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Thomas DONGA, Ricardo CORREIA-MACHADO et Leo SEGRESTAN pour l’énorme travail
fourni sur MACQU ainsi que les nombreux fous rires autour de café et autres viennoiseries en
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chaud via le positionnement des bobines en forme de skateboard en position dipôle.141
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C.4 Différents conducteurs utilisés sur l’aimant hybride 45 T du NHMFL, très différents
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MLI. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
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General introduction

Since 2010, a new strategy for the detection of dark matter has emerged at the Max-Planck
Institute (MPI) based on the research on hypothetical particles called axions [1,2]. The interest
of the axion lies in its mass range which has not been explored with the previous experiments,
and is assumed to be 40 - 400 µeV. To explore such a mass range, dielectric haloscopes, composed5

of dielectric disks placed in a magnetic field, are used [3]. At the interface of different dielectric
media, the axion is expected to behave like a photon, generating electromagnetic radiation in
a magnetic field [4]. Therefore, with the actual technologies, a figure of merit of 100 T2m2

(integrated square magnetic field along the direction of the warm bore on the cross-section
of the bore) in a warm bore in which the different dielectric media would be inserted [5] is a10

challenging objective.

In the framework of an innovation partnership launched by the MPI in 2018, the role of the
CEA is to design, develop and manufacture a dipole magnet with exceptional characteristics
such as a 9 T magnetic field [6], with a large aperture of 1.35 m, on a length of 1.3 m, and
a gigantic magnetic energy of 527 MJ [7]. It is the first time that a dipole allies all these15

characteristics compared to previous dipoles [8–11]. To generate such conditions, the best
option is to use superconducting magnets. These magnets can transport large electrical currents
in their conductor without generating losses, due to their null electrical resistance below a
specific temperature. However, superconducting magnet can experience unexpected transitions
from a superconducting state to a resistive state. When this transition occurs, the stored20

magnetic energy of the magnet is dissipated by Joule effect in the conductor and the cooling
fluid. The fluid is heated and pressurized while the transited zone propagates along the magnet.
Excessive pressure or temperature increases can lead to a local deterioration of the conductor or
degradation of the superconducting properties of the magnet. However, detected soon enough,
this transition, and the following propagation, can be stopped, preserving the magnet from25

any degradation. This multi-physical transition phenomenon is called a quench and must be
analyzed when designing a superconducting magnet. The quench has been described by several
predictive analytical [12–14] and numerical models [15–17]. Based on heat equations for the
conductor and the fluid, these models describe the propagation of the quench in considering
electric, thermal and hydraulic phenomena. Nevertheless, even if the quench phenomena has30

been studied a lot in the past, it remains an important risk for all magnet design especially when
the magnet has a huge stored energy and a novel kind of conductor like MADMAX. Indeed,
for the MADMAX conductor design, a novel concept of conductor has been developed. The
conductor is based on a Cable-In-Conduit Conductor (CICC) technology [18]. This technology
has been well-mastered on projects such as JT60-SA [19], W7X [20], ITER [21], DEMO [22],35

etc. Today, this technology is industrially manufacturable by several companies around the
world while other concepts are no more existing in industry.

The novel conductor of MADMAX mixes the CICC technology with a bath cooling concept
in superfluid helium. The idea is to fill the void fraction of the CICC with stagnant superfluid
helium that will ensure the thermal stability of the conductor against heat perturbations and40

quench initiation. Using superfluid helium below 2 K allows getting higher current performances
for the cable compared to the usual 5 K in forced-flow convection cooling for CICC. However,
the unusual combination of superfluid helium with a CICC has been rarely used. As far as
we know, the NHMFL 45-T Hybrid magnet is the only other project using stagnant superfluid
to cool a classical CICC conductor [23]. However, a very important difference exists between45

xvii



MADMAX and the 45-T magnet. In the 45-T magnet, the copper stabilizer are the copper
strands twisted with the Nb-Ti strands which ensure a very good electrical contact between
Nb-Ti and copper strands and protection against quench. In MADMAX, the cable is made
of 100 % Nb-Ti strands and the stabilizer is an outer copper profile. This novel configuration
is unique and thus no study is available in the litterature. Moreover, even with a classical50

CICC design, the NHMFL magnet must finally work at a downgraded current of 8 kA [24]
instead of 10 kA due to an unprotected quench that damaged the coils. This shows once again
how difficult the quench protection is in the MADMAX case and how important is our study
without previous published studies.

The combination of filling a CICC with superfluid helium and ensuring thermal stability by55

a copper profile has never been done before. In fact, these two combined features are enough to
justify that the quench behavior of MADMAX is unknown, and justifies our interest in studying
and modeling the thermohydraulic phenomena taking place during the quench of a CICC-based
superconducting magnet cooled down with superfluid helium.

When a quench occurs, the superconducting cable transits locally and a voltage is generated60

across the magnet. The quench starts propagating by heat conduction and then increases the
voltage. This voltage must be measured to ensure the detection of the quench to protect
the magnet. The driving parameter of the quench detection is the quench propagation speed.
Indeed, if the quench propagation speed is high enough, the voltage increases rapidly and allows
the quench detection. If the quench is too slow, the needed time to detect the quench becomes65

too important and risks damaging the magnet. Thereby, to study and understand the quench
behavior of MADMAX, it has been decided to design, manufacture, and test a mock-up coil
called MACQU (MAdmax Coil for Quench Understanding) reproducing the working conditions
of MADMAX. The goal of MACQU is to reproduce and study a MADMAX-representative
quench propagation and measure a MADMAX-representative quench propagation speed. The70

non-detection of a quench on MACQU would lead to an invalidation of the MADMAX CICC.

To achieve the goals of our study, the first step is to design and construct a coil reproducing
the MADMAX quench behavior. Chapter 2 of this Ph.D. report is dedicated to the design of
the superconducting mock-up coil MACQU, by presenting the design guidelines and the design
method to reproduce the MADMAX quench behavior [25]. The driving parameters that must75

be reproduced are of course the conductor design and the dissipative heat losses by Joule effect,
for a similar hydraulic diameter.

After the design presentation, the MACQU mock-up construction and the experimental
environment are presented in chapter 3 where the integration and the instrumentation of the
MACQU magnet inside the test facility are detailed. The different experimental measurement80

methods available for the studies, such as the Superconducting Quench Detectors, the voltage
measurements or the temperature sensors are introduced.

The quench experimental results are presented and analyzed in chapter 4. These results
demonstrated that the quench is detectable, validating the conductor concept for the MADMAX
project. The experimental analysis of the quench dynamics showed that quench propagation can85

be divided into three main phases. Each phase is analyzed and the driving physical phenomena
of each phase are identified.

Finally, in chapter 5, the THEA® software, for Thermal, Hydraulic and Electric Analysis,
is used to simulate the quench propagation cases of MACQU and to complete the analysis
of the experimental findings. By computing the pressure, velocity and temperature variation90

inside the coil, the numerical results allow us to deeply study each term of the heat, mass and
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pressure equations and identify precisely the predominant physical phenomena that drive each
single phase of the quench propagation.
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1 - Quench in a superconducting magnet

Objectives95

� Provide the context and the problem of this study

� Introduce the main issues related to the quench propagation in a superconducting magnet
in order to carry out a detailed study of the quench tests of the MACQU coil

� Give a detailed description about the thermal and electric properties of a superconducting
Cable-In-Conduit Conductor that will be applied to study the thermohydraulic phenom-100

ena during a quench

1.1. Context and problem

1.1.1. MADMAX project

MADMAX is a superconducting dipole magnet designed at CEA for the research of the
axion particle [1]. The axion is a hypothetical particle that could solve the strong CP problem105

and is also a candidate for dark matter. The mass of the axion is expected to be around 100 µeV
and the MADMAX project aims to explore the mass range of 40 - 400 µeV. To do so, one of the
characteristics of the axion is used: as the photon, the axion seems to generate electromagnetic
radiation between two non-conducting materials with a different refractive index, in a large
magnetic field [4]. Therefore, the goal is to create a resonator by placing different dielectric110

surfaces in series [3] that would increase this photon effect. The generated electromagnetic
radiation of the axion would then be boosted, and would be measurable. A simplified scheme
of the phenomena can be seen in figure 1.1.

Figure 1.1: Simplified scheme for the photon wave created by the passing of a hidden photon
through a dielectric mirror of low reflectivity surfaces. With the courtesy of J. Jaeckel and J.
Redondo [4].

To observe such a phenomenon, a figure of merit of 100 T2m2 [5] must be generated. The
figure of merit, defined in equation 1.1, is the square magnetic field along the direction of the115

warm bore integrated on a cross-section. To generate such conditions, CEA, in partnership
with the Max Planck Institute (MPI), designed a large superconducting dipole magnet, that
can generate a magnetic induction of 9 T in a 1.35 m diameter bore on a length of 1.3 m. The
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magnetic stored energy of MADMAX is 527 MJ, which is one to two orders of magnitude higher
than previous dipoles [8–11]. MADMAX allies great scientific challenges, such as large aperture120

dimensions, a large magnetic field and a gigantic stored energy. A scheme of the actual design
of the MADMAX magnet can be seen in figure 1.2.

FoM =

∫∫
B2

ydS (1.1)

with FoM is the Figure of Merit and By the magnetic field in the direction of the bore.

Figure 1.2: Scheme of the MADMAX entire dipole magnet. The skateboard shape CICC coils
are stacked at the middle to maximize the magnetic field in the hot bore.

1.1.2. Technological characteristics of MADMAX

1.1.2.1. MADMAX magnet125

The MADMAX magnet is composed of 18 skateboard shape coils, stacked in the middle
of the warm bore in a dipole configuration. The dipole configuration leads to 9 different coil
designs. The shortest one at the top is 158 m, compared to the 763 m of the longest coil at
the bottom. Each coil is composed of one Double-Pancake with different turn counts, as can
be seen in figure 1.3. Each rectangle thus represents the cross-section of one conductor. A130

varying thickness of insulation insulates each coil from the others. In addition, the coils lay
on mechanical parts designed to support the important mechanical strains. The peak field in
this configuration can reach 10.33 T, while each coil alone has its peak field, depending on the
geometry [6].
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Figure 1.3: Detailed view of the MADMAX magnet, divided into 9 blocks, composed of one
Double Pancake with different turn count.

1.1.2.2. Conductor design of MADMAX135

The 18 skateboard-shaped coils are built with a Nb-Ti-based Cable-In-Conduit-Conductor
(CICC) [7] as illustrated in figure 1.4. The CICC is composed of 108 Nb-Ti strands, with a Cu:Sc
ratio of 1.15, twisted in several stages cable in a 3*3*3*4 configuration. The superconducting
cable is wrapped in a 0.5 mm thick copper wrap and then inserted in a copper stabilizer. The
void fraction of the cable inside the conduit is 30 % and is filled with stagnant superfluid140

helium to ensure the thermal stability of the coil. Each conductor can carry a nominal current
of 23.5 kA. After the insertion, the CICC is wrapped in a 0.5 mm thick G10 epoxy insulation
to avoid electrical shortcuts between the conductors.

Figure 1.4: Cross-section of the CICC for MADMAX coils.

Table 1.1 summarizes the different cross-sectional areas of the CICC. These values are
considered in the computations presented in section 1.2.3.145
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Table 1.1: MADMAX conductor cross-sectional areas.

Copper section (mm2) 364
Helium section (mm2) 28
Nb-Ti section (mm2) 30.6
G10 section (mm2) 48

1.1.3. Novelty of the MADMAX conductor

During the last decades [18], different CICC layouts [26] have been designed to manufacture
high field superconducting magnets, such as ITER [21], Edipo [27], JT60-SA [28], etc. Nowa-
days, the CICC technology is a well-known technology and few variations remain between the
different CICC configurations. The use of both Nb-Ti or Nb3Sn CICC is necessarily considered150

for the design of a high-field superconducting magnet, thanks to their ability to carry strong
current (10-100 kA), coupled to high magnetic stored energy assembled in a mechanically strong
structure.

However, even if the CICC technology is well-known, the conductor of MADMAX presents
two novel features:155

� The CICC of MADMAX is filled with stagnant superfluid helium. The cooling method of
MADMAX is thus a hybrid solution between the bath, in which the coil is immersed, and
the circulation of a supercritical flow inside the CICC. Superfluid helium allows increasing
the performances of the coil, with an operating temperature below 2 K compared to the
5 K of supercritical helium. However, this method has been rarely used and never with160

Nb-Ti, only with Nb3Sn [23]. For the LNCMI hybrid magnet [29], the cable is a Rutherford
cable and so very different from our configuration.

� The superconducting cable is inserted in a mechanically strong structure, usually done in
stainless steel. To ensure thermal protection and limit the temperature increase, copper
wires are added to the superconducting cable. The mechanical strength and thermal165

protection are thus decoupled. However, on MADMAX, the wires are all superconducting
wires, and there is not enough copper for thermal protection. Therefore, it has been
decided to combine both thermal protection and mechanical strength by using a copper
profile, that adds enough copper cross-section and is also a robust material.

The combination of both stagnant superfluid helium with a copper stabilizer has never been170

used before. The state of the art on this type of conductor does not exist. To combine the
scientific challenges presented above with a novel conductor, different issues must be addressed
and the ”quench issue” is one them.

1.2. Quench of a superconducting magnet

The use of a superconductor can lead to unexpected transitions of the conductor, from the175

superconducting to the resistive state. This transition is called a ”quench”. When transiting,
the electrical resistivity of the coil, initially very low due to the superconducting state of the
conductor, increases greatly. The magnetic energy stored in the conductor is thus dissipated
and large amounts of Joule effect energy are produced. The heat losses are evacuated in the
helium contained in the CICC, generating its temperature and pressure increase. In parallel,180

the quench propagates along the coil. While the quench propagates, the temperature of the
coil increases and can lead to irreversible damage to the superconducting properties of the coil
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such as decrease of the critical current. In addition, the current, flowing before the quench
in the superconducting cable, is redistributed in the stabilizer [30, 31]. With a novel copper
conductor, the redistribution is not ensured: the current could slowly flow from the cable185

to the stabilizer, and generate excessive dissipative heat losses by Joule effect, leading to an
unacceptable temperature increase of the coil. In addition, the pressure of the helium inside the
CICC also increases due to the heat losses during a quench [32–34]. The pressure increase in the
CICC is not estimable for such a novel conductor and the damages that it could generate can be
important, as mechanical damages of the conductor or degradation of the electrical insulation190

around the conductor. Therefore, the quench of a superconducting magnet is a constant danger
and must be predicted to avoid any risks.

The detection of a quench is the only way to protect a magnet of its stored energy and
characteristics. When a quench is detected, the current inside the coil is discharged on a
dump resistor. However, to detect a quench, the voltage the quench generates must reach a195

minimal voltage, usually 100 mV during 100 ms. Indeed, the faster the quench propagates,
and the faster the voltage in the coil increases, and the earlier the quench can be detected.
The driving parameter of the quench detection is thus the quench propagation speed. Several
analytical [12–14] and numerical models [15–17] exist to estimate the quench propagation speed.
Therefore, to give an overview of the state of the art models concerning the quench propagation,200

this section is dedicated to further explore the issue of the quench propagation. After presenting
the critical surface of the Nb-Ti, which defines the performances of a superconducting magnet,
the quench initiation, its propagation and the temperature increase it generates are studied.
These models will be used to establish a strategy to benchmark the safety of the conductor of
MADMAX in case of quench.205

1.2.1. Performances of a superconducting magnet: the critical surface of Nb-Ti

The main characteristic of a superconducting material is that its electrical resistance is
null below a temperature called the critical temperature Tc. Below this temperature, the
superconducting material can transport any current density below a critical current density jc.
The critical current density is function of the temperature of the material and the magnetic210

field. Therefore, in addition to the critical current density, a critical temperature Tc and a
critical magnetic field Bc can be defined to compose the critical surface of the Nb-Ti. This
critical surface defines the performances of a superconducting magnet that depends of the
cross-section of Nb-Ti in the conductor and of the performances of the superconducting cable
itself. It is important to characterize the performances of the cable to determine, at working215

conditions, the current and temperature margins to reduce the risks to quench the magnet.
The critical surface of the Nb-Ti can be seen in figure 1.5. For a null magnetic field, the critical
temperature of the Nb-Ti is around 9.2 K, while for a temperature close to the absolute zero,
the critical magnetic field is around 14.5 K. The critical current density is around 2 × 1010

A/m2 for Tc = 0 K and Bc = 0 T. For the Nb-Ti, the Bottura fit [35] can be used to compute220

the critical current density, defined in equation 1.2.

jc(B, T ) =
jcref ∗ C0

B
[

B

Bc2(T )
]α [1−

B

Bc2

]β [1− (
T

Tc0

)1.7]γ (1.2)

Bc2 is the upper critical field and Tc is the critical temperature. Both parameters, used in
the Bottura fit 1.2, are coupled in a single equation written by Lubell [36,37], the equation 1.3.
By rearranging equation 1.3, equation 1.4 can be obtained.

5



Figure 1.5: Scheme of the critical surface of the Nb-Ti.

Bc2 = Bc20[1− (
T

Tc0

)1.7] (1.3)

Tc = Tc0(1−
B

Bc20

)1/1.7 (1.4)

The values of the different parameters composing the equations can be found in table 1.2,225

associated with their physical meaning. These parameters can vary and depend on the super-
conducting strand.

Table 1.2: Critical parameters of the Nb-Ti strands used for MACQU.

Parameter Value Units Physical meaning

jc(B, T ) [A/m2] Critical current density
jcref ∗ C0 1.04 × 1011 [A.T/m2] Reference critical current density

and field coefficient

Tc0 9.2 [K] Maximum critical temperature for B=0 T
Bc2 [T] Upper critical field
Bc20 14.5 [T] Maximum upper critical field at T = 0 K
(α, β, γ) α = 0.7946, β = 0.913, Parameters

γ = 2.235

When reaching one of the critical parameters, the current of the superconducting cable is,
after a diffusion time, fully redistributed in the copper cross-section. Before, the current is in
a intermediate phase, shared between both the superconducting cable and the copper cross-230

section. Another parameter can then be introduced to define the beginning of this current
redistribution, and is the current sharing temperature Tcs. Tcs is the temperature for which
the critical current Ic is equal to the operating current. Therefore, when T = Tcs, the current
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starts flowing in the copper cross-section, and while Tcs < T < Tc, the current remains in
its intermediate phase. In figure 1.6, the evolution of Tcs and Ic in function of the magnetic235

field can be seen. Tcs is obtained by an iterative process in order to find the temperature for
which the critical current Ic is equal to the operating current of MADMAX Iop = 23500 A.
The product of jc obtained with the Bottura fit 1.2 with a Nb-Ti cross-section of 30.6 mm2

(table 1.1) gives Ic.

Figure 1.6: Evolution of the critical current Ic and the current sharing temperature Tcs in
function of the magnetic field at 10 % margin on the load line. At 10.33 T, corresponding
to the peak magnetic field, the current sharing temperature is Tcs = 3.11 K and the nominak
current is the operating current Iop = 23500 A. The magnet has reached 90 % of its critical
parameters, representing a margin of 10 % on the load line.

1.2.2. Quench initiation: the Minimum Propagating Zone and the Minimum240

Quench Energy

A quench can be initiated by reaching any of the three critical parameters: the critical
magnetic field Bc, the critical current Ic or the critical temperature Tc. At nominal working
conditions, these three parameters are fixed. However, by a local thermal perturbation, that can
have multiple origins, the temperature of the conductor may increase until reaching the current245

sharing temperature Tcs and initiate a quench propagation. To have an estimation of the needed
power to make the magnet quench, two notions must be introduced: the Minimum Propagating
Zone (MPZ) and the Minimum Quench Energy (MQE) [38]. The MPZ is the assumed minimum
length of the magnet that should totally transit to make the quench propagate. If a shorter
length than the MPZ quenches, the magnet would recover to its initial steady-state working250

conditions: the quench is absorbed. The MQE is the minimum energy that makes the magnet
to make quench. In the following, the MQE is assimilated to the homogeneous energy margin
of the conductor and not the exact computation described by Wilson in [38]. In our case, the
homogeneous energy margin formula gives coherent results.

These notions are important to understand the local energy margins of a superconducting255

magnet. These notions allow to verify if a thermal disturbance can initiate a quench or not.
The MPZ length and the MQE (computed by unit length) are defined as:
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LMPZ =

√
2k̄(Tc − Top)

ηstJ2
op

, (1.5)

where k̄ is the homogeneous thermal conductivity including the different materials of the con-
ductor, Tc the critical temperature, Top the operating temperature, ηst the electrical resistivity
of the copper, and Jop the current density in the conductor. The material properties are con-260

sidered at
Tcs + T0

2
. This equation compares the conduction in the solid and the dissipative

heat losses by Joule effect.

MQE =
∑

i=Cu,Nb−T i,G10,SS

ρiSi

Tcs∫
T0

CpidT + ρHeSHe∆hHe, (1.6)

where ρ is the density at T0, S the cross-sections, Cp the specific heat capacity and ∆hHe the
variation of mass enthalpy between Tcs and T0. Note that the enthalpy variation of the helium
has been estimated at constant pressure, as the pressure variation is low until reaching Tcs. This265

equation shows that the minimal energy to make the magnet quench is the enthalpy storage of
the different materials (solid and fluid) of the conductor in a cross-section.

For MADMAX, the MPZ is 14.8 mm and the MQE is 23.8 J/m. For the MPZ length, the
MQE represents 0.35 J which is small compared to usual losses in superconducting magnets,
such as training phenomena (mostly 1 -10 J) [39]. Thermal disturbances can be of several270

nature, going from a ”crack” of the insulation on a few millimeters to the displacement of a
whole coil on several centimeters, with losses due to the current variation.

Therefore, with an energy deposition higher than 0.35 J on 14.8 mm, the quench should be
initiated and start propagating. The following section is thus dedicated to estimate the quench
propagation speed, by using the different state of the art models.275

1.2.3. Propagation of the quench: the quench propagation speed

This section is dedicated to detail the different state of the art models to compute the
quench propagation speed.

1.2.3.1. Adiabatic case: the ”analytic” formula

The first model introduced is for the adiabatic case, where no helium is considered and280

where it is assumed that the quench propagates by heat conduction only along the CICC. The
goal is to obtain an analytic formula (later called the ”analytic quench speed” formula) for the
quench propagation speed computation. To do so, the demonstration of such formula is done
below where it is assumed that the conductor is an equivalent homogeneous material, composed
of the superconducting cable and the copper stabilizer.285

If the conductor of a superconducting magnet quenches locally, the magnet can be divided
in two distinct parts: a first normal zone where dissipative heat losses by Joule effect will heat
the conductor and make its temperature increase, and a superconducting zone where there are
no Joule losses. In these conditions, the heat balance equations of both parts can be written
as equation 1.7.290 

Ccond

∂T (x, t)

∂t
= λcond

∂2T (x, t)

∂x2
+ ηCu

I2

SCuS
in the normal zone

Ccond

∂T (x, t)

∂t
= λcond

∂2T (x, t)

∂x2
in the superconducting zone

(1.7)
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with Ccond the mean volumetric heat capacity of the conductor, T the temperature, λcond the
mean thermal conductivity of the conductor, ηCu the electrical resistivity of the copper, I the
current, SCu the cross-section of the copper and S the cross-section of the conductor, with x
and t respectively the space and time coordinate.

As is, the equation set considers that the current diffusion between the superconducting295

cable and the copper profile is instantaneous at Tt, the transition temperature defined as Tt =
Tcs + Tc

2
. It is considered then that below Tt, the current flows only in the superconducting

cable, while above Tt the current flows fully in the copper profile. Moreover, the equation set
is written by considering that all the material properties of the conductor are temperature
independent because the propagation of the normal length is mostly due to the propagation300

front dynamics at Tt. In these conditions, it has been shown that the equation set has a solution
under the ”progressive wave” type [40]. Therefore, by using the variable change T (x, t) = T (ξ),
T (x, t) becomes T (ξ) with ξ = x − vqt, and equation 1.7 is transformed into equation 1.8.

−vqCcond

∂T (ξ)

∂ξ
= λcond

∂2T (ξ)

∂ξ2
+ ηCu

I2

SCuS
in the normal zone

−vqCcond

∂T (ξ)

∂ξ
= λcond

∂2T (ξ)

∂ξ2
in the superconducting zone

(1.8)

with vq is the longitudinal quench propagation speed.

This equation set can be resolved by considering the initial temperature T0 = 1.8 K and the305

following boundary conditions:
T (ξ) = T0 when ξ → +∞

T (ξ) = Tt when ξ = 0

∂2T (ξ)

∂ξ2
= 0 when ξ → −∞

(1.9)

where ξ → +∞ corresponds to the right extremity of the superconducting magnet, where the
temperature is considered at the boundary condition T0. The ξ = 0 condition is the interface
between the normal and the superconducting zone, where the temperature is the transition
temperature Tt. Finally, the ξ → −∞ condition corresponds to left extremity of the conductor,310

where the quench started and so where the temperature will tend to a hot-spot, leading to
∂2T

∂ξ2
= 0.

The quench propagation speed solution is presented in equation 1.10. This formula is called
the ”analytic quench speed” formula in the following.

vq =
j

Ccond

√
ηeqλcond

∆T
with



j =
I

S

∆T = Tt − T0 =
Tcs + Tc

2
− T0

ηeq = ηCu

S

SCu

(1.10)

where the material properties are computed at the transition temperature of MADMAX Tt = 3.73 K.315

Finally, to consider the important variation of the physical properties of the material between
1.8 K and 5 K, it is more accurate to consider the enthalpy variation term ∆H [41] instead of
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Ccond ∆T . To do so, it is assumed that the pressure is constant. It is equivalent to consider a
mean value of Ccond between Tt and T0 by:

Ĉcond =
1

Tt − T0

∫ Tt

T0

CdT ⇐⇒ Ĉcond(Tt − T0) =

∫ Tt

T0

CdT = ∆H (1.11)

The equation 1.10 can then be written as in equation 1.12.320

vq =
j

∆H

√
ηeqλcond∆T with



j =
I

S

∆T = Tt − T0 =
Tcs + Tc

2
− T0

ηeq = ηCu

S

SCu

(1.12)

with ∆H =
SCu

SCond

∆HCu +
SNb−T i

SCond

∆HNb−T i +
SG10

SCond

∆HG10 and SCond the total cross-section of

the conductor.
With this computation, the quench propagation speed is computed to 23.3 m/s. However,

this formula does not consider the contribution of the helium that would decrease vq. To
correct this value, the helium should be considered in the consideration of the conductor as325

an equivalent homogeneous material. The cross-section and enthalpy variation of the helium
would then be added to the conductor one. Adding the contribution of the helium leads to the
”infinite exchange quench speed” formula developed in section 1.2.3.3.

3-D phenomena are not considered in this description of the quench. In fact, a transversal
propagation should also be considered and is presented below.330

1.2.3.2. Transversal quench propagation formula

In parallel of the longitudinal quench propagation, transversal propagation of the quench
is a phenomenon that must be considered. Indeed, the conductors are insulated from each
other by thermal insulation composed of G10 epoxy glass. In these conditions, the quench
can also thermally diffuse through the insulation. This phenomena participates to increase the335

temperature of the neighbor conductors, and can even lead to quench the neighbor conductor.
This other phenomena can contribute to increase the quench propagation speed, and even
be dominant in certain configuration of the quench propagation. In case of a slow quench
propagation, the diffusion through the insulation could make the neighbor conductor quench
earlier than by longitudinal conduction. To compare with the longitudinal quench propagation,340

the heat diffusion velocity can be estimated by [42]:

vt =

√
λt

λCond

vq with λt =
einsulation + econductor

einsulation
λinsulation (1.13)

vt is the transversal quench propagation speed.

At 1.8 K, the

√
λt

λCond

term is equal to 7.5 × 10−3. The transversal heat diffusion seems

then negligible compared to longitudinal quench propagation for the case of MADMAX.

1.2.3.3. ”Infinite exchange quench speed” formula345

The helium is now considered as a part of the conductor in this section. It is thus considered
that the conductor is composed of an equivalent homogeneous material composed of the super-
conducting cable and the copper stabilizer (as in the previous ”analytic quench speed” formula)
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and also the helium. The cross-section of the helium is thus added to the conductor one. The

enthalpy variation is added to the conductor one multiplied by the cross-section ratio
SHe

SCond

.350

Here, the helium is considered stagnant in the cross-section. This assumption is not verifiable
yet because the pressure increase in the conductor during a quench can not be estimated.

vq =
j

∆H

√
ηeqλcond∆T with



j =
I

S

∆T = Tt − T0 =
Tcs + Tc

2
− T0

ηeq = ηCu

S

SCu

(1.14)

with ∆H =
SCu

SCond

∆HCu +
SNb−T i

SCond

∆HNb−T i +
SG10

SCond

∆HG10 +
SHe

SCond

∆HHe

By considering the characteristics of MADMAX, the quench propagation speed given by
equation 1.14 is 0.42 m/s, which is lower than the one given by the equation 1.12. The difference355

between both formulas is important, there is a factor of 55 between the quench propagation
speed. The following section proposes a last method to compute the quench propagation speed.

1.2.3.4. Universal scaling laws for quench

In 1994, Shajii and Freidberg proposed a quench model [14] for the numerical tool Quencher
[15]. They proposed a set of universal scaling relations, describing the quench propagation in360

a CICC [43]. According to the models, depending on the initial quenched length Lq, the coil
length L and the current density inside the stabilizer J , each coil can have different quench
regimes. Four quench regimes are introduced: the ”short coil - low pressure rise” regime, the
”short coil - high pressure” rise regime, the ”long coil - low pressure rise” regime and the
”long coil - high pressure rise” regime. In addition, in function of the quench regime, they also365

proposed correlations for the computation of the quench propagation speed. The classification
into four regimes in function of the parameters with the associated quench propagation speed
are presented in figure 1.7. The parameters x and y are defined in equation 1.15.

11



Figure 1.7: Universal scaling laws for quench propagation taken from [43], depending on the
coil’s length and the pressure rise.



x = 1.7

(
ρ0RTmax

p0

)(
c20ρ0

p0

)
Lq

L

y =
LqJ

4/3

2.6

R

(
p50Dh

fα2
0c

2
0ρ

5
0Tmax

)1/3

α0 =
SCuηCu(T )

SCondρCondCCond

(1.15)

R is the gas constant, p the pressure, c the sound speed, L the length of the coil, Dh the
hydraulic diameter, f the friction factor, and the index 0 standing for ”initial”.370

The model has been applied for the case of the MADMAX coils. The unknown parameter
to quantify is the initial quenched length Lq. Indeed, it corresponds to the quenched length
that makes the quench propagate and could be assimilated to the MPZ. In reality, this value
can not be predicted as it depends of the quench initiation. Therefore, the quench regime is
computed for a large Lq range, going from 1 mm to 0.5 m. This range has been selected to375

correspond to different quench initiation scenarios: a short initial quenched length could be due
to an insulation ”crack”, where the insulation of the coil moves slightly (few mms), often due
to the vacuum conditions around the coils. A longer length could be due to the movement of
an entire coil due to magnetic forces (≈ m). Therefore, the quenched length can take several
values and can not be predicted. The obtained regimes have been plotted in figure 1.8. The380

quench propagation has been estimated to increase with Lq starting at 2.5 mm/s to 0.61 m/s.
The quench propagation speed range is again very wide, with a gap of two orders of magnitude.
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Figure 1.8: Evolution (in blue) of the MADMAX possible regimes, depending on the initial
quenched length Lq. The MADMAX coils are in a ”short coil low pressure rise” regime while
Lq is shorter than 0.16 m, and in ”short coil high pressure rise” regime if Lq is longer.

These different models lead to a difference of several orders of magnitude between the
computed quench propagation speeds. The last step is to determine the detection time of a
quench on MADMAX, in order to estimate the temperature increase a quench generates, with385

the ”hot-spot temperature” model.

1.2.4. Quench detection: the quench detection time and the hot-spot temperature

The detection time usually corresponds to the time that the voltage stays at 100 mV for
100 ms. When this criteria is fulfilled, it is considered that the quench is detected and the
discharge of the current starts. The hot-spot temperature is the maximum temperature that390

the coil can reach at the initiation point of the quench. Both are estimated in the following
section, in function of the above-detailed quench propagation speed estimation.

1.2.4.1. The quench detection time

The estimation of the quench propagation speed allows us to estimate a quench detection
time. To estimate the detection time, the equation 1.16 is used, based on the Ohm’s law and395

written in function of the quench speed. The material properties are estimated at the peak
field of 10.33 T, corresponding to the peak field of MADMAX. This point is chosen because
with the highest field, at 1.8 K and 23500 A everywhere in the coils, this point is the less stable
of the magnet and then the most likely to quench first. The temperature increase is maximum
at this location as the Joule dissipation is the most important.400

U = RI ⇐⇒ U =
ηCuvq∆t

SCu

I ⇐⇒ ∆t =
USCu

ηCuvqI
(1.16)

U is the 100 mV voltage threshold.

According to the previous computations, the quench propagation speed is included between
2.5 mm/s and 0.61 m/s. The adiabatic case has been voluntarily excluded as it is unrealistic
to neglect the effect of the helium in the quench propagation. With this quench propagation
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speed range, the quench detection time can thus be estimated between 3.3 s and 800 s. The405

range of detection time is very wide and affects largely the hot-spot computations presented
below.

1.2.4.2. The ”hot-spot” temperature model

While the quench propagates, large amounts of Joule energy are dissipated and the temper-
ature of the conductor increases. The maximum temperature increase can be estimated with410

a hot-spot computation, which is detailed in this section. The hot-spot computation assumes
that the conductor that has quenched does not exchange any heat with the conductors nearby.
It is then a conservative computation as it maximizes the temperature. It is used for the design
of a superconducting magnet, in order to limit the risks of burning the magnet in case of a
quench. The usual criteria to ensure the safety of the magnet is a hot-spot temperature of 100 K415

after the quench because there is no risk to damage the properties of the superconductor. In
addition, the themal expansion is low below 100 K and the thermal strains generated would
remain low. This value is considered for MADMAX.

The hot-spot computation is based on the equation 1.17, where it is assumed that the
temperature increases by Joule effect only in the cross-section where the quench is initiated. It420

is assumed that the temperature is homogeneous in the cross-section of the conductor. Indeed,
the high convective heat exchange coefficient allows to consider that the helium and the copper
stabilizer are at the same temperature. In addition, the high thermal conductivity of the copper
allows to assume an homogeneous temperature in the copper stabilizer.

d(CCond(T )T (x, t))

dt
=

ηCu(T,B)

SCondSCu

I2(t) (1.17)

CCond is the volumetric heat capacity of the conductor (including the helium), defined the same425

way than the specific heat at constant pressure in equation 1.21.
The current is constant during the MADMAX experiment until the detection of a quench.

After the quench detection, the current is discharged exponentially on a dump resistor with a
time constant τ . The current in function of the time I(t) can then be written as in equation 1.18.



I(t) = I0 when t < τd

I(t) = I0 e

− (t− τd)

τ when t ≥ τd

with τ =
L

R

(1.18)

L the self-inductance of the coil and τ the discharge time constant estimated to 24.6 s.430

The maximum temperature reached at the end of the discharge Ths, the hot-spot tempera-
ture, can be computed with equation 1.19, after discretization and resolution of equation 1.17.

