 124.385x . .
= L d
& R’ = 0.8333 ., T2
5 — T T T T T T T T
0 1 7 8

3 4 5
ratio g/e
Figure R-7 : Dépendance déidfine & I'ouverture de spirale (g/e)

Une régression de la fonction” Bn fonction de g/e avec une loi de puissance (Eifud7)
fournit :

R* = 14.4(%0)'035(%5)—057( %)—0.42

L’inversion des expressions de la fonction de ritgost du Reynolds rugueux permet de
remonter au facteur de forme linéaire : 5

form drag = 0 -0.35 a -0.57 -0.42 2e 2
1a4( € a 91 -25m|£2|-375
90 45 e Dy,

Cette formule expérimentale est basée sur un noubdrepirales qui reste faible, avec des
épaisseurs et des largeurs de ruban quasi-corstae® conditions d’expérimentation (tube
externe) sont différentes des conditions limitesicomtrées au sein d'un conducteur
supraconducteur.
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Conclusion sur les pertes de pression

Le modele de Katheder pour le canal annulaire tditalble tel quel.

Les mesures de pertes de pression de spirale®wmi une base de donnée en azote et en
eau. Des paramétres de modélisation ont été prepdeéiametre hydrauliquenPla forme

des cavités, I'épaisseur relative g/Dangle a de la spirale, et la fréquence des singularités
1/p. De plus, I'angle d’attaque et de futteou la forme de la section du ruban formant la

spirale et le nombre de Reynolds sont nécessaimasyme image hydrodynamique compléte

de la spirale centrale. L’influence de ces paragsetiur les pertes de pression est montrée
dans la mesure du possible, et un modeéle congwuit guider la conception des conducteurs

d’'ITER, en scindant le coefficient de friction dggirales en une friction visqueuse (modéle

de Blasius) et un facteur de forme linéique :

1 2
= +

18In(Re)- 164)° ~035, \-057, \-042 2
(18in(Re)-161) [14.4(9) (”) (g) —2.5|n(2eJ—3.75]
9) (45) \e D,

La largeur des ouvertures de spirale ayant unerapitsitive sur les pertes de charge, il serait
souhaitable de réduire la perforation des spirategis un compromis thermique doit pour

cela étre recherché : la turbulence est négativpailit de vue hydraulique, mais peut avoir

une influence thermique positive par modificatigatématique de la couche limite.

fspiral

3. Echange thermique

Si I'échange thermique entre les canaux n'est isfaisant, la température des brins
supraconducteurs dans I'anneau s’éléve, réduisamiakge qui sépare le supraconducteur de
son état résistif. Le but est ici de comprendrenetiéliser les opérations de fonctionnement
nominal du conducteur, ainsi que les phases tarestde remise en froid et d’échauffement
(montée du champ magnétique, chauffage neutronique)

Le principe des investigations expérimentales @es utiliser une sollicitation thermique et
a mesurer les températures qui en résultent soomkhucteur a double canal de taille réelle.
Comme on le verra ici, les mesures les plus praceebnt été effectuées directement a basse
température d’hélium, sur le stand d’essai euro@&inTAN situé en Suisse. En effet il a été
possible de greffer des essais thermiques aux ééstiriques d’échantillons de conducteur
d’'ITER a I'échelle 1.

3.1 Analyse stationnaire

Lors d’'une étude en régime stationnaire, on s'@dse a 'homogénéisation des températures
en aval d'une section de chauffage dissymétriqueauifage de I'hélium des brins
uniguement), qui introduit un déséquilibre des térafures. Un modele bicanal permet de
résoudre le probléeme moyennant certaines hypottsesgdificatrices :

* Répartition de débit invariante,

» Chaque canal est isotherme : unique températuteateiilc) et annulaire (1),

* Invariance des températures au cours du temps,

» Pas de transport thermique longitudinal dans lesméni le fluide autre que le débit,

» Capacité calorifigue massiqug €nstante pour des faibles variations de temp&ratu

» Chauffage parfaitement réparti et transmis.
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Figure R-8 : Modéle bicanal de temperatures emrégitationnaire

L’équation de la chaleur ainsi obtenue pour lespmatures annulaires admet une solution de
type exponentiel (Figure R-8) comportant une longwaractéristique d’échange inversement
proportionnelle au coefficient d’échange thermigii@u périmétre p de la spirale délimitant

les deux canaux :

_a,(1-a,)mC,

- H.p
A dépend fortement de la fraction de débit annulairgandis que le coefficient d’échange H
dépend aussi des nombres de Reynolds et Prandtldéota répartition hydraulique dans le
conducteur. L’'annexe V fournit plus de détails sae résolution thermique de ce probleme
stationnaire prenant en compte I'inhomogénéitéitadgale de la spirale centrale.
Cette méthode est simple et la longueur caradtfuestd’échange\ est mesurable par une
connaissance exclusivement externe de la températunulaire. Elle donne en plus une
information physique sur la longueur nécessairer goansférer de I'enthalpie du canal
annulaire vers le canal central.

Différence de températureATca maximale

Si le canal annulaire du conducteur est uniformérobauffé sur une longueur semi-infinie,
les températures croissent, aprés une zone traasite long de rampes paralleles avec
Ta>Tuniform>Tc (Figure R-9). Dans ces conditions la différence tdmpérature ne peut

dépasser :

(TA _TC )max = QA

m,C,
et I'écart de température par rapport a une sanasotherme ne peut dépasser

T -T < QA &=aA(1_aA)QmC
A - H.p

iso X X
m,C, m

mpu
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Figure R-9 : Evolution des températures annulagestrales et uniformes pour un chauffage
annulaire stationnaire infini uniforme : la difféi@ atteint une valeur asymptotique.
lllustration calculée pour le PFISnw soumis a uauffage Q = 2 W/m

Jusqu’a présent la température d’hélium avait tangj@té considérée uniforme. Il apparait
gue la température du supraconductesddit prendre en compte une marge en température
supplémentaire dans la mesure ou I'anneau estaufféh Il est heureux de pouvoir majorer
cette différence de température a prendre en compies’éleve en fait a quelques centiemes
de kelvin, ce qui n’est pas forcément négligealideawis d’une marge en température d’'un
degré.

Mesure stationnaire du coefficient d’échange H

Il s’agit de mesureA pour calculer H expérimentalement. Les essaisriggres sont toujours
plus subtils que des tests hydrauliques car de Isgnpilans d’énergie sont souvent
compromis par le moindre pont thermique. Comme darnthéorie, le principe consiste a
fournir de I'énergie au canal annulaire par I'imbédiaire de chaufferettes, puis de mesurer
par des thermometres en aval la baisse de tempiiuva de pair avec ’lhomogénéisation
thermique du conducteur.

Mesures en eau

Ces mesures ont été tentées dans l'eau a tempratobiante (Annexe lll) puis dans

I'hélium supercritique (Annexe 1V). Si le chauffage la gaine est imparfait pour le transfert

d’enthalpie vers l'anneau, il est en revanche mgtatif d’'une situation de chauffage

neutronique. L’homogénéité des températures es¢abe de conduction longitudinale sont

vérifiées. L'étalonnage et I'utilisation de différees de températures sont systématisés. Les

températures expérimentales s’élévent plus et nhyles vite que dans les calculs, ce qui

correspondrait a urh et un débit annulaire deux fois plus petits quévpr Les causes

invoquées sont :

» Gaine transmettant I'énergie des chaufferettesuserlongueur plus grande (conduction
longitudinale dans la gaine). Ceci décalerait ead Beymaximum de A';

» Débit annulaire plus faible que prévu (faille). Incohérente avec la perte de pression,
cette hypothese expliquerait les températures éteetle petii\ ;

* Ta inhomogéne. Si I'hélium externe se mélange mat deecceur des pétales, on a un
phénomene a n>2 températures ;

Comme la température de la boucle fluide est ihstapue la similitude est impossible

simultanément avec Re, Pr &f et que I'imprécision des mesures n’explique pes |
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incohérences observées, il est probable qu'unehgipsthéses simplificatrices ne soit pas
négligeable dans I'eau a température ambiantemessires en hélium supercritique a basse
température sont donc privilégiées, elles ne néeaspas d’extrapolation ni de similitude.

Mesures en hélium supercritique

La participation a deux campagnes sur la statisopgienne SULTAN, avec la conception de
programmes d’essais, I'analyse et le dépouillendest résultats ont permis d’effectuer des
mesures a basse température. Le méme principe aldfatpe annulaire est utilisé, avec
I'hypothese supplémentaire justifiée de températuresurées sur la gaine donnant les
températures annulaires (Annexe V). Tandis qu’bauéfage par pulsation magnétique de
répartition incertaine fournit des résultats diablgs, les chaufferettes classiques conduisent a
des mesures parfaitement conformes au modele tenAT reste faible (Figure R-10). Le
coefficient d’échange thermique a une valeur dufident d’échange H ~ 400 W/m2.K et
I’'homogénéisation thermique se fait sur une distagai obéit a la longueur caractéristique
d’échange thermiqua ~ 0,5 m.

> calculation 20W/m
= TL 20W/m
57 2 TR 20W/m
--—--calculation 15W/m
_ o TL 15W/m
o pre s TR15W/m
calculation 10W/m
2 53 « TL 10W/m
= + TR 10W/m
|_
51 4
494 S 0 TS e T e e N R
————— e L -mF- - -n
4.7 - S
Tin ’ T5 T6 Tout
-1 -0.5 0 0.5 1 1.5 2
X [m]

Figure R-10 : Températures annulaires calculégad$) et mesurées (points) du PF-FSJS
pour 10, 15 & 20 W/m a 8 g/s

3.2 Analyse transitoire

La réponse transitoire du conducteur a un échetorempérature d’entrée est un autre moyen
de mesurer l'intensité des échanges thermiquesreseain (Figure R-11). Le but de I'analyse
transitoire est de proposer une solution analytigaes le temps et I'espace, des deux
températures qui caractérisent le conducteur. Lenenénodéle bicanal utilisant des
hypothéses simplificatrices permet de résoudreéctpsations de conservation de I'énergie
dans des écoulements incompressibles.
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Figure R-11 : Evolution d’'un échelon de temperatxpérimentale (Heavyside)
lors de sa propagation dans un conducteur PF.