Ths = T0 +

t=τd∫
t=0

ηCu(T,B)I20
Ccond(T )SCuS

dt+

t=∞∫
t=τd

ηCu(T,B)I(t)2

Ccond(T )SCuS
dt (1.19)

T0 is the initial temperature (1.8 K).
The results of the hot-spot computation can be seen in figure 1.9. To compare the hot-spot

on all the quench detection time range, the computation has been done for a detection time435

between 3.3 s and 10 s. The detection time of 800 s leads to a unrealistic temperature increase,
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largely above 1000 K. However, even at 3.3 s, the hot spot is higher than the safety criteria of
100 K and keeps increasing with the detection time.

Figure 1.9: Hot-spot computation of the MADMAX conductor. The cross-sections of each
materials are considered from table 1.1.

Therefore, it is clear that the quench detection is a big issue that must be addressed in the
framework of the MADMAX project. With the computed hot-spots, the magnet is not safe in440

case of quench. The different models introduced above give results varying from the mm/s to
m/s. The following section will be dedicated to introduce the heat balance equations of the
coil, the conductor one and the helium one. The goal is to present the different phenomena
driving the heat transfers in the conductor and settle on the strategy for the quench protection
of the conductor.445

1.2.5. Heat balance equations in the conductor

The design of MADMAX is greatly influenced by the thermal stability of the magnet,
including the conductor but also the fluid. The time evolution of the temperature of the
conductor can be described by the heat equation of the conductor 1.20. The time evolution of
the temperature of the helium is described by the energy conservation equation 1.22 written450

in a non conservative form to express it with the temperature variable (see Appendix A)
[16], in 1-D for simplification purpose. It is assumed that the conductor is an homogenized
material, composed of both the superconducting cable and the copper stabilizer, with the
material properties defined in equation 1.21.

ρCondCpCond
SCond

∂TCond

∂t
−

∂

∂x
(SCondλCond

∂TCond

∂x
) = q̇ + q̇Joule + q̇h, (1.20)

where ρ is the density defined in equation 1.21, Cp the volumetric heat capacity defined in455

equation 1.21, S the cross-section defined as the sum of the composing cross-section of the
conductor, T the temperature, λ the thermal conductivity defined in equation 1.21, q̇ is an
external heat flux, q̇Joule the dissipative heat losses by Joule effect per unit length, q̇h the
convective heat flux per unit length and t and x for the time and spatial coordinates. The
index ”Cond” stands for conductor.460
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ρCond =
SCu

SCond

ρCu +
SNb−T i

SCond

ρNb−T i

CpCond
=

ρCu

ρCond

CpCu
+

ρNb−T i

ρCond

CpNb−Ti

λCond =
SCu

SCond

λCu +
SNb−T i

SCond

λNb−T i

(1.21)

∂Th

∂t
+ φhTh

∂vh

∂x
+ vh

∂Th

∂x
=

2f

Cv,h

v2h|vh|
Dh

+

...
qh

ρhCv,h

−
1

ρCv,h

∂q̇
′′

cf

∂x
, (1.22)

where Cv is the specific heat at constant volume, φ the Grüneisen parameter defined in sec-

tion 1.3.2.3, v is the velocity, f is the friction factor, Dh is the hydraulic diameter,

...
qh

ρCv

is the

volumetric convective heat flux term and q̇
′′

cf is the areal superfluid counterflow heat flux, given
by the Gorter-Mellink law detailed in [44]. The ”h” index stands for helium.

Several phenomena are taken into consideration as the heat conduction, the dissipative465

heat losses by Joule effect, the convective heat exchange between the fluid and the solid, the
compression forces, the heat transport of helium (advection), the friction forces and the Gorter-
Mellink counterflow mechanism. These phenomena will be further studied later in this Ph.D.
thesis report. In addition, there is no certitude of the relevance of the above-developed models
on our case, due to the novel conductor type used on MADMAX. Without certainty on our470

ability to detect the quench, the success of the project is compromised. However, to settle
on the quench propagation speed, the most dominant phenomena in the quench propagation
must be identified. Therefore, it has been decided to design, manufacture and test a mock-up
coil, called MACQU (MAdmax Coil for Quench Understanding), to study the thermohydraulic
phenomena happening during the quench of such a CICC, cooled down with superfluid helium.475

The design of MACQU is presented in chapter 2.
Before presenting the design of the mock-up coil MACQU, the heat balances introduce

the properties of the materials, as the copper, the Nb-Ti and the superfluid helium. The
material properties are used for the identification of the dominating phenomena. The electric
and thermal properties of the conductor materials are presented below, being the materials480

composing the conductor (copper and Nb-Ti) and the cooling fluid.

1.3. Properties of materials and fluid in the conductor

1.3.1. Materials in the conductor: the copper and the Nb-Ti

Note that the databases used for the computations of the thermophysical properties of the
materials of the CICC are from the THEA® [45] code for the materials of the conductor and485

HEPAK [46] for the helium. THEA® obtains the thermophysical properties of the copper
and the G10 from Cryocomp [47]. For the Nb-Ti, the reference is indicated for each property.
THEA® is a program dedicated to the Thermal, Hydraulic and Electrical Analysis of super-
conducting cables and will be used in chapter 5 to compute and analyze the quench behavior
of the mock-up coil MACQU. Therefore, for reasons of consistency, the databases of THEA®490

and HEPAK will be applied in the following studies.

1.3.1.1. Electrical resistivity of the copper

When a quench is triggered, the current flows from the superconducting cable to the cop-
per stabilizer because the electrical resistivity of the Nb-Ti (ηNb−T i) becomes several order of
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magnitude higher that the copper one (ηCu). The current in the copper stabilizer produces495

heat losses by Joule effect, defined as ηCu(
I

SCu

)2, where I is the current and SCu the copper

cross-section in which the current is redistributed. The dissipative heat losses by Joule effect
depend on the electrical resistivity, which is function of three main parameters: the magnetic
field, the temperature and the Residual Resistivity Ratio (RRR). The RRR is a parameter that
allows characterizing the quality of a copper sample. It is defined as the ratio of the resistivity500

at 300 K (room temperature) and the resistivity at 0 K, leading to RRR =
ηCu(300 K)

ηCu(0 K)
. For a

superconducting material for which the resistivity is close to 0 below Tc, the RRR is estimated
just before the transition of the superconducting cable, as defined in equation 1.23.

RRR =
η(300 K)

η(9 K)
(1.23)

with η(300 K) and η(9 K) being respectively the electrical resistivity at 300 K and 9 K.
In addition, the electrical resistivity tends to a constant value at low temperature, called505

the residual resistivity η0. This residual resistivity is function of the purity and different im-
perfections in the metal [48].The total resistivity can then be expressed as in equation 1.24
according to Matthiessen’s rule [49].

η = η0 + η(T,B) (1.24)

Figure 1.10 shows the evolution of the electrical resistivity as a function of the temperature
at 0 T, 5 T and 10 T, for RRR = 60 and RRR = 125. These two RRR values have been chosen510

as both will be used in further studies. It can be seen that the electrical resistivity increases
with the temperature and the magnetic field, while it decreases with the RRR.

Figure 1.10: Temperature evolution of the electrical resistivity for the magnetic field varying
from 0 T to 10 T and for RRR = 60 and RRR = 125.

1.3.1.2. Thermal conductivity of the conductor

The thermal conductivity of the Nb-Ti [50], the copper and the G10 have been plotted in
figure 1.11. It shows that the thermal conductivity of the copper is 7 - 8 times higher than the515
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Nb-Ti one. On the opposite, the thermal conductivity of the G10 is several order of magnitude
lower than both copper and Nb-Ti. Around 20 K, the thermal conductivity of the copper
reaches its maximal value, between 650 W/m.K and 2850 W/m.K, depending on the magnetic
field and the RRR. After 20 K, the thermal conductivity of the copper and Nb-Ti decreases with
temperature, while the G10 one increases monotonously. Compared to the electrical resistivity,520

the thermal conductivity increases with the RRR and decreases with the magnetic field. The
thermal conductivity increases with the quality and the purity of the copper.

Figure 1.11: Temperature evolution of the thermal conductivity (on the left: copper and Nb-Ti,
on the right: G10) for the magnetic field varying from 0 T to 10 T and for RRR = 60 and
RRR = 125.

Nonetheless, at low temperature, the thermal resistivity can vary by a factor 2 - 3 depending
of the RRR. To quantify the impact of the conduction on the quench propagation, the RRR
appears then as a parameter that must be well-characterized.525

1.3.1.3. Heat capacity of the conductor

The volumetric heat capacity is the product of the mass density by the specific heat of a
material. It is an important parameter for the computation of the hot-spot temperature as
it represents the ability of the material to store energy before its temperature increase of one
kelvin. The mass density of the different materials can be found in table 1.3.530

Table 1.3: Mass density of the different materials of the CICC.

Material Mass density (kg/m3)

Copper 8960
Nb-Ti 6550
G10 1948

Figure 1.12 shows the volumetric heat capacity of the copper, the Nb-Ti [51] and the G10,
as a function of the temperature. The plotted values are under 0 T. As it can be seen, the
volumetric heat capacity increases with the temperature. Under 10 K, the Nb-Ti has the
highest volumetric heat capacity, between 2 and 7 times higher than the copper and the G10.
However, with the biggest cross-section in the cross-section of the conductor, the copper will535

be the predominant material to store the energy dissipated during the quench.
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Figure 1.12: Temperature evolution of the thermal conductivity for the magnetic field varying
from 0 T to 10 T and for RRR = 60 and RRR = 125.

1.3.2. Cooling fluid: the helium

The MADMAX coils are filled with stagnant superfluid helium. The phase diagram of
the helium depicted in figure 1.13 shows that the transition between liquid helium (He I) and
superfluid helium (He II) occurs at 2.163 K and 1 bar. For the same pressure, the liquid/gas540

transition occurs at 4.22 K. Finally, from 2.17 K and 0.05 bar (where superfluid, liquid and
vapor states coexist) to 1.76 K and 29.7 bar, the λ line separates the two liquid phases of
helium.

Figure 1.13: Phase diagram of the helium in pressure and temperature.

Another ”phase” of the helium appears at higher pressure (above 5.2 K and 2.25 bar) : the
supercritical helium. This phase is largely used for forced-flow cooling of CICC. The pressure545

increase during a quench can not be predicted. Therefore, to have a large spectrum of the
thermophysical properties of the helium, the properties are considered below between 1.8 K
and 10 K. The pressure is adapted in function of the property. The properties are coming from
the HEPAK database [46].
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1.3.2.1. Mass density550

The mass density is presented in figure 1.14 at 1 bar, 5 bar and 10 bar. The density of the
helium increases between 1.8 K and 2.17 K.

Figure 1.14: Temperature evolution of the mass density of the helium at 1 bar, 5 bar and
10 bar.

Indeed, contrarily to classic fluids, the density of the superfluid helium increases with the
temperature. However, it can also be seen that the density decreases with the temperature
above 2.17 K, the helium recovering the behavior of a classic fluid. At the transition between555

liquid and gas, the mass density greatly decreases from 125 kg/m3 to 17 kg/m3. It can also be
seen that there is no clear transition between liquid/vapor at higher pressure because the fluid
is supercritical above 2.25 bar and 5 K.

1.3.2.2. Heat capacity

Another characteristic of the superfluid helium is the peak of its heat capacity around560

2.17 K, as it can be seen in figure 1.15. The pressure is 1 bar as the evolution is similar at
higher pressure. The volumetric heat at constant volume Cv increases from 4.3 × 105 J/m3.K
at 1.8 K to 1.1 × 106 J/m3.K at 2.17 K. The volumetric heat capacity strongly decreases to
3.2 × 105 J/m3.K at 4.2 K in liquid state and to 5.3 × 104 J/m3.K in vapor. In case of quench,
this important heat capacity can be very useful. Indeed, the superfluid helium is able of storing565

a large energy without significant temperature increase. Therefore, the superfluid helium acts
as an important enthalpy storage in case of a quench. In liquid state and vapor states, the
enthalpy storage is thus less important because the volumetric heat capacity decreases.
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Figure 1.15: Temperature evolution of the heat capacity of the helium.

1.3.2.3. Isochoric heating of helium

The Grüneisen parameter, defined as φ =
1

ρ
(
∂p

∂u
)V , is a dimensionless number that charac-570

terizes the pressure evolution in case of an isochoric heating, so at constant mass density. As it
can be seen in figure 1.16, the Grüneisen parameter of the helium is negative between 1.8 K and
2.18 K, meaning that contrarily to classis fluids, in case of an isochoric heating the pressure of
the helium will decrease. However, above 2.18 K, the Grüneisen parameter becomes positive.
The pressure of the helium evolves similarly to a classic fluid, and increases with heat. This575

characteristic of the helium can be very useful in case of a quench, as it can slow down the
pressure increase.

Figure 1.16: Temperature evolution of the Grüneisen parameter of the helium.

1.3.2.4. Heat transfer inside superfluid helium
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The superfluid helium is a very efficient heat conductor. Again, this characteristic is very
useful in case of quench, as the superfluid helium is able to evacuate a large amount of heat to the580

cold source, usually placed several meters away from the local heat source. This phenomenon
is known as the Gorter-Mellink effect [44]. The evacuated heat flux by the Gorter-Mellink
mechanism can be written as in equation 1.25 in function of the temperature gradient.

q3 = −F (T, P )
∂T

∂x
(1.25)

where q is the extracted flux by the Gorter-Mellink mechanism and F (T, P ) the characteristic
heat conductivity function of the superfluid helium, function of the temperature and the pres-585

sure and expressed in W3m−5K−1. Figure 1.17 shows the temperature evolution of the F (T, P )
function.

Figure 1.17: Temperature evolution of the heat conductivity function of the superfluid helium.

To estimate the large Gorter-Mellink heat transfer, by analogy with Fourier’s law, an equiv-
alent thermal conductivity of the superfluid helium λHe

eq can be estimated with equation 1.26.

λHe
eq =

F (T, P )

q2
(1.26)

where q the dissipated heat losses density by Joule effect is 4.1 × 104 W/m2 and gives590

λHe
eq = 7 × 103 W/m/K. The superfluid helium has an equivalent thermal conductivity 104

times more important than the copper one (for an RRR of 60 at 10.33 T).

Finally, the maximum extracted flux qmax by the superfluid helium can be estimated by
equation 1.27. By assuming a temperature gradient in the coil, with the center at 2.17 K and
the extremities at 1.8 K, the extracted heat flux is included between 2.2 × 103 W/m2 and595

3.7 × 103 W/m2, depending on the length of the coil. The considered length are 79 m and
381.5 m, respectively the half of the shortest (158 m) and the longest coil (763 m) of MADMAX.
Figure 1.18 shows the temperature evolution of the fint(T0) function of the superfluid helium.
The function decreases with the increase of the initial temperature T0.
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qmax =
1

L1/3
fint(T0) with fint(T0) = (

2.17∫
T0

f(T )dT )1/3 (1.27)

Figure 1.18: Temperature evolution of the fint(T0) function of the superfluid helium.

1.3.2.5. Heat transfer between superfluid helium and a wall600

The last characteristic to present is the heat exchange at the interface between superfluid
helium and a wall, controled by the Kapitza resistance [52] and defined in equation 1.28.

q = α(T n
s − T n

f ) (1.28)

Ts and Tf are the temperature of the solid and the fluid respectively, and α and n are charac-
teristic coefficients of the Kapitza heat transfer, estimated at α = 200 Wm−2K−3 and n = 3.8
for copper [53]. These coefficients depend on several parameters as the surface condition,605

the geometry and the material itself. From equation 1.28, an equivalent convective heat
exchange coefficient hK can be deducted and is linearized as in equation 1.29. By assum-
ing that initially the solid and the fluid are at 1.8 K, the coefficient can be estimated to be
hK = 4.6 × 103 W/m−2K−1. Compared to usual convective heat exchange, as natural convec-
tion with an order of magnitude of h = 10 W/m−2K−1 or forced convection with an order of610

magnitude of h = 100− 1000 W/m−2K−1, the heat transfer of the superfluid helium is much
more efficient.

hK = α(Ts + Tf ) ∗ (T 2
s + T 2

f ) (1.29)

Conclusions

This first chapter introduces all the notions allowing us to analyze the quenching problems
in a Cable-In-Conduit-Conductor (CICC) magnet. We started by presenting the background615

of the MADMAX project, highlighting its interest in the field of fundamental physics research.
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The novelty of the MADMAX project was presented, based on the use of a new type of CICC.
The specificities of the CICC were described, such as the use of a copper stabilizer, and the
cable is inserted in a wrap and filled with stagnant superfluid helium. The characteristics of the
superconducting Nb-Ti have been detailed. Simple models such as quench propagation speed620

and hot spot temperature calculations were detailed. These calculations revealed a difference
of several orders of magnitude in the quench propagation speed, from mm/s to tens of m/s.
Therefore, quench propagation speed is an obvious issue for MADMAX magnet design. In
order to address the issue of quench propagation speed and to understand the quench behavior
of a new CICC, it was decided to design, fabricate and test a mock-up coil called MACQU.625

The objective is to measure the propagation speed of an experimental quench in order to verify
the detection capability, in order to verify the detection capability of this new type of CICC.
In the remainder of this thesis report, we will build on the concepts presented to design a
superconducting magnet that reproduces the quenching behavior of MACQU and perform a
detailed quench analysis of this superconducting magnet filled with stagnant superfluid helium.630
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2 - Design of a superconducting magnet for quench prop-

agation studies

Objectives

� Describe and justify the guidelines of the MACQU coil design strategy

� Perform the design of a superconducting magnet that reproduces the MADMAX quench635

behavior

� Illustrate the relevance of MACQU to study the MADMAX quench behavior

2.1. Guidelines for the design of the MACQU coil

The quench behavior of the MADMAX magnet is unpredictable due to both the use of a
novel type of CICC and stagnant superfluid helium for cooling. To study experimentally the640

quench behavior of the MADMAX magnet, and understand better how such a CICC behaves
in case of quench, a prototype coil called MACQU (MAdmax Coil for Quench Understanding)
has been designed, manufactured and tested during this Ph.D. thesis. This chapter is dedicated
to the design phase of the MACQU coil. First of all, the guidelines of the design are presented.
The main goal of MACQU is to reproduce the MADMAX quench behavior. To do so, MACQU645

is designed by reproducing specific driving parameters of the quench propagation, as the con-
ductor concept, the heat dissipation by Joule effect, the current sharing temperature Tcs or the
hydraulic diameter and void fraction. By reproducing or approaching as much as possible these
parameters, the quench behavior of MADMAX should be reproduced. The design method of
MACQU will then be detailed by presenting each driving parameter and demonstrating its im-650

pact in the quench behavior. Manufacturing constraints, cost or time schedule, will also impact
the technical solutions chosen in the design that are presented in details in a second phase.
The conductor and the magnetic design are detailed and the different technological choices
are justified. Finally, the relevance of studying the MACQU quench behavior in comparison
with the MADMAX one is discussed. By studying the current range and quench propagation655

time spectrum, the quench studies range is detailed. These studies will allow us to justify the
relevance of MACQU by introducing first quench speed estimations and comparing them to the
results obtained and presented earlier for MADMAX.

2.1.1. Similar conductor concept

The study of the quench propagation originates in the use of a novel CICC type coupled660

with a rare cooling concept. The actual design of the conductor is represented in figure 2.1 [7].
The conductor of MADMAX is composed of a rectangular shape copper profile, with a conduit
inside. A 108-strands Nb-Ti superconducting cable is inserted inside the conduit, with a copper
wrap that maintains the strands during the insertion process. The remaining void is filled with
stagnant superfluid helium, to ensure the cooling and thermal stability of the magnet. The665

magnet is cooled at 1.8 K thanks to superfluid helium. This cryogenic temperature allows
getting higher current density performances for the Nb-Ti cable and thus higher field, compared
to a classical forced-flow convection cooling at around 5 K.

25



Figure 2.1: Schematic of the actual MADMAX conductor design, with a copper profile. The
cable is composed of 108 Nb-Ti strands, maintained by a copper wrap and immersed in super-
fluid helium [7].

The nominal conditions of the MADMAX experiment are summarized in the table 2.1 with
the main characteristics of the conductor.670

Table 2.1: Main MADMAX magnet and experiment characteristics.

Nominal current (A) 23500
Maximum magnetic field (T) 10.33
Working temperature (K) 1.8
Hot-spot temperature (K) 100
Current sharing temperature (K) 3.11
Load line margin (%) 10
RRR 60

Copper section (mm2) 364
Helium section (mm2) 28
Void fraction (%) 30
Hydraulic diameter (mm) 0.33
Wet perimeter (mm) 340
Nb-Ti section (mm2) 30.6
Glass epoxy section (mm2) 48

To reproduce the MADMAX quench behavior, it is important to use a conductor built on
the same general concept. The features that will be reproduced for MACQU are the use of
Nb-Ti cable with a copper wrap inserted in a copper stabilizer, filled with superfluid helium
with its cooling temperature set at 1.8 K. We list below the main characteristics or parameters
used to design MACQU.675

2.1.2. Similar heat dissipation by Joule effect

The use of very high current creates another unusual feature for MADMAX. In fact, when
a quench occurs, the current is redistributed from the superconducting cable to the copper
stabilizer, dissipating heat by Joule effect. The dissipated heat by Joule effect appears clearly

as a term source in equation 1.20 and is defined as q̇Joule =
ηCuI

2

SCu

. In MADMAX case, the680

dissipated heat by Joule effect can be estimated at q̇Joule = 1.17 kW/m in nominal conditions
(see table 2.1). This value is very high compared to recent similar size magnets where the
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dissipated heat by Joule effect is the order of 100 W/m, with 45 W/m for ISEULT the MRI
magnet [54] for example. In recent magnet history, only JT60-SA has been close to this value
with 972 W/m, but with a different cryostable forced flow CICC technology working at 4.5 K685

with more than 2 K of temperature margin [55], while MADMAX is much challenging as
having no forced flow, a small superfluid helium cross-section and only 1 K of temperature
margin. To study a representative quench, our first design guideline will thus be to have close
heat dissipation by Joule effect between MACQU and MADMAX. Moreover, the impacting
parameters, as the electrical resistivity (depending on the temperature, magnetic field and690

RRR), the operation current and the cross-section of the copper stabilizer are carefully designed.

2.1.3. Similar current sharing temperature Tcs

The heat dissipation by Joule effect appears when the temperature of the superconducting
cable reaches the current sharing temperature Tcs. The temperature margin, defined as ∆T =
Tcs − T0, represents the maximum temperature increase of the conductor that can be allowed695

before initiating the quench. For MADMAX, the magnet is cooled at 1.8 K and the current
sharing temperature is 3.11 K, the temperature margin is ∆TMADMAX = 1.31 K. However, a
temperature increase of the conductor will also induce a temperature increase of the coolant
helium inside the conduit. This energy deposition can lead to change the helium’s phase from
superfluid to liquid, that happens at 2.17 K for 1 bar. In liquid state, the specific heat of the700

helium strongly decreases, and the enthalpy margin is much smaller than in superfluid state.
The change in enthalpy margin impacts then the quench behavior, as the temperature of the
conductor will increase more for the same heat load.

(a) Load line and critical current evolution. (b) Current sharing temperature evolution.

Figure 2.2: Comparison of the load line and the current sharing temperature to the critical
current on the left. The intersection of both curves corresponds to the critical conditions. The
current sharing temperature in function of the field is plotted on the right with the associated
critical conditions, estimated with the Bottura fit [35].

Moreover, as shown in equation 1.14, the quench propagation speed is directly dependent
on the current sharing temperature of the conductor as the speed increases like the inverse of705

the enthalpy margin. Therefore, a second important design guideline is to have an equivalent
current sharing temperature i.e. equivalent temperature margin, with the helium in similar
physical states, to reproduce an equivalent temperature increase and quench behavior. In terms
of magnetic design, having a close current sharing temperature can be obtained by imposing
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the same load line margin to the MACQU conductor, as shows figure 2.2. The margin on the710

load line is calculated by LLmargin = 1−
I

I100 %

with I being the considered current and I100 %

the current at the intersection of the load line and the critical current, being the current at
100 % on the load line.

2.1.4. Similar hydraulic diameter and void fraction

As presented in section 1.2.5 and in both equations 1.20 and 1.22, the cryostability is ensured715

by stagnant He II and therefore the temperature variation of the small helium quantity inside
the conduit is an essential parameter. The thermal coupling is done by the wetted perimeter
in the heat flux term q̇h = Pwh(Th − TCond), written as a convective heat flux but with
h being the parietal heat transfer coefficient. In MADMAX case, the wetted perimeter is
only the perimeter of the wetted wires summed to the perimeter of the conduit, defined as720

Pw = π(Dconduit +
5

6
Nstrands × Dstrands), where Pw is the wetted perimeter, Dconduit is the

diameter of the conduit, Nstrands is the number of wires, Dstrands is the diameter of the strands

and the factor
5

6
is used to consider the covering of the strands in the cable [56]. In usual

bath concepts, the magnet is immersed in the bath so the external faces of the conductor are
in contact with the superfluid helium. For MADMAX, adding such a contact length would725

increase the wetted perimeter of around 30 %, and would then increase the cryostability of the
magnet.

However, another thermal coupling between solid and fluid can be seen in the friction

term, driven by the hydraulic diameter defined as Dh =
4Sh

Pw

, with Sh is the helium cross-

section and Pw is the wet perimeter. The friction term derives from the conservative form730

of the energy equation as explained in section 1.2.5 and links the helium cross-section to the
wetted perimeter by the hydraulic diameter.The friction term represents the variation of the
temperature due to the pressure losses generated by the porous structure of the CICC. On one
side, an important wetted perimeter allows a good thermal exchange between both components,
ensuring an efficient cooling of the conductor by the helium. On the other side, the helium735

cross-section represents the enthalpy storage inside the CICC to absorb heat depositions and
is defined by the void fraction of the conduit. With some trivial algebra, it is possible to write
equation 2.1 to link the void fraction of the conduit to the hydraulic diameter and the diameter
of the strand:

Sstrands = (1− vf )Sconduit = Nstrands

πD2
strands

4

Sh = vfSconduit =
vf

1− vf
Sstrands

Pw = π(Dconduit +
5

6
Nstrands ×Dstrands) ≈ Nstrands × πDstrands

Dh =
4Sh

Pw

≈
vf

1− vf
Dstrands (2.1)

with S being the cross-section, vf the void fraction of the conduit and the indices corresponding740

respectively to the strands (”strands”), the helium (”h”) or the conduit (”conduit”).
Reproducing an equivalent hydraulic diameter on MACQU ensures geometrically an equiv-

alent ratio between the helium cross-section and the wetted perimeter. The hydraulic diameter
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can be scaled thanks to equation 2.1 by reproducing an equivalent void fraction and by con-
sidering a superconducting strand of similar dimension of the MADMAX one. Therefore, the745

third guideline of the design is to reproduce an equivalent hydraulic diameter by a similar void
fraction and close strand dimension. To fit the design of the conductor, but also to have a sim-
ilar thermal stability, the void fraction is set to 30 %, to be equivalent to the MADMAX one.
In that way, the MACQU conductor is geometrically similar and also with a similar thermal
solid-fluid coupling, leading to an equivalent thermal behavior and quench behavior. It is shown750

in chapter 5 that the hydraulic diameter has an important role in the quench propagation.

2.1.5. Simple magnet configuration for physics analysis

The goal of the MACQU coil is to reproduce and study experimentally the quench behavior
of the MADMAX magnet. However, even by considering the above-described parameters in the
design phase, the quench behavior of the MADMAX magnet is a complex and multi-physical755

phenomenon. Figure 2.3 compares the magnetic field map of the B1 and B9 coils, respectively
the biggest and the smallest coils of MADMAX. It can clearly be seen that the magnetic field
can take almost every value between 0.4 T and 9.5 T for B1, whereas for B9 the magnetic field
varies only between 6 T and 10 T. With the dipole configuration, each coil impacts the field
map of the other coils, hence with different field maps, each coil has its own quench behavior.760

Figure 2.3: Comparison of the magnetic field map of the B1 and B9 coils in MADMAX. B1 is
the biggest and the closest one to the warm hole, when B9 is the smallest and farthest one.

Moreover, as explained in section 1.2.3, the quench can propagate in 3-D: the longitudinal
direction along the conductor, the neighbor conductor through the insulation direction, or even
to the neighbor pancake through the insulation direction, as shows figure 2.4.

The quench propagation appears as a 3-D phenomenon, difficult to analyze experimentally
and to reproduce numerically. From a numerical point of view, each direction of quench prop-765

agation can be studied (almost) independently in 1-D models, but reproducing an entire 3-D
design is an important work, without ensuring accurate results. Moreover, THEA® is still
being tested for the particular conductor design of MADMAX, and testing the MACQU case
can benchmark the results obtained numerically. Then, to understand clearly the physical phe-
nomenon driving the quench but also validate the numerical results, MACQU should allow us770
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to study the quench phenomenon in simple configurations and a few design choices should be
done to do so. First of all, the quench will be studied at constant current. A constant current
quench scenario simulates a non detected quench that propagates without intervention, and
is typically the kind of phenomenon that can damage a superconducting magnet. Moreover,
the geometry of the magnet is designed to make the magnetic field vary less along the magnet775

length. For that, the magnet geometry adopted is a solenoid. That way, the impact of the
magnetic field variation on the quench propagation, as for B1 for example, is greatly decreased.
Finally, the winding of the solenoid is designed to study only longitudinal quench propagation
along the conductor, meaning that the design will consider the transversal diffusion as negligi-
ble. To avoid a 3-D diffusion in the insulation and to facilitate the winding of the magnet, the780

solenoid is single-layered. To avoid heat diffusion between two neighbor conductors, a specific
thermal design had to be done to consider longitudinal quench propagation only.

Figure 2.4: Scheme of the three quench propagation modes: along the CICC (longitudinal) or
inside the insulation, through the inter-turn or the casing (transversal).

2.1.6. Cost and schedule

The quench behavior of MADMAX is a clear issue in the design of the magnet. If the
quench is undetectable, the entire conductor and quench protection design have to be changed.785

Changing the conductor design would imply important delays and would represent a high cost
increase for the project. So, it is mandatory to settle on the ability to detect the quench, as
fast and cost efficient as possible. An important design guideline will then be to choose already
existing products on catalog, as the superconducting wires or the copper profile, to be able to
manufacture the magnet as soon as possible and avoid dedicated tooling and qualifications for790

particular products. Already bought products can also be reused. The products are chosen to
be as close as possible to the design objectives.

2.2. Description of the MACQU magnet design

This section presents the design of the MACQU magnet. In a first step, the design of
the conductor is done, by reproducing a MADMAX-like conductor concept. The goal is to795

reproduce the linear heat dissipation by Joule effect and the current sharing temperature of
MADMAX, by carefully designing the copper stabilizer and the superconducting cable. In a
second step, the geometry of the magnet will lead to the magnetic design. The inner radius,
the inter-turn distance and the length of the magnet is studied to optimize the magnetic field
for the linear heat dissipation. The field map of the solenoid is computed in a last step.800

Note that the design method presented in this section aims to reproduce best the design
parameters driving the quench behavior of MADMAX. Due to several reasons as strong hy-
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pothesis, manufacturing constraints or time span of the project, some of the presented values
will be updated in chapter 3 with the final configuration of the magnet.

2.2.1. Description of the conductor design805

The design of the MACQU magnet is mostly driven by the linear heat dissipation by Joule
effect. By using the same conductor concept, the linear heat dissipation of MADMAX, which is

worth 1.17 kW/m, should be reproduced. Defined as q̇ =
ηCuI

2

SCu

, several parameters as the mag-

netic field, the copper cross-section or the current should be taken into account to reproduce the
linear heat dissipation. The first component of the conductor to design is the copper stabilizer,810

to set the copper cross-section. In a second step, the superconducting cable is designed. The
manufacturing constraints are taken into account to define a cable pattern that can fit into
the chosen copper stabilizer. The cable pattern will also allow us to set the performances of
the superconducting cable. Depending on the performances of the superconducting cable, the
current sharing temperature will then be calculated. This step by step method will lead to a815

conductor design, inspired in its concept by the existing design of MADMAX, always having
in mind that the quench behavior must be reproduced.

2.2.1.1. Copper profile for the CICC conductor

MACQU is designed to have the linear heat dissipation by Joule effect equivalent to the
MADMAX one. However, some assumptions have to be done to determine the copper profile820

cross-section. A 10.33 T peak magnetic field is too high and would be too expensive to be
reproduced with a simple one-layer solenoid geometry. A scaling strategy is used for the design
of MACQU. The magnetic field decrease can be compensated by a copper cross-section decrease.
By assuming that the current, the Residual Resistivity Ratio and the temperature are the same
than for MADMAX, the following equation can be written:825

q̇MADMAX ≈ q̇MACQU ⇐⇒
ηCu(T,B,RRR)I2

SCu

|MADMAX ≈
ηCu(T,B,RRR)I2

SCu

|MACQU

⇐⇒
ηCu(BMADMAX)

SCu,MADMAX

≈
ηCu(BMACQU)

SCu,MACQU

⇐⇒
ηCu(BMADMAX)

ηCu(BMACQU)
≈

SCu,MADMAX

SCu,MACQU

(2.2)

where q̇ is the linear heat dissipation for each magnet, ηCu is the electrical resistivity, SCu is
the copper cross-section, I is the current set at 23500 A, T the initial temperature set at 1.8 K,
B the magnetic peak field and RRR set at 60.

The copper cross-section can be defined by comparing the electrical resistivity ratio depend-
ing only on the magnetic field. An acceptable assumption done for the MACQU design is that830

a magnetic field range of 2-2.5 T should be obtained thanks to the high working current. The
electrical resistivity can be estimated at ηCu(10.33 T) = 7.74 × 10−10 Ω.m and ηCu(2-2.5 T) =
3.58-3.83 × 10−10 Ω.m. The equation 2.2 becomes:

SCu,MACQU ≈
ηCu(BMACQU)

ηCu(BMADMAX)
SCu,MADMAX ⇐⇒ SCu,MACQU ≈

ηCu(2− 2.5T )

ηCu(10.33T )
SCu,MADMAX

(2.3)

⇐⇒ SCu,MACQU ≈ 168− 180 mm2
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The equation 2.3 allows us to define the cross-section range of the copper profile to reproduce
the heat dissipation by Joule effect, with equivalent nominal current (23500 A) and RRR (60)835

than MADMAX.
To reduce the cost, the copper profile has been chosen on catalogue. It was important to

choose the section range to chose a copper profile that was close to our specifications. The
M3HE0014 copper profile, fitting with our needs, has been finally chosen and bought to the
Aurubis company [57]. The dimensions of the profile are summarized in figure 2.5. With840

such dimensions, the copper cross-section can be estimated to 215 mm2. The cross-section is
voluntarily larger than needed, as the cross-section is reduced during the compaction process.
Finally, the RRR of the profile has a lower value than 60.

Figure 2.5: Aurubis M3HE0014 copper profile.

2.2.1.2. Superconducting strand design

The MADMAX cable is composed of 108 Nb-Ti strands, divided into a 3*3*3*4 cable845

pattern. The superconducting strand of MADMAX has a diameter of 0.88 mm, with a cross-
section of Scable = 66 mm2. With the copper profile presented in section 2.2.1.1, the section of
the conduit would be 60.8 mm2, so the MACQU copper profile is not large enough to fit such a
number of strands. It has been decided to remove one stage, reducing by the way the number
of strands. Margins and tolerances should be taken for the insertion of the cable inside the850

conduit and patterns with higher number of strands would barely fit in the conduit, so only
three are studied here: the 3*3*3 pattern, the 3*3*4 pattern and the 3*4*4 pattern.

To follow the ”on-catalog” strategy, the superconducting strands were chosen depending on
their industrial availability, by considering a size close to the strands of MADMAX. The most
fitting strands have been bought to the Western Superconducting Technologies (WST) [58]855

company. The characteristics of the strands are resumed in table 2.2:

Table 2.2: Characteristics of the WST strands used for MACQU superconducting cable.

Strand diameter (mm) 0.825
Cu/Sc ratio 1.105
Number of filament 630
Critical current at 4.2 K @4T (A) 850
Critical current at 4.2 K @5T (A) 750
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2.2.1.3. Cable pattern, compaction level and void fraction

The superconducting cable of MACQU is inserted in the CICC conduit and surrounded by
superfluid helium. To insert the cable in the CICC conduit, the cable pattern has to be set
first. The cable is composed of a multi-stage stranding as for a classic CICC. However, the860

number of stages and of strands is still to be determined. The entire cabling, insertion and
compaction process is detailed in figure 2.6. The example presented is a 3*3*4 multi-stage
cable. Initially, the strands are gathered and stranded in a triplet, which form the 1st stage
bundle. The formed triplets are again stranded with 2 other triplets forming the second stage
of the cable called 2nd stage bundle (or 3x3 bundle). Finally, the other four 2nd stage bundles865

are stranded together to form a 3rd stage bundle, until forming the final cable. This process
can continue to higher number of stages if needed. In a second step, the cable is wrapped in
a 0.2 mm thick copper tape, before being inserted in the CICC conduit. A minimal gap of
2 mm is needed between the cable and the conduit dimensions, to ensure not deteriorating
the cable during the insertion process. Finally, the copper profile is compacted by rollers/turk870

heads up to the nominal conductor external dimensions which will reduce its cross-section. The
maximum compaction level in one pass is around 20%-25% of section reduction. For a higher
section reduction, several passes are needed and the possible section reduction decreases with
the number of passes. The compaction process ensures a good electrical contact between the
cable and the copper profile, in order to diffuse the current in the copper stabilizer in case of a875

quench and then slow down the temperature increase.

Figure 2.6: Scheme of the cabling, insertion and compaction process for a 3*3*4 cable pattern
(with the courtesy of Francesco Stacchi).

For manufacturing constraints, it has been chosen to perform the compaction process in one
pass. The maximum section reduction will then be around 25 %. To simplify the compaction
computations, it is assumed that the compaction process reduces the total cross-section of the
profile homothetically. This assumption will allow to calculate the minimum needed diameter880

to be able to insert the cable in the conduit. Moreover, as explained in section 2.1.4, the
aimed void fraction and hydraulic diameter for MACQU are respectively 30 % and around
0.3 mm, in order to reproduce the thermal behavior of the conductor, i.e. the cooling efficiency
and cryostability. The cross-section of the strands is assumed to remain constant during the
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compaction process. Then, the cable and the conduit cross-section are driven by the equations885

defined below:

vf = 1−
Scable

Sconduit,minimum

≈ 0.3 (2.4)

Dconduit,minimum =

√
4Sconduit,minimum

π
(2.5)

Dconduit,f = Dconduit,minimum + 2 ∗ 0.2mm ≤ Dconduit,i − 2mm (2.6)

econductor,f = econductor,i − (Dconduit,i −Dconduit,f ) (2.7)

hconductor,f = hconductor,i − (Dconduit,i −Dconduit,f ) (2.8)

Sstabilizer,f = econductor,f × hconductor,f −
πD2

conduit,f

4
(2.9)

Cl = 1−
Sstabilizer,f

Sstabilizer,i

≤ 0.25 (2.10)

where vf is the void fraction, Scable is the cross-section of the superconducting cable, Sconduit is
the cross-section of the conduit, Dconduit is the diameter of the conduit, Dcable is the diameter
of the cable, econductor and hconductor are respectively the thickness and height of the conductor,
Sstabilizer is the cross-section of the stabilizer, Cl is the compaction level, and the indices f , i890

and minimum are respectively the final (after compaction), initial (before compaction) and
minimal (to respect the gap) dimension.

The equations 2.4 and 2.5 allow to calculate the minimum needed cross-section and the
equivalent diameter of conduit. Equation 2.6 allows to verify if the gap between the initial
conduit and the wrapped cable criterion is sufficient. Equation 2.7, 2.8 and 2.9 are used to895

calculate the dimensions of the stabilizer after compaction. Equation 2.10 is a design criterion
that has to be verified, to ensure a doable compaction level in one pass (lower than 25 %). The
results are summarized in table 2.3 in function of the different cable patterns. The first analysis
that can be done is that equation 2.1 scales well the hydraulic diameter of MACQU in function
of the void fraction and the diameter of the strand as the hydraulic diameter is almost equal to900

the MADMAX one (0.33 mm). However, as it can be seen, the 27-strands configuration does
not respect the compaction level criterion defined in equation 2.10, as the compaction level is
almost 29 %. On the other side, the 48-strands configuration has a too small insertion gap, as
it is 1.57 mm, below the minimum insertion gap of 2 mm, as defined in equation 2.6. Clearly,
the only configuration that respects the both criteria is the 3*3*4 = 36 strands cable pattern905

which is then chosen for MACQU. It represents then a copper cross-section of 167.5 mm2 for
the stabilizer, with 15.5×12.8 mm2 final external dimensions.
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Table 2.3: Different scaling parameters of MACQU as function of the initial triplets configura-
tion.

27 strands 36 strands 48 strands
(3×3×3) (3×3×4) (3×4×4)

Strand section (mm2) 14.43 19.24 25.66
Helium section (mm2) 6.19 8.25 11.0
Wet perimeter (mm) 76 98 126
Hydraulic diameter (mm) 0.33 0.34 0.35
Insertion gap (mm) 3.28 2.48 1.57
Compaction level (%) 28.7 21.9 14.0
Stabilizer section (mm2) 153.1 167.5 184.6

2.2.1.4. Superconducting cross-section and current sharing temperature

The last parameter to freeze on the conductor design is the superconducting cross-section
i.e. the number of Nb-Ti strands in the cable. It depends on the needed performances of the910

superconducting cable. As explained in section 2.1.3, the current sharing temperature should
be around 3 K, with a load line margin around 10 %. Obviously, the higher the number of
superconducting strands, the higher the current sharing temperature and the load line margin
are. Only 3 combination of superconducting strands exist for a 3*3*4 cable pattern: 12, 24 or
36 Nb-Ti strands, out of the 36 of the cable.915

The total number of superconducting strands depends then on the number of strands defined
in the initial triplet. The three options are:

� Have three Nb-Ti strands out of three of the initial triplet. This configuration corresponds
to a full Nb-Ti cable.

� Have two Nb-Ti strands out of three of the initial triplet, and have a copper strand to920

complete the triplet. This configuration corresponds to a 24 Nb-Ti - 12 copper strands
cable.

� Have one Nb-Ti strand out of three of the initial triplet, and have two copper strands to
complete the triplet. This configuration corresponds to a 12 Nb-Ti - 24 copper strands
cable.925

To choose the configuration the most adapted for MACQU, the table 2.4 shows the margin
on the load line and the current sharing temperature at 23500 A being the same current
as MADMAX. The calculation is made by considering the peak field of the magnet being
arbitrarily set at 2 T for 23500 A. This calculation is recomputed with the real field map
presented in the next chapter. The copper-cross section of the conductor considered in the930

computation is estimated by taking into account the cross-section of the stabilizer after the
estimated compaction (167.5 mm2) and the copper cross-section of the strands.
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Table 2.4: Margin on the load line and current sharing temperature of MACQU depending on
the number of superconducting strands compared to the MADMAX configuration.

12 Nb-Ti 24 Nb-Ti 36 Nb-Ti MADMAX

Number of superconducting strand 12 24 36 108
Superconducting section (mm2) 3.047 6.094 9.141 30.50
Copper section in the strands (mm2) 16.20 13.15 10.10 35.14
Total copper section (mm2) 183.7 180.7 177.6 367.7
Margin on the load line (%) 7.2 42.7 55.6 10
Current sharing temperature (K) 2.66 5.53 6.4 3.11

As shown in table 2.4, no configuration can reach the specifications with the same current
of MADMAX. For the 12 Nb-Ti strands configuration, 7.2 % margin on the load line is reached
while for the 24 and 36 Nb-Ti strands one, respectively only 42.7 % and 55.6 % margin on the935

load line are reached. The options are, on one side, to increase the current for the 24 and 36
Nb-Ti strands configuration to reach the 10 % margin on the load line. The criterion is reached
for respectively 36.9 kA and 3.14 T and 47.7 A and 4.06 T, with a linear heat dissipation by
Joule effect of 3.1 kW/m and 5.9 kW/m and a current sharing temperature of 2.95 K and
2.96 K. On the other side, the current can be decreased for the 12 Nb-Ti configuration, to940

reach the 10 % on the load line at 22.8 kA and 1.94 T, with a heat dissipation by Joule effect
of 1.0 kW/m and a current sharing temperature of 2.94 K.

Even if it allows reaching ”only” 85.5 % of the linear heat dissipation of MADMAX, the 12
Nb-Ti strands configuration has been chosen for MACQU as it is the closest one to reproduce
both MADMAX working conditions of heat dissipation and load line margin. The 2 other945

configurations, on the opposite, would create a dissipation higher than the MADMAX one,
altering, that way, the quench behavior. Moreover, the 2 other configurations would ask for
important technical modifications, such as having a power supply feeding more than 30 kA
while the maximal available current in the testing facility is 25.7 kA. Figure 2.7 represents the
view of the MACQU cable in a cross-section, with the chosen 3*3*4 pattern and the 12 Nb-Ti950

strands configuration.

Figure 2.7: The MACQU cable 3×3×4 pattern with 12 superconducting strands and 24 copper
strands.

Note that strong hypotheses have been taken concerning the compaction process and the
magnetic field. These hypotheses are updated in the next chapters once the overall design is
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Table 2.5: Summary of the characteristics of the MACQU conductor.

Number of superconducting strands 12
Number of copper strands 24
Nominal current (A) 22809
Linear heat dissipation by Joule effect (W/m) 1004
Margin on the load line (%) 10
Current sharing temperature (K) 2.94

achieved and the manufacturing of the magnet finished.

2.2.2. Description of the winding design955

The conductor of the MACQU magnet has been designed in the previous section. The
next step towards the magnet design is then to define the detailed coil winding geometry. As
explained in section 2.1.5, the winding general concept is already chosen as a single-layered
solenoid. Therefore, the geometrical parameters of the magnet have to be designed in a first
step. Defining the geometrical parameters of the solenoid allows us to compute the magnetic960

field map distribution. Finally, all these parameters will allow us to compute the first prelimi-
nary quench studies in section 2.3.

2.2.2.1. Design of the magnet length

Three geometrical parameters have still to be designed: the length of the magnet, the965

internal radius of the solenoid and the inter-turn distance. Here, an arbitrary length of 50 m
was chosen for MACQU. The length is chosen as a compromise between the fabrication and
integration constraints, the cost of the magnet and the needed length to study the quench
behavior without being impacted by the boundary conditions at the center and the extremities.
During the 50 m of propagation, it is estimated to be independent of the boundary conditions on970

around 40 m. Indeed, with 200 mm long heaters glued in the mid of the coil (see section 2.3.1),
it is considered to be fully independent from quench initiation conditions after roughly 10 times
this dimension. On the other side, the coil ends are supposed to have a constant temperature of
1.8 K, it is considered to be independent from this boundary conditions after 4 m of diffusion,
estimated with the following equation 2.11, derived from the 1-D heat equation in the copper:975

ρCp

∆t
=

λ

∆x2
⇐⇒ ∆x =

√
ρCp∆t

λ
(2.11)

with ρ being the density of the material, Cp the specific heat, λ the thermal conductivity and
∆t and ∆x being respectively the characteristic time and characteristic length. The copper
properties have been estimated at 1.8 K, 2 T and for a RRR of 60, with a characteristic time
of 1 s.

Taking off these two boundary conditions “impact zone” from the coil length, we still have980

twice 20 m available for quench propagation studies, without having any impact from the
boundary conditions. This value seems to us largely enough for both detecting and study-
ing the quench. Indeed, by assuming the pessimistic case where only the half of the length
quenches, by using equation 1.16, the voltage variation would be still be of 700 mV, largely
detectable compared to the 100 mV Magnet Safety System threshold.985
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2.2.2.2. Design of the internal radius

The design of the geometrical parameters of the solenoid are lead by the linear heat dis-
sipation by Joule effect. As seen in section 2.2.1.4, at 10 % margin on the load line, 85.5 %
of the linear heat dissipation of MADMAX can be reached in the present MACQU design,990

with a current of 22809 A. One way to make this value closer to MADMAX is to increase
the magnetic field and thus the copper resistivity and Joule effect. To reach the 1174 W/m
of MADMAX at 10 % margin on the load line, an electrical resistivity of 4.15 × 10−10 Ω.m
is needed, corresponding to a magnetic field of 3.15 T. However, the critical magnetic field at
similar working conditions is 2.794 T. Reaching the MADMAX nominal value of linear heat995

dissipation is thus impossible. Even if the gap can not be compensated, it is still possible to
decrease the coil inner radius to reduce the gap between MACQU and MADMAX. To estimate
the magnetic field in function of the internal radius, a model has been developed based on C.
Lesmond’s work [59]. In the cited document, Lesmond presents several analytical models for
the calculation of a magnetic field for different type of superconducting magnet. The case of1000

a thick solenoid, the case of MACQU, is presented in figure 2.8 with the associated analytical
formula, on which the self field of the cable has been added.

Figure 2.8: Scheme of the thick solenoid model used for magnetic field computation. The field
is calculated at r = a1 and Z = 0.

Figure 2.9 shows the variation of the magnetic field of a 1 m long full solenoid, in function

of the internal radius. The current density is J =
22809

183.7× 10−6
= 1.24 × 108 A/m2. To have

a representative magnetic field, the total magnetic field corresponds to the contribution of the1005

magnetic field of the solenoid and the contribution of the self field of the cable. The self-field
of the cable is obtained by comparing a 2-D and a 3-D OPERA model (see section 2.2.3). In
the 2-D model, all the superconducting strands are modeled, while in the 3-D model, a full
profile, at the dimension of the MACQU profile, is considered. The difference obtained between
both models leads to a self-field of the cable of 0.658 T for 22809 A. For the developed model,1010

the current is supposed to be uniformly distributed in a rectangular shape profile, with the
dimensions estimated in section 2.2.1.3.
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Figure 2.9: Variation of the magnetic field in function of the internal radius of a solenoid,
calculated at the internal radius and at the longitudinal center of the magnet.

The calculation, thanks to the model of Lesmond, is not as precise as a 3-D calculation, as
it is presented in section 2.2.3 but gives a trend of the needed internal radius. As it can be seen
in figure 2.9, the magnetic field decreases with the increase of the internal radius but reaching1015

the value of 2.794 T seems not possible even with the smallest radius. Then, to maximize the
magnetic field, the minimal doable internal radius is considered for the solenoid. In fact, to
avoid damaging the conductor during the winding process, a safety factor of 10 between the
conductor width and the winding radius is taken. The factor 10 comes from destructive tests
done on previous internal projects with short conductor samples. In fact, with a factor 7-8 and1020

lower, conductor deteriorations were observed. By considering the estimated final dimensions
of the conductor after compaction, estimated at 15.5×12.8 mm2, the internal radius is set at
12.8×10≈130 mm.

2.2.2.3. Solenoid inter-turn thickness design

As MACQU is designed to study longitudinal quench propagation only, the magnetic field1025

increase is not the only consideration that has to be taken into account in the inter-turn
distance design. Indeed, the inter-turn distance should act as a thermal insulator, to neglect the
transversal heat diffusion and favor longitudinal quench propagation. However, the magnetic
field increases with the decrease of the inter-turn thickness. Then, a compromise has to be
found between the magnetic field optimization and the impact of the transversal heat diffusion.1030

Therefore, the winding supporting mandrel of MACQU will have a double function: support
the magnet and help for the winding process but also thermally insulate two consecutive turns
of the solenoid.

For this, two types of materials are used, with different functions: the G10 epoxy and the
stainless steel. Both materials are good thermal insulators, for different temperature ranges.1035

The stainless steel has a low thermal diffusivity below 10 K, lower than 2 × 10−5 m2/s. But
the G10 epoxy, in addition to being a good thermal insulator above 10 K, with a thermal
diffusivity lower than 7 × 10−6 m2/s, is also used as electrical insulation. The idea is to use a
stainless steel cylinder, with a helicoidal groove machined around it, and wind MACQU inside
the helicoidal path. Before the winding process, the conductor is wrapped in a G10 epoxy1040
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tape for electrical insulation. The cylinder is used to insert MACQU in the JT60-SA cryostat
and an adapted handling frame is designed and fabricated. Figure 2.10 shows the cross-section
view of the mandrel, with the 3 main characteristics of the solenoid: the internal radius r,
the inter-turn distance id and the longitudinal distance between the center of two consecutive
conductors hturn. The internal radius has been set to 130 mm in the previous section, but the1045

two others are still to determine. hturn is used to determine the length of a turn lturn and are
defined as:

id = eG10 + eSS + eG10 = eSS + 2eG10 (2.12)

hturn = id + hconductor (2.13)

lturn =

√
h2
turn + 4π2(r +

econductor

2
)2 (2.14)

Figure 2.10: Scheme of the stainless steel mandrel, with the G10 epoxy insulation. hturn is the
longitudinal distance between the center of two consecutive conductors, being also called the
helix step. id is the inter-turn distance between two consecutive conductors, from stabilizer to
stabilizer.

As explained in section 1.2.3.2, by comparing the thermal conductivities of the longitudinal
quench propagation and the transerval heat path, it is possible to estimate which phenomenon
is the fastest to travel across one turn. As defined in equation 1.13, the thermal conductivity1050

of the conductor and of the insulation should be compared. The thermal conductivity of the
conductor and the insulation are defined as follows:

λCond =
SHe

SCond

λHe +
SCu

SCond

λCu +
SNb−T i

SCond

λNb−T i (2.15)

λInsulation =
eSS

eSS + eG10

λSS +
eG10

eSS + eG10

λG10 (2.16)

The G10 epoxy is usually a thin epoxy tape and a few tenth of mm are enough to ensure the
electrical insulation (30 kV/mm at high temperature). A 0.5 mm thick G10 epoxy tape was
available and has been chosen. It is shown in chapter 3 that this thickness is extremely over-1055

estimated as the maximum voltage is during the fast discharge and should be around 120 V.
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However, the most important role of the G10 epoxy is the thermal insulation above 10 K.
The most important thermal insulation should be under 10 K, as it is the quench initiation
temperature range, and the stainless steel has a better behavior in this temperature range.
Therefore, at fixed thickness, the stainless steel thickness should be maximized compared to1060

the G10 epoxy thickness. Figure 2.11 shows the ratio of the longitudinal propagation speed
and the transversal diffusion speed, estimated with equation 1.13, by comparing the square
root ratio of the tranversal to longitudinal heat conductivity as a function of the temperature.
The goal of this comparison is to find a compromise between the thickness increase of the
inter-turn for thermal performances and the thickness reduction of the inter-turn for magnetic1065

performances.

Figure 2.11: Temperature evolution of the transversal heat diffusion speed and longitudinal
quench propagation speed ratio, as a function of the stainless steel mandrel thickness. The
material properties have been considered at each temperature step with Cryocomp [47].

As it can be seen in figure 2.11, the ratio of the transversal heat diffusion speed and lon-
gitudinal quench propagation speed is the order of 0.01 to 0.05, meaning that the quench
propagation phenomenon is 20 to 100 times faster than the transversal diffusion. In agreement
with the manufacturer, a 4 mm thick stainless steel inter-turn distance has been chosen. This1070

way, the total inter-turn distance is 5 mm. A short summary of the dimensions is presented in
table 2.6.

Table 2.6: Geometrical parameters of the MACQU solenoid. All the length are written in mm.

eG10 0.5
eSS 4
id 5
r 130
hconductor 15.5
econductor 12.8
hturn 20.5
lturn 857
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2.2.3. Magnetic field map computation

With the geometry entirely set, the magnetic field map can be computed. The geometry
of MACQU has been reproduced with the numerical code OPERA [60]. A 3-D model has1075

been generated by the MADMAX team, resolving the Biot-Savart law in the defined geometry.
The mesh is composed of approximately one million nodes. Figure 2.12 shows the magnetic
field map of MACQU, as a function of the curvilinear abscissa along with the magnet. This
calculation considers also the impact of the self-field of the cable, added to the field produced
by the solenoid. The self field represents between 22 % and 32 % of the total magnetic field,1080

depending on the location on the magnet. The impact is more important near the ends where
the magnetic field decreases.

The 3-D model gives a higher magnetic field than the one expected with the 1-D model. It
is particularly impacted by the discrete turns of the solenoid, compared to a full cylinder. In
order to work at 10 % margin on the load line, our nominal current design value, estimated with1085

the 3-D model, has then been updated here to 20086 A. The critical current for this nominal
current is 23374 A.

The result of the magnetic field map computation is presented in figure 2.12. The calculation
is done at 20086 A, corresponding to the nominal current at 10 % margin on the load line. As
expected for a solenoid, the field is maximum at the center and is 2.640 T. The magnetic field1090

then decreases along the magnet until reaching 2.524 T, before having an increase near the
ends of the magnet reaching 2.634 T. The magnetic field decreases strongly to 1.838 T at the
very ends. The magnetic field outside of the solenoid, so just after the very ends, is nearly zero
and not plotted here. The magnetic field map is symmetrical along the magnet.

Figure 2.12: Magnetic field profile of MACQU along the magnet, depending on the curvilinear
abscissa.

2.2.4. Summary of the MACQU magnet design1095

The design of the MACQU magnet has been described above. The last parameter of the coil
to compute is the inductance of the coil. The inductance is needed in section 2.3.2 to estimate
the fast discharge time. Indeed, the length of one turn lturn has been estimated to be 0.857 m,

and the length of the magnet fixed at 50 m, the solenoid can be composed of
50

0.857
≈ 58 turns.
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The inductance of the solenoid is then estimated to be 0.2 mH with the following equation:1100

LMACQU =
µ0N

2A

L
(2.17)

with LMACQU is the inductance of the magnet, µ0 the vacuum permeability, N the number of
turns, A the cross-sectional area of the solenoid and L the length of the solenoid.

Figure 2.13 shows a CAD draft of the solenoid wound on the stainless steel mandrel. This
CAD draft is used to design the handling frame for the insertion of the coil in the test facility,
described in the next chapter.1105

Figure 2.13: Scheme of the 58-turns MACQU solenoid wound on its supporting mandrel.

Finally, table 2.7, in the following page, summarizes the designed characteristics of the
MACQU coil. With the current and magnetic field at the center of the magnet of 20086 A and
2.640 T, the linear heat dissipation by Joule effect is 855 W/m, reaching finally 72.8 % of the
MADMAX one.

2.3. Preliminary quench studies1110

Every parameter of the design phase being set, first preliminary quench studies can be
computed. The goal is to use the tools presented in section 1.2.3 to estimate the quench behavior
of MACQU. To do so, hot-spot computations and quench propagation speed estimations are
presented. The thermal stability of the magnet must also be studied.

2.3.1. Heaters design1115

When reaching the nominal conditions, the magnet stays in thermal steady state conditions.
However, a quench can be initiated by a local perturbation. As presented in section 1.2.1, three
parameters can lead to a quench: reaching the critical current, the critical magnetic field or
the critical temperature. The magnetic field depends linearly of the current, and reaching the
critical magnetic field or the critical current asks necessarily to increase the current. MACQU1120

is designed to be studied at constant current to simulate a non-detected quench, so the only
degree of freedom is to modify the temperature. By increasing the temperature locally, a small
part of the magnet could reach the critical temperature and then initiate and propagate a
quench. To increase the temperature, flexible heaters can be fixed on the magnet to bring an
external heat load to the system. These heaters are small electrical resistances usually wrapped1125

in a Kapton foil to ensure the electrical insulation. With a small current going through, a small
heat dissipation by Joule effect is generated by the resistance and then heat the magnet locally.
The available heat dissipation can reach hundreds of W/m and they can be used on a large
temperature range.
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Table 2.7: Principal characterictics of the designed MACQU coil, considered at 10 % margin
on the load line.

Characteristic Symbol Value & Unit
Peak field Bmax 2.640 T
Nominal current Inom 20086 A
Nominal temperature Tnom 1.8 K
RRR RRRMACQU 60
Linear heat dissipation q̇ 855 W/m
Coil self inductance LMACQU 0.2 mH
Current sharing temperature Tcs 2.94 K
Critical current density Jc 7671 A/mm2

Operating current density Jop 6592 A/mm2

Stored energy EMACQU 40 kJ

Conductor external dimension hconductor × econductor 15.5 mm × 12.8 mm
Coil external dimension L× w 1.19 m × 0.29 m
Void fraction vf 30 %
Hydraulic diameter Dh 0.34 mm
Insulation thickness eG10 0.5 mm
Nb-Ti section SNb−T i 3.047 mm2

Cu section SCu 183.7 mm2

He section SHe 8.28 mm2

Wrapping section SG10 29.1 mm2

Strand diameter Dstrands 0.825 mm
Nb-Ti strand number NNb−T i 12
Cu strand number NCu 24
Length of the magnet L 50 m

The only fluid used for MACQU is superfluid helium inside the conduit as the coil is not1130

immersed in a bath. The helium is inserted from the extremities and fills the rest of the
magnet. Therefore, a cold source placed close to the magnet extremities supplies the magnet
with superfluid helium. This cold source as an important enthalpy storage compared to the
enthalpy storage of the small helium quantity in the CICC and this important difference can
impact the quench behavior, particularly slow it down. To neglect as much as possible these1135

side effects, the quench should be initiated as far as possible from the cold sources. In that
respect, the heaters are placed in the middle of MACQU, allowing having nearly 25 m of
propagation length on each side of the magnet. Moreover, as the quench should propagate
symmetrically along each direction, the measured experimental quench propagation speed are
doubled, reducing the detection time. Then, the MQE and MPZ computations are done by1140

considering the magnetic field at the middle of the magnet, at X = 25 m. The computations
are done between 0 and 22 kA, to verify our ability to study the quench behavior for low and
high magnetic field zones of MADMAX (corresponding respectively to low and high current
quench behaviors).

As it can be seen in figure 2.14, the maximum MQE (70 J/m) is obtained where the current1145

tends to zero. With several hundreds of W/m, a large range of heaters can be used to initiate
a quench in less than a second. However, it is interesting to notice that the MPZ length varies
much more and can reach the order of magnitude of the meter at low current. It is clear that
having such long heater would ask for several technical adaptations. As the magnetic field
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on MADMAX varies between 0.4 T and 10.33 T, the linear heat dissipation can be estimated1150

between 421 W/m and 1174 W/m. To reproduce this linear heat dissipation range, MACQU
should be tested at current values between 14800 A with a magnetic field of 1.942 T and the
nominal one of 20086 A and 2.64 T. The linear heat dissipation that is produced for such values
varies between 412 W/m and 855 W/m. The heaters dimensions should then be higher than the
MPZ at 14.8 kA which is 40.3 mm. We will thus use in our application four on catalog heaters1155

(see section 3.2.1) of 50.8 mm each. The length of the heaters is voluntarily over-estimated to
have margin on the quench initiation, but also to be able to study the quench behavior on a
larger current range.

(a) MPZ evolution. (b) MQE evolution.

Figure 2.14: Evolution of the MPZ and MQE as a function of the current in the conductor.
The results are obtained with equation 1.6 and 1.5.

2.3.2. Protection design

Once the quench is initiated, it is possible to compute the temperature increase, thanks to1160

equation 1.19 presented in section 1.2.4. The goal of this computation is to estimate the time
during which the quench can propagate at nominal conditions (20086 A and 2.64 T), with no
need of fast discharge, while the hot-spot temperature stays below 100 K. In this calculation, as
estimated further in section 3.4.3 and explained in equation 1.19, we consider a time constant

of the fast discharge being τ =
LMACQU

Rdischarge

= 0.031 s, the ratio of the inductance of the coil1165

LMACQU and the discharge resistance Rdischarge.
In nominal conditions, the center of the magnet needs approximately 5.0 s to reach the

100 K hot-spot criterion, as it can be seen in figure 2.15 in the following page. Compared to
the 1 s usual detection criterion, having the possibility to let the quench propagate during 5 s
leaves a lot of margin on quench detection. The different phenomenon happening during the1170

propagation can also be analyzed during this delay. However, the detection can only be ensured
with a fast enough quench propagation speed.

2.3.3. Relevance to MADMAX quench behavior

The quench propagation speed is the last parameter to verify the relevance to study MACQU
quench behavior for the MADMAX magnet. As presented in section 1.2.3, two analytical meth-1175

ods are used to estimate the quench propagation speed: Shajii and Freidberg’s universal scaling
laws and the introduced quench speed formulas, the ”analytic” one and the ”infinite exchange”
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one. These two methods predicted an order of magnitude of difference for MADMAX.

Figure 2.15: Hot-spot computation result, representing the time evolution of the temperature
at the center of the magnet at constant current.

2.3.3.1. Shajii and Freidberg’s universal scaling laws

Based on Shajii and Freidberg’s universal scaling laws [43], defined in section 1.2.3.4, MAD-1180

MAX was estimated to be in two possible quench regimes, depending on the initial quenched
length Lq. With an initial quenched length shorter than 0.3 m, MADMAX should be in the
”short coil - low pressure rise” regime. Higher than 0.3 m, the regime should be ”short coil -
high pressure rise” regime.

Now that MACQU is fully designed, the same computations can be done to estimate and1185

compare its quench behavior with MADMAX. By considering the same initial quenched length
variation, from 1 mm to 0.5 m, the different possible regimes for MACQU have been added to
figure 1.8, and presented in figure 2.16.

MACQU follows the same evolution than MADMAX, going from ”short coil low pressure
rise” regime to ”short coil high pressure rise” regime, with the increase of the initial quenched1190

length. The initial temperature is 1.8 K and the initial pressure is 1 bar. The unknown
friction coefficient, depending on the coil and its manufacturing process, is considered at 0.03,
corresponding to the order of magnitude of the measurements done on MACQU and detailed
in [61]. Between the different regimes, the quench propagation speed varies from 6.3 mm/s to
1.18 m/s. Even if the values are doubled compared to MADMAX, the order of magnitude is1195

equivalent and the regimes variations are well reproduced.
The initial quenched length could be compared to the length of the heaters that would

initiate the quench. By assuming that Lq is equal to 40 mm as presented in section 2.3.1, the
quench propagation speed could reach 0.25 m/s.
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Figure 2.16: Evolution of the MADMAX (in blue) and MACQU (in red) possible regimes,
depending on the initial quenched length Lq.

The x and y parameters are the same as detailed in section 1.2.3.4, x = 1.7(
ρ0RTmax

p0
)(
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1200
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2
0ρ

5
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)1/3, defined in equation 1.15.

2.3.3.2. ”Infinite exchange quench speed” method

With the ”analytic” formula 1.12, the quench propagation speed is estimated to be 25.1 m/s
at nominal conditions. By considering the ”infinite exchange quench speed” formula 1.14, the
quench propagation speed falls to 0.47 m/s. This big decrease is due to the large enthalpy of the1205

helium in the superfluid and liquid state. The values obtained for MADMAX were respectively
23.3 m/s and 0.42 m/s, by considering the parameters of table 2.1. As it can be noticed, the
order of magnitude of quench propagation speed is well reproduced.

Conclusions

This chapter presented the design of a superconducting coil aimed to reproduce MADMAX1210

quench behavior. Several influent parameters have been presented and the most important ones
have been chosen following the design guidelines. The most relevant parameter to compare be-

tween both magnets is the linear heat dissipation q̇ =
ηI2

SCu

reaching 1.17 kW/m on MADMAX.

In the MACQU case, the linear heat dissipation by Joule effect reaches 855 W/m in nominal
conditions, at 20086 A and 2.64 T. It represents 72.8 % of the MADMAX linear heat dissipation1215

and is representative of the high dissipation of the magnet. Moreover, the hydraulic diameter
has been well reproduced (0.34 mm for MACQU and 0.33 mm for MADMAX) thanks to the
established scaling equation 2.1. Finally, the supporting mandrel has been designed for the
study of longitudinal quench propagation only. The G10 epoxy and the stainless steel mandrel,
of a total thickness of 5 mm, allows to neglect the transversal quench diffusion. Preliminary1220

quench studies have also been detailed and it has been shown that the quench behavior of
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the MACQU coil is representative of MADMAX’s one in terms of quench propagation speed.
The goal of MACQU is to measure experimentally the quench propagation speed and assess its
value. Before going into the analysis of the experimental results, the following chapter describes
the MACQU coil quench experimental layout in the JT60-SA Cold Test Facility (CTF).1225
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3 - Description of MACQU coil quench experiment in the

JT60-SA Cold Test Facility

Objectives

� Detail the characteristics of the manufactured MACQU coil

� Describe the instrumentation available for studying the normal zone propagation and the1230

physical phenomena during the MACQU coil quench experiments

� Describe the functioning scheme of the MACQU coil in the Cold Test Facility

3.1. Overview of the MACQU coil final manufactured characteristics

The MACQU coil design used for the quench experiments has been presented in the previous
chapter. As a reminder, the MACQU coil has a CICC conductor made of a copper profile and1235

filled with superfluid helium. Mostly driven by the dissipative heat losses by Joule effect and
the conductor concept, the goal of the design was to specify the desired characteristics of the
MACQU coil to reproduce the quench behavior of MADMAX.

In this section, an overview of the manufactured MACQU coil characteristics is given. Some
of the driving design parameters have been modified due to the manufacturing process [62].1240

During this process, the final dimensions of the conductor, the RRR or the magnetic peak field
have been slightly modified. By presenting the manufactured conductor and the winding of the
solenoid, the modifications from the design are detailed. In a second step, the new performances
of the manufactured magnet are presented. It is shown that the modifications from the design
will decrease the dissipative heat losses by Joule effect by around 40 % at nominal conditions.1245

3.1.1. Description of the manufactured conductor

The manufacturing process of the coil has been carried out by two main manufacturers.
The conductor manufacturing process has been done in China by Chang Tong Inc [63]. The
conductor manufacturing process is composed of the insertion and the compaction process. The
superconducting cable is inserted in the profile and then compacted to ensure good electrical1250

contact between the cable and the copper profile. The superconducting cable, composed of
a multi-stage 3*3*4 cable pattern, is stranded with a twist pitch of 45 mm/85 mm/145 mm.
As the impact of the twist pitch is negligible in DC mode, its definition has been left to the
manufacturer, in accordance with its extensive experience on the ITER project [64]. The
superconducting cable is wrapped in copper tape before insertion, to maintain the cable in its1255

position during the process. After the manufacturing, it has been measured that the copper
wrap has a cross-section of 4.1 mm2. The copper wrap has not been considered in the previous
chapter since the deformation and cross-section reduction of the wrap was not estimable.