DJtA +y, (T, -T.)=Q et D;[c ~Ve(Ty = T) =0, ol =P||1~—.pcp. % est la dérivée

particulaire, Q une source d’énergie, p le périmettiterne de la spiralgg(T) la densité, A

la section d’hélium et L£la chaleur spécifique de I'hélium du canal conéeintre I'avancée
des deux fronts de température dans les canauwitesses W et Uc se situe une zone
d’échange thermique entre les canaux, qui avansétend (Figure R-12).
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Figure R-12 : Fenétre d’espace (haut) et de telmgos) @’'un conducteur PF W a 8 g/s

La résolution des équations de la chaleur par fioemation de Laplace et intégration par
partie (Annexe VI) conduit & une solution implicipour des variations de températures
normalisées entre O et 1 :

(6. -8,)(x.t) =expca-ad®).1 ,(2a0d) et ‘ftc(x,t)ztmea—adz)

(U —U) .(yCUAIO(Zaé)+

ou b et h sont des fonctions de Bessel modifiées du pretyyoey,

a(x,t)=yc (X_UAt)/(Uc _UA) et J(x,t) =\/—?)jc—t—+):)ﬂ'

La différence et la dérivée permettent de remadigme unique solution en température.

A 1(206)J
3
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Temps de remise en froid d’'une bobine supracondudite a circulation forcée

La représentation dans deux dimensions espace-tdegpgempératures permet de visualiser
le rdle d’'une longueur caractéristique et d'un terspractéristique de I'échange thermique.
La réponse a un échelon est un outil efficace, pprmet de comprendre comment se
propagent dans le conducteur les variations de éemtyre opérationelles ou accidentelles,

toujours décomposables en série d’échelons. Lésitiliiis d’une vitesse moyenne pivbt
et d'une constante de temps a partir de la déridée la température au pivot

2AU
~7(x) = TY AV X

- (Annexe VI) permettent de chiffrer la durée de zlane
(yAUC +yCUA) 2

a6

dt
transitoire, et d’accéder au temps de refroidissgnéun conducteur, qui est la durée
nécessaire pour refroidir entierement sa longueette durée comprend la durée moyenne de
circulation auquel on ajoute la moitié du transs'&o;b:+%. Cette durée de transition des
doubles-galettes d'ITER entre deux équilibres empierature est une propriété importante sur
laquelle le systéme de réfrigération devrait idésgiet s’aligner, mais qu’il est inutile de
dépasser : une surcapacité de la circulation cniggé n’apporterait aucun bénéfice. Le
facteur limitant la puissance de mise en froid d#dtre le gradient de température maximal
admissible, tandis que le débit dans les doublésttga peut étre augmenté provisoirement ou
réduit lors d’un simple maintien en température.

Mesure du coefficient d’échange H

La premiere application de la méthode transitost la mesure du coefficient d’échange
thermique H. Des courbes exponentielles fournissaet méthode pratique sur une idée de
Bottura pour calculer le temps de réponse de I'dgbhahermique et accéder a H [Bot05]. La
constante de temps permet un calcul direct dedégh thermique :

_ 4mpC,LAZAZ(U. -U, )

e pl(acuc ) + (a0, )% |
La solution analytique n’est comparable a des nessde température qu’a partir d’un calcul
utilisant le coefficient d’échange H supposé inaandne méthode d’identification permet

d’estimer la valeur (expérimentale) de H qui mirsenl’écart entre les courbes de température
théoriques et mesurées sur I'un des thermometigaré-R-13).
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Figure R-13 : Températures expérimentales et thaesi (gris clair) a différentes distances
avec H=400 W/mz2.K pour un conducteur PF & 8@y/e10s situées trop proches du joint du
conducteur non modélisé ne coincident pas aves &murbes théoriques.
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Mesures en eau

La température de la boucle fluide peut étre bemtaint modifiée en basculant la circulation
amont de I'eau sur un réservoir (Annexe II). Lédie du modéle n’est pas identique a celle
des essais stationnaires : ces derniers demandiedtrifier 'lhomogénéité de la température
annulaire, tandis que des essais transitoires cnternés par les inerties des métaux et le
temps de réponse des thermometres. A températulgart® ['inertie thermique du
conducteur est importante face a celle de 'eamaifie le front de température. Bien que
ces expériences aient permis de progresser swrdbrauses questions concernant la validité
des conditions d’expérimentation et la répartiti@s débits, la résolution analytique n’est pas
intéressante ici : seul un code de calcul peutdreeen compte les inerties pour un calcul
détaillé pas a pas. Le modele du coefficient d’égeathermique H développé suite a ces
campagnes de mesures est par contre égalemerdadydpla température ambiante.

Mesures en hélium

Les mesures en hélium sont réalisées a froid (SUWNJT#ur des échantillons PF verticaux,
avec une circulation montante ou descendante dét @ébtempérature variable. Les
perturbations thermiques liées aux inerties méiadls sont négligeables a trées basse
température : I'enthalpie de I'hélium est deux esdde grandeur au dessus de la capacité
calorifique du cuivre. Une forte diffusivité danadier permet d’affirmer que le temps de
réponse des températures mesurées a I'extériela gaine est faible. La concordance des
réponses mesurées et calculées est grande pdhetesometres éloignés de plus d’'un métre
des connexions non modélisées (Figure R-Figure)Rti3e barre d’erreur ne dépassant pas
12% est donnée sur les mesures du coefficient didgdh H en fonction de la sensibilité des
mesures (Figure R-14).

900
800 | { A nw montant
¢ nw descendant
__ 700 { / A w montant
14 600 ¢ w descendal
< 500 - i 3
€ 400 - 8 a
=300 ——
T 200 - //C/i'/
100 - H
0
0 10

2 . 4 6 1.8
debit massique [g.s ]
Figure R-14 : Mesures de H et prédictions sur l[ESRivec (W) et sans (NW) enrubannages

A cause de I'équipement des échantillons et degranomes d’essais, les méthodes d’essai
transitoire et stationnaire n’ont pu étre directatrmomparées sur le méme conducteur, mais
concordent avec un unique modéle du coefficienthti@ége H. L'analyse transitoire semble
plus précise et elle fournit une gamme de mesweplEte méme a bas débit. L'analyse reste
assujettie a une évaluation correcte des débifectfs des canaux, dont l'incertitude est
grande, et le débit global subit une chute néglag a 4% lors de la montée transitoire de
température. Aucune mesure du coefficient d’échangseein d’un supraconducteur de type
cable-en-conduit a double canal n’était disponiéns I'hnélium supercritique avant ces
contributions originales.

On démontre que les enrubannages des pétalesmdesbpraconducteurs affectent fortement
le coefficient d’échange H (Figure R-14). Pourtabt inconvénient est compensé par les

126



Résumé détaillé

avantages électriques: un échauffement par chawsgpmble est moindre avec les
enrubannages, et conduit a une élévation de tetopéraférieure malgré le faible H. Méme

si I'action locale des enrubannages est mitigé&eeteubannages réduisent les pertes variables
dans la bobine et I'échauffement total combattu [@arboucle cryogénique, donc ces
enrubannages sont bénéfiques.

Modélisation du coefficient d’échange thermique H

La création d’un modéle analytique de H, initiéeCitA [NicO4ICEC], a pour but de doter un
conducteur de type cable-en-conduit de valeursigiréels et de réponses analytiques
complétes a l'intensité des échanges thermiques eas canaux. Un tel modele peut ensuite
servir d’'outil d’optimisation du conducteur. Trdigoes de surface d’échange sont placés en
parallele de maniére proportionnée : les zoneséesntle la spirale, les zones ouvertes avec
enrubannage et les zones ouvertes sans enrubafigue R-15).

a travers la spirale perforation avec / sans enrubannages

%, $ %,

1 1 1
Ac Ac A?
y 1 1
H spiral H perfor w H perfor nw

wra 1-
< p ( Wrap)J
&- perfor) perforJ

Figure R-15 : Surfaces d’échange fermées ou pe$psd/ec ou sans enrubannages en
paralléle proportionellement a leur aire ; résiseanthermiques en série dans chaque surface

H = Hturn

d’ouverture de la spirale « perfor » et le tauxe®uvrement des enrubannages « wrap ».
A travers la spirale on considere la conductionretoefficient de convection de chaque cété

(ha ou k), appliqué au diametre interne id ou externe od.
1

H_ =
wra 1 1 od 1
r.od + In[ — |+ —
mod.h, 2m, \id) mid.h,

La conduction dans les enrubannages d’épaissebmyb est négligée, mais ils constituent
une barriére étanche qui justifie I'utilisation db=ux coefficients de convection bt h.

H = 1

perfor W l 1
r.od +—
mod.h, rid.he

(1— perfor) * +H prorw * PEFfOr* Wrap+ H o * Perfor * (L-wrap) avec le taux

En I'absence d’enrubannage, on considére un uréqaéicient de convection (la moyenne
des deux), utilisé comme ordre de grandeur, faut@ed meilleure connaissance de la
convection et des échanges massiques, dont lailmgidn demeure cachée derriere la
convection.