During the compaction process, the cross-section of the copper profile is reduced. In a
first approximation, it was assumed that the copper cross-section of the stabilizer was reduced1260

homothetically. The compaction level was estimated to be around 22 %. However, it has
been observed that the compaction level was lower than expected, with Cl = 16.9 %. This
lower compaction level makes that the copper cross-section of the stabilizer is higher than the
designed one. Figure 3.1 shows a picture of the profile after insertion and compaction and shows
that the final external dimensions are 16.0 mm x 13.1 mm, with a conduit diameter of 6.3 mm.1265
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The void fraction has also been measured to 29.8 % by the manufacturer, in good agreement
with the designed value. The total copper cross-section is thus estimated to 198.7 mm2, by
considering the copper inside the superconducting and copper strands (16.2 mm2), the copper
stabilizer (178.4 mm2) and the copper wrap (4.1 mm2). The copper cross-section was then
estimated 8 % smaller than it was manufactured.1270

In addition, the RRR of the copper profile bought on catalog has been measured to 125
after compaction. The RRR was designed to be around 60. The increase of the RRR from 60
to 125, decreases the copper resistivity by a factor 1.5 from 3.9 × 10−10 Ω m to 2.6 × 10−10

Ω m. The cross-section and the RRR increase will thus decrease the linear heat dissipation by

Joule effect q̇ =
ηI2

SCu

by 38 %.1275

Figure 3.1: Profile of the MACQU coil, after insertion and compaction process. The Nb-Ti
strands are in blue, where the copper strands appears in grey. The void is filled with superfluid
helium. The copper wrap can not be differentiated from the stabilizer in this picture.

3.1.2. Description of the manufactured solenoid

Once the conductor is manufactured, the coil has to be wound on the supporting mandrel
and assembled on its supporting structure. This second manufacturing phase was done in
Germany by Noell Bilfinger [65] that worked on various recent project as Edipo [66] and W7X
[67].1280

The geometrical parameters of the solenoid are reminded in table 3.1, with the parameters
of the manufactured solenoid. The internal radius of the coil was set at 130 mm. The inter-
turn distance was designed at 5 mm, composed of two times 0.5 mm thick epoxy tape and
4 mm thick stainless steel mandrel. However, tolerances had to be considered to ease the
manufacturing process, making the longitudinal distance between two consecutive conductor1285

increased to 21.8 mm. This helix step increase reduces the peak field of the coil by 3 mT.

Table 3.1: Geometrical parameters of the designed MACQU solenoid, with the accepted di-
mension range. All lengths are written in mm.

eG10 0.5 0.45 - 0.5
eSS 4 4.0 - 4.15
id 5 5.05 - 5.55
r 130 130 - 130.1
hconductor 15.5 16.0 - 16.1
econductor 12.8 13.1 - 13.2
hturn 20.5 21.5 - 22.1
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To connect the coil to the CTF, the extremities of the conductor have been lengthened, as
it can be seen in figure 3.2. The added lengths are called arms and are respectively 1.89 m
long for the longest side and 0.62 m for the shortest. The arms add approximately 2.5 m to
the total length of the magnet. The coil was finally measured to be 52.9 m long. However, the1290

addition of the arms also slightly modifies the magnetic field map and the inductance of the
coil and thus the performances of the magnet.

Figure 3.2: Picture of the manufactured MACQU coil, wound on a stainless steel mandrel. The
arms can be seen as well as the instrumentation cables.

3.1.3. Performances of the MACQU coil

Inductance measurements have been carried out after the coil manufacturing and indicated
that the inductance of the coil was 0.193 mH. The measured value was in good agreement with1295

the estimated value considered without the arms. It allowed us to obtain a more precise value
of the stored energy being 38.6 kJ.

In addition, the extension of the solenoid by the arms modifies the magnetic field map which
is detailed in chapter 5. Indeed, the addition of the curvature at the exits of the solenoid adds
a small local self-field. This region was already close to the peak field at the center of the1300

coil. Therefore, the contribution of the added self-field is enough to move the peak field at the
extremities. The magnetic field is increased to 2.674 T and 2.643 T respectively to the left side
and right side of the magnet. The 10 % margin on the load line criterion must be estimated
at the peak field position and thus has to be recalculated with the new peak field. The new
magnetic peak field of 2.674 T leads to a new nominal current estimated at 20005 A, compared1305

to the previous 20086 A. With this new current value, at the middle of the magnet where the
quench is initiated, the load line margin becomes 11.1 %.

By combining the decrease of the nominal current and magnetic field to the increase of the
copper cross-section and RRR, all of this provides the final value of the MACQU Joule heat
dissipation of q̇MACQU = 517 W/m. This value must be compared to the minimal linear heat1310

dissipation on MADMAX which is worth 421 W/m. Then, to study MADMAX-representative
quenches, the minimal value of linear heat dissipation must be reproduced on MACQU and
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it is reached for operating conditions at 18.5 kA for 2.432 T, representing a 17 % margin on
the load line. However, the maximum linear heat dissipation of 1.17 kW/m is not possible to
reproduce. The linear heat dissipation of MACQU represents thus 44.6 % of the MADMAX1315

one at nominal conditions. For more details, the main characteristics of the MACQU coil have
been summarized in table 3.2 and compared to the designed ones. These final values are the
reference ones used for the study of the quench behavior in chapter 4 and chapter 5.

Table 3.2: Principal characterictics of the MACQU coil, considered at 10 % margin on the load
line.

Characteristic Symbol Manufactured value Designed value
Nominal current Inom 20005 A 20086 A
Peak field Bmax 2.674 T 2.640 T
Nominal temperature Tnom 1.8 K 1.8 K
RRR RRRMACQU 125 60
Linear heat dissipation q̇ 517 W/m 855 W/m
Measured coil self inductance LMACQU 0.193 mH 0.2 mH
Current sharing temperature Tcs 2.94 K 2.94 K
Critical current density Jc 7642 A/mm2 7671 A/mm2

Operating current density Jop 6565 A/mm2 6592 A/mm2

Stored energy EMACQU 38.6 kJ 40 kJ

Conductor external dimension hconductor × econductor 15.5 mm × 12.8 mm 16.0 mm × 13.1 mm
Coil external dimension L× w 1.22 m × 0.29 m 1.19 m × 0.29 m
Void fraction vf 29.8 % 30 %
Hydraulic diameter Dh 0.34 mm 0.34 mm
Insulation thickness eG10 0.5 mm 0.5 mm
Nb-Ti section SNb−T i 3.047 mm2 3.047 mm2

Cu section SCu 198.7 mm2 183.7 mm2

He section SHe 8.28 mm2 8.28 mm2

Wrapping section SG10 29.1 mm2 29.1 mm2

Strand diameter Dstrands 0.825 mm 0.825 mm
Nb-Ti strand number NNb−T i 12 12
Cu strand number NCu 24 24
Length of the magnet L 52.9 m 50 m

3.2. Instrumentation of the MACQU coil

In order to carry out the quench behavior studies, the magnet has been equipped with a1320

set of electric and cryogenic measuring instrumentation. MACQU is equipped with heaters,
voltage taps, Superconducting Quench Detectors (SQD) and temperature sensors. This instru-
mentation allows having a large range of physical measurements for the quench analysis. The
following section is dedicated to the presentation of the whole instrumentation, starting from
the quench heaters.1325

3.2.1. Heaters for quench initiation

As detailed in section 2.3.1, heaters are used to initiate the quench, by increasing locally
the temperature up to the quench temperature. Several heaters from previous projects were
already available at CEA. The heaters chosen and used on MACQU are four HAP6945 heaters,

52



from MINCO [68]. These heaters are 50.8 mm long and 12.7 mm width. In terms of width,1330

the heaters fit perfectly on the conductor and aligning four of them represents a 203.2 mm
long deposition length. The heaters are installed at the center of the magnet as presented in
figure 3.3.

Figure 3.3: Picture of the heaters on the left and position of the heaters at the center of the
MACQU magnet on the right.

The heaters are glued directly on the bare copper of the stabilizer with Black Stycast
conducting glue [69] and below the insulation of the magnet, in order to have an efficient heat1335

deposition. It will be considered that the Stycast does not affect the heat deposition on the coil.
These heaters are designed by the manufacturer to handle 28 V maximum, with a resistance of
around 40 Ω each. In terms of control, the heaters are managed by a power supply of maximum
150 A and 40 V. The heaters are connected in parallel to not be limited in terms of voltage.
By connecting them in series, and the maximum voltage being 28 V, the maximum current1340

that could be used would be 0.17 A. It would represent a maximum deposition power of only
50 W/m. In parallel, with a resistance measured to 9.7 Ω, the maximum deposition power is
around 400 W/m. The characteristics of the heaters can be found in table 3.3.

Table 3.3: Characteristics of the heaters.

HAP6945 heaters

Length (mm) 50.8
Width (mm) 12.7
Measured resistance (Ω) 9.7
Maximum voltage (V) 28
Maximum power deposition (W/m) 398

Due to the increase of the copper cross-section, the MPZ has been slightly increased, as
it is mostly a heat conduction phenomenon. At the opposite, the MQE is driven by the heat1345

capacity of the superfluid helium at cryogenic temperature. The copper cross-section variation
is negligible in increasing the total heat capacity of the conductor and the RRR has no impact
on the heat capacity. Therefore, the MQE computation is not impacted by the modifications of
the coil during the manufacturing process. Figure 3.4 shows the actualized result of the MPZ
computation for the heater design.1350
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Figure 3.4: Comparison between the designed and the actualized evolution of the MPZ in
function of the current.

By considering the MQE computations, the deposition power of the heaters is largely suffi-
cient to initiate the quench at any current compared to the needed maximum 70W/m. However,
at constant MPZ, due to the cross-section increase, the minimum current for which it is possible
to quench is increased from 4.3 kA to 7.7 kA. As the current range study of MACQU is above
15 kA, using four HAP6945 heaters, with a length of 203 mm, is over-estimated. However, the1355

margin taken on the heaters length is used to study quenches with lower Joule heat dissipation
than on MADMAX, to understand the quench behavior of such a copper CICC on a large Joule
heat dissipation range.

3.2.2. Voltage measurement

3.2.2.1. Voltage measurement on the MACQU coil1360

The goal of MACQU is to study a MADMAX-representative quench behavior at constant
current. During the quench propagation, a resistive voltage appears and grows in the transited
zone. The voltage variation must be measured to study the normal length propagation. The
resistive voltage can be related to the electrical resistance thanks to the Ohm’s law:

U(t)MACQU = Uquench = R(t)quenchI =
η(t)Lq

SCond

I (3.1)

with UMACQU being the measured voltage, equal to the voltage of the quenched part of the1365

magnet Uquench, R the normal resistance, I the current, η the electrical resistivity, Lq the
quenched length, SCond the cross-section of the conductor and the time t.

This voltage variation is detected and followed thanks to voltage taps put all along the
coil. The voltage taps are made of a silver wire spot and a tungstene electrode spot welded
with electrical impulse welding on the bare conductor. They are finally maintained with some1370

Stycast [70]. 11 voltage taps are dispatched in total along the solenoid, evenly distributed. Two
of the 11 voltage taps are placed on each side of the heaters after one solenoid turn, to refine
the center zone in order to have a better measurement precision near the quench initiation
location. Moreover, 6 voltage taps are added for the busbars, making the connection between
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the magnet and the CTF (see section 3.4.1). The position of the voltage taps and the heaters1375

is given in figure 3.5.

Figure 3.5: Position of the voltage taps and the heaters dispatched all along the MACQU
magnet.

MACQU has two different types of voltage measurements, one for data acquisition and
physical analysis and the other for quench protection. Both schemes are presented in the
following.

3.2.2.2. MSS and protection scheme1380

If a quench occurs, the magnet is protected thanks to the protection scheme integrated in
the Magnet Safety System (MSS) which can be seen in figure 3.6. The MSS allows protecting
the coil by opening the circuit and discharging the magnetic stored energy on a dump resistor
during a quench. The MSS ensures the detection by comparing the measured voltage differential
to the time and voltage threshold. The principle of the quench detection can be written as in1385

equation 3.2.

U1 = R1I + L1

dI

dt
(3.2)

U2 = R2I + L2

dI

dt
DUP1 = U1 − αU2 = (R1 − αR2)I

where U1 and U2 are the resistive voltage measurements on the coil, corresponding respectively
to the right arm and L1 and L2 and to L3 and L4 .

Even if MACQU is studied at a constant current, and that inductive voltages are negligible
compared to resistive voltages, the coefficient α is applied so that only the resistive voltage1390

part (R1 − αR2)I can be detected by DUP1. For instance, when any of the two length is
quenched, DUP1 measures the resistive voltage increase and triggers the Fast Discharge if the
resistive voltage is higher than the detection threshold. This detection method is used for the
other DUPs to protect the magnet against a quench. Each electrical section of the coil is thus
protected, including the different parts of the magnet, the terminals and the busbars.1395
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Figure 3.6: Protection scheme of the coil. The different signals, by reaching the 100 mV
threshold during at least 100 ms, can trigger the opening of the breakers to discharge the
current.

Finally, table 3.4 details the voltage range measurement of the different signals, with the
minimum voltage threshold, associated respectively to the time detection threshold. Note that
the detection time threshold for the DUP and DTOT is easily editable, to let the quench
propagate in the magnet during an editable time.

Table 3.4: Characteristics of the protection scheme.

Measurement range (+/- V) Voltage threshold (mV) Detection treshold range (ms)
DUP1 10 50 to 100 100 to 4000
DUP2 10 50 to 100 100 to 4000
DUP3 10 50 to 100 100 to 4000
DTOT 1 50 to 100 100 to 7000
RUTH 0.1 5 10

3.2.2.3. Acquisition scheme1400

The acquisition scheme is used for data analysis and allows measurement with a frequency
of 10 kHz. The acquisition scheme can be seen in figure 3.7. The magnet is subdivided in
different lengths (named as L1 to L6 in the scheme). The multi-channel acquisition scheme
takes thus into account every part of the magnet and allows to precisely follow the quench
propagation.1405

Figure 3.7: Acquisition scheme of the MACQU coil. The different measuring lengths are
identified, with the associated signal name.
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All the lengths and measurement ranges are summarized in table 3.5. To have a symmetrical
distribution of the voltage taps, the L3 and L4 lengths corresponds to 10 turns of the solenoid
while the rest are for 9 turns. The missing two turns to complete the 58 turns of the coil
are measured with the MES1 signal to have a high precision measurement near the quench
initiation location.1410

Table 3.5: Characteristics of the acquisition lengths.

Measurement range (+/- V) Length (m)
L1 5 7.80
L2 5 7.82
L3 5 8.70
L4 5 8.73
L5 5 7.86
L6 5 7.87
MES1 1 2×0.87
MTOT 160 50.5
RUT1, RUT2 5 0.38, 1.64

Equation 3.1 presented earlier correlates directly the measured voltage to the quenched
length. By knowing the electrical resistivity and the conductor section, the quenched length
can be directly computed. Then, the quench propagation can be followed and the quench
propagation speed deduced from the calculation. However, as the electrical resistivity strongly
increases with the temperature of the conductor, the temperature variation of the quenched zone1415

must be known accurately. Another method to measure the quench propagation speed could
be to observe the consecutive transition of two following zones of the magnet. By identifying
the initiation of the quench in each region, it is possible to precisely estimate the mean quench
propagation speed in each zone. This method allows to not consider the temperature evolution
of the zone, as the length of the different zones is well-known and the initiation time can be1420

precisely measured.

The following section will introduce the SQDs that will provide a third method for the
quench propagation following.

3.2.3. Superconducting Quench Detectors (SQD)

The SQD are thin superconducting wires co-wound with the solenoid. The role of the SQD1425

is to accurately measure the transited length of the coil. When the coil transits, the dissipative
heat losses by Joule effect will heat the magnet up. When the coil will reach 9 K, being the
critical temperature of the SQD, the SQD will also transit. Thanks to a very small RRR
measured to 1.12, the high electrical resistance of the SQD can be precisely measured as it
is weakly impacted by the temperature or the magnetic field. The quenched length can be1430

calculated with the following equation 3.3:

Lq = uSQD

LSQD

RSQD,9KISQD

(3.3)

with Lq being the normal length, uSQD the measured voltage of the SQD, RSQD,9 K the electrical
resistance of the SQD before the transition at around 9 K and being respectively 212.6 Ω±0.5Ω
and 209.0 Ω±0.5Ω for the right and left side and ISQD the current used for the SQD measure-
ment.1435

57



The combination of the high resistance with the critical temperature higher than the
MACQU one makes the SQD a precise indicator of the transition of a zone of the magnet. The
SQD technology have already been proven on other projects such as Atlas [71] or R3B [72].

Figure 3.8 shows the SQD wound around MACQU. The SQD have a bifilar lay-out to
minimize any inductive voltage perturbation on the measurement. For redundancy, 3 SQDs1440

have been placed on each side of the magnet.

Figure 3.8: Picture of the SQDs wound around MACQU, placed between 2 insulations layers.

To follow the quench propagation along all the magnet, the SQD are not perfectly symmetric
compared to the heaters placed at the middle of the magnet. As it can be seen in figure 3.9,
one SQD goes under the heaters while the other stops just before the heaters. In that way it
is possible to follow the quench propagation since the very beginning, by detecting the voltage1445

variation due to the energy deposition of the heaters on the magnet and on the SQD.

Figure 3.9: Scheme of the SQD on the solenoid, in the cryostat. The SQD are not symmetrical
to detect more precisely the quench initiation during the energy deposition of the heaters.

To measure the voltage variation, the SQD must be electrically supplied but also insulated
from the coil. Therefore, the SQD is wound around the magnet between 2 insulation layers and
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supplied with a small current of 100 mA. The linear resistivity of the SQD is 4.44 Ω/m and
thus represents a voltage of around 22.2 V for 50 m long. Due to its low RRR, the temperature1450

increase of the coil increases the measured voltage by around 0.1 V every 10 K. If the whole
magnet is at 100 K, which is a very pessimistic hypothesis, the voltage variation due to the
temperature increase will then generate an increase of around 4.5 % on the measured voltage.
In this conditions, the direct correlation between the normal length of the magnet and the
measured voltage seems very accurate with a sensitivity of 5 %.1455

Finally, it is important to notice that the SQDs has no impact on the quench propagation.
Indeed, when transiting due to a quench, the SQD will dissipate heat due to Joule effect.
Nevertheless, due to its very low current compared to the one inside the magnet, the dissipated

heat by Joule effect is only of q̇SQD =
ηSQD

RRRSQD

I2SQD = 40 mW/m, with ηSQD being the SQD

resistance at 20 °C. As a reminder, the dissipated loss by Joule effect is 517 W/m on MACQU,1460

making the SQD one totally negligible. Therefore, in the following, it will be considered that
the quench propagation speed is only driven by the quench of the coil and not by the SQD one.
All the SQDs characteristics are summarized in table 3.6.

Table 3.6: Characteristics of the SQD.

Diameter (mm) 0.3
Resistance @ 20°C (Ω/m) 4.44
Measured RRR 1.12
Material Nb-Ti with Cu-Ni matrix

The quench following, thanks to the SQD, allows then having a third method for a precise
measurement of the quench propagation speed.1465

3.2.4. Temperature measurement

The temperature measurements are carried out by Cernox® 1050 temperature sensors, of
CX-SD [73] type. Figure 3.10 shows the rectangular temperature sensor, being 2 mm large
and 1 mm thick. The CX-SD have a wide operating temperature range, from 1.4 K to 500 K.
This sensor have a high resolution below 30 K, with an accuracy of ± 5 mK at 5 K, thanks1470

to its high resistance variation at low temperature. Particularly used for flat surfaces, their
adherence make them very simple to install on any surface and totally appropriate for our
cryogenic environment.

Figure 3.10: Position of the voltage taps, heaters and temperature sensors dispatched all along
the MACQU magnet.
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The temperature sensors are dispatched all along MACQU and also placed on the arms,
as it can be seen in figure 3.11. The arms are thermally decoupled from the mandrel (see1475

section 3.3), compared to the solenoid. It is then interesting to compare the thermal behavior
of the arms to the magnet itself and six temperature sensors are used for that. In addition, the
sensor TE9810 has been placed at the center of the magnet to measure the hot-spot during a
quench. The sensors TE9844 and TE9841, placed respectively after 10 turns and 29 turns on
the right side of the magnet, will allow to study the thermal profile of the magnet.1480

Figure 3.11: Position of the voltage taps, heaters and temperature sensors dispatched all along
the MACQU magnet.

To have an accurate measurement, a good thermal contact between the sensor and the
magnet is necessary, as well as a minimization of the heat loads arriving on the sensor. The
combination of both ensures that the temperature of the sensor and of the magnet are locally
the same and allow measuring an accurate temperature. To ensure the accuracy of the mea-
surement, the thermal heat loads arriving on the sensors should be reduced. To do so, Multi1485

Layer Insulation (MLI) foil is used to cover the sensors to act as a radiation shield. In addition,
the wires are thermalized at the fluid temperature directly on the magnet and on the helium
tubes reducing the conductive heat loads. Figure 3.12 shows two temperature sensors (TE9844
and TE9810) protected by the MLI and an aluminum tape, with the wires thermalized first on
the magnet at 1.8 K, and then joined in a bundle on the top of the magnet to ensure a good1490

thermalization. The wires were also thermalized at 5 K and 80 K to reduce the heat loads
coming on the 1.8 K bath (not visible in the figure).

Figure 3.12: Picture of the thermalization of the TE9810 and TE9844 temperature sensors.
Most of the cables and the sensors are hidden under the MLI and the aluminum tape.

In addition, to improve the thermal contact between the sensors and the conductor, an
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Apiezon grease mixed with copper powder has been used to stick the sensors. However, these
CX-SD sensors were installed directly on the insulation of the magnet. Having a thin G10 epoxy1495

tape between the sensor and the conductor induces a diffusion time between the conductor and
the sensor, due to the induced thermal gradient inside the insulation. This thermal gradient
can then reduce the accuracy of the measurement. To estimate the thermal gradient, a simple
model can be developed based on following equation 3.4.

d(Ccond(T )Tcond(t))

dt
= −

λins(T )

econd

Tcond(t)− TG10(t)

eins
+

ηCu(T,B)I2

SCuScond

d(CG10(T )TG10(t))

dt
= −

λins(T )

econd

TG10(t)− Tcond(t)

eins

(3.4)

with C being the volumetric heat capacity, T the temperature, λ the heat conductivity, e the1500

thickness, η the electrical resistivity, I the current, S the cross-section, and t the time index.
The cond, G10 and ins indices stand respectively for conductor, G10 epoxy and insulation.

A pessimistic scenario is considered, where the conductor is at Tcs = 2.98 K, with nominal
conditions of 20005 A and 2.63 T, while the insulation is at 1.8 K. The comparison between
the temperature evolution of each component, with the delay that it generates, can be seen in1505

figure 3.13.

Figure 3.13: Temperature evolution of the conductor and the insulation, and temperature
evolution of the delay between the conductor and the insulation.

Note that in the previous computation, the gradient induced by the grease is not considered,
as filled with copper powder and being a very thin layer. As it can be seen, the diffusion time is
around 25 ms at 3 K but quickly increases to 0.4 s at 10 K, and higher for higher temperature.
However, this delay is obtained for a conservative case, and the delay is considered as acceptable.1510

To fit with the voltage measurements in further chapters, the temperature measurements will
probably have to be replaced by considering this delay.

3.3. Cooling concept of the MACQU experiment

After having presented the instrumentation of the coil itself, the cooling concept of the
MACQU experiment is detailed in this section. In fact, contrary to usual cooling concepts with1515

superfluid helium, MACQU is tested in a vacuum environment and there is no bath directly
around the magnet. The only fluid is the helium inside the CICC conduit. Such a small
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helium cross-section has a very low thermal extraction power, estimated at 45 mW, according
to equation 1.27. The least heat load arriving on the magnet can thus make its temperature
increase in an important way. Then, each heat load must be carefully studied and reduced as1520

much as possible. As the magnet is tested in a vacuum environment, the heat loads arriving
on the magnet can be radiative from the cryostat or conductive from the supporting structure
of the coil. To reduce the radiative heat loads, MLI and a 4 K thermal shield is installed, and
its design is detailed in the following section. Moreover, the conductive heat loads is reduced
by carefully designing the supporting structure of the experiment. Therefore, a specifically1525

designed cooling concept is used and its design is presented in this section.

3.3.1. Cooling of the MACQU coil

MACQU is cooled down thanks to the superfluid helium inside the CICC conduit. His-
torically, the JT60-SA CTF had been used for the study of the quench propagation of the
18 JT60-SA superconducting coils [74]. It was designed to supply the coils with supercritical1530

helium for which nominal conditions are 5 K and 15 bar. Therefore, the JT60-SA CTF was
upgraded in order to supply MACQU in superfluid helium. The superfluid helium for our ap-
plication would be at 1.8 K and 1 bar. The existing cryogenic systems was transformed and
adapted to produce it.

The method to produce superfluid helium is to use a Claudet bath and a detailed explanation1535

of the functioning has been given in Appendix B. An existing Claudet bath called TH0, used for
the ISEULT experiment [32], has been retrieved and adapted for MACQU. However, in usual
superfluid helium bath concepts, the Claudet bath can be found in the valve box of the test
facility, and supplies directly the magnet. In the JT60-SA case, the valve box is full and TH0
can not be integrated in. It has thus been decided to place TH0 directly inside the cryostat.1540

The helium tank inside the valve box (see section 3.4.2) supplies TH0 with 4.2 K and 1 bar
liquid helium. However, placing TH0 inside the cryostat asks for a special sealed valve to control
the opening of the lambda plate, as TH0 is in vacuum environment at cryogenic temperature.
Therefore, an immersed on-off valve has been added on TH0 to control it even from inside the
vacuum of the cryostat, as it can be seen in figure 3.14.1545

Figure 3.14: Picture of TH0 in the cryostat. All the different circuits are detailed, as the valve
controlling circuit, the pipe between the helium tank and TH0, the link with the JT valve and
the exit. With the courtesy of Théophile Pontarollo for the picture.
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The on-off valve is controlled with a pair of pressurized and vacuum tanks outside of the
cryostat, to open and close the tap of the lambda plate. In addition, a pumping group was
added to pump the saturated superfluid bath of TH0. The pumping group controls both the
helium gas flow and the pressure of the saturated superfluid bath. With a gauge going from 0
to 100 %, it is possible to control the speed of the group, that controls both the pressure and1550

temperature of the saturated bath, and so the temperature of the pressurized superfluid bath.

The Claudet-bath TH0, the saturated superfluid helium pumping group with the associated
tubes and the immersed valve with the controlling tanks have been retrieved from previous
projects done at CEA, particularly ISEULT [75]. Figure 3.15 shows the immersed valve con-
trolling tanks and the pumping group of the saturated superfluid helium. The tube going from1555

the pumping group to inside the cryostat can also be seen on the top of it.

Figure 3.15: Picture of the pressurized and vacuum tank on the left and picture of the pumping
group on the right.

3.3.2. Cooling of the supporting mandrel

As explained, the thermal extracting power from the center of the magnet to the exits is
only of 45 mW. With such a small extraction power, reaching 1.8 K at the center of the magnet
would need around 25 days. To help on the cooling down process, two tubes, welded with the1560

mandrel and also filled with superfluid helium have been added. The internal diameter of the
tubes is 38.4 mm, representing a possible extraction power of 10 W for each tube. Figure 3.16
shows the mandrel tubes on the left and right sides which are in dead end. The tubes at
the middle were supposed to be filled with supercritical helium to accelerate the cooling down
process. It was noticed that below 2 K, the heat load brought by these tubes was too important1565

and counter-productive for the cooling of the coil, as the circulating helium was around 5 K.
These tubes were thus finally not used.
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Figure 3.16: Picture of the mandrel tubes filled with the superfluid helium, on the left and
right sides. The tubes are installed to help the center of the magnet to cool down. With the
courtesy of Théophile Pontarollo for the picture.

The superfluid tubes of the mandrel act as thermal exchangers on each side of the magnet.
The thermal diffusion time can be estimated to 66 s in the 30 mm thick mandrel, thanks to
equation 3.5, obtained from the 1-D heat equation.1570

ρCp

∆t
=

λ

∆x2
⇐⇒ ∆t =

ρCp∆x2

λ
(3.5)

with ρ being the density of the material, Cp the specific heat, λ the thermal conductivity and
∆t and ∆x being respectively the characteristic time and characteristic length.

For slow phenomenon like the cooling-down of the magnet, that takes a few days, the
diffusion time is low enough to allow these tubes highly contribute to the cooling down. At the
opposite, the diffusion time is important enough to not affect the quench behavior, that should1575

last around 5 s.

In theory, the tubes were supposed to be welded all along the mandrel length. For manu-
facturing constraints, the welding on such length was not possible. Therefore, to improve the
quality of the heat exchange between the tubes and the mandrel, thin aluminum foils were
glued with copper powder charged DP 190 epoxy. The RRR of the aluminum foils is around1580

20000, and more information on the process can be found in [70]. A picture of the thin foils
glued on the mandrel can be found in figure 3.17.
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Figure 3.17: Picture of the thin aluminum foils glued inside the mandrel to improve the thermal
contact between the tubes and the magnet. With the courtesy of Théophile Pontarollo for the
picture.

3.3.3. Cooling of the thermal shield

To follow the strategy of reducing as much as possible the thermal loads, a 5 K thermal
shield surrounds MACQU. The shield is a rectangular cuboid, made of 3 mm thick Al-10501585

aluminum plates, that allies mechanical properties and a good thermal conductivity. The goal
of the thermal shield is to reduce the radiative heat flux arriving on the magnet from the 80 K.
By considering the Stefan-Boltzmann law with a form factor of 1, the maximum radiative heat
flux φR is estimated at φR = ϵσ(T 4

cryostat − T 4
magnet) × Aexternal = 2.6 W, with σ being the

Stefan-Boltzman constant, Tcryostat is the temperature of the cryostat (80 K), Tmagnet is the1590

temperature of the magnet (1.8 K) and Aexternal is the external area of the solenoid, being
πw×L = 1.12 m2. The radiative heat flux can be decreased by anchoring the thermal shield to
a lower temperature than 80 K. The thermal shield has thus been thermalized with the already
existing supercritical helium circuit, at around 5 K, with a back and forth circuit. To improve
the homogeneity of the temperature of the shield, the thermal contact between the shield and1595

the pipes has been improved with aluminum loaded resin, as shows figure 3.18.

Figure 3.18: Picture of improved thermal contact between the tubes and the shield, all along
the shield length.
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Moreover, 10 MLI layers have been used to reduce the emissivity of the shield, estimated at
0.1 after the process. Thanks to all the adaptations, the radiative heat flux is estimated to be
reduced to around 0.13 mW [61]. Figure 3.19 shows the thermal shield, with the MLI starting
to be laid on it.1600

Figure 3.19: Picture of the thermal shield, at the beginning of the MLI laying. The front face
of the shield allows to hydraulically and electrically supply the magnet. At the back, the back
and forth cooling tubes can be seen.

3.3.4. Cooling of the supporting structure

Finally, still by having in mind the low thermal budget of the magnet, the supporting struc-
ture for the experiment had to be designed. One goal of the structure is to reduce the conductive

heat flux reaching the magnet, defined in its most simple form as ϕcond = −λstructureSexchange

∂T

∂x
,

where λstructure is the thermal conductivity of the structure and Sexchange is the conductive ex-1605

change surface. To do so, the thermal length between 300 K and 1.8 K must be maximized.
Therefore, three different supporting structures, thermalized at three different temperatures
and thermally insulated from each other with 20 mm thick G10 pads, have been designed.
The supporting structure is composed of 80x80 mm2 stainless steel hollow rectangular shape
cylinders, with 3 mm thickness, to minimize the heat exchange section. Figure 3.20 shows a1610

CAD draft of the three different structures: the pink one, the dark blue one and the light blue
one.

Figure 3.20: CAD draft of MACQU inside its supporting structure, under vacuum. The thermal
shield, surrounding the solenoid, is not represented in the figure.
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The pink structure lies on the testing frame of the cryostat, insulated from the 300 K vacuum
vessel with G10 pads. To reduce the heat loads arriving from the 300 K, the pink structure is
thermalized at 80 K thanks to LN2 circulation pipes that are welded on the first stage. The1615

LN2 circuit is also used to cool-down the thermal shield of the cryostat. The distance between
the testing frame and the thermalization is 230 mm. The second structure is the dark blue
structure, placed on the pink one and insulated from it with G10 pads. This dark blue structure
is thermalized at 5 K with forced-flow supercritical helium. The dark blue structure is 600 mm
high. From the dark blue structure, four M8 and 50 cm long tie rods, made of stainless steel,1620

hang on MACQU with the light blue structure. Small holes are drilled in the thermal shield
as the rods go through it. Finally, the light blue structure supports MACQU by the mandrel,
thermalized at 1.8 K. With these different structures, it is estimated that the thermal heat
loads arriving on MACQU by heat conduction are around 0.2 mW [61].

Figure 3.21: Picture of the supporting structure and the thermal shield on the testing frame
inside the cryostat. TH0 can be seen in the forefront.

All the cooling circuits are punctually welded on the structure. A highly conductive copper1625

braid or a copper charged glue have been added in the gaps to improve the thermalization.
Thanks to all the presented improvement and thermalizations, the temperature on the magnet
could have been reduced from 1.95 K to 1.70 K in the best cases between the first commissioning
phase and the nominal quench campaign.

3.4. The MACQU coil quench experiment in the JT60-SA Cold Test Facility1630

After describing the cooling concept of the structure, a more global view of the test facility
is presented. To reach the working nominal conditions, the coil must be hydraulically and
electrically supplied. The valve box is the key component of the facility that supplies the
coil both electrically and hydraulically inside the cryostat. In a first step, the connections
between the cryostat and the coil, and the technical solutions to do so are presented. Two1635

main components allow connecting electrically the coil to the facility: the W7X connection
boxes and the busbars. Their functioning and design are detailed in this section. In order to
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give a more global view of the functioning of the facility, the hydraulic scheme of the facility
is also presented. Finally, by detailing the functioning of the 25.7 kA power supply and the
fast discharge, handled by the MSS already described higher, a brief description of the electric1640

scheme of the facility will also be done.

3.4.1. Electric supply of the MACQU coil

The MACQU coil has to be electrically connected to the CTF. To do so, two main compo-
nents have been designed and added to the cryostat, i.e. the W7X connection boxes and the
busbars. The W7X boxes are placed at the end of the arms of the coil and allow to decouple1645

the hydraulic and electric circuit of the CICC conductor. Clamped to the boxes on one side,
the busbars are clamped on the other side to the current feeders of the CTF. That way, the
electrical continuity is ensured and the coil is electrically supplied. The design of both is shown
in this section, starting with the W7X boxes.

3.4.1.1. W7X connection boxes1650

The W7X boxes, also called terminals, are used to decouple the hydraulic and electrical
circuits of the coil. Their design is described in [76]. However, their design has been adapted
for the MADMAX project. In fact, at the end of the arms, the CICC is inserted in the W7X
box. A connector is brazed to ensure the sealing at the interface of the CICC and the box. The
boxes are filled with superfluid helium arriving from TH0 and will fill MACQU too. The cable1655

from the CICC is untwisted in 1st stage bundles and indium-brazed in small grooves to the
copper sole of the boxes. The current comes through the copper sole into the untwisted cable,
as the outer face of the boxes is clamped with the busbars. The decoupling of the electrical
and hydraulic circuits is thus done.

To maintain the bundles in their position, a small copper cover has been added to the1660

bundles and welded, as can be seen in figure 3.22. Instead of the added copper cover, with the
first design of the boxes, the top of the box was used to press the bundles to maintain them in
their position. The pressing piece has been removed to fill the boxes with superfluid helium,
in order to increase the performance in terms of critical temperature and the stability of the
boxes.1665

Figure 3.22: Picture of the cable soldered at the bottom of the W7X box and maintained in its
position thanks to the small copper piece.
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Figure 3.23 shows the location of the boxes. The busbars and the tubes containing the
superfluid helium can be clearly seen arriving from different paths to the boxes. Note that the
G10 plate that can be seen was removed in the final configuration.