H perfor NW =

1

2
”Od(nid.(hc+hA))
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Les coefficients de convection sont calculés aipdg I'expression du nombre de Nusselt
Nu=(hcon..Dn)/AHe . L'expression du nombre de Nusselt donné par Holnjidolman]
finalement choisie pour les deux canaux, compte & son domaine de validité pour les
écoulements turbulents, de sa simplicité et deeg@ngnce par rapport aux mesures, conduit a
A -Re.Pr?
8.D,
coefficient de friction du canal observé. Le caméfint d’échange H est ainsi considéré
comme une fonction du débit massique, mais denfgdeature seulement indirectement par
Re et Pr. L'incertitude attachée a des coefficiefgshange thermique est grande méme pour
des géométries académiques. Ce modeéle peu affohatige thermique est satisfaisant par
rapport a la précision des mesures et aux incdetifules modeles hydrauliques sous-jacentes.

I'expression expliciten = f des coefficients de convection en fonction du

Conclusion sur I'échange thermique

Une compréhension analytique bicanal du comportétihenmique des conducteurs de type
cable-en-conduit a double canal en régime permaeemn régime transitoire permet de
mieux appréhender la distance d’homogénéisation wespératures, les marges en
températures pour les brins supraconducteurs,dpagation d’'un transitoire thermique, sa
durée et le rdle du coefficient d’échange thermique

Des mesures du coefficient d’échange thermiquetke ées canaux ont été effectuées pour la
premiere fois, en régime permanent et en régimesit@re en fonction du débit massique,
permettant la validation des solutions analytig#ders que les essais en régime stationnaire
sont limités par I'hypothése d’homogénéité de tagérature annulaire, et par la non-linéarité
pour une puissance trop forte, les expérienceségime transitoire sont limitées par la
précision temporelle des thermomeétres et par kugmtion des joints du conducteur.

Un modéele simple et explicite de H :

_ (1- perfor) perfor* wrap + perfor* (1-wrap)

‘(1 l[od)l]+[l 1][2]
rod + In| — |+— od +— mod| ———
modh, 2m, \id) midh, mod.h, id.h, mid.(he +h,)
a été développé, basé sur un choix de coefficiermodvection dans chaque canal:

—: AveRePrys
hoonv—f—B_Dh
ou le coefficient de friction, le nombre de Reynolts nombre de Prandtl et le diamétre
hydraulique doivent étre calculés dans la spiratiaas la zone annulaire.
Tandis que les résolutions analytigues des équatim la chaleur sont rigoureuses et
applicables avec une circulation d’hélium supeiqui¢, le modéle du coefficient d’échange H
reste simple. Il a pour vocation de donner rapidentes valeurs pour les utilisateurs de
codes, et de permettre I'extrapolation prédictive ld géométrie de la spirale, donc son
optimisation thermique.
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4. Dimensionnement de la spirale centrale

Comment optimiser la spirale centrale des condusted TER ? Quel compromis faut-il
trouver, en particulier pour la turbulence qui eéfaste du point de vue hydraulique, mais
susceptible de favoriser les échanges thermiques ?

Le danger de thermosiphon

Le thermosiphon est une pompe autogénérée par ififtgedce de densité. Lorsqu’'un
conducteur de type cable-en-conduit a double cestalertical, un chauffage excessif de la
seule zone annulaire peut déséquilibrer la temperates canaux et générer une différence de
densité d’hélium au point de modifier et méme dérser localement le débit annulaire
(Figure R-16).

ikl

Figure R-16 : Principe de l'inversion de debit alaime cause par un thermosiphon :
chauffage modéré a gauche et intense a droite

Diagnostiqué expérimentalement par des températaseplus élevées paradoxalement en
amont de la zone de chauffage, le thermosiphon neaque les canaux sont relativement
étanches et I'échange thermique nécessaire. Ceoptéde gravitaire perturbe la circulation
d’hélium dans le conducteur de maniére trés néfasted’un écoulement vers le bas.
Le thermosiphon a certes été détecté a des nivdaypuissance locale bien supérieurs a la
puissance recue sur ITER, mais on constate undiméerité progressive de I'élévation de
température en fonction de la puissance recue Eigtl7). Comme il est difficile de
modéliser la porosité transverse du conducteuspagisable pour modéliser le thermosiphon,
et que ce phénomene est instable dans le tem@siable d’'un échantillon a l'autre, il a été
décidé de simplement le majorer. Le ratio de lssgio; de thermosiphon sur la pression
d’écoulement dans le conducteur est utilisé pofindéin facteur de risque :

4P,

— thermosiphon.

Apfriction
Le thermosiphon n’apparait pas des que le facteuristjue r est égal a un, parce que le
thermosiphon modifie la pression de I'’écoulement geule une modélisation complexe ou
un calcul itératif peut évaluer. Le facteur de uisagest par contre valide tant gBiermosiphon
(calculé sans prendre en compte la perturbatiodédbit) est tres inférieur APriction, C€ qui
correspond a r << 1 et signifie qu'il 'y a pas dnger gravitaire pour le refroidissement

r =
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forcé du conducteur. r est calculé pour une ch#rgemique linéique et un débit massique
donnés.

5.3

—a—LT2
527 ——LT3 -
51 —+—LT1 ///
—A—LT4
1|—e—LT86
4.9 H LT5

- - ToutL
TinL

T[K]

4.7

4.6

4.5

0 5 10 15 20 25 30 35 40
Distributed power on PF-FSJS left leg [W/m]

Figure R-17 : Températures annulaires et non-lite&ade thermosiphon sur les thermometres
LT2 et LT3 d’'un échantillon PF a 8 g/s

Le thermosiphon dans ITER

La puissance linéigue maximale recue par un coedud’ITER est de Q=1,6 W/m du c6té
du plasma de la jambe interne verticale d’une b®hiR [Bes05]. Cette puissance permet
dans un premier temps d’évaluer une différenceedgérature maximale entre les canaux,
qui est un acquis de I'analyse de la réponse tlygrenstationnaire du conducteur. Le facteur
de risque r peut ainsi étre évalué a moins de 29uc signifie que la perturbation gravitaire
est négligeable et I'hypothése de calcul de r ealid

Pourtant I'optimisation de la spirale centrale dstesa réduire sa perte de pression, donc a
augmenter la proportion de débit qui y circule. iC@our conséquence la diminution du
débit annulaire et, mais pour d'autres raisons,cdafficient d’échange thermique. Ces
conséquences entrainent toutes deux une augmenpafioccupante de r. Le facteur de risque
est donc un critére d’optimisation qui doit étreveillé pour demeurer assez faible.

Criteres d’optimisation

Le canal central doit demeurer symétrique car ikiméls’écoule dans une double galette dans
les deux sens, en partant du milieu. Une spiraleedee le meilleur moyen de produire
industriellement un tube avec des ouvertures néwesspour limiter 'augmentation de
pression lors d’'un échauffement rapide accidehldimension de la spirale centrale et son
épaisseur sont imposées par la compacité du canduet par la résistance mécanique. Un
calcul de variation locale de température a I'éehdl pas de la spirale, dans laquelle les
parties ouvertes permettent un meilleur transfetrhique, démontre gu'il n’est pas utile de
se préoccuper de la fréquence des singularitésa dspitale (Annexe V). Seul I'angle de
torsadage de la spirale joue un rdle sur le caefftae friction.

L’étude paramétrique du conducteur est conduitéa@d des modeles hydrauliques et
thermiques nouvellement développés, ce qui ladirditeurs domaines de validité et I'entache
de leurs barres d’erreur. L'optimisation de la algirse fait sur les trois criteres : perte de
pression, température annulaire et risque de th&phon.

Les enrubannages des pétales de brins supraconduct& une incidence complexe sur la
perméabilité de la spirale et sur l'intensité debafiges thermiques. Pourtant ces échanges
thermiques ne sont pas un chemin critique de laeqaion du conducteur (Table R-3), tandis
qgue la réduction des pertes magnétiques apportgaimsur la puissance cryogénique tres
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colteuse. Il n'y a pas de contre-indication thermicp I'utilisation d’enrubannages par
ailleurs souhaitables.

Table R-3 : Performances thermohydrauliques du wctedr TF a 8 g/s

pour des cavités variables (perforations de 14% )% un enrubannage constant de 50%

TF glw50 | TF g1,5w5QTF g2w50 | TF g3w50 | TF gébw50 | unité
Perforation 0,143 0.20 0,28 0,34 0,50/ (%)
r largeur fermée 0,006 0.006| 6,15¢<10° 0,006/ 6,15¢103|m
g ouverture 0,001 1.5x10%| 2,35¢10° 0,003 6,15¢10%|m
fc 0,043 0.046 0,057 0,838 0,12|-
Mc 3.81x10°| 3.74x10°| 3.7%10°%| 3.3810°| 3.2210°3|kg/s
Perte de charge 198 200 204 227 239|Pa/m
H 377 466 614 840 1384 W/m?K
A 0,84 0.68 0,51 0.37 0,22/ m
(Ta =T )nax 0,089 0.071 0,054 0.035 0,021/ K
AT, pg 0,043 0.034 0,025 0,015 0,0084 K
r 0,069 0.054 0,040 0,024 0,013/ ()

Amélioration de la spirale centrale

Le parameétre principal qui régit le coefficient flietion est la longueur g des cavités de la
spirale, mais la caractéristique hydraulique dphéssion des conducteurs dépend plus du
diamétre que des faibles gains sur le coefficienfridtion (Figure R-18). Pourtant le diametre
doit rester petit pour la compacité, et pour maiimta moitié du débit dans le canal annulaire
des bobines TF.