Figure 3.23: Picture of the W7X boxes, covered with a Kapton foil in case of electrical shortcut.
The pictures shows the decoupling of the hydraulic and electric circuits.

3.4.1.2. LNCMI busbars

The electrical connection between the boxes and the CTF is ensured by superconducting1670

busbars manufactured with the LNCMI project conductor [29]. This conductor is a Rutherford
cable brazed in a copper profile having in the MACQU experiment no active cooling. These
busbars are clamped on the coil side to the W7X boxes by a copper plate. On the other side,
the busbars are clamped with the terminals of the CTF superconducting feeders, which are
CICC cables actively cooled with a supercritical helium 2 g/s forced flow. The busbars are1675

then in a vacuum environment and mechanically maintained by the clamps on each side.
When crossing the copper plate that connects the busbars and the box, as the copper is

resistive, a small loss by Joule effect happens locally. The resistance of the boxes has been
measured to 6.3 nΩ. At 20000 A, 2.5 W are dissipated per connection box. To ensure good
electrical contact on the different clamps, indium filaments have been used. By improving1680

the electrical contact, the local electrical resistivity can be reduced, and then the heat losses
generated by Joule effect. Figure 3.24 shows the connection done between the terminals of the
feeders and the busbars.

However, several parameters should be taken into account concerning the choice of the
busbars. On the CTF side, the busbar is clamped to the terminal of the feeders and thermalized1685

at 5 K. On the coil side, the busbars are connected to the connection boxes that are filled with
superfluid helium, thus thermalizing the busbars at the superfluid helium bath temperature.
The LNCMI busbars are in a vacuum environment and there is no active cooling. Therefore,
to not exceed the thermal budget of the magnet at 1.8 K, the radiative and conductive heat
fluxes must be carefully studied and can be found in [61]. There is a competition between the1690

length of the busbars, which would reduce the conductive heat loads arriving on the magnet
with the length increase, and the heat exchange surface increase due to the lengthening of the
busbars, making the radiative heat loads larger. The thermal budget is calculated at 0.5 W per
busbar to stay at 1.8 K in the helium of the connection boxes. A compromise has been found
with a length of 2.5 m, limiting the thermal loads to 0.26 W per busbar and matching with1695

our requirements. To reach this value, MLI has been added around the busbars to reduce the
radiative heat loads from the 80 K thermal shield of the cryostat.
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Figure 3.24: Picture of the connection between one busbar to a feeder terminal. The connection
is done by clamping and indium filaments are added to improve the electrical contact.

However, the electromagnetic load line margin of the busbars must also be taken into ac-
count. Indeed, the electrical margin of the busbar has to be at least as high as the MACQU one,
and the copper cross-section important enough to maintain the hot-spot temperature in the1700

case of a quench of the busbars below 100 K. In working conditions, the busbars are estimated
to be at around 6 K. The hot-spot temperature is computed at 41 K at 2 T. The hot-spot
temperature value is estimated for a detection time of 1 s. Such a detection time is a quite
pessimistic case, as the usual detection criterion for the busbars is 100 ms. Figure 3.25 shows
the integration of the busbars in the cryostat with the electrical link between the CTF and the1705

coil.

Figure 3.25: Picture of the busbars in the cryostat, connecting MACQU to the CTF. The
superconducting feeders can be seen on the left, with the clamping system to attach them to
the busbars.

3.4.2. Hydraulic functioning of the CTF

The JT60-SA CTF is equipped with several cryogenic circuits to supply all the components
and reach the nominal temperature conditions. The goal of this section is to present simply
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the existing different circuits that allow to supply, thermalize and cool down the components1710

inside the cryostat during the experiment. Three main circuits can be identified on the CTF
side, the 80 K LN2 circuit, the 5 K supercritical helium forced-flow circuit and the 4.2 K liquid
helium circuit coming from the helium tank inside the valve box.

As explained earlier, the cryostat has thermal shields cooled at 80 K by the LN2 circuit and
surrounded by MLI. The coil is tested in vacuum conditions to avoid convective exchanges with1715

the 80 K thermal shields. The vacuum system allows to reach 10−5 mbar inside the cryostat [77].
In such conditions, the coil can be considered thermally insulated from the thermal shield of
the CTF.

During the cooling down process of the coil, the helium refrigerator composed of a com-
pressor, an oil removal system and a cold box, starts cooling the helium from 300 K to around1720

4.5 K. The refrigerator has a maximal refrigerating power of 500 W at 5 K. The refrigerator is
linked to the valve box thanks to a cryoline and supplies the whole system inside the cryostat.
From there, the helium can be pressurized at 15 bar in supercritical state at around 5 K or
at 1 bar and in liquid state at 4.2 K. Figure 3.26 shows the hydraulic but also the electrical
circuits to supply the experiment. In general, the blue lines are for hydraulic circuits only,1725

the orange for electrical circuits only and green for both in a CICC. Finally, the hatched lines
are for forced-flow convection (supercritical helium) while the regular ones are for static or
laminar flows (superfluid or liquid helium). The 4.2 K and 1 bar circuit, that comes directly
from the helium tank inside the valve box, supplies TH0 that creates superfluid helium. The
superfluid helium will then fill the mandrel and the magnet through the connection boxes. The1730

supercritical circuit cools the supporting structure and the thermal shield of the coil, but also
the superconducting feeders.

Figure 3.26: Hydraulic and electrical circuit of the experiment, inside the cryostat. The orange
lines are only electrical circuits, where blue lines are only hydraulic circuits. The green lines
are both, being a CICC. The hatched lines represent a forced-flow convection circuit where the
full lines are represented for static or laminar helium flows.

3.4.3. Electric scheme of the CTF

Finally, the electric scheme is briefly presented in this section. The goal of this section is
to introduce the functioning of the power supply and the fast discharge. As can be seen in1735

figure 3.27, the power supply feeds the coil through copper busbars and water-cooled cables,
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before reaching the cryostat. The DCCT measures accurately the current going through the
coil. While the coil is electrically supplied, the MSS measures the resistive voltage of the
superconducting coil and compares it to the discharge threshold of 100 mV during at least
100 ms. If the measured resistive voltage reaches the discharge threshold, the MSS opens the1740

main breaker (CP) and cuts the connection to the power supply. The magnetic stored energy
is then discharged in the dump resistance of the power supply (RD) which resistance is 6.2 mΩ.

The discharge time can be estimated by τdischarge =
LMACQU

RD
= 31 ms. Compared to several

seconds of propagation, a characteristic time discharge of 31 ms is totally negligible. Then, for
all the following calculations and analysis of the measurements, the discharge phase will not be1745

studied and is considered instantaneous.

Figure 3.27: Protection scheme of the coil. The different signals, by reaching the 100 mV
threshold during at least 100 ms, can open the breakers to discharge the current.

Conclusions

This chapter presented an overview of the MACQU magnet. Due to manufacturing or
integration constraints, some changes have been done on MACQU from the initial design.
Between the main differences, we can find the final dimensions of the coil or the RRR. The new1750

characteristics of the coil have been summarized in table 3.2. Due to the modifications, the
new nominal linear heat dissipation of MACQU is 517 W/m for a nominal current of 20005 A
and a 2.674 T peak field. It represents 44.6 % of the MADMAX linear heat dissipation.
The instrumentation used on the magnet has also been detailed, by presenting the voltage
measurements, the protection and acquisition scheme handled by the MSS, the SQD and the1755

temperature measurements. The instrumentation has been installed and designed to perform an
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accurate measurement. All these instruments will allow to investigate the quench propagation,
in order to analyze the experimental data in the next chapter. In a second phase, the cooling
concept of the coil and of its supporting frame has been presented. To be able to cool-down
MACQU to the nominal conditions, the thermal heat loads arriving on the magnet have been1760

carefully studied and the design of the supporting frame derives directly from it. Finally, a
more global view of the CTF has been given. The design of the connection boxes and of the
busbars has been presented to ensure the electrical connection between the coil and the CTF.
The hydraulic diagram was detailed to present the hydraulic circuits and supplying of the coil
but also the mandrel, the thermal shield, TH0 and the feeders. The electric scheme finally1765

allowed to detail the functioning of the power supply and the fast discharge controlled by the
MSS. The functioning of the power supply showed that the fast discharge time was negligible
and that should not be considered for the next studies. The next chapter is dedicated to
the experimental analysis of the quench tests of the MACQU coil. The experimental quench
protocol is detailed in a first part and the instrumentation presented in this section is used to1770

analyze the quench propagation and determine the different quench dynamics.
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4 - Analysis of the experimental results of the MACQU

coil quench tests

Objectives

� Explain the experimental protocol of performing a quench test1775

� Highlight the different dynamics during the quench propagation in the MACQU coil

� Study the impact of different experimental parameters on the quench behavior

4.1. Experimental protocol of the quench study for the MACQU coil

After going through the description of the characteristics of the coil, the description of the
instrumentation and the electrical and cryogenic functioning of the whole MACQU experiment,1780

this chapter is dedicated to the analysis of the experimental results obtained during the quench
tests of the MACQU coil. The main steps of the quench protocol are presented in this section.
An example of a typical quench is studied, detailing step-by-step each phase of the quench
protocol. For this example, the quench study is carried out at 15 kA. The first phase is the
current ramp-up, that can be divided into two slopes depending on the desired current for1785

the quench study. Once the current has reached the desired nominal value, thermal steady-
state must be obtained before performing heat depositions to initiate the quench. These heat
depositions are performed thanks to the heaters and the goal is to progressively increase the
deposited energy until initiating the quench. Once the quench is initiated, the first objective
is to benchmark the safety of the detection system design, by verifying the system ability to1790

detect the quench. The other objective is to study the quench behavior, by letting the quench
propagate during a fixed time. Finally, the fast discharge is triggered and will decrease the
current with a time constant of 31 ms. More details are explained step by step in the following
sections.

4.1.1. Current ramp-up and thermal steady-state1795

The first step of the experimental protocol is to reach the nominal current. As it can be seen
in figure 4.1, the current ramp-up has been divided into two different phases: a first phase at
20 A/s until 14 kA, and a second phase at 6 A/s until 15 kA. The goal of limiting the current

ramp-up is to limit the losses generated by the current variation, proportional to ∝ B
dB

dt
.

Despite this, the temperature increases by 0.1 K on the Claudet bath and on the magnet.1800

After the current ramp-up, one has to wait for the thermal steady-state, with the current
at constant value. The heat dissipated during the ramp-up must be thus extracted and the
temperature sensors thermally stabilize after a small increase. The center of the magnet lasts the
longest to recover, as it is the furthest from the cold source, with the lowest extracting capacity.
When a quench is initiated, the TE9810 temperature sensor is the reference temperature to1805

estimate the time to reach the steady-state after the heat dissipation.
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Figure 4.1: Current ramp-up in function of the time inside the MACQU magnet. The temper-
ature evolution of the Claudet Bath, in blue, is plotted, in comparison with the temperature
at the middle of the magnet, in orange. The temperature TE9810 is chosen because it is the
furthest temperature sensor from the cold source and close to where the quench is initiated.

The temperature increase can be explained by two hypothesis, without being able to dis-
criminate which one is the preponderant one. On one side, even with a reduced current slope,
the losses generated by the variable current are not null and can create enough energy depo-
sition to increase the temperature. On the other side, the resistive copper plate connecting1810

the W7X boxes to the busbars, which has been measured to 6.3 nΩ [61], generates dissipative
heat losses by Joule effect. However, trying to maintain constant thermal conditions before
the ramp-up, and then maintain a constant extraction capacity of the Claudet bath, it has
been decided to regulate the helium pumping group on a 80 % filling level of the saturated
superfluid bath. Therefore, with increasing losses but with a constant extraction power, the1815

temperature of the Claudet bath and of the magnet must increase since the beginning of the
ramp-up. Finally, it can also be seen that the temperature difference between the bath and
the magnet is also increased. Indeed, due to the very small superfluid helium cross-section
(SHe = 8.28 mm2) inside the conduit, the extraction power of the helium in the coil is limited.
At the opposite, the extraction power of the Claudet bath is more important and a thermal1820

gradient exists between the magnet and the Claudet bath.

4.1.2. Quench initiation

After the thermal recovery of the steady-state, the heat pulses can be performed to quench
MACQU. We start the heat pulses with a lower value than the computed MQE, and increase
them step-by-step until the quench initiation, in order to measure the MQE. Moreover, with1825

more energy deposition than necessary, the quench would be accelerated and the measured
quench propagation speed over-estimated. The goal is also to measure a representative quench
propagation speed. In addition, the safety of the quench detection system would be ensured,
as an over-estimated quench propagation speed could distort the detection ability.

Therefore, for the same energy deposition, a compromise must be found between the depo-1830

sition time and the deposition power. With a deposition time too long, the initial quenched
length would increase by heat diffusion, and would over-estimate the initial quench propaga-

76



tion speed. The quench propagation speed would also be over-estimated with too much power
deposition, as the temperature would increase much higher than only Tcs. It has been thus
decided that the heaters’ power supply should deliver 0.7 A (4.75 W) or 1 A (9.7 W), during1835

a time included between 1 s and 3 s. The deposited energy is comprised between 5 J and 30 J.
In order to have a precise measurement, the deposition time is increased with a time step of
0.1 s until the magnet quench. For this quench, the first deposition time was of 2.40 s with a
0.7 A current, corresponding to a deposition of 11.4 J.

Figure 4.2: After a thermal recovery time, heat pulses are done and the third pulse (4.75 W
during 2.6 s) makes MACQU quench.

As it can be seen in figure 4.2, the temperature measured by the TE9810 temperature1840

sensor increases by 0.51 K with the first pulse and by 0.53 K with the second one. The
TE9844 temperature sensor, placed at 9 m from the TE9810, measures a temperature increase
of respectively 90 mK and 100 mK, when all other temperature sensors show no temperature
increase.

During the two first heat pulses, the magnet does not quench and no variation of the1845

measured voltage can be seen. However, the heat pulses are high enough to increase the
temperature of the SQD until its critical temperature, since the left SQD is placed just below
the heaters. The voltage increase that can be seen in figure 4.3, on the next page, corresponds
to the voltage variation of the left SQD.

The third pulse quenched the magnet. The deposited power of the heaters was manually1850

handled and the deposition time was recalculated thanks to the acquisition system. For the
presented case of quench initiation, the quench has been initiated with a deposition time esti-
mated between 2.46 s (2nd pulse) and 2.52 s (3rd pulse). With a current of 0.7 A, the MQE of
MACQU for 15 kA and 1.97 T at the heaters position is measured between 11.69 J and 11.96 J.
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Figure 4.3: The heat pulses generate a voltage increase on the SQD placed under the heaters.

4.1.3. Quench detection1855

One of the main objectives of MACQU is to benchmark the detection system that will be
used for MADMAX in the future. When the quench starts propagating, a voltage variation
is seen on the DTOT signal, as it can be seen in figure 4.4. The time scale has been zoomed
to the quench initiation time, with 0 indicating the beginning of the voltage variation on the
SQD, i.e the beginning of the pulse.1860

Figure 4.4: Beginning of the quench propagation measured by the DTOT signal. The DTOT
signal measures the voltage variation of the entire coil, including the terminals and the busbars.
The detection treshold is fixed at 100 mV during 100 ms. The horizontal black line is the 100 mV
detection threshold and the two vertical black lines represent the reaching of the threshold and
the 100 ms above this value.
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The time observed between the quench initiation and the reaching of the threshold of 100 mV
is 701 ms. This detection time is totally reasonable for the temperature increase and especially
the hot-spot, as it is estimated at 30 K for such a detection time. Such a short detection time is
a reassuring information on the quench detection system safety, and similar results have been
observed several times for other quench tests. Thanks to the provoked quench tests, but also1865

to the several detected quenches during the ramp-up of the current, the goal of MACQU to
verify the quench detection ability has been validated soon.

4.1.4. Fast discharge

As presented in section 3.2.2, the detection time can be increased from 100 ms up to 7 s
to study the quench propagation. Therefore, in the previous quench detection test, the fast1870

discharge was launched after 4.2 s of propagation. Figure 4.5 shows the evolution of the signal
DTOT during the quench propagation, measured by the MSS.

Figure 4.5: Quench propagation and fast discharge measured by the DTOT signal.

After 4.2 s of propagation, the fast discharge is triggered and the voltage decreases strongly
and instantaneously, until being negative. During the discharge, the voltage taps measure a
contribution of the quench resistive voltage, as presented in section 3.2.2, but also a contribution1875

of the inductive voltage due to the current variation that was null before:

UMACQU = Uquench + Uind (4.1)

= RquenchI + LMACQU

dI

dt

with UMACQU being the measured resistive voltage, Uquench being the voltage contribution of
the quenched part of the magnet, Uind being the contribution of the inductive voltage, Rquench

the resistance of the quenched part of the magnet, I the current, LMACQU the inductance of
the magnet and the time coordinate t.1880

The DTOT signal is calibrated on a ± 1 V range. Even if the signal overloads between
4.3 s and 4.8 s, the effect of the quench to the voltage variation can be roughly estimated

79



around Uquench = 1 V. By considering the characteristic time of the discharge, the inductive

contribution can be estimated to Uind = LMACQU

dI

dt
= 0.193×10−3

0 − 15000

0.031
= - 93.4 V.

The contribution of the inductive voltage term is largely higher than the quench contribution1885

voltage and explains the negative values of the measured voltage. However, in one second, the
voltage comes back to 0.

4.1.5. Nominal conditions range of the MACQU coil quench tests

Twenty initiated quenches have been carried out on a large current and initial temperature
range, that are summarized in table 4.1. As it can be seen, the minimal load line margin1890

reached for the MACQU experiment is around 24 % and the target of 10 % margin on the load
line has not been reached. Indeed, during the current ramp-up, several unexpected quenches
happened, limiting the maximum reached current to 17530 A. The main hypothesis explaining
these unexpected quenches is a current redistribution issue in the terminals, and further studies
are necessary to comprehend this phenomenon. However, these quenches did not compromise1895

the main objective of MACQU of benchmarking the detection ability of the quench. In total,
including provoked and unexpected quenches, 60 quenches happened on MACQU and all of
them have been detected in less than a second. It allowed us to validate both the quench
detection sensitivity and the conductor design for MADMAX. Moreover, as the Joule heat
losses are lower than for MADMAX, it can be expected that the quench should propagate1900

faster for MADMAX, and would then be easier to detect.

Table 4.1: Temperature, current and magnetic field range of the test campaing of the MACQU
magnet.

Minimum testing value Maximum testing value

Temperature (K) 1.75 2.01
Current (kA) 10 17
Peak field at heaters position (T) 1.31 2.23
Load line margin (%) 55.2 23.8
Joule heat loss (W/m) 95 342

Also, the second interest of MACQU is to study the quench behavior of the conductor,
over a large nominal conditions range summarized in table 4.2. For all these quench tests, the
detection time has been increased in order to let the quench propagate as much as possible.
The first parametrical study has been carried out on the current, with a step of around 1000 A1905

(gathering the first six quenches of the table 4.2). The initial temperature of the quench test
was not kept constant between two consecutive tests, as the different losses increase with the
current. Therefore, the last three quenches have been performed to study the impact of the
initial temperature on the quench behavior, for a similar current. The temperature of the
Claudet bath has been increased of 150-200 mK by reducing the flow of the saturated bath.1910

As a reminder, the goal of MACQU is to simulate a non-detected quench that could propa-
gate at constant current. After a certain propagation time, the current is discharged in around
a second. Therefore, to not consider the effects of the current variation on the quench behavior,
the study of the quench propagation is limited to the propagation time and the fast discharge
will not be further studied. The further sections are dedicated to the study of the quench prop-1915

agation and quench behavior. The goal is to study the propagation of the quench presented
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in this section, by showing the different methods to compute the normal length but also to
identify and analyze the different dynamics of the propagation.

Table 4.2: Summary of the nominal conditions of the MACQU coil quench tests.

Current (A) Magnetic field (T) Initial temperature (K) Linear heat dissipation (W/m)

17018 2.209 1.865 341
16002 2.077 1.84 293
15003 1.948 1.82 250
13993 1.816 1.805 211
12999 1.687 1.785 177
10009 1.299 1.75 95
16012 2.079 2.00 294
15002 1.947 1.99 250
13005 1.688 1.975 177

4.2. Study of a typical quench propagation pattern

After presenting the experimental protocol, the experimental results can be detailed and1920

analyzed. The goal of this section is to study a typical quench propagation pattern, by analyzing
the normal length propagation. In a first step, due to the symmetry of the quench behavior, it is
shown that the study of the quench propagation can be reduced to the right side of the magnet
only. This will allow to develop different methods to compute the normal length, depending
on the different available instrumentation, and the most appropriate ones are considered for1925

the rest of the study. In a second step, the study of the typical quench propagation pattern
is carried out. It is shown that a repetitive quench behavior can be observed for most of the
quench tests, divided in three propagation phases that are analyzed further.

4.2.1. Symmetry of the quench behavior

Different methods can be used to compute the normal length during a quench test, by using1930

the different acquisition measurements but also the SQD measurements. However, to identify
the most relevant measurements for the quench propagation study, the first step is to compare
the different signals, in function of the different sides of the magnet. The goal is to demonstrate
a symmetric, or almost symmetric behavior of the quench dynamics, to reduce the study to one
side only. In a first step, the voltage variation of the half of the coil can be seen in figure 4.6.1935

The initial phase, between 0 and 2.5 s, corresponds to the pulse time.

The quench initiation is captured at 2.5 s for both sides. Until 4 s, the increase of the voltage
is quasi-linear. At 4 s, the slope starts increasing progressively until an important increase at
5.2 s. Finally, at 5.4 s, the slope strongly decreases and keeps increasing quasi-linearly until
6.8 s where the discharge is triggered (not plotted here). During the first quasi-linear phase, the1940

signals are well superposed, but the difference increases after the first acceleration at 4 s. The
maximum difference is 43 mV, at the end of the acceleration at 5.4 s. However, both signals
reproduce the different phases at the same time.
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Figure 4.6: Voltage variation of each side of the magnet (without the arms).

The quench behavior is also similar on both sides with the SQD measurements. However,
the difference is slightly more important for the SQDs, as it can be seen in figure 4.7.1945

Figure 4.7: Comparison of the measured SQD voltage on each half of the magnet.

The SQD signal starts with a first quasi-linear phase from 2.5 s to 4 s and is followed by
a progressive acceleration from 4 s to 5.2 s. Again, an important acceleration appears until
5.4 s. Finally, an important decrease and a plateau can be observed until the discharge, where
in figure 4.6 the signal was still increasing.

The slight difference between the signals can be explained by simple means. Due to the1950

positioning of the voltage taps, the length of the measured zones is not exactly the same, as
the right side of the magnet is 25.3 m and the left side is 25.6 m. As the length is more
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important, the total voltage variation of the left side is coherently more important than for
the right side. Concerning the SQD measurements, the explanation is not only on the length
difference. Indeed, the right side is longer than the left side, with respectively 27.7 m and1955

27.1 m, and is coherent with figure 4.7 where the right signal is higher than the left signal
before the discharge. However, the left side starts clearly earlier than the right side. As it has
been explained earlier, the SQD are not perfectly symmetric, as it can be seen in figure 4.8.
The left SQD is directly under the heaters while the right one is after the heaters zone. Then,
the quench being initiated in the heaters zone, the right SQD cannot see the initiation of the1960

quench, while the left measures the initiation of the quench in the heaters region.

Figure 4.8: Cut view of the solenoid. The junction of the SQD can be seen after the heaters,
explaining the time delay between both signals.

However, even if a small delay exists between both sides of the SQD measurements, the
dynamics seems to be equivalent. The same conclusion can also be done for the voltage mea-
surement signals of the coil. Therefore, the quench behavior is considered symmetrical and the
propagation is studied only on the right side of the magnet during the further studies. The1965

right side has been kept for two main reasons. Indeed, most of the temperature sensors are
positioned on the right side of the magnet. Moreover, as said, one SQD (left) goes below the
heaters while the other one (right) stops slightly before. Then, at the quench initiation, the
left SQD would see a double contribution of the quench propagation: as the quench propagates
into two directions, the SQD will measure the transition of the left side of course, but also the1970

transition of the distance between the heaters and the right SQD. The measured initial quench
propagation speed would then be over-estimated. For all these reasons, only the measurements
of the right side are studied for the computation of the experimental quenched length.

4.2.2. Computation method of the experimental quenched length

The three different methods to compute the quenched length are presented in this section.1975

The goal is to determine which method is the most accurate to follow the quench propagation
front and properly estimate the normal length of the coil. The first method is based on the SQD
measurements. The SQD have been installed particularly to follow the quench propagation.
The RRR of the SQD is 1.12 so the measured voltage can be linearly correlated to the quenched
length. The second method uses the global voltage measurement of the right side of the magnet1980

presented earlier. By using the temperature measurements, the resistivity of the copper is
estimated and the normal length computed. The third method is based on the L1 to L6 and
RUT measurements, that divide MACQU into several consecutive lengths. By detecting the
quench initiation at each region interface, it is possible to know precisely the position of the
quench propagation front, and then reconstruct a normal length propagation map depending1985

on the time. The study case is a quench at 15003 A, with an initial temperature of 1.82 K.
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4.2.2.1. Method 1: Computation with the SQD measurements

The SQD voltage measurement has been presented in the previous section. The interest
of the SQD is to linearly compute the quenched length from the measured voltage, by using
equation 4.2.1990

Lq = uSQD

LSQD

RSQD,10KISQD

(4.2)

with Lq being the normal length, uSQD the measured voltage of the SQD, LSQD the length of
the SQD, RSQD,10 K the electrical resistance of the SQD before the transition at around 10 K
and being respectively 212.6 Ω ± 0.5 Ω and 209.0 Ω ± 0.5 Ω for the right and left side and

ISQD the current used for the SQD measurement. The factor
LSQD

RSQD,10KISQD

varies between

1.24 and 1.28 depending on the current of the SQD that is 101 mA ± 2 mA.1995

However, to compare the quenched length with the position of the quench propagation front,
it is necessary to take into account that the SQD is placed on the external radius of the solenoid.
It adds thus a small extra length compared to the real length of the solenoid, measured on the
length of the conductor. The length of the SQD must thus be readjusted to fit with the length
of the conductor. Moreover, as explained earlier, the SQD is not symmetric and does not follow2000

the exact same path than the conductor. To illustrate the difference between both, figure 4.9
shows the superposition of the SQD with the length of the conductor.

Figure 4.9: Superposition of the SQD length with the length of the conductor.

To be comparable with the normal length of the magnet, it is then necessary to readjust
the SQD length on the conductor length. Table 4.3 compares the crossed-length between the
acquisition measurements and the SQD, for the same regions. As it can be seen, due to the2005

non-symmetry of the SQDs, the right SQD will not measure the quench on the first 33 cm of
the coil. On the other side, the SQD is 18 cm longer than the acquisition system, and can then
follow the quench propagation further. However, the 18 cm long last portion of the SQD is
placed on the arms and stop just before the connection, so the length of the SQD is the same
than the length of the conductor during this portion. Therefore, to readjust the normal length2010

of the SQD on the normal length of the magnet, the length of the SQD is considered as 0.55 +
8.73 + 7.86 + 7.87 + 1.64 + 0.18 = 26.83 m.

Table 4.3: Characteristics of the acquisition lengths compared with the SQD length.

Conductor length (m) SQD length (m)
MES2 - Beginning of the SQD 0.33 0
Beginning of the SQD - L4 0.55 0.57
L4 - L5 8.73 9.04
L5 - L6 7.86 8.14
L6 - Beginning of the arm 7.87 8.14
Beginning of the arm - RUT2 1.64 1.64
RUT2 - end of SQD 0 0.18
Total length 26.98 27.71
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Finally, by knowing the length of the SQD, equation 4.2 can be used for the quenched length
computation, and the result can be seen in figure 4.10.

Figure 4.10: Normal length of the coil computed with the SQD method, for the quenc case at
15 kA and 1.82 K.

The quenched length is measured with a precision of around ± 2.2 %, estimated with2015

equation 4.3. The length of the SQD is 26.83 m ± 0.01 m, the resistance of the right SQD is
212.6 Ω ± 0.5 Ω and the current of the SQD 101 mA ± 2 mA. The main uncertainty comes
from the measured voltage. Due to its low RRR of 1.12, the measured voltage of the SQD
increases of 0.1 V for every 10 K increase. In the following section, it is shown that the hot-
spot temperature is estimated to 30 K. By considering the conservative case where the whole2020

coil would be at 30 K, the voltage measurement error is 0.2 V. This conservative value of ±
0.2 V has been considered for the precision calculation presented in the equation 4.3.

∆Lq

Lq
=

√
(
∆uSQD

uSQD

)2 + (
∆LSQD

LSQD

)2 + (
∆RSQD,10K

RSQD,10K

)2 + (
∆ISQD

ISQD

)2 (4.3)

In conclusion, the SQD method appears as a precise and representative method to compute
the quenched length of the coil. However, the right SQD has a defect: it is not possible to
capture the quench initiation with it, as it is not under the heaters. Then, the first 33 cm of the2025

quench propagation are not measured. To verify the quench dynamics from the beginning, the
right SQD is not enough and acquisition measurements must be used. The following section
presents the second method for normal length computation, based on the DUP3 half coil voltage
measurement, able of following the quench propagation since the beginning.

4.2.2.2. Method 2: Computation with the DUP3 voltage measurement2030

The DUP3 signal presented earlier measures the voltage variation of the half of the coil. The
DUP3 signals covers the half of the coil and has the big advantage of being able to detect the
quench anywhere on that part of the coil. The goal in this section is to use the equation 3.1 to
compute the quenched length. However, the quenched length computation is function of more
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parameters than for the previous method such as the RRR, the temperature, the magnetic2035

field, the measured voltage, the current and the copper cross-section.

U(t)MACQU = Uquench = R(t)quenchI =
η(t)Lq

SCond

I (3.1)

⇐⇒ Lq =
UquenchSCond

η(t)I

with UMACQU being the measured voltage, equal to the voltage of the quenched part of the
magnet Uquench, R the normal resistance, I the current, η the electrical resistivity, Lq the
quenched length, SCond the cross-section of the conductor and the time t.

With DUP3, the voltage variation of the conductor is measured. The DUP3 measured2040

voltage depends of the magnetic field, the RRR of the conductor and the temperature of the
conductor. The magnetic field map presented earlier has shown that the magnetic field does
not vary more than 0.1 T depending on the position, so the resistivity function is weakly
dependent of the magnetic field in our case. On the opposite, as the RRR of the conductor
is 125 ± 1, the electrical resistivity is a strong function of the temperature, compared to the2045

SQD. Therefore, the temperature of the conductor must be well-known along the magnet to
estimate the electrical resistivity of the conductor and then compute the quenched length.

The time evolution of the temperature at the center of the coil has been plotted in figure 4.11.
Even if the end is not plotted here, the temperature finally reaches 30 K after the discharge.
The discharge happens at 6.8 s, and the temperature keeps increasing but with a lower slope.2050

Figure 4.11: Temperature evolution during the quench measured by TE9810 temperature sen-
sor. The black line represents the fast discharge, and the temperature slowly keeps increasing
after.
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For the normal length computation, the temperature that is considered is the temperature
of the TE9810 sensor, at the center of the magnet, and the result is shown in figure 4.12.
The assumption done is that the whole quenched length is at the temperature measured by the
TE9810 sensor. However, by considering the other sensors, a part of the propagation would have
been neglected, generating an error in the estimation of the resistivity. The made assumption2055

is then conservative.

Figure 4.12: Normal length of the coil computed with the DUP method.

For the normal length computation, the evolution until 5.2 s should only be considered,
as the final slope corresponds to the voltage increase due to the temperature increase in the
whole magnet, and not linked with a lengthen of the quenched length. However, as it can
be seen, before the final phase, the quenched length is under-estimated, being around 25 m.2060

The DUP3 measures the entire half coil, including the arms, and the length is 27.7 m. This
method presents then a gap compared to the SQD one. This gap is due to the temperature
measurements that present two main defects:

� The first one is the important delay between the temperature increase and the arrival
of the quench to the measurement point. For example, the temperature at the TE98102065

sensor position, placed at 0.88 m from the heater zone, goes from 3 K to 10 K between
3 s and 4 s, meaning that the quench arrived to this position. However, the previous
method shows that the quench should have arrived before 3 s. The delay between the
temperature measurement and the real position of the quench is slightly under the second
and the considered temperature for the computation is under-estimated. However, this2070

delay could not be corrected, as the delay seems to vary with the temperature but also
between the sensors.

� The second issue is the value of the measured hot-spot. After the discharge, the temper-
ature of the coil keeps increasing and stabilizes between 25 K and 30 K. The hot-spot is
computed at 59 K at the center from equation 1.19. Between the measured hot-spot at2075

25-30 K and the computed one at 59 K, the electrical resistivity varies a factor 4 from
2.95 × 10−10 Ω m to 1.16 × 10−9 Ω m. The uncertainty on the resistivity is then very
important.
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For these two reasons, the accuracy of the temperature measurements is questionable, and
so the computation of the resistivity. It creates then a not estimable and important uncertainty2080

on the normal length computation and the obtained result is not accurate. Fortunately, the
last method to be presented does not need an accurate measurement of the temperature, but
uses the different signals composing the DUP3 signal that are MES2, L4, L5, L6 and RUT2
signals.

4.2.2.3. Method 3: Computation with the method of the top2085

The last method presented in this section uses the MES2, L4, L5, L6 and RUT2 signals. The
interest of this method relies on the fact that the quenched length can be computed without
the temperature measurements, but only with precise voltage measurements. It is based on the
fact that the distance between each voltage tap is well known and the quench initiation clearly
visible. For example, when the voltage starts increasing at L5, it means that the quench has2090

totally crossed the L4 region. Therefore, by identifying the initiation of the quench in each
region, it is possible to evaluate the precise location of the quench propagation front. Even if it
not possible to properly reconstruct a refined total normal length propagation map depending
on the time, the signals help identifying the quench at six locations and can also be used to
estimate the mean quench propagation speed.2095

Figure 4.13 shows the different signals MES2, L4, L5, L6 and RUT2 signals measured by
the MSS. The initiation of each signal is identified by a black line and obtained by the local
tangent method. The arm signal has been deducted from the difference between the DUP3
signal and the sum of the other signal.

Figure 4.13: Superposition of the different signals (MES, L4, L5, L6, the deducted Arm signal
and RUT) on the right side of the magnet. The black lines represent the initiation time of the
different signals.

By plotting the crossed-length between two consecutive measurements in function of the2100

initiation time, the position of the quench propagation can be found, and the result is depicted
in figure 4.14.
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Figure 4.14: Normal length of the coil computed with the method of the tops.

As it has been shown above, the SQD can not measure the first 33 cm of the quench
propagation. Therefore, to compare the results between both methods, instead of considering
that MES and L4 are respectively at X =0 m and X =0.88 cm, the whole distances are 33 cm2105

down-shifted in order to have the points at X =- 0.33 m and X =0.55 m. That way, except
the non-measurable first point, the other points are comparable between the method of the top
and the SQD method.

The measurements precision is ± 1 mV. Due to the frequency of the signal, the error on the
time is estimated to be ± 0.05 s and the length are known to be ± 0.01 m. Finally, this method2110

appears as even more precise than the SQD method with a global error on the measurement of
around 1 % and is also the most accurate one. Despite its high precision, this method presents
a small defect though: the distance between consecutive zones can be important, up to 9 m.
With such a length, if a change on the quench dynamics happens, a precise location would
not be possible to identify. This method can however be used to precisely estimate the mean2115

propagation speed between two consecutive zones, and particularly initial quench propagation
speed.

4.2.2.4. Conclusion on the different methods

Three method to compute the normal length have been presented, and this section is ded-
icated to choosing which one is the most appropriate for the study of the quench behavior.2120

Figure 4.15 shows the superposed results obtained with the three methods.
As it can be seen, the three methods seem to represent a similar quench behavior. Small

differences can be seen though, particularly in time, because the SQD seems to have a small
delay compared to the other two methods. This delay can simply be explained by the fact
that the SQD follows the propagation front at 9 K, while the two other methods follow the2125

quench propagation front at Tcs = 4.83 K for this example. However, the biggest difference is
for the DUP method, on the final quenched length: when the magnet has totally transited, the
quenched length is only 25 m, compared to the 26.8 m for the other two methods. As explained
earlier, this difference is due to the temperature measurements that are measured with a delay,
and probably not in an accurate way. For this main reason, the method of the DUP will not2130

be further considered, being the less accurate of the three methods.
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Figure 4.15: Normal length of the quench at 15 kA and 1.82 K, computed with the three
methods: the method of the SQD, the method of the DUP and the method of the top.

In conclusion, the SQD method and the top method seem to be the two best options for
the study of the quench behavior. By using the top method, it is possible to punctually know
the position of the quench propagation front in a very accurate way. This method can be
used for determinations of quench propagation speeds, particularly for the initial and final one,2135

where the distance between two consecutive voltage tap is short. At the opposite, due to the
important length between the regions between the initial and final one, the top method will not
be as accurate and the SQD method is preferred. Moreover, thanks to the SQD, the quench
behavior changes can be studied and more precisely identified. The two method will then be
complementary for the quench behavior study that is carried out in the following sections.2140

4.2.3. Identification of the different quench dynamics

The previous computations allowed to choose two complementary methods to calculate the
experimental quenched length. Both methods are used to estimate the quenched length that can
be seen in figure 4.16. The study case is still the case at 15 kA and 1.82 K. The computations
are done and plotted until the fast discharge time.2145

The quench propagation can be divided into three clear phases:

� The first phase is called the quasi-linear phase. It corresponds to the propagation between
2.50 s and 3.30 s and between 0 and 3.3 m. The quasi-linear phase corresponds to the
establishment of the initial quench regime, with a quench propagation speed measured of
4.9 m/s.2150

� The second phase is the acceleration phase. This phase happens between 3.30 s and 5.36 s
and between 3.3 m and 18.4 m. The quench follows a progressive acceleration, increasing
the quench propagation speed with the time and disconnecting slowly the normal length
from the initial tangent. The quench propagation speed is then obviously higher than
initially, and the mean quench propagation speed during the whole phase is estimated to2155

around 7.3 m/s.
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Figure 4.16: Different regimes of quench propagation, divided in three phases: the quasi-linear
phase, the acceleration phase and the breaking phase. The study case is the case at 15 kA and
1.82 K.

� The third phase is the breaking phase, characterized by a clear break, corresponding to
an important acceleration. This phase starts at 5.36 s but is really short and finishes
around 5.47 s and lasts between 18.4 m and 23.3 m. The quench propagation speed is
strongly accelerated and measured to around 126 m/s.2160

A last flat phase can be seen only with the SQD method and corresponds to the final part
of the curve that lasts until the fast discharge. It starts with an important slow down of the
quench propagation speed, until quenching the whole magnet, with the quenched length going
from 23.3 m to the full 26.83 m. This phase is discussed later, in the lights of the voltage
measurements.2165

Each phase will thus have a dedicated section for a further analysis. The goal is to study
the quench behavior during each phase and try to explain the quench dynamics changes along
the propagation.

4.2.4. Analysis of the normal length propagation

This section is dedicated to the analysis of the different quench propagation phases. As2170

shown earlier, the quench dynamics can be divided into four phases. First, the quasi-linear
phase is studied. It is shown that small oscillations are visible initially and the main hypothesis
to explain these oscillations are presented. In a second step, the acceleration phase is studied.
Not quasi-linear anymore and characterized by a progressive acceleration of the quench prop-
agation, this phase is compared to a well-known phenomenon of the literature: the Thermal-2175

Hydraulic-Quench-Back (THQB). Finally, the breaking phase is analyzed, for which the quench
propagation greatly increases after a characteristic break. The breaking phase reaches a quench
propagation speed an order of magnitude higher than during the quasi-linear phase, and some
hypothesis are presented to explain such a spectacular acceleration.

4.2.4.1. Study of the quasi-linear phase2180

The quasi-linear phase is the establishment phase of the quench. This first phase can be
seen in figure 4.17. The SQD voltage measurement shows a slight increase between 2.5 s and
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2.8 s of the propagation, before the normal length stabilizes on a quasi-linear regime, with a
quench propagation speed of 4.9 m/s.

Figure 4.17: First quench propagation phase, in comparison with a linear approximation. The
SQD shows oscillations on the quench propagation speed before stabilizing in a quasi-linear
regime after 2.8 s.

During the first 0.3 s, oscillations of the SQD voltage can be seen, which are not visible for2185

the voltage measurements. Three main hypotheses can be made to explain such oscillations.
The first one is due to the specific heat of the mandrel which is not negligible compared to
the specific heat of the coil. It creates an enthalpy storage that decreases the initial quench
propagation speed. At 1.8 K, the specific heat of the stainless steel is 1.6 × 104 J/m3/K.
In comparison, the copper one is 217 J/m3/K, 75 times smaller. Moreover, by considering2190

the whole volume of stainless steel in the mandrel, and by dividing by the length of the coil
(50.5 m), the equivalent cross-section is SSS = 274 mm2, which is a higher cross-section than the
conductor one. Due to this important enthalpy storage, the quench propagation speed could be
initially reduced, before reaching the nominal quasi-linear regime. The second assumption is
the extraction power of the superfluid helium tubes of the mandrel. Even if the diffusion time2195

was computed to be important enough not to impact the quench propagation, it can be assumed
that the continuous extraction slightly reduces the quench propagation speed. The tubes are
placed on every half turn which is approximately every 0.45 m. The first minima can be seen
for 0.4 m and 0.9 m, corresponding closely to a minimum for each half turn, where the tubes
are placed. The last hypothesis is the movement of the helium itself in the CICC. Pressurized2200

by the quench, it can be assumed that the movement of the helium strongly modifies the heat
exchange between the conductor and the helium. This modifications can lead to changes of the
quench dynamics.

The quench propagation, on a quasi-linear regime, will start progressively accelerating at
the end of the first phase. In comparison with the initial quench propagation speed, the normal2205

length will start coming off the curve. It is then the beginning of the second phase: the
acceleration phase.

92



4.2.4.2. Study of the acceleration phase

This second phase of propagation is characterized by a progressive acceleration of the quench
propagation. The goal of this section is to analyze this acceleration phase and to give the main2210

assumptions to explain why this progressive acceleration happens. Figure 4.18 shows the first
quasi-linear phase and the second acceleration phase. As it can be seen, the SQD and the voltage
measurement that were in good agreement until here starts having a time gap, particularly at
17.2 m where the delay is 0.1 s.

Figure 4.18: Second quench propagation phase called competition phase, characterized by a
first small acceleration phenomenon.

The time delay can be explained in a simple way. As explained earlier, the top method2215

follows the Tcs front while the SQD follows the 9 K front. Then, there must be a delay between
both, due to the heating of the SQD between Tcs and 9 K. The time to heat from 4.83 K to
9 K is constant with similar initial conditions. However, when the acceleration phase starts,
due to the already existing delay, the voltage measurements shows an earlier acceleration than
the SQD. Therefore, the acceleration seen by the SQD is delayed, and the time delay between2220

both methods keeps increasing with the quench propagation speed increase.
To explain the acceleration of the quench, the main hypothesis is the Thermal Hydraulic

Quench Back (THQB) phenomenon, described largely in the literature [78–80] . This phe-
nomenon is characterized by a pre-heating of the coil, upfront from the quenched length. The
pre-heating is caused by the helium itself, generating this progressive acceleration. Indeed,2225

due to the dissipative heat losses by Joule effect during the quench, a large amount of energy
(around 250 J/m for this example) is deposited in the helium. The energy deposition in the
helium generates a temperature increase. Therefore, as the Grüneisen parameter of helium is
positive above the Tλ temperature, the pressure of the helium also increases. As it can be seen
in figure 4.19, the expulsion helium flow creates a global movement of the helium inside the2230

CICC. Above the Tλ temperature, the helium flow warms up the helium in the non-quenched
zone (cold zone), due to the compression forces, the transport of warm helium and the work
performed by the flow against the friction drag. This warmed helium progressively pre-heats
the non-quenched zone, and particularly the superconducting cable, creating a progressive ac-
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celeration of the quench because the temperature margin ∆T = Tcs − T0 is decreasing. This2235

THQB phenomenon is a runaway phenomenon, where the pressure increase generates a flow,
that warms the non-quenched zone, that contributes to increase the pressure, so the flow etc.

Figure 4.19: Simple scheme of the generated expulsion flow inside the CICC, showing that the
expulsed flow warms the coil away from the quenched zone.

With small pressure increase, no pre-heating should be visible. This is the condition that
explains a first quasi-linear phase, only driven by the heat conduction along the conductor. For
larger quench propagation time, the pressure increases and reinforces the pre-heating effect.2240

This pressure increase can be estimated in a first approximation with the analytical equation 4.4
from [33,34]. The obtained value is 21 bar, by considering that 5 m of the coil have quenched.
The goal is not to discuss of the obtained value, but to support the THQB hypothesis, as
the pressure increase seems important in the conductor, strongly driving the THQB runaway
phenomenon.2245

Pmax = 0.65

q̇2 f

Dh

(
L

2

)3
0.36

(4.4)

with Pmax is the maximum reached pressure, q̇ is the volumetric Joule power in the conductor,
f is the friction coefficient, Dh is the hydraulic diameter and L is the length of the quenched
conductor.

The next phase, called the breaking phase, presents a clear break and a strong acceleration,
that is analyzed under the prism of the THQB phenomenon.2250

4.2.4.3. Study of the breaking phase

The goal of this section is to study the breaking phase and to highlight the role of the THQB
in the characteristic clear break. Figure 4.20 shows the acceleration and breaking phase, and as
can be seen, after a clear break, the quench strongly accelerates with a propagation speed of
126 m/s. Due to the propagation speed increases, the delay between the SQD and the voltage2255

increases to 0.2 s.
This clear break has been rarely observed experimentally [81]. During the THQB, the

temperature margin along the coil is constantly reducing because of the pre-heating. Therefore,
one can assume that the temperature margin could be reduced to zero, or close to it, after some
time of propagation. Moreover, in the MACQU case, the temperature margin is almost constant2260

and included between 3.01 K and 3.07 K. The collapse of the temperature margin in the non-
quenched zone would then generate an instantaneous (or at least very rapid) quench. The
quench would then be driven by the thermal hydraulic heating, and not by the heat conduction
in the conductor.
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Figure 4.20: Breaking phase with an important second acceleration phenomenon.

To summarize, this section was dedicated to the study of a typical quench propagation2265

pattern. It has been shown that the quench propagates with three different phases. The first
phase, the quasi-linear phase, seems driven by the heat conduction along the magnet. The
quench seems to propagate at a constant speed of 4.9 m/s. The acceleration phase is assumed
to be due to a Thermal Hydraulic Quench Back phenomenon: with the important dissipative
heat losses by Joule effect deposited on the helium, the temperature and pressure of it strongly2270

increases. The pressure increase, by pressure difference, generates a flow along the conductor,
that pre-warms the helium by compression, advection and friction. The non-quenched zone
is the pre-warmed and the quench accelerates while the temperature margin reduces. The
breaking phase, accelerates the quench even more after a clear break in the normal length
propagation. The warm helium makes the cable reach its current sharing temperature Tcs in2275

the non-quenched zone, creating the observed spectacular and almost instantaneous quench of
the rest of the coil.

Therefore, as explained, the temperature margin is a key of the triggering of the acceleration
of the quench propagation speed. As the temperature margin is also a function of the current,
the following section is dedicated to the different parametric study of the quench behavior.2280

4.3. Parametric study of the normal length propagation

The goal of this section is to compare the quench behavior between the different quench tests.
It is shown that the three propagation phases studied earlier appear on most of the quenches.
A parametric study of the initial quench propagation speeds is proposed. By comparing the ex-
perimental quench propagation speeds to the one computed with the ”infinite exchange quench2285

speed” formula 1.14, the goal is to verify the dependence of the quench propagation speed on
the current and the temperature margin. It is shown that the quench propagation speed is
much faster than the one expected and the main hypothesis to explain this gap is given. More-
over, an ”improved” equation is proposed to obtain more realistic results. Finally, a parametric
study of the breaking phase is given, and particularly on the triggering of the break.2290

95



4.3.1. Parametric study of the global quench behavior

The above detailed quench propagation pattern, in three phases, with the first linear phase,
the acceleration phase and then the breaking phase, can be found on almost all the quench
propagation tests. Figure 4.21 shows the normal length variation of all the quench propagation
tests. As it can be seen, the three phases pattern can be seen for most of the tests, except the2295

10 kA and the first 13 kA case where only the first two phases can be seen. These two quench
cases are particular because the quench did not propagate enough time to entirely transit the
magnet before the fast discharge, indicated by the vertical green and blue lines. The effect is
clearer for the 10 kA case as the discharge is launched when 21.9 m of the magnet has quenched.
Even with the heat generated by the fast discharge, only 24 m of the coil transit. Then, even2300

if an acceleration can be seen, it is due to the general temperature increase generated by the
fast discharge of the magnet. Therefore, to avoid the consideration of both phenomenon at the
same time, these tests are considered only for the initial propagation speed estimation, but not
for the third acceleration phase.

Figure 4.21: Summary of the entire quench propagation patterns, in function of the current
and the initial temperature.

Even if the breaking phase is not seen, it does not mean that this phase does not exist2305

for these two cases, only that a longer propagation time or a longer length would have been
needed to see it. However, the quench propagation speed clearly increases with the current
and the initial temperature for all the cases. The breaking phase also appears earlier with
the current increase. Moreover, at equivalent current, the increase of the initial temperature,
corresponding to a decrease of the temperature margin, makes the breaking phase also appear2310

sooner. This behavior is completely consistent with the THQB hypothesis. Indeed, with the
increase of the current, all the runaway phenomenon is more important: the dissipative heat
losses by Joule effect are higher, making the pressure increase more important and therefore
the expulsion flow. In these conditions, the pre-heating effect is also more important. Both the
reduction of the temperature margin, due to an increase of the current or the increase of the2315

initial temperature, and the increase of the dissipative heat losses by Joule effect can reduce
the time and the distance to trigger the breaking phase.
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After this first phenomenological analysis, a parametric study of the initial quench propa-
gation and of the triggering of the breaking phase is done. The objective is to further analyze
the impact of the current (and implicitly the dissipative heat losses by Joule effect) and the2320

temperature margin on the quench propagation.

4.3.2. Parametric study of the initial quench propagation speed

The goal of this section is to compare the measured initial quench propagation speeds. As
explained earlier, the quench propagation speed has been estimated with the method of the
top (and not the SQD, see section 4.2.2.4) and the result of the computation can be seen in2325

figure 4.22.

Figure 4.22: Parametric study of the initial quench propagation speed, in function of the
current.

As expected, the quench propagation speed strongly increases with the current, going from
1.3 m/s to 9.1 m/s, with the current varying from 10 kA to 17 kA. Moreover, for a similar
current, the quench with the lowest temperature margin has the highest propagation speed.
For example, at 15 kA (Tcs = 4.83 K), the quench propagation speed increases from 4.9 m/s2330

to 5.3 m/s, with the temperature margin decreasing from 3.01 K (T0 = 1.82 K) to 2.84 K
(T0 = 1.99 K).

To compare with the ”infinite exchange quench speed” formula 1.14, that is reminded below,
figure 4.23 shows the measured quench propagation speed and the computed one. The goal
of this comparison is to verify the dependence of the quench propagation speed on different2335

parameters, as the current and the temperature. Therefore, the comparison of the speeds is

done in function of
I
√
Tt − T0

∆H
, as considering only I or ∆T could skew their mutual dependence.

vl =
j

∆H

√
ηeqλcond(Tt − T0) with


j =

I

S

Tt =
Tcs + Tc

2

ηeq = ηCu

S

SCu

(1.14)
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Figure 4.23: Comparison of the measured experimental quench propagation speed with the 1-D
longitudinal quench propagation equation, applied with the contribution of helium.

The computed quench propagation speed is linear with the
I
√
Tt − T0

∆H
parameter, while the

measured quench propagation is not linear, only monotonous. Moreover, the difference between
the computed and measured values is important, the measured values being between 4 and 202340

times more important. Therefore, a phenomena must explain the gap between both.
As it has been explained earlier, the THQB phenomena is due to the flow and the friction

forces inside the CICC that make increase the quench propagation speed. However, it is clear
that in the ”infinite exchange quench speed” formula, these two phenomena are not taken
into account, as the main driving parameter are the heat conduction of the dissipative heat2345

losses by Joule effect. Indeed, the ”infinite exchange quench speed” formula seems limited
for our particular case. Therefore, the next section is dedicated to the demonstration of an
”improved” formula, called the ”helium flow quench velocity” formula, in order to take into
account the transport of the warm helium and the friction forces in the computation of the
quench propagation speed.2350

4.3.3. ”Helium flow quench velocity” formula

It has been shown that the ”infinite exchange quench speed” formula was giving slower re-
sults than the one measured during the quench experiments. Therefore, this section is dedicated
to the development of an ”improved” formula, the ”helium flow quench velocity” formula, that
takes into account the friction forces and the transport of warm helium, to retrieve the speeds2355

measured during the quench experiments. In addition to the infinite exchange assumption,
the velocity of the helium is taken into account to consider the phenomena observed during
a THQB. To do so, a similar method as the one presented in section 1.2.3.1 is used. In this
section, the heat equation of the conductor was used to demonstrate the ”infinite exchange
quench speed” formula. It was considered that the exchange between the conductor and the2360

helium was infinite. A homogenized material, composed of the copper, the Nb-Ti and helium
was then considered. However, the friction forces and the advection of the warm helium appear
only in the heat equation of the helium and not in the temperature balance of the conductor.
Therefore, the idea is to obtain a homogenized equation built from the sum of the conductor
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heat equation, composed of the copper and the Nb-Ti, and of the helium heat equation. To do2365

so, the two equations are presented in equation 1.7. The heat equation of the conductor is the
same that the one presented in chapter 1 and the helium equation is the energy conservation
equation [82], that is deeper presented in chapter 5.


ρsCps

∂Ts

∂t
= λs

∂2Ts

∂x2
+ ηeqJ

2 −
Pwet

Ss

h(Ts − Th)

ρhCvh

∂Th

∂t
+ ρhCvhφhTh

∂vh

∂x
+ ρhCvhvh

∂Th

∂x
=

2fρhv
2
h|vh|

Dh

+
Pwet

Sh

h(Ts − Th)−
∂q̇

′′

cf

∂x

(1.7)

with ρ being the density, Cp and Cv respectively the specific heat capacity at constant pressure
and constant volume, T the temperature, λ the heat conductivity, ηeq the electrical resistivity2370

of the conductor defined as ρeq = ρs
Ss

SCu

, J the current density in the conductor, Pwet the wet

perimeter, h the convective heat transfer coefficient, v the velocity, φ the Grüneisen parameter,
f the friction factor, Dh the hydraulic diameter, q̇

′′

cf the counter-flow mechanism heat flux. The
indexes s and h stand respectively for solid and helium.

In order to conserve only the heat transport and the friction forces, it is considered that all2375

other terms, being the compression and Goerter-Mellink terms, are negligible. These assump-
tions are verified in the next chapter, but are necessary to obtain the ”improved” equation of
the quench propagation speed. Moreover, to obtain a homogenized material, it must be con-
sidered that the temperature is equal between them. Therefore, it is considered that Ts = Th.
This way, the convective heat term is null, and the two equations can be gathered in one, by2380

multiplying each equation by the associated cross-section. The result of the gathered equation
can be seen in equation 4.5.

(ρhChSh + ρsCsSs)
∂T

∂t
+ ρhChvhSh

∂T

∂x
= λsSs

∂2T

∂x2
+ ρeqJ

2Ss +
2fρhv

2
h|vh|

Dh

Sh (4.5)

By dividing by Ss, we set Ĉh = Ch

Sh

Ss

. From there, is it possible to write (ρhĈh + ρsCs) =

ρh(Ĉh+
ρs

ρh
Cs) = ρhĈt, with Ĉt = Ĉh+

ρs

ρh
Cs. The equation can then be reduced at equation 4.6.

ρhĈt

∂T

∂t
+ ρhĈhvh

∂T

∂x
= λs

∂2T

∂x2
+ ρeqJ

2 +
2fρhv

2
h|vh|

Dh

Sh

Ss

(4.6)

Finally, by using the T (x, t) = T (ξ) substitution, with ξ = x− vqt, as in the chapter 1, the2385

equation is written as equation 4.7.

∂2T

∂ξ2
+ [Ĉtvq − vhĈh]

ρh

λs

∂T

∂ξ
= −(

ηeqJ
2

λs

+
2fρhv

2
h|vh|

λcDh

Sh

Ss

) (4.7)

The same resolution method is used, by considering a normal zone where the dissipative
heat losses by Joule effect contribute to heat the conductor, and a superconducting zone where
there is not heating by Joule effect. Therefore, the quench propagation speed can be written
as equation 4.8.2390

vq =
Ĉh

Ĉt

vh +
1

ρhĈt

√
(
λs

∆T
)[
2fρhv

2
h|vh|

Dh

Sh

Sc

+ ηeqJ2] (4.8)
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Finally, to take into account the phase change of the helium on the temperature range, the
specific heat terms are approximated by an enthalpy variation, as it can be seen in equation 4.9.

vq =
∆ĥh

∆ĥh +∆hs

vh +
1

∆ĥh +∆hs

√
(λs∆T )[

2fρhv
2
h|vh|

Dh

Sh

Sc

+ ηeqJ2] (4.9)

This equation written as is takes into account the impact of three phenomena. The first
one, already present in the classic ”infinite exchange quench speed” formula 1.14, is the term
linked to the dissipative heat losses by Joule effect, proportional to ηeqJ

2. The second term2395

inside the square root is linked to the friction forces. It appears that the friction forces act
as a second heat source, that contribute to increase the quench propagation speed. The last
term is linked to the warm helium transport, and is proportional to the velocity of the flow. At

1.8 K, the term
∆ĥh

∆ĥh +∆hs

is 0.97, meaning that slightly less than helium’s velocity should be

added to the ”infinite exchange quench speed” of the dissipative heat losses to obtain a more2400

realistic value of the quench propagation speed. Moreover, as it can be seen, by considering a
null flow, the classic ”infinite exchange speed” formula is retrieved. Therefore, by adding the
different contributions considered in this ”improved” equation to the already existing one of the
dissipative heat losses by Joule effect, one can think that the experimental quench propagation
speed could be retrieved.2405

This formula clearly shows that the helium transport velocity and friction can contribute to
increase the value obtained with the ”infinite exchange quench speed” formula and maybe ex-
plain the gap between these values and the experimental one. This depends on the contribution
of each term of the formula to the overall speed that will be studied in chapter 5.

4.3.4. Parametric study of the breaking phase2410

The goal of this section is to study the triggering of the breaking phase. As before, the
10 kA case and the 13 kA case at 1.785 K are excluded. Figure 4.24 shows the normal length
of all the quench tests in consideration.

Figure 4.24: Normal length in function of the time of the quench cases presenting a breaking
phase.
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The breaking phase initiation points have also been plotted. They have been determined by
assuming that the strong acceleration of the breaking phase was quasi-linear, and the goal is to2415

find the point where the normal length curve and the linear curve meet. It corresponds then to
the second derivative discontinuity point, corresponding to the important change of dynamics.
The breaking phase initiation depends of both the crossed-length by the quench but also of
the time that the quench propagated. As it can be seen in figure 4.24, the quenched-length
and the propagation time before the break increase with the temperature margin increase. On2420

the opposite, both the quenched-length and the propagation time decrease with the current
increase. Therefore, to understand the impact of each parameter, the dependence of the space
and time coordinates of the breaking phase in function of the current and the temperature
margin can be looked at in detail. Figure 4.25 shows the quenched-length and the propagation
time before the breaking phase in function of the current.2425

Figure 4.25: Quenched-length and propagation time before the breaking phase in function of
the current.

The quenched-length and the propagation time before the breaking phase decrease quasi-
linearly with the current. With a simple linear function, it can be extrapolated from figure 4.25
that with an available length of 25.3 m, the minimum current for triggering the breaking phase
is around 12 kA. And with such a current, the minimal propagation time for triggering the
breaking phase should be around 7 s. These simple analysis shows that there must be a current2430

offset, depending on the available length and the propagation time, to allow seeing the breaking
phase or not. Under this value, it should not be possible to identify the breaking phase. This
theory is supported by the experiment: no breaking phase has been seen for the 10 kA (< 12 kA)
case ; the 13 kA case is more difficult to comprehend, but the breaking phase would probably
have started with a little longer propagation. The 13 kA case is then at the limit of the2435

explained simple physics.

However, it is clear that the temperature margin decrease also decreases the time and
distance before the breaking phase. Therefore, the same exercise than for the current can be

done by considering the parameter
I
√
Tt − T0

∆H
. This parameter is an arbitrary parameter, that

has been chosen from the ”infinite exchange quench speed” formula. It has been preferred to2440

the temperature margin, influenced by both the initial temperature and the current. It allows
to compare all the quenches, even the one done at the same current but at different initial
temperature. The results are presented in figure 4.26.
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Figure 4.26: Quenched-length and propagation time before the breaking phase in function of

the
I
√
Tt − T0

∆H
parameter.

For a higher temperature margin, corresponding to a low
I
√
Tt − T0

∆H
parameter, it is clear

that the quenched-length and the propagation before initiating the breaking phase are more2445

important. Moreover, both seem to also vary quasi-linearly with
I
√
Tt − T0

∆H
. Indeed, the

temperature margin can be reduced, either by decreasing the current sharing temperature Tcs or
by increasing the initial temperature. For the first case, it can be done by increasing the current
in MACQU and both lead to an earlier breaking phase. It is coherent that with equivalent Joule
losses, the propagation time before the breaking phase decreases with the increase of the initial2450

temperature.

Moreover, by extrapolating with an available length of 25.3 m, the minimum value of
I
√
Tt − T0

∆H
is around 0.17 SI, higher than the 0.14 SI obtained for the 10 kA case. The same

conclusion as for the current can be done here; there must be an offset that allows seeing the
breaking phase.2455

In conclusion, the breaking phase initiation time and location appears as both function of
the current and of the temperature margin. Moreover, to see the appearance of the breaking
phase, four coupled parameters seem to exist: a minimal current, a maximum temperature
margin, a minimal propagation time and a minimal quenched-length.

Conclusions2460

This chapter allowed us to analyze the experimental results of the MACQU coil quench tests.
By presenting the experimental protocol first, it has been shown that the goal of MACQU to
verify the sensitivity of the quench detection system has been totally validated. With a quench
propagation speed measured between 1 m/s and almost 10 m/s, the quench is largely fast
enough to ensure the quench detection in any case. Moreover, it appeared that the quench2465

propagation was divided in three phases: a first quasi-linear phase, an acceleration phase where
the quench starts accelerating and a breaking phase where the quench greatly accelerates after a
characteristic break. The assumption to explain such an acceleration is the Thermal Hydraulic
Quench Back phenomenon: due to the important Joule losses generated during the quench,
the pressure of the helium inside the CICC drastically increases and generates a flow towards2470
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the magnet. The highly pressurized flow, compressed adiabatically and above the Tλ tempera-
ture, transporting warm helium and performing work against the friction drag, pre-warms the
magnet far away from the quenched length. After some establishment time, corresponding to
the quasi-linear phase, the quench starts accelerating due to the temperature increase far away
from the quenched zone, corresponding to the acceleration phase. If the length is enough, the2475

pre-warming can even make the magnet reach its critical temperature outside of the quenched
length. At this moment, an important part of the coil will almost instantaneously quench, gen-
erating the breaking phase. However, it also appeared that the experimental quench propagation
speed, estimated during the quasi- linear phase, was largely higher than the results obtained
with the ”infinite exchange quench speed” formula 1.14. To take into account the friction forces2480

and the transport of warm helium, an ”improved” quench propagation speed formula has been
proposed, called the ”helium flow quench velocity” formula. This equation needs the velocity of
the helium to be used and is computed in the following chapter. Finally, it has been shown that
the triggering of the breaking phase was strongly impacted by the current and the temperature
margin. An increase of the current or a decrease of the temperature margin generates a sooner2485

and closer breaking phase from the initiation point. The quenched-length and propagation time
also appeared as offset parameters of the triggering of the breaking phase. Below the offsets,
the break would arrive later and could not be seen in our boundary conditions.

The next chapter is the conclusion of this Ph.D. report. In order to further study the impact
of each parameter on the different quench dynamics phases, the numerical tool THEA® is2490

used to obtain some missing physical parameters as the pressure or the velocity. The goal is
to present and compute a quench propagation model, based on the studied case of 15 kA at
1.82 K. Therefore, the different parameters as the flow, the pressure increase or the temperature
profile, computed by THEA®, will allow us to analyze further the particular quench behavior
of the MACQU coil.2495
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5 - Numerical modeling and analysis of the quench be-

havior of the MACQU magnet

� Model the MACQU coil quench tests with the numerical code

� Analyze in details the mechanisms of the different quench dynamics phases

� Compare qualitatively and quantitatively the results obtained with the numerical code2500

� Verify the relevance of the ”helium flow quench velocity” formula

5.1. Numerical implementation of the physical model in THEA®

After focusing on the different phenomena taking place during the quench propagation,
the goal of this section is to analyze further the quench behavior of MACQU by a numerical
approach. The well-developed THEA® code was chosen for its robustness and its open source2505

files, allowing to modify several parameters to reproduce the experimental study conditions. In
a first step, the physical model of the CICC is presented, divided in two distinct parts: the solid
parts model, corresponding to the superconducting cable and the copper profile, and the fluid
model, corresponding to the helium inside the CICC. In a second step, the boundary conditions
of the model are presented, introducing the boundary conditions that THEA® can manage but2510

also the ”input” data such as the field map or the friction factor correlation, inherent to the
characteristics of the MACQU coil.

5.1.1. Physical model for the quench propagation in a CICC

This section is dedicated to presenting the numerical quench model of the CICC, divided into
the solid parts model and the fluid model. Both models are defined by two distinct equation sets.2515

Concerning the solid parts model, the heat transfers are the heat conduction, dissipative heat
losses by Joule effect, external heat loads and convective heat exchange with the fluid. For the
fluid model, the heat transfers are the compression forces, the heat transport, the friction forces,
the convective heat exchange with the solid and the Gorter-Mellink heat exchange mechanism.
Indeed, to obtain comparable results between numerical and experimental approaches, it has2520

been decided to model only the right side of the MACQU coil. As it has been shown in the
previous chapter, the quench propagation is not perfectly symmetric, and only the quench
propagation of the right side has been studied. Note that the arms, with their important
decrease of the magnetic field, are not modeled. The model and the boundary conditions will
then be adjusted to fit with this assumption and both are described in the following sections.2525

5.1.1.1. Thermal conduction model

The CICC is composed of different solid components. For the MACQU case, the different
components are the superconducting cable and the copper profile. The components are as-
sembled in one homogeneous ”thermal” component and the material properties are assumed
to be homogeneous in the cross-section. Each component can transport heat by conduction.2530

The dissipative heat losses by Joule effect are generated in the copper cross-section, for which
the RRR is 125. Moreover, the different thermal components can exchange heat by convection
with the fluid component. By taking into account these parameters, a 1-D thermal conduction
model of the CICC described by equation 5.1 is used for two main reasons. The first one is that
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MACQU has been designed to neglect transversal heat diffusion (cf. chapter 2), so the thermal2535

transverse heat conduction is not modeled which reduces the 3-D model to a 2-D model for
the conductor. Moreover, it is also assumed that the temperature gradients in the conductor
cross-section and the helium cross-section are small. This is not a strong hypothesis because
the highest thermal diffusion time in the conductor between 1.8 K and 10 K is 5 ms, estimated
with equation 3.5. The temperature is assumed to be constant in the cross-section. In these2540

conditions, the quench propagates only longitudinally, and the 2-D model can be reduced to
a 1-D model. It will then be considered that the thermal components exchange heat only
longitudinally. The heat transfer equation reads,

ρsCps

∂Ts

∂t
=

∂

∂x
(λs

∂Ts

∂x
) + q̇

′′′

Joule + q̇
′′′

ext +
Pwet

Ss

h(Th − Ts), (5.1)

where ρ is the density of the thermal component, Cp the specific heat capacity at constant
pressure, T the temperature, λ the thermal conductivity, Pwet the wet perimeter, Ss the cross-2545

section of the solid, h the convective heat transfer coefficient and x and t for the spatial and
time coordinate. The temperature is considered constant in the cross-section of the thermal
component, composed of two materials being the Nb-Ti and the copper, respectively 1.5 % and
98.5 % of the component’s cross-section. The thermal properties are assumed to be homoge-
neous in the cross-section, and estimated by area weighting (for ρ and λ) or mass weighting2550

(for the volumetric heat capacity).
Three heat sources appear in the model. The first one is q̇

′′′

Joule, representing the volumet-
ric dissipative heat losses by Joule effect if the component carries a current, and defined in
equation 5.2,

q̇
′′′

Joule =
IE

Ss

(5.2)

with I the current, E the electric field and Ss the cross-section of the thermal component. For2555

a purely resistive material, the electric field is defined in equation 5.3, with a linear relation
between the field and the current density.

E = ηsJs (5.3)

with ηs the electrical resistivity of the solid and Js the current density going through the solid,

defined as Js =
Is

As

.

For a component containing a superconductor, a more general equation is obtained by2560

distinguishing the superconducting cross section Asc from the other materials Ast [16]. The
total current in the thermal component is divided in part in the superconductor and part in
the stabilizer, to follow the current conservation I = Ist + Isc. Hence, the longitudinal electric
field is the same in both components. Therefore, the electric field inside the superconductor
verifies the equation 5.4 [16].2565

E = E0(
Isc

Ic
)n (5.4)

where E0 is the electric field criterion to define the critical current Ic. In the case of MACQU,
E0 is set at 10−5 V/m, corresponding to the usual criteria of 0.1 µV/cm. The n parameter
characterizes the dependence of the electric field to the critical current transition. The high
value of 50 is used in the model [62].
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The voltage equality between the superconductor and the stabilizer can be written as in2570

equation 5.5. Isc is solved by an iterative technique and the electric field E is deduced from
equation 5.4.

ηst
I − Isc

Ast

= E0(
Isc

Ic
)n (5.5)

The second heat q̇
′′′
ext is an external heat flux. The power deposition of the heaters, used to

initiate the quench, is modeled as external heat source. The last heat source is the convective
heat flux term, representing the heat exchange between the thermal component and the fluid2575

component. This term will be more detailed in the following section, concerning the fluid model.