Bien que la preuve n’en soit pas faite sur desigsgaspirale, il est souhaitable d’arrondir les
angles internes de la spirale. Diminuer l'ouvertde la spirale g apporte un bénéfice
hydrauligue accompagné d’'un meilleur soutien mépani mais réduit la perforation donc
l'intensité de I'échange thermique, parce que ladoetion a travers les parties fermées
constitue la barriere thermique la plus importaritie réduction de la longueur des
ouvertures g jusqu'a 1 mm conduit a une différedeetempérature entre les canaux de
presque 0,1 K, qui devient inacceptable, tandis mrasste maitrisé a des valeurs d’'1 a 2%
(Table R-3). La tendance est donc la bonne, etehisité des échanges thermiques de
plusieurs centaines de WK permet d’abaisser g raisonnablement jusqu'a urferption

de 15 a 20%, pour un bénéfice hydraulique sanseitigermique.
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spiral 7/9 g=1
spiral 7/9 g=2 - |
spiral 7/9 g=3 ”
spiral 7/9 g=6

200 | - - - annular channel
conductor 7/9 g=1
conductor 7/9 g=2
conductor 7/9 g=3
150 H conductor 7/9 g=6
spiral 10/12 g=2
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Figure R-18 : Perte de pression en fonction dutgshir des spirales et conducteurs
d’ouverture variable a enrubannage constant de &Q#%ux de vide de 33%

Conducteur alternatif

Les performances des brins supraconducteurs eGri\dont détériorées par les contraintes et
par les déformations mécaniques a la fois traneget®es aux forces magnétiques cycliques
dans le conducteur d’'une bobine a haut champ,ngfitladinales, dues au retrait thermique
différentiel entre le cable et sa gaine apres issom de fabrication. La combinaison des deux
effets génere une chute de la densité de courarinmmake admissible qui dépasse les 50%
pour le niobium-étain trés fragile.

Un meilleur maintien mécanique pourrait donc avgetsement remplacer une partie des
brins tres colteux, d’abord en réduisant le tauxvidie annulaire ou en augmentant le
diamétre des brins supraconducteurs. Une autre p@tait la réduction de I'épaisseur du
conducteur pour éviter I'intégration des efforts soe grande hauteur. Un conducteur plat de
type Rutherford, mais réalisé avec des centaindsids torsadés sous forme de petits pétales
pourrait proposer cette géométrie. Le concept diblocanal reste d’actualité et le principe
d’'une géométrie « plate » empilable (hexagonale)caleducteur supraconducteur de type
cable-en-conduit a double canal est proposé avéigilae R-19.

Figure R-19 : Proposition de conducteur hexagoadyge cable-en-conduit a double canal

Contre les contraintes longitudinales, il est emyé&able d'imposer une précontrainte a la
gaine d’'acier, pendant ou aprés le refroidissengnte au traitement thermique. La
réalisation pratique de ce principe sur des bolggate courbure irréguliére, pour imposer des
déplacements a une précision millimétrique serditenement complexe.

Futurs travaux

Il serait utile de compléter la base de donnéessgeales, en particulier avec des spirales
« optimales » pour valider les tendances du moblgiaulique et le choix d’optimisation.
L’amélioration du modéle hydraulique annulaire,ffl@acité d’'un arrondi des angles, la
répartition des débits central et annulaire, la garaison thermique stationnaire et transitoire
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du méme échantillon, ou I'amélioration du modelecdefficient d’échange thermique pour
prendre en compte le niveau de température pasrtebre de Prandtl, sont des pistes pour la
poursuite des travaux de recherche thermohydraubgules conducteurs d’'ITER.

Conclusion et perspectives

Le concept de conducteur de type cable-en-condiitasonducteur a double canal a été
présenté et justifié, en vue d'étre optimisé. Lésultats de campagnes expérimentales de
pertes de pression en azote et en eau ont permiomEruire un modele explicite de
coefficient de friction des spirales. La résolutaa I'équation de la chaleur avec un modele
bicanal a permis de comprendre le comportemenmmilyele stationnaire et transitoire du
conducteur. Un modele explicite de I'échange thgumia été créé, conforme aux mesures
cryogéniques réalisées dans la station européebhd/AN. La température maximale des
brins supraconducteurs, le risque de thermosiphote éemps de remise en froid du
conducteur ont été définis et évalués. A partircdde compréhension du comportement
thermohydraulique et des nouveaux modeles dispesilbine optimisation de la spirale a été
initiée, réduisant ses ouvertures a 1,5 mm.

Les bases de données expérimentales pourront @tichies a I'avenir par un choix de
spirales peu ouvertes et arrondies. Des essainitiiges en régime permanent et transitoire
réalisés sur le méme échantillon, ainsi qu’'uneetld coefficient d’échange H en fonction du
nombre de Prandtl seraient désirables. La validatiamérique de cette étude expérimentale
et analytique aiderait a compléter la compréhendesflimpact géométrique d’'une spirale sur
ses propriétés thermohydrauliques. Des raisongr@éeécaniques nécessiteront probablement
de diminuer le taux de vide annulaire, de modifeegéométrie du cable ou d’augmenter le
diamétre des brins. Les modeéles analytiques dépéloppourront accompagner ces
évolutions. Le cable-en-conduit a double canal dem&n moyen éprouvé de maintenir en
froid des bobines supraconductrices a haut champ.
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Appendix I: Test facility OTHELLO

The OTHELLO test facility built at CEA/Cadarache itovestigate the hydraulic behaviour of dual
channel CICC samples is dedicated to hydraulicstasce measurements using disposable nitrogen at

ambient temperature. A set of various spiral sampbes been tested in 2003, providing friction fecin
N2 flow [Lib03].

Figure A-1: OTHELLO test facility

The experimental setup allows to set the entramesspre and observe its temperature, the mass flow
rate, the exit pressure and exit temperature. Bograressure is adjusted and kept steady in codeath

a steady state pressure drop plateau. Each ple&teadsequently averaged over at least 20s oftdata
obtain a single friction factor value. A differeditipressure sensor is available for precision and
redundancy. This test facility comprises a pressarinitrogen alimentation at 4.0 MPa (through a

pressure reducer). The mass flow rate is estinfatedthe volumetric mass flow rate measuremenhat t
outlet of the sample [Nic03].

Pout, Tout DP Pin. Tin Prescure

Reducer
Valve

sm Valve
‘_[%4\_/' H

Atmospheric . / {2
Outlet ’ Volumetric L ) ﬁil;enmtio
Mass flow Spural inserted into a tube
meter Safety
Valve
Hydraulic

Figure A-2: OTHELLO spiral test setup

This test facility permits Reynolds numbers in tlamge of those expected for the coils of ITER at
cryogenic normal operating temperature. The expantal test facility is first validated by measuritig
pressure drop and friction factor on two smoothetulExperiments are conducted with care and every
security procedure is used regarding the dangsingrfrom pressurized gaz.
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Appendix Il: Pressure drop measurements

This appendix provides a detailed calculation ef phessure drop as a function of the friction dokfiit

in a compressible flow, where the Mach number igolved. The purpose is to evaluate friction
coefficients of Cable-In-Conduit Conductors andagi samples tested in the OTHELLO facility with a
pressurized ambient temperature nitrogen flow.

Incompressible Fluid

Pressure drop is traditionally given by:
L
AP=f.= ,av2 —
D
This formula relates, for an ideal fluid in permahmcompressible flow, the pressure drop to :
the friction coefficient f,

the dynamic pressurg p\/2,

the length L and
the hydraulic diameter D
This formula is equivalent to:

Um

with the vvétted perimeter U,
the hydraulic surface S, so that43S/U
and the mass flow rate m~.S

Compressible fluid

The governing equations for a compressible adiabasicous ideal gas flow in a circular pipe are
given by :

/ Conservation of mass

1 dP ldv 1dT

——=-=—=0 (All-1)
P dx vdx T dx
Conservation of energy
< PN 2dV+pC VLI (All-2)
dx dx

Conservation of momentum

1 dP 2av__ T (AIl-3)

k,,o\/z dx v dx D,

In this last equation (All-3), the velovity terdV /V is neglected in the incompressible case and must

be evaluated to provide the result we seek.
2

2
Using cp = YR and introducing the Mach numbegf 2 =V - v equation (All-2) becomes:
y-1 C? y.RT
sz + yRT d_T =
v y-1T
I _y-pm2d (All-4)
T %
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reporting (All-4) in (All-1), we get:
dP _av
— 1+ M (All-5)
===l -ym?)
furthermore P can be expressed as
2
P=pRT = o.V° yF\;T ,o.v2
y v y-M
plugging this expression of P in equation (All-8adls to

\Y

,dv(1- M2\ _ f.dx
yMm? Dn

P =2 N (y-nm?) (AII-6)
5p.v y.M? v

reporting (All-6) in (All-3), we get:

oV '12(1+(y—1)|\/|2)+1j=—f[')OIX

h

hence

2
v _1f yM” )T (All-7)
v 2(1-M?) D,

reporting in (All-6) provides the result:
~dP _(1+(y—1)M 2) f .dx

% 1-M? D,
or
M?Z ) f.dx
—dp=pv?1+F (All-8)
2P [ 1-M?) D,
which provides the incompressible linear pressuog dhultiplied by the correctio(n1 yM? } with
1-M?2

(All-8) can also be written :
_pdp= ms 14 YMZ e (All-9)

8.5 1-M?

Therefore the corrective term for compressibilgyn a compressible adiabatic viscous ideal gasg iftoa

circular pipe ig 1 4+ ¥-M ?
1-M?

Other compressible fluid demonstration

Another means to evaluate compressible pressugeidrto start from the balance of mass, momentum
and energy with negligible viscosity but signifitdnction, and write them in terms of pressureloegy

and temperature [Bot0O0]:

)
dv, v, 1dP_ ¢ (All-10)
dt o ox p dx

{ where F is the friction force, and
dP >av  dP

C-—+v—= 1) pvF All-11
kdt;odxd(y)pv (All-11)
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for ideal adiabatic gas.