5.1.1.2. Fluid model

The fluid model is written in three conservation equations: the mass, the momentum and
the energy [82]. The three equations are written in the non-conservative form and present
the 3 independent variables to be solved: the pressure P in equation 5.6, the velocity v in2580

equation 5.7 and the temperature T in equation 5.8 [16]. Hence, the compression and friction
forces terms, the advection term and the convection term are then explicitly appearing. Terms
like the friction forces term comes from the conservation of the momentum equation, intervening
in the derivation of both conservation of mass and energy equations, as it is demonstrated in
Appendix A. Moreover, written as are, the equations present several advantages: the pressure2585

term appears explicitly and then is easier to treat as it is directly computed ; the numerical
simulations are more stable with the equations written in this way as just simple linearizations
are needed and no iterative techniques ; as the model can be used for any fluid, the model is
also more accurate ; finally, the Gorter-Mellink term, highly non-linear, can be linearized in
function of the temperature, which could not be done with the energy equation written with the2590

internal energy variable. Moreover, MACQU is composed of a unique channel, the hydraulic
coupling terms will therefore not be considered and presented here.
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where P is the pressure, ρ the density, c the isentropic sound speed, v the velocity of the
flow, f the friction coefficient, φh the Grüneisen parameter, Dh the hydraulic diameter, T the
temperature, Cv the specific heat capacity at constant volume, the index h for helium and the2595

time and space coordinate t and x. The terms q̇
′′′
conv and q̇

′′

cf are heat sources that are defined
below.

The q̇
′′

cf term is defined by the equation 5.9. It represents the heat flux due to the counter-
flow mechanism present in the superfluid helium, and also identified as the Gorter-Mellink
mechanism. As explained in chapter 1, this mechanism is responsible of the important heat2600

transport capability of the superfluid helium. This term will influence the heat balance while
the temperature of the helium is below Tλ.

q̇
′′

cf = −[F (P, T )
∂T

∂x
]1/η (5.9)
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where q̇
′′

cf is the counter-flow heat flux in the x-direction, F (P, T ) the characteristic thermal
conductivity of the superfluid helium defined in function of the temperature and the pressure,
and 1/η an empirical parameter in the range of 1/3.2605

The second heat source q̇
′′′
conv (Eq. 5.10) represents the volumetric heat flux exchanged be-

tween the solid and the helium by the wetted perimeter, and couples then the solid parts and
fluid model and reads as.

q̇
′′′

conv =
Pwet

Sh

h(Ts − Th) (5.10)

where Pwet is the wet perimeter, Sh the helium cross-section, h the convective heat transfer
coefficient, Ts the temperature of the solid and Th the temperature of the helium.2610

5.1.2. Boundary conditions for the quench propagation in a CICC

5.1.2.1. Boundary conditions of the solid part

Two types of boundary conditions can be defined for the solid components:

� Dirichlet boundary conditions that allow to impose the temperature.

� Neumann boundary conditions that allow to impose the heat flux.2615

As explained in chapter 3, the CICC is connected to the W7X boxes, filled with superfluid
helium. Therefore, it is considered that no heat flux arrives on the CICC from the boxes. The
Neumann boundary conditions defined in equation 5.11 are used at the extremities of the coil
and a null heat flux is imposed because the extremities are thus assumed to be adiabatic. Only
half of the coil is modeled, so on the other side, corresponding to the center of the coil, the2620

heat flux is also considered null, by symmetry.

−Ssλs

∂Ts

∂x
= qboundary = 0 (5.11)

The initial temperature of the solid is 1.82 K. To initiate the quench, the heaters, represented
by an external heat flux, are defined on half their length, corresponding to 0.102 m. The
deposited power is 48 W/m during 0.5 s, in a square window-type deposition. Once the quench
is initiated, the quench can be accelerated in function of the magnetic field map. As the right2625

side of the magnet only has been studied in the previous chapter, the field map of the right side
of the coil only has been integrated to THEA®, represented in figure 5.1. The magnetic field
varies from 1.97 T to 1.88 T, and increases to 1.99 T before the extremity, and corresponds to
the field map at 15 kA. As it can be noticed, the right side is 25.34 m long. As the breaking phase
of the quench propagation has been seen below 25 m, which means that the quench propagation2630

front is still inside the solenoid, the arms of the coil have not been modeled. Moreover, the
magnetic field is much slower in the arms and can strongly slow down the quench propagation.
Then, there will be a slight difference in length between numerical and experimental results,
but that will not affect the analysis of the quench behavior.
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Figure 5.1: Field map implemented in the THEA® model, at 15 kA. The field map is adjusted
in function of the current.

Finally, concerning the meshing, the coil is divided in 20000 elements, being the maximum2635

possible element number with THEA® [25]. On the 102 mm of heaters, the number of THEA®

1-D elements (1200) is higher than anywhere else in the coil, to have a high precision in the
zone of the quench initiation. The mesh is uniform outside of this zone. Having 1200 elements
in the refined zone and 18800 in the rest of the magnet is the mathematical optimum in terms
of mesh dimensions, as it minimizes the sum of the element dimension in each region.2640

Figure 5.2: Sum of the dimensions of the elements in both regions in function of the num-
ber of element in the refined zone which is the heaters region. The equation nbrefined zone +
nbrest of coil = 20000 must be constantly verified, with nb being the number of element in the
region.
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THEA® also allows an adaptive mesh to follow the quench propagation front [45]. However,
with the maximum number of points, the mesh is anyway very thin, so refining it even more
near the quench propagation front has a negligible effect on the final results. A parametrical
study has been carried out and for an equivalent number of elements, the results are different by
less than 2 %. In addition, the adaptive-grid calculation leads to several hours of computation2645

compared to less than two hours for a non-adaptive grid. Therefore, a non-adaptive grid is
used with an adaptive time scheme. The time step varies from 10−5 s to 1 s.

5.1.2.2. Boundary conditions of the fluid domain

There are two possible boundary conditions for the fluid model:

� A closed pipe condition, with an imposed null flow, corresponding to a null velocity vh = 0.2650

� A reservoir condition, with a large volume of helium at imposed pressure and temperature.

Both boundary conditions are used in the model. The closed pipe condition is used at
X = 0 m, corresponding to the center of the coil, so by symmetry the velocity is imposed at 0.
The reservoir condition is used at the extremity of the coil, with a helium bath considered at
the initial conditions, which are 1.82 K and 1 bar.2655

The friction factor and the convective heat transfer coefficient must be fixed before the com-
putation. The friction factor depends of the regime of the flow, laminar or turbulent. Therefore,
two correlations are used, depending on the Reynolds number, as defined in equation 5.12. The
first one is based on a correlation already defined in THEA® for a laminar flow [83]. The second
one is for a turbulent flow, with the transition laminar-turbulent fixed at 3500, and empirically2660

built based on measurements done on MACQU CICC [61].f =
16

Re
if Re ≤ 3500

f = 0.25(α + βReγ) if Re > 3500
(5.12)

with α = 0.031, β = 7691 and γ = -1.537. The 0.25 factor is used to link Darcy’s and Fanning’s
friction factors, as THEA® uses the Darcy’s definition of the friction factor in the code.

Several correlations are also defined in THEA® for the computation of the heat transfer
coefficient [84]. As the helium is initially superfluid, the correlation must reproduce the im-2665

portant heat transfer due to the low Kapitza thermal resistance [52]. Based on equation 1.28
reminded below, the heat transfer coefficient is defined as hK = α(Ts + Tf ) ∗ (T 2

s + T 2
f ), Ts and

Tf stand for the temperature of the solid and the fluid respectively. α and n are characteristic
coefficients of the Kapitza heat transfer, estimated at α = 200 Wm−2K−3 for the copper [53]
and n = 3.8.2670

q = α(T n
s − T n

f ) (1.28)

As the helium changes of phase during the quench propagation, the correlation should not
be relevant above Tlambda. However, for simplicity, it has been decided to keep the Kapitza
correlation for the entire calculation. Indeed, at initial conditions, the heat exchange coefficient
can be estimated to 4.6 × 103 Wm−2K−1. During the quench propagation, the helium is
set in turbulent motion. At the quench propagation front, the temperature of the helium is2675

around 5 K (close to Tcs and the pressure varies on a range between 5 bars to 15 bars, with
a Reynolds number of 3500 (transition value of Reynolds). With conservative values then, it
is possible to estimate the heat exchange coefficient with the Dittus-Boelter correlation [84]
to be 1.1-1.2 × 103 Wm−2K−1. The heat exchange coefficient is then anyway very high. A
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sensitivity study has been carried out and a variation of a factor 10 of the convective heat2680

exchange coefficient shown that the overall results was maintained. It is shown in the following
section that the temperature difference between the conductor and the helium is very small
anyway. This assumption, as anyway the real physics of the turbulent heat exchange is not
well-mastered, ensures giving conservative results of the quench propagation speed.

In conclusion, the coupled solid and fluid models have been presented. Assumptions were2685

presented, such the modeling of only half of the coil, or the non-modeling of the inter-turn
thermal diffusion. It has been also shown that different key parameters were needed to represent
as well as possible the experimental quench conditions, in terms of initial temperature or for
the friction factor coefficient, for which the correlation has been presented. As a reminder,
the table 5.1 gathers the implemented characteristics of the model. The following section is2690

dedicated to the analysis of a typical quench propagation pattern, as it was done in the previous
chapter. The goal is to verify the quench dynamics predicted by THEA® but also to analyze
each phase of the quench dynamics with all the physical variables that were not measured
during the experiment.

Table 5.1: MACQU characteristics used in the computations.

Copper section (mm2) 198.7
Helium section (mm2) 8.28
Current (A) 15003
Initial temperature (K) 1.82
Initial pressure (Pa) 105

Copper RRR 125
n factor 50
Hydraulic diameter (mm) 0.34
Wet perimeter (mm) 96
HTC correlation Kapitza
Total conductor length (m) 25.34
Number of elements 20000
Dimension of elements (mm) 1.3
Number of refined elements 1200
Dimension of refined region (mm) 102
Dimension of refined elements (µm) 85

5.2. Analysis of a typical quench propagation pattern with THEA®2695

The goal of this section is to qualitatively analyze the quench phenomena, with the numerical
tool THEA®, in order to identify, analyze and explain the different quench dynamics but also
verify its behavior at different current. To do so, a numerical computation on the already
studied quench propagation case at 15 kA at 1.82 K is performed. On purpose, this section
will focus on the physics behind the quench produced by THEA® with no comparison yet with2700

experimental results. In a first step, it is shown that THEA® qualitatively reproduces well the
three phases observed experimentally. The goal will then be to verify the assumptions done on
the previous chapter concerning the different phenomena occurring during the propagation. To
do so, each phase is further analyzed thanks to the three independent variables of the helium.
A phenomenological study is done by focusing on the different profiles of the parameters, and2705
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presenting their variation. To go further in the analysis, the different terms of the model
equations and their time integrals are computed, to see which phenomenon dominates during
each phase. To do so, four study points are considered to compare the evolution of the different
phenomena in function of the position in the coil: X = 0.5 m close to the initiation point for
the quasi-linear phase, X = 7.5 m and X = 15 m where the quench has already started to2710

accelerate and X = 22.5 m where the breaking phase is already triggered. The ”helium flow
quench velocity” formula is also punctually used to support the physical analysis. Finally, as
for the previous chapter, a parametric study of the current is done to verify more globally the
quench behavior.

5.2.1. Identification of the different quench dynamics2715

This section is dedicated to the study of the normal length evolution, in order to identify
the different quench dynamics. The goal is to qualitatively verify the quench behavior that
our code predicts for the studied quench case in chapter 4 (15 kA case at 1.82 K). The normal
length evolution is depicted in the figure 5.3.

Figure 5.3: Time evolution of the normal length, obtained with our code. The experimental
behavior is well captured with three distinct phases: the quasi-linear phase, the acceleration
phase and the breaking phase. The plateau means that the whole coil has quenched and there
is no evolution of the normal length anymore.

As it can be seen, the three main phases observed experimentally can also be seen in2720

the results of the numerical simulations. Indeed, the propagation starts after a short pulse
phase, with the quasi-linear phase where the quench seems to propagate at constant speed.
The progressive acceleration of the quench propagation characterizes the second phase, the
acceleration phase. Finally, after a clear break, the quench propagation speed greatly increases
during the breaking phase before reaching the plateau where the whole coil has quenched.2725

The first conclusion is that our code reproduces well the quench dynamics. During the
following sections, the goal is then to analyze each phase, by studying the computed variables
such as the pressure or the velocity, variables not measured during the experimental studies.d
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5.2.2. Analysis of the quasi-linear phase

This section is dedicated to the analysis of the quasi-linear phase. The goal of this section is2730

to analyze the cause of this propagation at constant speed, by presenting a phenomenological
analysis of the quasi-linear phase and by highlighting the variations of the different physical
variables. In a second step, the different phenomena dominating the quasi-linear phase are
identified.

5.2.2.1. Phenomenological analysis of the normal length evolution during the2735

quasi-linear phase

A focus has been done on the quasi-linear phase in figure 5.4, where the pulse phase is not
shown. Two phases can be seen: a first erratic phase, where the quench propagation speed
is initially high, and a second phase where the quench propagation speed decreases quickly
towards the quasi-linear regime. During the quasi-linear regime, the quench propagation speed2740

is computed to 2.10 m/s.

Figure 5.4: Time evolution of the normal length in the quasi-linear phase of the quench prop-
agation, obtained with THEA®.

The initial erratic evolution can be seen on several other cases, particularly for lower current
cases, and seem to be due to the power deposition of the heaters that slightly accelerates the
quench initially. Indeed, the power deposition of 48 W/m is not negligible compared to the
dissipative heat losses by Joule effect, that are between 95 and 342 W/m for a current between2745

10 kA and 17 kA. Therefore, the external power of the heaters contributes to accelerate the
quench initially. Moreover, the oscillations seem to stop, or at least strongly decrease, at around
0.1 m, corresponding to the end of the heaters zone. It corresponds to the interface between
the zone where the coil is heated due to the heaters and the rest of the CICC. The effect of
the heaters seems thus only local and does not affect the rest of the propagation. As it can2750

be seen, just after 0.2 m, the quasi-linear regime is reached. In addition, this erratic evolution
also evokes the initial oscillations observed in chapter 4.

The temperature profile of the solid part, the pressure profile and the helium velocity profile
are presented in figure 5.5. The temperature of the solid part increases in the quenched zone,
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and a bit further, but the temperature is unchanged in the rest of the coil. Therefore, it could2755

be assumed that the quench propagates in a similar way as in the ”infinite exchange quench
propagation” formula as presented in chapter 1, with the stagnant fluid and the solid at constant
temperature in the non-quenched zone. However, it can be seen on the velocity evolution that
a flow is generated in the coil. Globally, the velocity increases in the quenched zone to slightly
less than 2 m/s, and decreases in the non quenched-zone. The pressure of the helium increases2760

in the quenched zone to around 5 bars, due to the power deposited by the heaters in a first
step, and by the quench in a second step.

(a) Temperature profile. (b) Pressure profile.

(c) Velocity profile.

Figure 5.5: Evolution of the temperature, pressure and velocity profiles during the quasi-linear
phase along the length of the MACQU coil. In the quenched zone, the temperature increases
and the pressure is constant. The velocity increases in the quenched zone while decreases in
the non-quenched zone.

By focusing now at X = 0.5 m, it can be seen in figure 5.6 that the temperature of the
helium and the conductor remain constant until 0.25 s, where the temperature increasing very
slowly until 0.4 s, corresponding to the time where the quench starts propagating. Then, as2765

the quench gets closer, both temperature increases. Moreover, the temperatures remain very
close between the conductor and the helium, the maximum difference is reached at 0.48 s and is
0.05 K. The velocity remains constant, and after a plateau until 0.25 s, increases until 1.77 m/s.
It is interesting to notice that the velocity increases much before the arrival of the quench.
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(a) Temperature evolution. (b) Velocity evolution.

Figure 5.6: Time evolution of the temperature and velocity at X = 0.5 m. The temperature
starts increasing at 0.4 s while the velocity, after a plateau until 0.25 s, increases strongly to a
plateau around 1.8 m/s.

Therefore, in order to understand which phenomena is responsible for the time variation of2770

the variables before the quench initiation, the following section presents the different terms of
the fluid model and their time integrals.

5.2.2.2. Identification of the dominant phenomena during the quasi-linear phase

As identified earlier, the temperature and the velocity of the helium are increasing before
the quench arrival. To identify which phenomenon is responsible of such increases, the different2775

terms of the temperature of the fluid model and the sum of the temperature balance terms of
the solid parts model have been computed in figure 5.7. The different terms are shown only
until the quench, as the Joule effect term is largely dominant after. The terms of the velocity
balance have not been plotted, as it is an equilibrium between the friction term and the pressure
gradient term, showing that the pressure drop is generated by the friction forces.2780

Figure 5.7: Time evolution of the terms from the fluid temperature equation and terms from
the solid parts temperature equation at X = 0.5 m. The advection term is dominant in the
fluid model while the conduction term is dominant for the solid parts.

The first evident result is that the convective heat exchange term is positive, meaning that
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the helium extracts heat from the solid. The temperature of the helium increases then by
convection with the solid part but also due to the advection of warm helium. An important
result to highlight is that the Gorter-Mellink heat exchange mechanism of the helium does not
contribute at all to the temperature change of the helium. Indeed, due to the too small helium2785

cross-section, this heat transfer is totally negligible, contrarily to what could be expected.
Important peaks can be noticed for most of the terms around 0.45 s, corresponding to

the λ transition of the helium. Due to the inversion of the sign of the Grüneisen parameter,
the compression forces term becomes negative and contributes to slow down the temperature
increase. At the opposite, the pressure increases as the friction term and the convective heat2790

exchange term become positive.
Finally, the heating of the coil is done by heat conduction. Indeed, when the quench starts

propagating after 0.25 s, a strong thermal gradient is established at the interface of the heaters
region, and by conduction, the temperature of the coil starts increasing.

By plotting the time integral of the terms from the fluid temperature equation (figure 5.8),2795

it is confirmed that the transport term is the dominant term in the temperature increase of the
helium. About 2.5 K increase comes from the transport term. The convective term weights only
for 0.4 K in comparison while the compression term contributes to decrease the temperature by
0.1 K. Without advection, the temperature of the helium would increase less, and this would
slow down the quench, being comparable to the ”infinite exchange” quench case. In our case,2800

it is clear that the transport term also contributes to drive the quench propagation close to the
quench propagation front and confirms that the ”infinite exchange quench speed” formula 1.14
is not valid in our case.

Figure 5.8: Time evolution of the integral of the terms from the fluid temperature equation
at X = 0.5 m. The advection term contributes the highest to the temperature increase of the
helium. The convective heat exchange term being positive, the solid part warms the helium
during the quasi-linear phase.

To summarize, the superconducting cable remains at initial temperature until the quench
initiation. Before the quench arrives at a defined position, several phenomena start: the super-2805

conducting cable starts to slowly warm due to heat conduction and the helium’s temperature
increase is mostly generated by advection and convection. The quench propagates at constant
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speed during this phase. In these conditions, it is possible to estimate the different terms of the
”helium flow quench velocity” by the formula 4.9 recalled below. The advection term can be
estimated to 1.71 m/s and the heat source term, composed of the friction contribution and the2810

Joule dissipation contribution, to 0.44 m/s. The quench propagation speed is thus 2.15 m/s.

vq =
∆ĥh

∆ĥh +∆hs

vh +
1

∆ĥh +∆hs

√
(λs∆T )[

2fρhv
2
h|vh|

Dh

Sh

Sc

+ ηeqJ2] (4.9)

The helium velocity is 1.77 m/s. The current is 15003 A and 1.97 T, for a RRR of 125. ∆T is
5.76 K.

The heat conduction in the solid plays an important role in the quench propagation and the
warming until Tcs. However, based on equation 4.9, the heat source term, in which the conduc-2815

tion and the Joule dissipation are dominant, is much smaller than the advection term. Both
drive the quench propagation but the advection is the main driver of the quench propagation
speed. Therefore, if the quench propagation speed is constant, it is mainly due to the fact that
the helium velocity is constant. The consideration of the advection in the quench propagation
speed computation appears then as mandatory, and shows the limits of the ”infinite exchange2820

quench speed” formula 1.14.

The flow established in the coil thus contributes to the quench propagation. It is shown in
the following section that the pre-heating of the coil starts also thanks to the flow downward
in the coil and far away from the quench propagation front.

5.2.3. Analysis of the acceleration phase2825

After showing that the conditions for initiating the acceleration phase are reunited during
the quasi-linear phase, this section is dedicated to the analysis of the acceleration phase. The
goal is to identify the variation of the physical parameters describing the quench behavior but
also to identify the causes of these variations. In a first step, a phenomenological analysis of
the acceleration phase is done, to illustrate the variations of the physical parameters along the2830

coil. In a second step, the different terms of the models, and their time integrals, are computed
to identify and quantify the effect of the different phenomena driving the quench propagation.
However, as the acceleration phase is the longest phase of the three phases, the study is done
at two positions: X = 7.5 m and X = 15 m. It allows showing the evolution of the different
phenomena even during the acceleration phase.2835

5.2.3.1. Phenomenological analysis of the normal length evolution during the

acceleration phase

The acceleration phase starts when the normal length curve deviates from the initial quasi-
linear regime, as it can be seen in figure 5.9. The acceleration is progressive, but by a simple
linear regression at X = 15 m, it can be computed that the quench is already propagating at2840

3.45 m/s, comparing to the 2.10 m/s initial speed.
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Figure 5.9: Time evolution of the normal length in the acceleration phase of the quench prop-
agation, obtained with THEA®.

This acceleration was assumed to be due to the THQB phenomenon, generating a pre-
heating of the coil due to the helium flow inside the conduit. It can be seen in figure 5.10 that
the coil is effectively pre-heated. At the beginning of the acceleration phase the non-quenched
zone is still at 1.8 K, but at 6.5 s at the end of the acceleration phase, the non-quenched zone2845

is at 4.0 K and has increased continuously in between.

Figure 5.10: Evolution of the temperature profiles during the acceleration phase. The temper-
ature increases in the non-quenched zone due to pre-heating.

In addition, unlike to the quasi-linear phase, after 4.5 s, the speed is higher in the non-
quenched zone than in the normal zone (figure 5.11 (a)), and keeps increasing while the quench
propagates. The pressure is at 8 bar inside the quenched zone and keeps increasing (fig-
ure 5.11 (b)), but remains at 1 bar at the extremity, meaning that the pressure gradient2850

increases along the coil.
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(a) Velocity profile. (b) Pressure profile.

Figure 5.11: Evolution of the velocity and pressure profiles during the acceleration phase.
The pressure increases in the quenched-zone, the pressure gradient increases thus in the non-
quenched zone. The velocity is more important in the non-quenched zone than in the normal
zone.

With the pressure increase, several parameters are modified. The most important one is
the decrease of the temperature of the λ transition of the superfluid helium, that happens at a
lower temperature 2.10 K at 8 bar, instead of 2.17 K at the saturation. The heat capacity of the
superfluid helium decreases when transiting to normal liquid. As it can be seen in figure 5.12,2855

at the location X = 7.5 m, the temperature exhibits an important increase after 3 s at 2.10 K
because the pressure at this location is around 8 bars. Further in the coil, the pressure is lower
and the temperature increases at 4 s and around 6 bars. The temperature of the conductor
and the helium are well-superposed and no difference can be seen between them. The velocity
increases continuously until the quench arrival, and keeps increasing with the quenched length2860

increase. Therefore, in contrast to the transport contributing to quench propagation in the
vicinity of the quench propagation front, preheating here also occurs at a distance from the
quench propagation front.

(a) Temperature evolution. (b) Velocity evolution.

Figure 5.12: Time evolution of the temperature and velocity at X = 7.5 m and X = 15 m.

119



The velocity of the helium has then greatly increased, going from 1.77 m/s to 3.30 m/s at
X = 15 m, and keeps increasing with the quenched length. All the terms composing the fluid2865

model that are involved with the velocity and particularly the transport term and the friction
forces term will increase strongly. The goal in the following section is to verify the evolution of
these terms and corresponding phenomena, in order to identify which one is the most dominant
during the acceleration phase and how it influences the quench propagation.

5.2.3.2. Identification of the dominating phenomena during the acceleration2870

phase

This section is dedicated to verifying the effect of the velocity increase on the quench
propagation. The evolution of the time integrals of the different terms of the fluid model
have been computed in figure 5.13. Until 4 s, only the friction term contributes to increase
the temperature of the helium, making the helium transit from superfluid to normal liquid.2875

After 4 s, the advection term increases showing that heat is transported while the quench gets
closer. In terms of temperature increase, both phenomena generate an equivalent temperature
increase. However, the advection contributes to the temperature increase only when the quench
propagation front is close the looked-at position, as in the quasi-linear phase. At the opposite,
the friction forces strongly contribute since the beginning and even when the quench propagation2880

front is far away from the position. The friction forces generate a slower temperature increase
than the advection, but with enough propagation time their contribution to the temperature
increase of the helium can be equivalent (or higher) to the advection one. Therefore, there is a
clear competition between both phenomena, but at different spatial scales, close to the quench
propagation front or far upfront the quench front. Finally, the convective term is still negative2885

even above Tλ, meaning that the helium warms the solid.

Figure 5.13: Time evolution of the integrals of the terms from the fluid temperature equation
at X = 15 m.

Concerning the temperature increase of the solid, as it can be seen in figure 5.14, the
convective heat exchange and the conduction have an equivalent contribution. Indeed, the
exchanged convective heat flux is the same, but the term ρCp is lower in the solid parts case, so
the contribution to the temperature increase of the solid parts is more important. The friction2890
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forces indirectly make the temperature of the coil increase. By heat conduction, Tcs is reached
in the coil, as the conduction term increases greatly after 5.5 s. Therefore, it is clear that even
if the quench propagates continuously by conduction, the contribution of the helium to the
heating of the coil is higher along the coil.

Figure 5.14: Time evolution of the integral of the terms from the solid parts temperature
equation at X = 15 m.

To summarize the analysis of the acceleration phase, the helium warms the coil. The helium2895

is warmed by both advection and friction at different spatial scales. Indeed, close to the quench
propagation front, the transport of warm helium is predominant, and the velocity of helium
that increases with the quenched length contributes to accelerate the quench. Further in the
coil and far away from the quench propagation front, the friction forces make the temperature of
the helium increase, making the quench propagation speed increase. In a first step, the helium2900

transits from superfluid to normal liquid, but its temperature keeps increasing. There are then
two phenomena contributing to accelerate the quench. These results seem to confirm again the
relevance of the ”helium flow quench velocity” formula 4.9, with the effect of the advection but
also the pre-heating due to the friction forces. However, the last moment normal transition of
the superconducting cable is still due to heat conduction, with the continuous arrival of the2905

quench by heat conduction.
In the following section, the breaking phase is analyzed, in order to understand the physics

behind the characteristic break observed during the quench of the MACQU coil, and highlight
the role of the friction forces in it.

5.2.4. Analysis of the breaking phase2910

After showing that both the advection and the friction forces were responsible of the pro-
gressive acceleration of the quench, this section is dedicated to the analysis of the breaking
phase. During this phase, after a clear break, the quench reached its highest quench propaga-
tion speed. It has been shown in the previous chapter that the current and the temperature
margin were important parameters to trigger the breaking phase, as well as the time while the2915

quench propagated and the distance from the quench initiation. The goal of this section is also
to identify the links between these parameters and the breaking phase.
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5.2.4.1. Phenomenological analysis of the breaking phase

A clear break of the normal length happens at 7.15 s, as it can be seen in figure 5.15. It
indicates the transition between the acceleration phase and the breaking phase and is char-2920

acterized by a discontinuity of the second derivative of the normal length curve. After the
break, an important increase of the quench propagation speed can also be seen and the quench
propagation speed is estimated to be 28.4 m/s. However, before the plateau indicating that
the entire coil has quenched, at 7.3 s, an important decrease of the quench propagation speed
can be seen.2925

Figure 5.15: Time evolution of the normal length during the breaking phase of the quench
propagation, obtained with THEA®.

Due to the pre-heating, the temperature at 7 s is between 4.6 K and 4.0 K outside the
quenched zone, which is below the Tcs curve (figure 5.17). However, it is clear that the temper-
ature is still increasing. At 7.15 s, when the temperature crosses the Tcs curve, there is a change
of dynamics. Initially, inside and close to the quenched zone, the temperature rose when the
quench arrived. Here, between 7.15 s and 7.2 s, the temperature of almost 1.5 m of the coil2930

exceeds Tcs, but there is no big increase of the temperature yet. An inflection point can then
be seen at the intersection between the Tcs curve and the temperature profile.

Figure 5.16: Evolution of the temperature profile during the breaking phase.
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Moreover, while the quenched zone increases, the pressurized zone also increases (fig-
ure 5.16 (a)). However, it can be seen above 7.5 s, the pressure is decreasing in the coil,
while the velocity of the helium increases strongly (figure 5.17 (b)). The increase of the veloc-2935

ity gradient leads to dominant compression forces, negative in our case, and then make decrease
the pressure.

(a) Velocity profile. (b) Pressure profile.

Figure 5.17: Evolution of velocity and pressure profiles during the breaking phase.

As it can be seen in figure 5.18, after an initial phase where the temperature remains con-
stant, the temperature of the helium starts increasing. At 4.2 s, the helium loses its superfluid
properties and goes into the liquid normal phase. Its heat capacity decreases thus strongly.2940

The temperature of the helium increases then much faster. However, it can be noticed that the
temperature increase is continuous until Tcs. The final temperature increase seen during the
acceleration phase can not be seen here. In addition, the temperature increase is continuous
until Tcs. The velocity increase is also continuous. The goal of the following section is then to
identify the causes of the continuous acceleration, that will highlight the causes of the triggering2945

of the breaking phase.

(a) Temperature evolution. (b) Velocity evolution.

Figure 5.18: Time evolution of the temperature and velocity at X = 22.5 m.
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5.2.4.2. Identification of the dominating phenomena during the breaking phase

During the acceleration phase, the temperature of the helium increases due to the friction
forces downward from the quenched length. Close to the quench propagation front, the ad-
vection and conduction are dominant though. During the breaking phase, as it can be seen2950

in figure 5.19, the contribution of the friction forces term is largely dominant compared to
the advection term. Indeed, the friction forces term increases because while the temperature
increases, the heat capacity of the liquid helium, smaller than the superfluid one, decreases.
Therefore, due to the friction forces, the temperature of the helium reaches Tcs downward the
quench propagation front. By convection, the helium warms the coil. The break represents2955

then the temperature increase of the coil until Tcs, caused by the indirect pre-heating due to
the friction forces. It corresponds therefore perfectly to the THQB theory.

Figure 5.19: Time evolution of the integral of the terms from the fluid temperature equation
at X = 22.5 m.

This idea is confirmed by the time evolution of the integral of the terms from the solid
parts temperature equation, represented in figure 5.20. Indeed, the conduction term is largely
negligible in front of the convection term. The earlier phases highlighted a large temperature2960

increase due to the quench arrival by conduction. However, as the conduction term is negligible
here, it indicates that the quench is initiated locally due to the convection, so indirectly by the
heating of the helium caused by the friction forces. Therefore, the friction forces are the cause
of the characteristic acceleration of the breaking phase.

The friction forces had to overcome the temperature margin ”alone” to trigger the breaking2965

phase. Therefore, it is clear that the triggering of the breaking phase is highly linked with
the temperature margin: a higher temperature margin could not let the temperature of the
helium reach Tcs before the entire quench of the coil. In this case, the heat conduction and the
advection would be dominant and there would be no breaking phase. At the opposite, a lower
temperature margin could allow reaching Tcs closer from the quench initiation point. Indeed,2970

less energy would be needed to overcome the temperature margin.
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Figure 5.20: Time evolution of the integrals of the terms from the solid parts temperature
equation at X = 22.5 m.

To summarize, due to the friction forces, the temperature of the helium is increased to Tcs

downward the quenched length. The superconducting cable is then warmed up by convection.
However, contrarily to earlier phases, the contribution of the heat transport (conduction or
advection) is negligible in front of the friction term one. Tcs is reached only by the pre-heating2975

of the friction forces. Therefore, far away from the quench propagation front, a ”new” quench is
initiated. This type of quench is represented by the breaking phase. With an important velocity
of several m/s, the friction term adds its contribution in the ”helium flow quench velocity”,
making the quench propagation speed strongly increase.

In the following section, the quench study is extended to a parametric study of the current.2980

The goal is to qualitatively verify the quench behavior in function of the current, particularly
in terms of acceleration and breaking phase, and to compare with the conclusions done in the
previous chapter.

5.2.5. Parametric study of the current on the quench behavior

By keeping the same temperature conditions than the previous case, a parametric study of2985

the current has been done on the quench behavior. The goal of this section is then to analyze
the results of this study, to verify the computed results for a different current. The results of
the parametric study can be seen in figure 5.21. The parametric study goes from 13 kA to
21 kA, with a step of 1000 A. The characteristic break of the breaking phase can be clearly seen
above 15 kA, slightly at 14 kA and not below.2990

As it can be seen, the quench propagation speed clearly increases with the current. Moreover,
the breaking phase happens earlier and closer to the initiation point with the current increase.
The exact initiation point of the quench is unknown but is in the heaters zone, from the center
at X = 0 m to X = 0.104 m. For simplification purpose it is considered at X = 0 m. It is then
clear that qualitatively, an equivalent behavior is observed between the numerical computations2995

and the experimental results.
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Figure 5.21: Parametric study of the normal length evolution, in fonction of the current. The
breaking phase can be seen above 14 kA but not below.

To push further the analysis, by plotting the quenched-length and the propagation time
before the breaking phase, it can also be seen in figure 5.22 that the quasi-linearity of both
parameters in function of the current is conserved with respect to the previous chapter (sec-
tion 4.3.1). A similar conclusion can be done: depending on the available conductor length and3000

the propagation time, there is an offset to initiate the breaking phase.

Figure 5.22: Quenched-length and progation time before the breaking phase in function of the
current, obtained with THEA®.

In conclusion, the quench behavior predicted by THEA® is qualitatively similar to the one
observed experimentally, with three phases quench propagation. During the quasi-linear phase,
the quench propagates in the superconducting cable at a constant speed at a constant tem-
perature. Due to the dissipative heat losses by Joule effect generated in the solid, the helium3005

is warmed up by convection, and the helium is set in motion inside the CICC. This helium
velocity has an important effect on the quench propagation. Close to the quench propagation
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front, advection in the helium transports heat and contributes to accelerating the quench prop-
agation, on the contrary to the ”infinite exchange” theory where the quench only propagates by
conduction with the stagnant fluid at a constant temperature. Moreover, the helium velocity3010

increases with the normal length. Further in the coil, upfront the quenched length, the friction
forces make the temperature of helium increase and the temperature of the coil. With this
pre-heating, the quench propagation is also accelerated due to the decrease of the temperature
margin. Therefore, there is competition between both phenomena, with the advection driving
the quench propagation close to the front, while the friction forces drive the quench propagation3015

far from the front. However, the temperature increase due to the friction forces can make the
helium and the coil reach Tcs upfront the quenched length if the available length and time are
enough. In these conditions, the quench is fully initiated by the indirect heating of the friction
forces and not by conduction. This ”new” quench is characterized by an important flow, where
the friction forces add their contribution to the transport and the ”infinite exchange” quench3020

propagation speed, and make the quench propagation speed increase greatly.
Therefore, THEA® allowed us to further understand the phenomena, and also shown that

the predicted behavior was qualitatively in coherence with the observed experimental behavior
in function of the current. The quenched-length and the propagation time before the breaking
phase seem to be quasi-linear with the current, as observed experimentally. The quench behav-3025

ior appears then as qualitatively well predicted by THEA®. The goal of the next section will
then be to reproduce the experimental cases and quantitatively compare the numerical results
with the experimental ones.