Multiplying (All-10) by p.dx and (All-11) by% leads to expression which can be subtracted to

eliminate the termp.v.dv in each expression.
Replacing F by:

_fV

2D,
leads to the final result (All-8)

(All-12)

Mach number integration hypothesis and iteration

The friction factor calculation strategy consisisstarting from a linear pressure drop profile,leatng
the Mach number effect and the friction factor aeducing a second pressure drop profile. Iteratzoas
numbered with indices from 1 to 3.

A numerical evaluation of

n 2
Z[1+M}L (All-13)
i=0 1-M(x) n

requires knowledge of nitrogen thermodynamic patamsealong x. Temperature and pressure are used to
obtain densityy and Mach number. The temperature rise in the sawfdength L is limited to 1 or 2 K,
directly related to the Joule-Thomson expansiongclwvilightly differs from a linear law. It is thedoge
possible to linearise temperature elevation wittkegligible error.

Similarly, pressure is linearised ag>B. A first evaluation of the friction factor cdre done with M(x)
andy1(x), whereAP is the pressure drop numerical step,

ax=L (All-14)

n
and n=500 is the number of space steps used:

L
2. P-AP(x)
f, = _ 0 (All-15)
2 L 2
U.ms L+Zy1(x)-M1(X2) AX
8.S > 1-M,(x)

Using this first calculation of the friction factét, we can come back to our linear pressure assumptio
and evaluate the pressure at each X, where xiist@gration variable. For this purposes linearized as
a function of P
p=aP+pf (All-16)

a =0.00001258 [m™s™]

B=-0.1201 [kg.m™®]
with R2=1 for P varying betweerx$0* and 13 Pa while pressure in the various experimental taba
P

the range 810" to 3.8<1° Pa. Ip.dP hence integrates into

P(X)
2Pr00-R2)+ A(P(X)-R,) (All-17)
a., o @, UmPx( (M (x)?), _ _
or 5 P(X)+ BP(X)- 8P, > P-+f, 8.5 201[1+ 1= M, ()’ X =0 (AllI-18)

which we solve in order to extract P(X) by integrgton x from 0 to X and obtain
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U.m2 & Y, (X).M,(x)* » a
-8B+ |B%-2a| f z: 1+ 722 1 -P - 6P
' 8s? 0[ =M (x)? | e P

P,(X)= (All-19)

Mach integration convergence
Iteration following the same principle provides x(x) and &. No further iteration is needed because a
sufficient precision convergence in P is reached:

UPs(X) —P,(X)|
max

J < 0022 for the smooth tubes experiments an@009 for all spirals values.

P,(x)

_ ° \
845 P1
L 4 P2
>
? 3.5 —P3
Q
a 3-
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Figure A-3: ST8 pressure variation along probe

This ST8 pressure drop along the flow shows thelma@arity induced by the Mach number, and the
rapid convergence with three iterations. Presswa® always integrated by dividing the probe lengtb i
five hundred steps. This pressure evolution grafffigure A-3) corresponds to a single plateau eagy
state pressure measurements, the very plateaundetdthe largest divergence betweeraRd B. These
calculations then lead to one friction factor ewadilon.

Note that the pressure drop is boosted towardsothiket of the pipe: the pressure drop rate keeps
increasing as the fluid progresses in the tubenBleg number variation between inlet and outldess
than 5%, results are further presented with melet-gutlet Reynolds value.

Mach number absolute influence

The Mach number absolute variation range is [04]0f6r the smooth tubes and [0; 0.35] with the cfet
spirals tested. The extremes are reached with 888 which have the largest friction factors it
respective category.

From the definitionavi =V andV =%, and according to (All-16), we have:
a

_m

- a(aP + B)S
varying with a good approximation % The Mach number therefore rises as pressure,samksthe
high values of Mach are found at the tube outlet.
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Figure A-4: Mach number evolution along smooth t&3& probe
in 3 iterations for pressure conditions=2.5x10° and RB.=1.5x10° Pa

Furthermore, large Mach number effects are presatht high velocities, in turn obtained with high
pressure drop. The highest velocities are obtawiddthe smallest diameters 6-8 mm and for the ks@l
values of friction factor (Figure A-4): an incredsgiction leads to mass flow and Mach number cut,
although the concomitant pressure drop increasawdtes Mach number reduction (results in chapter 2
Hence the reduced Mach number effect on greatsridini spirals. Because of their reduced rugositg, t
smooth tubes endure higher mass flows and theifiaubject to the highest Mach numbers.

Mach relative influence
The numerical influence of the Mach number on tietibn factor can be defined as:

fithour = Fracn (1+0) (All-21)
where:

[V(X)M(X) }j / (All-22)
1-M(x)?

In Figure A-4, we observe that the compressibildstds to a reduction of the friction fact@ér.values
show that the omission of the Mach number introdwgeerror from 1.1 to 5.7% for the spirals, andaip
17.5% for the smooth tubes. The single frictiontdac/alues retained for each probe corresponds to a
guadratic regime average: it is the constant vafueat large Reynolds numbers. This independerice o
Re is observed graphically for all spirals with &mve 18, but the smooth tube reach this fully turbulent
flow regime only above Re=%0

Table A-1: Friction factor experimental resultsiwibfluence of Mach number

f with Mach (Dr) fwithout Mach (Dr) Maximum relative

Spiral type difference 6 (%)

Showa 4.39%10? 4.46x102 1.48
Cortaillod 1.00x10? 1.01x10? 1.13
S-10 7.32¢107? 7.74x10° 5.68
C-10 8.90x10?2 9.40x1072 5.58
I-10 1.01x10? 1.06x10" 5.04
S-8 9.03x107? 9.53x10?2 5.65
C-8 1.0%10? 1.11x10*? 3.70
-8 1.33x10? 1.3710*? 3.01
ST-10 1.70x10? 1.88x107? 10.83
ST-8 1.75¢1072 2.05¢107? 17.42
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Appendix IlI: Test facility HECOL

The Heat Exchange Conductor Operational Loop (HEC@st facility was thought [Mar02] and
designed [Dec03] for the evaluation of thermal eltaristics of a superconducting Cable-In-Conduit
Conductor (CICC) in transient experiments usinggueized ambient temperature water. Small additions
soon allowed to conduct steady state operationgesmtdhydraulic properties as well.
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Figure A-5: HECOL test loop setup

Hydraulic tests

The pressure drop of various CICC central spiralafges was investigated in the test facility opestait
Cadarache at Reynolds numbers relevant to ITER itons. The loop is filled from a network of
decarbonated water. The test facility pumps and ésezhangers allow mass flow rate up toxILG® m*/s
and temperature ranging from 15 to 75°C.

The pressure in the loop is not controlled, buaaable mass flow rate is obtained using one oh lodt
the two pumps (of different characteristics) iniegrand eventually opening a bypass for a contiauo
testing of sample pressure/mass flow rate chaiatos:

Pressure dropP measurements qualification resulted in a veryistent minimization of pressure drop
by 10% compared to the smooth tube Blasius law’'fli#i¢ and Colebrook intrinsic formula [Col38], tha
remains within the accuracy reported in the expenital elaboration of these empirical laws, a hutdre
years ago. Pressure tubes where chosen as smalisible, and checked to have state-of-the art ends
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Figure A-6: HECOL facility

The heaters of the facility are also useful in puhgdraulic experiments because the fluid dynamic
viscosityu significantly diminishes when temperature incrsasieus allowing the operator to reach
higher Reynolds numbers. The HECOL facility beingonfiguration for heat exchange coefficient tests
the conductor instrumentation is as follows:

Spirals

Spirals samples over 4 m long are inserted witH'@heertwist” or “Co-drawing” method (see sectior22.

& 2.3) into a stainless steel pipe. Sample werapgepd by hydraulic connections, pressure drop holes
(2 mm inside diameter) and temperature sensorascat end.

Spirals unsymmetric hydraulic behaviour is discddsechapter 2.

ORTAILLOD

Figure A-7: COR and SHO spiral samples

TFMC (Toroidal Field Model Coil [UIb05])

It is the Niobium-tin conductor used for the maruiize of the model coil of ITER toroidal field csil

This same conductor was used to design a SULTANokarithe SULTAN cable sample is refered to as

TEMC-FSJS (Full Size Joint Sample). It has a 1.6 tmick round sheath out of stainless steel 316LN.
1012m 048&m O05m 05m O0&m 05

© 999060 g0

214 m

| TFMC conductor sample [DP11]8 m long — -
flowerate o
e
795 m

Figure A-8: TEFMC thermometer configuration
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-9: Section of the TFMC conductor

Figure

The sample tested in HECOL is an 8 m long TFMC danpgnuipped with pressure probes, thermometers
every 0.5 m. HECOL annular heaters are providifigesd power of 3.28 kW when turned on.

Steady state thermal tests

A better understanding of the inter-channel heaharge is sought for characterisation and modedtiing
validation of existing models [Nic02]. This appexdiddresses steady-state experiments carried ol in
facility with the TFMC-1 conductor sample.

The steady-state measurement principle developelapter 3 calls for a continuous heating of tivkga

in a localized area. HECOL testing procedure cassis using a jacket heater of length L=0.38 m and
power 3.28 kW (contrary to the reading on Figur&)A-The (movable) heater is bolted with thermal
grease to the conductor jacket at 0.32 m from tdm®lactor inlet. If more steady state experimentsewe
to be conducted on HECOL, it would be preferableléasely concentrate instrumentation on a narrow
section of the CICC, inside as well as outside. owing capability of the heater could then be used
observe temperatures at different distances from it

When conducting tests on a fuill size CICC samfiie, same outlet flow rate,QJltra Sound meter is
used when testing spirals inserted in much smallees, but the sensor is reconfigured, recalibratedt!
readings were checked both with another type ofsrflasv rate device and by weighing the integrating
mass flow. The constructor provides a theoretitatcuracy value under 1%.

Transient thermal tests

Transient experiments are obtained by storing wiateéhe tank, bringing the loop water to a differen
temperature and suddenly shifting water circulapath to the tank.

e ——TH

T() - —— \\ -—4 g
oo - -
*f AN =
® 60 — T8
G —T9
&

50 f—— %
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Figure A-10: HECOL transient temperature step
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Appendix IV: Test facility SULTAN

Helium supply parameters from the SULTAN facilityeaa constant inlet pressure of 1.02 MPa and a
mass flow rate varying between 2 anc10? kg/s.

PF (Poloidal Field) samples

It is the model Niobium-titanium conductor for tAHé€ER poloidal coils, refered to as PF conductorsoT
SULTAN samples of this conductor were manufactuvet The first is the PF-FSJS, made with two
different types of strands. The second is the PF&IS, made from a Russian strand. This last cooduct
is to be tested in the CSMC (Naka, Japan). PF ardodsihave a square 51 mm 316LN stainless steel

jacket.

Table A-2: Geometry of the PFIS and PF-FSJS CICC

symbol PFISW (L) PFIS NW (R) PF-FSJS unit
Spiral diameters id/od 10/12 9.9/11rBm
spiral helium surface Ac 8.70x10° 7.74x10° m?
spiral wetted perimeter Wc 3.49%1072 3.1%102 m
spiral perforation Perfor 24 27.7%
spiral id friction factor fc 0.043 0.044-
copper cross-section of\ 353 mm?
strand diameter 0.73 mm
number of strands 1440 -
bundle area void fraction void 33.5 34.3 36.85 %
bundle area helium surface  Aa 3.3%10* 3.2810* 3.55¢10* m?
bundle area wetted perimeter aAw 3.68 3.46 3.193 m
bundle hydraulic diameter 3.61x10* 3.79%10* 4.45<10% m
bundle friction factor A (0.0231+19.6/Re’%>)/void® 4 -
total CICC helium surface Ap+Ac 4.19%10* 4.15x10* 4.3%10* m?

The characteristics and dimensions reported inelAB2 are used to compute all hydraulic and thermal
properties of the PF-FSJS and PFIS samples stutiiedPFIS is similar to the PF-FSJS, with a central
channel characterised by less pressure drop, Jewgt sinnular heaters near the joint and a testing
program in both downward and upward flow directio¢hile the PF-FSJS is representative of a TF
conductor withaa~60%, the PFIS is characterised by a very low piresdrop in the central channel and
low aa.

Mass flow balance and pressure drops summariz€dyure A-11 are calculated from Kathederisaind

fc extrapolated from spiral friction measurementafthar 2).

He flow in the annular channel is assumed unifonah igothermal (3.1 and 3.2).
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Figure A-11: Mass flow balance in PF-FSJS & PFI&capen

The PF-FSJS is formed of two CICC legs, both widttic joints and hydraulic collectors at each.end

The legs are wrapped and hydraulically similar lincharacteristics except for a slight difference i
annular petal twisting lengths.

PF-FS.J5 sample thermohy draulic instrumentation
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Figure A-12: Schematic view of the PF-FSJS (dowMinw only), and of the PFIS (upward direction
shown), including thermal-hydraulic equipment aadsors

There are two ways to apply steady state powehaaannular helium flow: resistive annular heatdrs o
defined lengths glued on the jacket provide ratti@ht through conduction; a pulsed magnetic field
generates AC losses in conducting metallic paitands especially.
The jaws of the pulsed magnet are 0.4 m wide, tieetese length of the field is 0.39 m, but the Ag3s

power distribution is not clearly defined in lengtor in its profile, due to possible circulatingri@nts in

the cable. For each leg thermally insulated frosnntate, the power obtained from a particular AC
frequency must be evaluated from the inlet/outdiemetric enthalpy balance.
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PF-FSJS heaters

SULTAN samples PF-FSJS was best equipped and imsined for steady state experiments.

In the PF-FSJS instrumentation, we dispose onlyvofclose-together thermometers downstream of the
AC field region, therefore we cannot use AC heatmgbserve a temperature evolution in space, mkeede
to use a heat transfer length method. PF-FSJS A(ltseare thus not presented here. Even in the
serviceable Annular Heaters (AH) experiments, tistadce between AH and: Bs well as the sparse
repartition of downstream thermometers are nonwglti

The PFIS could on the contrary not use AH heaterd,was nevertheless tested with AC heating: Due to
the thermometer layout of the PFIS where a largeoreof the sample reserved for AC losses cannot be
instrumented, the short annular heaters cannoigealata of interest to thermal heat exchange.

There are two ways to apply steady state powehaaannular helium flow: resistive annular heatdrs o
defined lengths glued on the jacket provide ratti@ht through conduction; a pulsed magnetic field
generates AC losses in conducting metallic paitands especially.

Information about both samples is detailled in Apgiz V.

PFIS heaters
The Poloidal Field Coil Insert Full-Size Joint SdenPFCI-FSJS or PFIS) was manufactured and tested
in 2004 [Hur05]. The PFIS is formed of two CICCdegach with electric joints and hydraulic collesto
at each ends, and thermally insulated from its nfaigure A-12). The sample tested in upward and
downward flow directions [Nic02] is also designed $teady state experiments of two types:

1. applying power with either resistive annular hesaitgued on the jacket or

2. with a pulsed magnetic field generating AC lossesanducting strands [Nic04].
These two types of heaters are representativemtategories of heat deposition, which can takeepia
a fusion magnet during operation:

1. external heat deposition propagating through cotaiua insulation and jacket,

2. inter-strand heat deposition due to variable magrfieid.

Helium supply parameters from the SULTAN facilityeaa constant inlet pressure of 1.02 MPa and a
mass flow rate varying between 2 and 10%k@.s*.
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Appendix V: Stationary thermal resolution

The thermal barrier between the channels of a d€iGg alternatively made of central spiral perfedat
and closed patrts, the local thermal resistancangmg and leads to local temperature heterogeseiti
While the average heat exchange coefficient allaviast macroscopic approach, the use of a space
average between spiral closed and perforated regedtfér coefficients does not reflect the real
complexity of local temperatures and the maximehldemperature difference between the two channels
Providing an upper limit to these thermal gradiexitthe spiral step scale allows to assess themapti
geometry that should be assigned to the CICC desyinal.

Mean temperature difference (TA —TC)

In reality spiral perforation is not evenly disuiiied, but is periodic with each spiral step p. Tinean
thermal heat exchange H only provides a mean beuavor the thermal barrier generated by the
presence of the spiral. Small periodic variatianaT, corresponding to real local heat exchangesséd

et Heerforallow a fine modeling oAT and of its maximal local intensity between the tehannels.

——
LEMIWA |

Figure A-13: SHOWA helix

A conductor subject to a constant lineic heat |dedribution Q in the annular channel has a thermal
response that can be subdivided into:
= A mean isothermal or uniform conductor temperatigiag linearly as a function of distance:

T =T, +—2 (AV-1)

mC

p
= A temperature difference between the channels ¢hat never vanish because it is necessary to
transfer part of the power to the central chanaetording to the heat exchange coefficient H. This
temperature difference is labeled “mean” when tleamspiral properties are used, with mean H.

(T, -T =L e )= 2T fi-e) (AV-2)
m, C, m.H.p
Note that there is a duality W; whereA is the heat exchange characteristic length [Par03]
Ma Mc C,
= (AV-3)
H.p.m
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Hence the asymptotic temperature difference:

A :

(TA _TC )asymptotic: Q = ch = HQC (AV-4)
m,C, mH.p P

whereq, =Q.me/m (AV-5)

is the power fraction that crosses the spiral te\sruated by the central channel.

Local temperature variations

The thermal barrier between the channels of a Qd€i@g alternatively made of central spiral perfedat
and closed parts, the local thermal resistanceaiging and leads to local temperature heterogeseiti
While the average heat exchange coefficient allawisst macroscopic approach, the use of a space
average between spiral closed and perforated heasfér coefficients does not reflect the real
complexity of local temperatures and the maximehldaemperature difference between the two channels
With mean properties, after a transition of a feynthe temperatures are:

Ta=Tet (TA _Tc) mc =Tiso +ATp4q and (AV-6)

asymptotic

m
m,
asymptotic_,
m
The additional term of temperature increase dubdomal inhomogeneity is equal to:

TC :Tiso - (TA _TC) (AV_7)

m ]
AT = (TA -Te )asymptotici_c (AV-8)

m
In reality, the heat exchange coefficient H shdugdalternatively replaced bypkkor et Heiosed Around an
average value of ATgiven by (AV-6), variations should be observedgitelocal properties of the spiral.

By definition, (T, —T. ) varies fromAT, to AT, along a closed spiral section, and inversely émtfof a
perforation. In the closed spiral parts of lengtstarting fromAT,:

T, —Te =AT, + (AT —ATO)[l—e"w J (AV-9)
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and in the open parts of length g, starting fram:

-X
TA _TC = ATperfor + (ATl _A-I-perfor)el\pe'for (AV-].O)
where the characteristic heat exchange lengthadcelated with local heat exchange coefficients.

ATO | | t _t+0 | | X [mm]\
p 2 4 6 8 10 12 14 7
Figure A-15: Zoom in on the periodicity ok Bt the spiral perforation scale

varying about the averag(m A=Tc )%ymotic for a constant distributed heat load

Asymptotic limits of exponential curves are definedhe open and closed parts:

QA pert :
AT oy =21 (AV-11)
m,C,
QN AV-12
ATgpg =22 ( )
m,C,

Superconducting strand maximal temperature T
The closing equations at the end of each lengthvdtle x =t or X = g depending on the case:
-t

~AT, | 1-e"+ (AV-13)

AT, = AT, + (AT,

-9
A pior
ATy =AT o + (AT, = AT o ™ (AV-14)

Hence it is possible to calculate the maximal terapee differencenT,, that shall replac€T, —T.) to

evaluate the maximal rise of superconducting ssdechperature:
-t -t

AT, = AT +AT | 1-e"= (AV-15)

and by replacing\T, by its expression (AV-14), comes the final answer:
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-9 -t -t

A perfor Aciose Aspira\
ATperfor 1 -e e + ATspiraI 1 -e
AT = (AV-16)
1 9t
1 e/\ perfor Asp al
similarly:
-9 Tty -9
A for As)lral Aperfor
ATperfor 1 -e ™ + ATsplral 1 —-e e
AT. = (AV-17)
0 gt
1 —_ e/\perfor AS)ITBJ

For each (T,-T.) corresponds aAT,,, complement of T, ... to get T,, evaluated by

ATAdd = (TA _Tc)mc / m (AV-18)

Eventually AT,,, with an average\ is replaced by the very cIo@T1 i and the maximal temperature

obtained is of:

TA =Tuniform + AT1 Add

In fact, the mean temperature difference, calcdlatih the macroscopic spiral properties and legdm
the annular temperature simple evaluati@p,,.,+AT,, IS very close to the more rigorous local

calculation. Spiral step scale varations are mgicant for temperature varying at the spaceecdliA
(see Figure A-17). The more practicAlaqd IS hence retained to quantify interchannel tentpeea
difference.

The temperature differencer, ,, is to be subtracted from the temperature mardiniseosuperconducting

strands, therefore an evaluation is crucial topttogper functioning of the magnets when carrying main
intensity.
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Appendix VI: Transient thermal resolution

Equations (3.3-1) are developed into (AVI-1) whétes the mean helium velocity in the respective
channels:
aT, oT

+U, 2+, (T, T, )=
aQI,E A g%( yA( A c) Q (AVI-1)
a_tc+UCa_;_yc(TA_Tc)=O

The specific heat Cp is assumed constant for ehahnel; so is the global heat exchange coeffidignt
given the weak temperature variation. A methoddives this equation has been early proposed by A.
Martinez [Mar93].

Change of reference frame and Laplace transform
We consider the initial temperature of both chasmelbe :

T,(0.x)=T. (0x)=T, Lx (AVI-2)
The cable is fed with He at temperaturealx = O starting from & 0O:
TAt0) =T, t0)=T, (AVI-3)

Reduced temperatures are used to obtain evolutiomsinitial conditions setat T =0 att =0, to=T1L at
t = oo, at any given x position:

6,(t) = —TA )=Tq

1T (AVI-4)
T (6)-T,

T, =T,
The system of equations (AVI-1) leads to a winddwnterest|u,.t ; U..t] expanding and shifting in
space (Figure 3-14). This space window has a Ie(lggh—UA).t. Similarly, the time window of interest
[x/UA ; x/UC] is expanding and shifting in time (Figure 3-14 iajaWith unmodified time reference,

6. (t) =

the change of spatial reference
X'=x=U,t (AVI-5)
allows to follow the area of interest, with stationular He in the new frame. From (AVI-1) the new
system of equation is obtained with Q = 0, as mallbeat source is present:
6,
+y,\0,—-6.)=0

5 ot Aa(aA :) (AVI-6)

a_tc"'(uc _UA)_(.:_yC(HA —HC)=O
The analytical resolution is proposed for a heaforgcooling) step entering the CICC and progresgiv

replacing the helium present in the cable att = 0.
For t<0, we have

6,=6.=0 (AVI-7)
The boundary condition is
6,(x=0t>0)=6.(x=0t>0)=1 (AVI-8)

The Laplace transform of equation (AVI-6) redudes partial differential equations to:
(p+yA)eA ~Va©c =0

00 (AVI-9)
(Uc _UA) 0X'C +(p+yc)ec -y:©,=0
where © is the Laplace transform 6f We now have the boundary condition:
O.(x'=0) =1IO (AVI-10)
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Transient thermal resolution
IntroducingAU, the difference of channel He velocity, we calvae¢AVI-9) in the Laplace domain:

L XY, X P\ o X VaVe
@A(x,p)_yAexp{ AU Jexp{ AU )exp{ AU(p+yA)j/p(p+yA) (AVI-11)
Cono Xy _Xp _ XVaVe
ec(x’p)'exp( AU Jex{ AU Jex{ AU(p+yA)J/p
with AU =(U, -U,) 2

The image temperatures, and©_ lead us back tx andfc after some algebra, and reversing (AVI-5):

6,(x.1) = 20.exp(-a)[ B.exp-aB*)1 , (2aB).dB
0 for x/U. <t<x/U, (AVI-13)

o
6. (x,t)= exp(—a)(l + Zaj expap?)., (Zaﬂ).d,BJ
0
where §, 11, are modified Bessel functions of the first kind,
a(x,t) =y, (x-U t)/au (AVI-14)
B is a non-dimensional integration variable, and
Uct=X)Va

o(x,t)= |- A (AVI-15)
(X -U At)yc

Integrating by part expression (AVI-13) leads to:

(6. -6,)(x,t) =exp(a -ad?).| ,(2ad) (AVI-16)

dé, expla -ad’ U.l, a

CE :%.(%UAI (2ad) +w) (AVI-17)

Use of implicit transient solutions
Although explicit formulae ofg,(x,t) and 6.(x,t) solutions are not given, it is straightforward to

calculate temperatures from (AVI-16) and (AVI-13¢e Figures 3-14 and 3-15.
For t <x/U. , the Heavyside step in temperature has not reached

6,(x,t<x/U.)=6.(x,t<x/U.)=0 (AVI-18)
At t=x/U., 8,(x,t) is continuous
G (x,t=x/Uc)=0 (AVI-19)
8. (x,t =x/Ug) = (6. =8, )(x,t)

For x/U. <t<x/U,, the Heavyside step in temperature has reachedtkel central, but not in the
annular channedl, is integrated whilég, is known from the difference (AVI-16)

t
8. (x - <t<X) =0, x/U)+ | L (x et
Uc Ua o, dt (AVI1-20)
X X
BA(X,U—<t<U—)=HC(x,t)—(HC—HA)(x,t)

C A
For t > x/U, , the Heavyside step in temperature has reachédchannels at the point x considered:
B,(x,t>x/U,) =6 (x,t>x/U,) =1 (AVI-21)
Another way to derive temperatures is to use thilaity of 4. (x,t) att=x/U, , with
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O (x,t=x/U,)=1 (AVI-22)
6,(x,t=x/U,)=1-(6: -86,)(x,t)

Temperature difference and derivatives moving all
When moving at the mean velocly a(x,t = x/ U) =£>{1-%) ands = 1. We have:

AU

(6: -6,)(x,t =x/U) =exp(2a)I , (20) (AVI-23)
da, _ — _exp2a)

o (t=x/ U)== =yl @) +yeU o (22) (AvI-24)
% (xt=x/ U) =22 (4 1, 2a) 41,1, (2a)

For large values ofi (as x or t— ), annular and central temperatures converge amdetimperature
slopes eventually tend to zero:

%

6, (1 =Xy B (o Xy (e +yeU,) (AVI-25)
dt U dt U 20U /11y Y X
The mean velocity) allows to define a transition time:

ool 2DUmya X 20ULAGA, 7PC X (AVI-26)
dg ~T0= 3 - % %\ H
TU (yAUc +chA) 2 (ACUC) 2 +(AAUA) 2 P

t
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Nomenclature

Nomenclature and abbreviations

A, C indices relative to the CICC annular & centrahchel
S J indices relative to the CICC spiral & jacket
a [m/s] sound velocity in the fluid

Aj [m?] jacket cross-sectional surface (stainlesslste
Aa, Ac [m?3 annular or central channel helium cross-seat surface A=S

aan (%) proportion of annular to total CICC mass flowA=rhA/rh
a (rad) angle of the spiral with the spiral agis= g - arctar{%) andp =D tar(g - aj

a - non-dimensional relative position in the transigpace windowr(x,t) = y, (x -U ,t)/AU
B - non-dimensional integration variable in Appen¥ix

Ba [K/m] rate of temperature increase, heat suppdstedundle only 3, = Q/rhA C

Biso  [K/m] rate of temperature increase in isotherm@@C 3, = Q/ mC
10V

Bp [K™] thermodynamic coefficient of isobaric volume \aion g_ =
Pe =V ar

P
Co [J/kgK] calorific capacity
Ci - friction coefficient € (American) = f/4 (European)
id/od [m] spiral inner / outer diamet@t =od - 2e
Dn  [m] spiral hydraulic diamete,5h =45
w

D, [cm?/s] jacket diffusivity

Uct=X)¥a
(x =Uxtlye
e [m]  spiral thickness (stainless steel)
€ [m] jacket thickness (stainless steel)
€
f

0 - calculation parameteg(x, t) =

) relative roughness of a conduit wall
- friction coefficient f (European) =« (American)
funit  [m]  European friction factor per unit flow singuily (spiral period)f ., = f.p
it is the friction factor (per unit length) divad by the spiral spatial frequency
Y thermodynamic constagt=C,/C,,

va, vc [SY ratio of lineic heat transfer over heat capa«?jit)& _Hp ,

Pi-A CPii-ac
g [m]  spiral gap length
g [kg.m/s?] acceleration of gravity
hc [W/mz2K] forced convection coefficient in the cealtspiral
ha [W/m2K] forced convection coefficient in the anauregion, near spiral or near jacket wall
H [W/m2K] annulus-center total heat exchange cogffit
AH  [J/kg] inlet/outlet superconductor cable enthahayiation
H.p  [W.n'KY interchannel heat exchange rate per meter CICC

id [m]  spiral internal diameter

k [kg*m™] pressure drop coefficient=f.w/ (& S°)
K [m?] permeability constant

C singular friction coefficient

L/R left / right
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Nomenclature

L [m] length (between pressure probes, length ofdteabne)

Lt [m]  conductor length subject to thermosiphon

A [W.m*KY] thermal conductivity

A sd6ss [W/m2K] intensity of conduction through the spidbsed portions (stainless steel)

A [m]  characteristic annular-central heat exchanggtieA = (ma mc C)/ (Hpm)

m [ka/s] (total) mass flow raten = S

M [kg/m.s] dynamic viscosity
wt  [K/Pa] Joule-Thomson coefficient
M - Mach numbemv =Y

a

Ncamot (%)  Carnot refrigeration efficiency

Nerc (%)  circulating pumps efficiency

Neyo (%)  global cryogenic refrigerator efficiency

Nu - Nusselt number

NW absence of wrappings in a CICC sample stripggetiem
od [m]  spiral outer diameter

p [mm] spiral twist pitch lengtip =t + ¢

pa;  [m]  perimeter of the bundle region

p [m]  (mean) perimeter of the spiral
) rad  angle between conductor and horizontal plane
[0} rad  attack and trailing edge angle of the spirafile (angle effectively observed by the flow)

the spiral ribbon angles assumed equal are dtatgg)/cos()) = Q= %

P [Pa] pressure
AP [Pa] pressure drop

Perfor (%) spiral perforation (or porOSithrfor:E:Q (1_tJ
2 p p

Pr - Prandtl number

Pirc  [W] additional power required by coolant circulatio

Phi [W] power of heat load falling on the coils in opgon

Q [W/m] heat load falling on a conductor, in pautar lineic heat load imposed on the CICC
Q. [m¥s] volume flow rate

r - thermosiphon reverse pressure risk ratic= APrnermosipion
friction
R/L right / left
p [kg/m?] fluid average density
Re Reynolds numbeﬁ?e:’av—Dh _4m
H HW

p [kg/m?] fluid density

S [m?]  disc surface of the internal spiral diameteit?/4
Sea  [m? disc surface of the external spiral diameteyd? /4
S [n?] canal aree&S = PerforS,, + (1- Perfor) S,

St - Stanton number

T [s] time constant for heat wave trav@;() - 20U.A A 5 TPC,X
(ACUC)% +(AAUA)% Hp

0 (radian) gap bow angle in the plane orthogon#héospiral axis

155



Nomenclature

0a, 6c [K]  reduced temperatureg (t) = T®-To
| T -To

t [m]  spiral turn length

T [K] temperature

Tuniform[K] ~ average cable temperature, as if channels hadfarm isothermal behaviour
ATas [K]  temperature difference imposed by the unifdreat load AT,; =Q/h,;p,;

niforrn

C] [K] Laplace transform of reduced temperatbire
U [m/s] He velocity
U  [m/s] mean He velocity in the CICC] = YcYa *UnYc
Ya tVYc
AU  [m/s] difference of channel He velociyu = (U, -U,)
v [m/s] superficial fluid velocity
void (%) fluid fraction in the bundle channel
\% [m®  volume of channel
w [m]  canal wetted perimetex = Perfol.n.od + (1 - Perfo)nid + 2e

wrap (%) conductor petals wrappings coverage
W50, W80  wrappings coverage (50%, 80%) of a CICC
Az [m] difference of height

Abbreviations:

AC alternative current

AH annular heaters

CEA Commissariat a I'Energie Atomique (F)

CicC Cable-In-Conduit Conductors

CRPP Centre de Recherches en Physique des PlgShhas
DRFC Départment de Recherches sur la Fusion déat(@EA Cadarache)
FzZK Forschungs Zentrum Karlsruhe (D)

GCRY Groupe CRYomagnétisme (STEP)

ITER International Thermonuclear Experimental Re&ac
JET Joint European Torus (GB)

PFIS Poloidal Field Insert Sample

PFCI-FSJS Poloidal Field Coil Insert - Full SizeniGample

PSI Paul Scherrer Institute (CH)

STEP Service Tokamak Exploitation et Pilotage (ORF
SULTAN SUpraLeiter Test ANlage (CH)

TF Toroidal Field

TFMC Toroidal Field Model Coil (or a sample of @snductor)

TOSKA TOroidalSpulen Testanlage KArlsruhe (D)
EU-TFAS EUropean Toroidal Field Sample

W/ NW with wraps / no wraps

W7-X Wendelstein Stellarator (D)
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Thermohydraulisches Verhalten des Innengekuhlten
Zweikanalrohrsupraleiterkabels fur ITER

Kurzfassung

Um die Kryogen-Benutzung und -Kontrolle der Supgtaleden Grofimagneten fur die
Kernfusion (ITER) zu optimieren, wurde der Zweikiohrsupraleiterkabel (CICC) mit einer
zentralen Spirale entworfen. Der Zentralkanal swlen minimalen hydraulischen Widerstand
und einen schnellen Heliumverkehr gewahrleistemrtfijedoch zu einer schwierigeren
Abklhlung des Kabels. Das qualitative und 6konohesGrundprinzip der Leiterspirale wird
hier durch die Begrenzung der Supraleitertemperggrechtfertigt. Der Druckabfall der
zentralen Spirale wird experimentell am Stickstaffi danach am Druckwasser ausgewertet
und daraus ein hydraulisches Modell vorgeschla@g®ga. Temperaturen im Kabel missen
quantitativ bekannt sein, um Hitzestérungen deg@eipers wahrend des Betriebes der Spule
zu verhindern, sowie um ausreichende Spielrdume mtsprechend niedriger
Eintrittstemperatur einzustellen. Es wurden anstyie eindimensionale Modelle entwickelt,
um die thermische Kopplung zwischen den Kandlen €@&€C im Dauer- und
Ubergangszustand besser zu verstehen. Die Messurigadim- und Zeit-Konstanten liefert
eine Versuchsbewertung der internen thermischenddemisierung. Es wird ein einfaches
und ausdruckliches Modell des globalen Zwischenk®érmeaustauschkoeffizienten
vorgeschlagen. Das bestehende Thermosiphonrisiisciaen den zwei Kanélen bei vertikale
Fusionsspulen verweist auf ein Kriterium. Das nebgdraulische Modell, das
Warmeaustauschmodell und das Kriterium des Thephosrisikos erlauben schlie3lich die
thermohydraulische Optimierung der Kabel-Zentraidpi

Schlusselworter: Rohrsupraleiterkabel, Supralegendagneten, Kernfusion, gezwungen
Flul3, Spirale, Warmeubertragungkoeffizient, Warnséauscher, ITER



Thermo-hydraulic behaviour of
dual-channel superconducting Cable-In-Conduit Condators for ITER

Abstract

In an effort to optimise the cryogenics of larg@exconducting coils for fusion applications
(ITER), dual channel Cable-In-Conduit ConductordQC) are designed with a central
channel spiral to provide low hydraulic resistaneed faster helium circulation. The
qualitative and economic rationale of the conductmtral channel is here justified to limit
the superconductor temperature increase, but bnmge complexity to the conductor cooling
characteristics. The pressure drop of spirals eementally evaluated in nitrogen and water
and an explicit hydraulic friction model is propdselemperatures in the cable must be
quantified to guarantee superconductor margin ducimil operation under heat disturbance
and set adequate inlet temperature. Analytical dmeensional thermal models, in steady
state and in transient, allow to better understidnedthermal coupling of CICC central and
annular channels. The measurement of a heat tractsdeacteristic space and time constants
provides cross-checking experimental estimationghefinternal thermal homogenisation. A
simple explicit model of global interchannel heatlgange coefficient is proposed. The risk
of thermosiphon between the two channels is considgince vertical portions of fusion coils
are subject to gravity. The new hydraulic modehthexchange model and gravitational risk
ratio allow the thermohydraulic optimisation of 83T central spiral.

Keywords: cable-in-conduit conductors, supercondgatnagnets, fusion, forced flow, spiral,
heat transfer coefficient, heat exchanger, ITER

Comportement thermo-hydrauliqgue des supraconductews de type
cable-en-conduit a double canal pour ITER

Résumé

Afin d’optimiser le contrdle cryogénique des aimmstipraconducteurs pour la fusion (ITER),
les conducteurs de type céable en conduit a dowrial ¢CICC) comprennent un canal central
qui assure une résistance hydraulique minimalenetairculation d’hélium rapide. Le canal
central constitué d’'une spirale limite la températdes supraconducteurs, mais complique
singulierement le refroidissement du cable. Ledegede charge de la spirale centrale sont
évaluées en azote puis en eau pressurisée ; unlanddefriction hydraulique est ainsi
proposé. Les températures doivent étre connues tmnesable, afin de garantir le
fonctionnement des supraconducteurs sous chargaithe. |l est alors possible de définir
les marges et de fixer la température d’entrée. Desdéeles 1D analytiques en régime
permanent et transitoire ont été développés afimi@éeix comprendre le couplage thermique
entre les canaux du CICC. La mesure des constaatastéristiques d’espace et de temps
fournit une évaluation expérimentale de 'homogsaon thermique interne. Un modele
simple et explicite du coefficient d’échange intaral est proposé. Le risque de thermosiphon
existant entre les deux canaux pour les partiescatrs des bobines de fusion est évalué
grace a un critére. Les nouveaux modeles hydraagigilhermiques et le critére de risque de
thermosiphon permettent I'optimisation thermo-hydigue de la spirale centrale de CICC.

Mots-clefs : conducteurs de type cable-en-condaitpants supraconducteurs, fusion,
circulation forcée, spirale, coefficient d’échartgermique, échangeur thermique, ITER