5.3. Comparison between numerical and experimental quench behavior

After verifying the qualitative quench behavior predicted by THEA®, this section is dedi-3030

cated to the comparison between the numerical and experimental results. In order to compare
the experimental results with the THEA® computations, the initial conditions of the different
cases studied during the MACQU experiment have been reproduced. In a first step, the two
results obtained for the already studied case at 15 kA and 1.82 K have been superposed in
figure 5.23. The slight difference in length comes from the modeling because the arms are3035

not modeled, while the SQD measurement takes into account the arms. It does not affect the
analysis as it is clear that the quench behavior is similar, with the quench propagation pattern
in three phases. However, it can be seen that the numerical quench dynamics is much slower
than the experimental one. The numerical initial quench propagation speed has been measured
at 2.1 m/s while the experimental one was measured at 4.9 m/s. Moreover, the acceleration3040

phase lasts longer and the breaking phase appears later. It seems that the friction forces last
longer to initiate the breaking phase. The temperature margin and the material properties

being the same, the
2f

Cvh

v2h|vh|
Dh

term can only be influenced by a slower velocity. This slower

velocity explains the decrease of the effect of the friction forces but also the decrease of the
quench propagation speed, based on the ”helium flow quench velocity” formula 4.9.3045
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Figure 5.23: Comparison between the experimental and the numerical results obtained for the
already studied case, at 15 kA and 1.82 K.

The same observation can be done for the other cases, as the results obtained with the
THEA® code can be seen on the left in figure 5.24, while the experimental results can be seen
on the right. Indeed, the global quench behavior is similar, with the quench propagation speed
increasing with the current, and decreasing with the temperature margin. It was also observed
that a minimal current of 14 kA was needed to trigger the breaking phase, and this behavior is3050

captured here. However, it is obvious that the numerical quench dynamics appears two to five
times slower than the experimental one.

(a) Numerical results. (b) Experimental results.

Figure 5.24: Comparison of the numerical (left) and experimental (right) results. The quench
propagation divided in three phases appears in both cases.

By comparing more globally the initial quench propagation speeds, the same result is ob-
served: the quench propagation speed computed by THEA® is between two and five times
slower than the experimental one, except for the 10 kA case. As it can be observed in fig-3055
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ure 5.25, the 10 kA case is the only case where the numerical quench propagation speed is
higher than the experimental one. Moreover, it can also be seen that the ”helium flow quench
velocity” formula 4.9 gives comparable results than the results computed with THEA®. To
obtain such results, the velocity of the helium has been considered at 0.5 s at the quench
propagation front location. Therefore, with the ”helium flow quench velocity” formula 4.9, the3060

quench propagation speeds given by THEA® can be retrieved.

Figure 5.25: Comparison between the numerical and the experimental quench propagation
speed.

However, it is not enough to find the experimental quench propagation speeds, and a phe-
nomenon must be in cause to explain this important gap. The main hypothesis is the diffusion
of the current inside the copper profile. This phenomena has been observed on the Atlas
project [30]. Indeed, during the quench, the current is redistributed from the superconducting3065

cable to the whole copper cross-section, and particularly the copper profile. However, this
redistribution is not instantaneous and behaves like a diffusion phenomena that creates a com-
petition between the redistribution of the current and the quench propagation. If the diffusion
is faster, the current is fully redistributed in the profile while the quench propagates and the
dissipative heat losses by Joule effect are evenly distributed inside the full copper cross-section.3070

If the quench is faster, there is a time where the current is not flowing through the full cop-
per section but only in a portion of it, so the dissipative heat losses by Joule effect defined
by ηCuI/S

2
Cu are more important than they should be during the diffusion time. Obviously,

with more important Joule losses, the quench propagation speed would be more important. In
addition, more important Joule losses would arrive on the helium and its pressure and velocity3075

would also increase. It is also a runaway phenomena because with a higher velocity, the effect
of the advection and the friction forces is also more important. The quench propagation speed
is thus increased and the breaking phase happens earlier.

Therefore, to verify this assumption, the timescale of the two phenomena must be com-
pared. To do so, the characteristic time of the quench is compared with the magnetic diffusion3080

characteristic time, both defined respectively in equation 5.13 and equation 5.14. The magnetic
diffusion characteristic time is obtained from the commonly used magnetic diffusion equation.
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Figure 5.26 compares the characteristic time of the quench with the characteristic time of
current redistribution.

τquench =
λCu

ρCuCpCu
v2q

(5.13)

τmagnetic =
L2µ0

ηCu

(5.14)

with τquench being the characteristic time of the quench, λCu the conductivity of the copper, ρCu3085

the density of the copper, CpCu
the specific heat at constant pressure of the copper, vq the quench

propagation speed, τmagnetic the magnetic diffusion characteristic time, L the characteristic
length of diffusion considered here being 5 mm, corresponding to the thickness of the half
profile, µ0 the vacuum permeability and ηCu the resistivity of the copper.

Figure 5.26: Comparison of the experimental quench characteristic time with the estimated
current diffusion time.

The characteristic time of the quench is lower than the magnetic diffusion time, except for3090

the 10 kA case. As is, it would mean that during a certain time depending on the current, the
current would flow in a part of the copper cross-section at the quench propagation front. The
dissipative Joule losses would then be, during the redistribution time, more important than
estimated, generating an over estimated quench propagation speed. In these conditions, there
is a clear competition between the current redistribution and the quench establishment, and3095

could explain the big difference between the computation and the experimentation. Moreover,
the only case where the obtained results are close is the 10 kA case, assumed to be the only
case where there should not be any current diffusion issue. It seems then that without current
diffusion issues, the quench propagation speed estimated by THEA® or by the ”helium flow
quench velocity” formula 4.9 is not far from the reality. Therefore, to obtain a more realistic3100

result, a current diffusion model should be integrated to THEA®. However, due to lack of
time, this model could not be implemented, and a future work should be done to integrate this
assumption to the actual model.
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After comparing experimental and numerical results, it appeared clearly that the numerical
results predicted by THEA® are qualitatively representative of the quench behavior of the3105

MACQU coil. The typical quench propagation in three phases appeared clearly and the global
behavior was conserved: the quench propagation speed was increasing with the current and with
the decrease of the temperature margin. It also appeared that the current offset for the breaking
phase was around 14 kA. However, it was also shown that quantitatively, the numerical results
were between two and five times slower than the experimental ones. This important gap seems3110

to be due to a current redistribution issue in the copper cross-section during the quench. During
the current diffusion time, the current flows in a part of the whole copper cross-section and it
generates excess dissipative heat losses by Joule effect, accelerating strongly the quench. No
current redistribution model has been done to correct the numerical results but should be done
in future studies. However, the obtained results with the MACQU coil allowed to highlight3115

the current redistribution issue but also to show that the results predicted by THEA® are
conservative. The quench protection study of MADMAX could then be done with conservative
values, allowing a more important margin.

Conclusions

This chapter has been dedicated to the analysis of the numerical results computed with the3120

numerical tool THEA® to understand the physics of the quench and the observed phenomena
both qualitatively and quantitatively. For that matter, a THEA® thermal and hydraulic
model has been constructed and presented. The different assumptions, such as modeling only
half of the solenoid, the field map, or the friction coefficient or the convective heat exchange
coefficient correlations were detailed. Then, the code has been used to study a typical quench3125

presented in chapter 4 (15 kA and an initial temperature of 1.82 K). The different quench
phases were analyzed as well as the different phenomena governing the physics of the quench.
It appeared that the quasi-linear phase is mostly driven by the helium advection in addition
to heat conduction. The quench is propagating at a constant speed as the helium velocity
is constant. However, with increasing energy deposited by the quench on the helium, the3130

temperature and pressure increase, and higher helium velocity is generated along the CICC.
The helium starts then moving in the whole CICC. With higher advection, warm helium is
close to the quench propagation front. Upfront the quenched length, since the beginning of
the acceleration phase, the friction forces start to pre-heat the helium and therefore the coil
by convection. Indeed, due to this pre-heating, the coil is slightly warmed-up, decreasing the3135

temperature margin, and the propagation of the quench progressively accelerates. The normal
length is also larger and increases the helium velocity contributing to the increase of the speed
of the quench. With higher pre-heating, if the length and the time are enough for the quench
to propagate, the coil can reach Tcs in the non-quenched zone due mainly to friction and not
conduction. At this moment, the breaking phase starts with its characteristic discontinuity in3140

the normal length evolution. Indeed, it is the initiation of a ”new” quench generated by friction
forces far away from the quench propagation front. There are two phenomena driving the quench
but at different spatial scales. The consideration of both phenomena in the ”helium flow quench
velocity” formula appears relevant and gives equivalent results to our code. However, even if
the physics is qualitatively well predicted, it appears that quantitatively the numerical quench3145

dynamics are slower than the experimental findings. Current diffusion is assumed to be the
cause of this difference. When the conductor quenches, the current is temporarily flowing in
a portion of the copper profile instead of the whole copper cross-section. The current needs a
certain time to fill the full copper cross-section. It generates more Joule losses and increases the

131



quench propagation speed. No current redistribution model is integrated into THEA®. This3150

physics should be added in the future to improve THEA®. Nonetheless, THEA® can be used
for the MADMAX quench protection study since the quench behavior of such a CICC is well
identified and understood using a conservative quench propagation speed and behavior.
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General conclusion

This Ph.D. study focused on the study of the thermohydraulic phenomena taking place3155

during the quench of a novel copper CICC superconducting magnet cooled with stagnant su-
perfluid helium. It should be noted that the quench behavior of such a magnet has not been
investigated in the past, because, for the MADMAX project, a novel type of CICC conductor
has been developed. It is composed of a superconducting cable inserted in a rectangular copper
profile playing the role of thermal stabilizer and filled with stagnant superfluid helium. This3160

novel conductor configuration has never been used before and the risk of the novel conductor
had to be mitigated by improved understanding. For this reason, it was decided to study the
quench propagation in the MADMAX configuration to demonstrate that a large magnet like
MADMAX can be safely operated with such a CICC. To do so, the first work done during this
Ph.D. was to design a mock-up coil, called MACQU, to experimentally study a MADMAX-3165

representative quench behavior and measure its quench propagation speed. Several guidelines
have been considered for the design of the MACQU coil and the most important parameters
that drove our design were the dissipative Joule effect heat losses for a similar load line margin
(10 %) and an initial temperature of 1.8 K. The MACQU coil has been designed to repro-
duce 73 % of the linear heat dissipation of MADMAX, corresponding to a heat dissipation of3170

855 W/m, with a CICC cross-section two times smaller than the MADMAX one. After the
design, the coil has then been manufactured and integrated, after some modifications, to the
JT60-SA cryostat, where several quench tests were performed. The goal of these tests was to
simulate a non-detected quench that could propagate at constant current, before having an
instantaneous fast discharge.3175

Thanks to the performed tests, the experimental quench behavior of such CICC has been
observed and the quench propagation speed was measured. It allowed us both to validate
the safety of the MACQU detection system to be used on MADMAX in the future and to
study the MACQU quench physical behavior. Three different quench dynamics phases have
been identified for most of the quench tests: a quasi-linear phase, an acceleration phase and a3180

breaking phase.

The quasi-linear phase is the first phase of the quench propagation following the quench
initiation. During this phase, the dissipative heat losses by Joule effect generated by the quench
contribute to increase the temperature and pressure of the helium and creating a helium flow in
the CICC. Advection of heat by the helium in movement in the whole conduit and compression3185

in the helium contributes to increasing the temperature of the helium close to the quench
propagation front. During this phase, the quench propagates at nearly constant speed. This
speed has been measured between 1.3 m/s and 9.1 m/s, for a current range going from 10 kA
to 17 kA. A first important result here is that these speeds are high enough to ensure a fast
detection of the quench on MADMAX without damaging it. This validates the first main3190

objective of the project. In order to study the physics involved in this phase, we decided to
have first an analytical approach to evaluate the quench speed. It appeared that the ”infinite
exchange quench speed” formula was estimating the quench speed much slower than in reality.
Therefore, an ”improved” equation for the computation of the quench propagation speed has
been demonstrated, called the ”helium flow quench velocity” formula, taking into account the3195

advection of warm helium and the friction forces. This formula allowed us to show that the
conduction is not the main contributor to the quench propagation but the helium velocity. In
fact, in the quasi-linear phase, the conduction and frictions terms are clearly non predominant
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such that the quench propagation speed is nearly equal to the helium flow velocity.

During the acceleration phase, the quench propagation speed starts increasing. The move-3200

ment of the helium contributes to making its temperature increase by two means at different
spatial locations: the advection of the warm helium is dominant close to the quench front,
while the friction forces have an effect upfront the quenched length and far away from the
front. This two phenomena both contribute to increasing progressively the quench velocity in
the acceleration phase but by two different means. First, as said before, the advection of warm3205

helium is a driving phenomena in our case making the quench speed nearly equal to the helium
velocity in the first phase. Our analysis of the heat equations showed that the helium velocity is
increasing with the overall Joule effect deposited in the coil. This means that when the quench
propagates, the integrated Joule effect on the normal zone becomes higher and thus increases
the helium velocity. The increase of the helium velocity increases then the quench speed and3210

contributes to the acceleration phase. Secondly, the work of pressure and friction forces upfront
of the quenched length warm helium even far from the propagation front. This induces a clear
pre-heating of the non-quenched zone that reduces its temperature margin against Tcs. As the
analytical formulas show, the lower the temperature margin, the higher the quench propaga-
tion speed. The pre-heating due to the friction forces then also contributes to explaining the3215

acceleration of the quench in this phase.

When the breaking phase is triggered, a characteristic break of the normal length curve and
a spectacular acceleration of the quench happens. The quench propagation speed can reach
more than 100 m/s. The breaking phase is triggered when the superconducting cable reaches
Tcs due to the pre-heating of the helium. With the helium temperature increase, created by3220

the friction forces, the main heat source for the superconducting cable is the convective heat
exchange and not the heat conduction inside the solid. Reaching Tcs is then only due to the
contribution of the helium. In this phase, contrarily to the acceleration phase, the work of the
friction forces becomes predominant upon the advection of warm helium. The pre-heating that
it generates becomes high enough to make the helium reach Tcs upfront of the quench front3225

when the advection and conduction terms are still far and negligible. A ”new” quench is then
initiated, upfront the quench propagation front, and is not correlated with the conduction in the
solid. The quench dynamics are totally different as the helium becomes the driving parameter
of the quench propagation. It is the cause of this characteristic acceleration observed above
13 kA on the MACQU coil.3230

Indeed, the smaller the temperature margin ∆T = Tcs − T0, the less the frictional forces
have to contribute to the temperature increase, and the shorter the time needed for the quench
to initiate the breaking phase. With the increase of the current or the increase of the initial
temperature, both leading to a decrease in the temperature margin, the breaking phase happens
sooner and closer to the quench initiation point. In addition, the dissipative heat losses by Joule3235

effect increase with the current and so the heat dissipation in the helium. This increases the
helium velocity and contribute to increasing the effect of both advection and friction forces to
the acceleration of the quench. Moreover, it appeared both by an experimental and numerical
approach that the time needed for the quench and the distance crossed by the quench before
the triggering of the breaking phase is quasi-linear with the current. Therefore, the current,3240

the temperature margin, the available CICC length and the time while the quench propagates
appeared as key parameters driving the triggering of the breaking phase.

Finally, some directions on which the continuation of this doctoral work can be focused
are given below. The numerical results obtained with the computation tool THEA® were
qualitatively representative of the quench behavior of a copper conduit CICC cooled with su-3245
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perfluid helium. However, it has been shown that numerically the quench dynamics is much
slower than observed experimentally. In the current model, it is considered that the current
redistribution between the superconducting cable and the copper cross-section during a quench
is nearly instantaneous as it is driven only by the electrical power law of the Nb-Ti strands.
Indeed, it is not the reality and it has been shown experimentally that the observed quench3250

behavior is accelerated due to the current copper diffusion phenomenon. Therefore, to obtain
representative results with THEA®, a current diffusion model is to be developed and integrated
or coupled to THEA®. To get a more realistic quench behavior, the Joule effect at the prop-
agation front should be increased simulating the fact that the current is in reality flowing in a
smaller section than the full copper one during a certain magnetic diffusion time constant. This3255

add-on could provide a reliable numerical tool for the quench propagation speed computation
of such a CICC. Another issue that should be studied is the effect of the hydraulic diameter
on the quench behavior and especially on the Thermal-Hydraulic-Quench-Back (THQB). This
study could orient the future cable design of the MADMAX conductor. Indeed, for a cable
design, several strands diameters could be chosen and several cabling patterns are possible to3260

have the same magnetic performances. Nevertheless, from the hydraulic point of view, this
different patterns have very different wet perimeters and hydraulic diameters. So, even if the
magnetic performances are the same, the thermal hydraulic behavior of the quench could be
very different. We have shown in this Ph.D. that the friction forces had a great effect on the
quench dynamics by generating the breaking phase and the hydraulic diameter appears in the3265

friction forces term. For this study, the hydraulic diameter is rather small which creates large
friction forces. Future studies should include a hydraulic diameter parametric study to evalu-
ate its effect on the thermal hydraulic of the quench. As the initial quench propagation speed
is driven by the helium velocity, the choice of the hydraulic diameter at equivalent magnetic
performances could facilitate the quench detection. Finally, unexpected quenches appeared in3270

the terminals that couple hydraulic and electric circuits used on MACQU. These quenches are
at the origin of under-performances because only 76 % of the load line has been reached on
MACQU, compared to the 90 % target. It has been assumed that the quenches were generated
by current diffusion issues in the terminals. The superconducting cable is destranded and split
in triplets in the terminals but the current could be different from one bundle to an other.3275

Even if their configuration will probably be different, terminals will also be used in the MAD-
MAX magnet. To avoid under-performances that would limit the Figure of Merit generated by
MADMAX, the issue of the terminals must be addressed and the hint of the current diffusion
issue should be verified. The current transported by each superconducting strand should be
evaluated and different distribution of the bundles could be tested. These tests could confirm3280

or not the origin of the terminals dysfunctioning for MACQU and also orient the technical
choices for the terminals of MADMAX.
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A - Non-conservative form of conservation equations of

the helium

The three conservation equations of the helium are the mass conservation equation A.1, the3285

momentum conservation equation A.2 and the energy conservation equation A.3. The equations
are written for a unique 1-D channel. The cross-section being constant, the cross-section term
is already simplified.

∂ρ

∂t
+

∂ρv

∂x
= 0 (A.1)

∂ρv

∂t
+

∂ρv2

∂x
+

∂P

∂x
= −F (A.2)

∂ρe
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+

∂ρev

∂x
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∂Pv

∂x
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′′′
h + ˙q

′′′
cf (A.3)

with ρ being the density, v the velocity, P the pressure, F the friction term defined as F =

2ρf
v|v|
Dh

, e is the total specific energy defined as e = u + v2 with u being the specific internal3290

energy, ˙q
′′′
h is the external and convective heat flux reunited for simplicity and ˙q

′′′
cf is the heat

flux exchanged during the counter-flow mechanism [44]. The x and t are the space and time
coordinates.

The equation in the non-conservative form are written in terms of velocity v, temperature
T and pressure P . To obtain such equations, the thermodynamic relations A.4 and A.5 must3295

be used.

du =

(
P

ρ
− φCvT

)
dρ

ρ
+ CvdT (A.4)

(
c2 −

Pφ

ρ

)
dρ = dP − φρdu (A.5)

with φ being the Grüneisen parameter, Cv the specific heat at constant volume and c the sound
speed.

The momentum equation in the non-conservative form, expressed in v, can be easily obtained
by the operation (A.2)− v × (A.1):3300

ρ
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∂v

∂x
+

∂P
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= −F (A.6)

To obtain the energy equation expressed in T , the operation (A.3− (u+
v2

2
)× (A.1) is done.

After explicitating the total energy terms into
∂ρe
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equation A.7 is obtained.
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The term inside the brackets corresponds to the left side of the non-conservative momentum
equation A.6, and can be simplified as in equation A.8.3305

ρ
∂u

∂t
+ ρv

∂u

∂x
+ P

∂v

∂x
= ˙q

′′′
h + vF (A.8)

By using relation A.4 to adapt the du terms, and after replacing the terms in the equation,
the equation A.9 is obtained.
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The terms in the first brackets correspond to the mass conservation equation, so the sum is

null, and the terms in the second brackets can be assembled as −ρ
∂v

∂x
thanks to the mass equa-

tion. Therefore, the non-conservative form of the energy equation is obtained in equation A.10.3310
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To finish, the non-conservative form of the mass equation expressed in P is obtained by
substituting the dρ terms of the equation A.1. After substitution, equation A.11 is obtained.
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The brackets form the left part of equation A.8, and can be substituted into ˙q
′′′
h + vF .

Finally, equation A.12 is obtained.
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B - Superfluid helium production and filling of a magnet3315

To produce superfluid helium and then fill our magnet, a ”Claudet bath” is used [85]. The
goal of such a bath is to use two other baths in order to reach the working temperature and
pressure conditions in the main superfluid bath. For a superfluid bath at 1.8 K and 1 bar, the
functioning is detailed below, based on figure B.2.

� The first bath is a first pressurized and saturated liquid helium bath at 4.2 K, connected3320

to the main superfluid bath with a small leak through the insulating Tlambda plate. The
small leak allows to maintain a pressure balance between both bathes.

� The second bath is a saturated superfluid bath at 16 mbar. This bath acts as a heat
exchanger with the main bath and maintains the temperature of the main bath close to
1.8 K.3325

� The third bath is the main pressurized superfluid bath, at 1.8 K and 1 bar. The helium
is extracted from this bath to fill the magnet.

The saturated bath, to act as a heat exchanger, must be pumped. Therefore, it also must
be supplied with superfluid helium. It can be seen in figure B.1 that a Joule-Thompson valve
depressurizes the liquid helium from 1 bar to 16 mbar to supply the saturated bath. The helium3330

gas vapor, in a counter-flow heat exchanger, cool down the 4.2 K liquid helium before the valve,
in order to increase the efficiency of the depressurization.

Figure B.1: Scheme of the functioning of a Claudet bath, with the liquid bath, saturated
superfluid helium exchanger and pressurized superfluid bath [86].
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The Claudet bath creates superfluid helium at 1.8 K and 1 bar and supplies the magnet in
order to fill it according to the scheme represented in figure B.2. The cryogenic concept has
been inspired from ISEULT and SETH cooling concepts [87]. In fact, after a pre-cooling phase,3335

the caloduc linking the Claudet bath to the coil will start filling it with liquid helium. When
superfluid helium is produced, thanks to its thermal extracting properties, the layers of gaseous
helium will start condensing until the entire coil is filled with superfluid helium.

Figure B.2: Cooling down scheme of MACQU, inspired from SETH. The light blue is for liquid
helium and dark blue is for superfluid helium.
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C - Résumé en français

Depuis 2010, une nouvelle stratégie a émergé à l’Institut Max-Planck (MPI) concernant3340

la recherche de la matière noire. Cette stratégie est basée sur la recherche de particules hy-
pothétiques nommées ”axions”. L’intérêt de l’axion réside dans sa gamme de masse (40 -
400 µeV) qui n’a jamais été explorée auparavant. Pour explorer une telle gamme de masse, des
”haloscopes diélectriques”, composés de disques diélectriques placés dans un champ magnétique,
sont utilisés. À l’interface des différents milieux diélectriques, l’axion est supposé se com-3345

porter comme un photon, générant ainsi un rayonnement électromagnétique dans un champ
magnétique. Toutefois, avec les techniques actuelles, générer un facteur de mérite de 100 T2m2

(défini dans l’équation C.1) à l’intérieur du trou chaud dans lequel les milieux diélectriques sont
insérés reste un objectif scientifique et technologique ambitieux.

FoM =

∫∫
B2

ydS (C.1)

avec FoM le facteur de mérite et By le champ magnétique dans la direction du trou chaud.3350

Dans le cadre d’un partenariat d’innovation lancé par le MPI en 2018, le rôle du CEA
est de dimensionner, développer et construire un aimant dipôle possédant des caractéristiques
exceptionnelles: un champ magnétique de 9 T, une large ouverture de 1.35 m sur une longueur
de 1.3 m, et une gigantesque énergie magnétique stockée de 527 MJ.

Figure C.1: Schéma de l’aimant MADMAX. Le champ magnétique est maximisé dans le trou
chaud via le positionnement des bobines en forme de skateboard en position dipôle.

C’est la première fois qu’un dipôle combine toutes ces caractéristiques en comparaison de3355

précédents dipôles. Pour générer de telles conditions, la meilleure option est d’utiliser des
amants supraconducteurs. Ces aimants peuvent, via leur conducteur, transporter des courants
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électriques importants sans perte grâce à leur résistance électrique nulle sous une certaine
température. Toutefois, les aimants supraconducteurs peuvent subir des transitions, allant de
leur état supraconducteur à un état résistif. Lors de cette transition, l’énergie magnétique3360

stockée dans l’aimant se dissipe par effet Joule dans le conducteur et le fluide réfrigérant. Le
fluide est chauffé et pressurisé pendant que la zone transitée se propage le long de l’aimant.
Une augmentation excessive de la température ou de la pression du fluide peut mener à une
détérioration locale des propriétés supraconductrices de l’aimant.

Figure C.2: Schéma du débit d’hélium à l’intérieur du CICC généré par le quench.

Toutefois, en détectant la transition et sa propagation suffisamment tôt, l’aimant peut être3365

protégé de toute dégradation. Cette transition multi-physique s’appelle un ”quench” et doit
être analysée lors du dimensionnement d’un aimant supraconducteur. Le quench a été décrit
par de nombreux modèles prédictifs analytiques et numériques. En se basant sur les équations
de la chaleur du conducteur et du fluide, ces modèles décrivent la propagation du quench en
considérant des phénomènes thermiques, hydrauliques et électriques. Néanmoins, même si le3370

phénomène de quench a été fortement étudié dans la littérature, cela reste un risque important
du dimensionnement d’un aimant, particulièrement lorsque l’aimant dissipe une importante
énergie stockée et utilise un nouveau type de conducteur, comme dans le cas de MADMAX. En
effet, pour le dimensionnement de l’aimant MADMAX, un concept innovant de conducteur a
été développé. Le conducteur est basé sur la technologie de ”Cable-In-Conduit” (CICC). Cette3375

technologie a été bien mâıtrisée lors de projets comme JT60-SA, W7X, ITER, DEMO etc.
Aujourd’hui, cette technologie est industrialisée par de nombreuses entreprises dans le monde
alors que d’autres concepts n’existent plus dans l’industrie.

Le conducteur MADMAX combine la technologie CICC avec le concept de refroidissement
en bain avec de l’hélium superfluide. L’idée est de remplir le vide du CICC avec de l’hélium3380

superfluide stagnant qui assure la stabilité thermique du conducteur contre des perturbations
thermiques et l’initiation d’un quench.

Figure C.3: Section du CICC utilisé pour MADMAX.
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De plus, l’utilisation d’hélium superfluide sous les 2 K permet l’utilisation de courant
électrique plus important en comparaison du traditionnel refroidissemen en convection forcée à
5 K utilisé pour les CICC. Toutefois, la combinaison inhabituelle d’hélium superfluide et d’un3385

CICC a été rarement utilisée. A notre connaissance, le projet d’aimant hybride à 45 T du
NHMFL est le seul autre projet utilisant de l’hélium superfluide pour refroidir un conducteur
CICC classique. Il existe toutefois une différence importante entre l’aimant 45 T du NHMFL
et l’aimant MADMAX. Dans le 45 T, le stabilisant en cuivre est composé des brins en cuivre
tressé avec les brins supraconducteurs en Nb-Ti. Ce tressage assure un bon contact électrique3390

entre les brins de Nb-Ti et les brins de cuivre ce qui permet également une protection efficace
contre le quench. Dans MADMAX, le câble est entièrement composé de brins Nb-Ti et le sta-
bilisant est un profilé extérieur en cuivre. Ce conducteur innovant est unique et aucune étude
n’existe dans la littérature. De plus, même avec un concept de CICC classique, l’aimant 45 T
du NHMFL fonctionne finalement à un courant réduit de 8 kA au lieu de 10 kA suite à un3395

quench non protégé survenu sur l’aimant qui a endommagé les bobines. Cela démontre encore
une fois la difficulté de protéger un aimant contre un quench et accentue l’importance de notre
étude pour MADMAX, d’autant plus dans le cas où aucune étude antérieure n’existe.

Figure C.4: Différents conducteurs utilisés sur l’aimant hybride 45 T du NHMFL, très différents
du conducteur MADMAX.

La combinaison d’hélium superfluide dans un CICC tout en assurant la stabilité thermique
avec un stabilisant externe en cuivre n’a jamais été fait. De ce fait, ces deux nouveautés3400

combinées sont suffisantes pour justifier le fait que le comportement du quench est imprévisible
et justifie donc notre intérêt à étudier et à modéliser les phénomènes thermo-hydrauliques
résultant du quench d’un aimant supraconducteur refroidi en hélium superfluide.

Lorsqu’un quench se produit, le câble supraconducteur transite localement et génère une
tension au sein de l’aimant. Le quench commence à se propager par conduction de la chaleur3405

et augmente donc la tension générée. Cette tension doit être mesurée pour assurer la détection
du quench afin de protéger l’aimant. Le paramètre moteur de la détection du quench est
la vitesse de propagation de quench. Évidemment, si la vitesse de propagation du quench
est suffisamment grande, la tension augmente rapidement et permet de détecter le quench
efficacement. Si le quench est trop lent, le temps nécessaire à sa détection devient trop important3410

et le quench risque de générer des dégâts sur l’aimant. Ainsi, pour étudier et comprendre le
comportement du quench de MADMAX, il a été décidé de dimensionner, construire et tester
une bobine prototype appelé MACQU (MAdmax Coil for Quench Understanding) reproduisant
les conditions nominales de MADMAX. L’objectif de MACQU est de reproduire et d’étudier
un comportement de quench représentatif de celui de MADMAX et de mesurer une vitesse3415

de propagation de quench similaire à celle de MADMAX. Une non-détection du quench sur
MACQU pourrait amener à une non-validation du concept de CICC développé pour MADMAX.

Pour valider les objectifs de notre étude, la première étape est de dimensionner et de constru-
ire une bobine prototype reproduisant le comportement de quench de MADMAX. Le chapitre 2
de ce manuscrit de thèse est justement dédié au dimensionnement de la bobine prototype supra-3420

conductrice MACQU. L’objectif de ce chapitre est de présenter les différentes lignes directrices

143



du dimensionnement ainsi que les différentes méthodes utilisées pour reproduire le comporte-
ment de quench de MADMAX. Les paramètres pilotant le dimensionnement sont évidemment
le concept de conducteur (hélium superfluide stagnant à l’intérieur d’un CICC ayant un pro-
filé extérieur en cuivre), les dissipations par effet Joule et la marge en température pour une3425

même marge sur la droite de charge (10 %). MACQU a été dimensionné pour reproduire 73 %
des dissipations par effet Joule de MADMAX. Lors de la construction de la bobine, certains
changements (augmentation du RRR du profilé notamment, section de cuivre plus importante
que celle dimensionnée...) ont menés à une diminution de cette dissipation (44 % de MADMAX
en fonctionnement nominal).3430

Figure C.5: Schéma de MACQU une fois la construction terminée. Des ”bras” (parties rec-
tilignes en sortie du solénoide) ont été ajoutés afin de faciliter l’intégration e la bobine au sein
du cryostat JT60-SA disponible au CEA Saclay.

Le chapitre 3 est dédié à la construction et l’intégration de la bobine au sein de l’environnement
expérimental. L’instrumentation utilisé sur MACQU est également détaillé. Les différentes
méthodes de mesures comme les sondes de températures, les mesures de tensions ainsi que les
Superconducting Quench Detectors (SQD) y sont détaillées.

Figure C.6: Photo de MACQU dans la structure support et l’écran thermique, entouré
d’isolation MLI.

Les résultats expérimentaux de quench réalisés sur MACQU sont présentés et analysés dans3435

le chapitre 4. Ces résultats ont montrés que le quench était totalement détectable, validant
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ainsi le concept de conducteur pour MADMAX. Ces tests ont également démontrés que la
propagation du quench était divisée en 3 phases principales pour la plupart des quenchs: une
phase quasi-linéaire, une phase d’accélération et une phase de cassure. Un exemple de quench
à 15 kA est détaillé en figure C.7.3440

Figure C.7: Les différents régimes de propagation de quench: la phase quasi-linéaire, la phase
d’accélération et la phase de cassure. Le cas étudié est à 15 kA et 1.82 K.

Finalement, le chapitre 5 est dédié à la simulation de propagation de quench sur MACQU.
Les simulations sont effectués avec le logiciel THEA (Thermal, Hydraulic, Electric Analysis).
L’objectif de ces simulations est de vérifier et de compléter les études expérimentales menées.
Ainsi, en simulant les variation de pression, de vitesse d’hélium et de température dans le con-
ducteur et dans le fluide, les résultats numériques permettent d’analyser plus en détail chaque3445

terme de l’équation de la chaleur, équation de conservation de la masse et conservation du mo-
ment. Cette analyse permet d’identifier précisément les phénomènes physiques prépondérants
qui pilotent chaque phase de propagation du quench.
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avec P la pression, ρ la densité, c la vitesse du son isentropique, v la vitesse d’hélium, f
le coefficient de frottement, φh le paramètre de Grüneisen, Dh le diamètre hydraulique, T3450

la temperature, Cv la chaleur spécifique à volume constant, l’indice h pour l’hélium et les
coordonnées t et x pour le temps et l’espace. Les termes q̇

′′′
conv et q̇

′′

cf sont des termes sources
convectifs et de Gorter-Mellink.
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Cette analyse a permit de démontrer que la phase de cassure était du à un Quench-Back-
Thermo-Hydraulique (QBTH). Le débit d’hélium généré par le quench engendre un préchauffage3455

de la bobine jusqu’à la température de quench, ce qui engendre une accélération importante de
la vitesse du quench, indépendamment de sa propagation par conduction dans le conducteur.
Il s’agit de la toute première apparition dans la littérature d’un QBTH en hélium superfluide.

Grâce à THEA, il a également été possible de démontrer que la vitesse de propagation de
quench mesurée était plus importante que celle estimée numériquement (2 à 4 fois). De plus,3460

l’écart entre numérique et expérimental augmente avec le courant. La piste principale pour
expliquer cet écart viendrait de la diffusion du courant au sein du stabilisant. En effet, lorsqu’un
quench de produit, le courant va se redistribuer du câble supraconducteur au stabilisant en
cuivre mais cette diffusion n’est pas instantanée. Pendant un court instant de l’ordre de 100 ms,
le courant est reparti dans une plus petite section que l’entièreté du stabilisant en cuivre, ce qui3465

génère des pertes par effet Joule plus importantes et donc un quench plus ”virulent” et donc
plus rapide. Cette étude est une des pistes en cours d’analyse pour reproduire les résultats
expérimentaux avec un outil numérique.
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Titre: Etude et modélisation de phénomènes thermohydrauliques résultant du quench d’un aimant
supraconducteur refroidi en hélium superfluide
Mots clés: thermohydraulique, quench, aimant supraconducteur, hélium superfluide
Résumé: Une des problématiques majeures autour de la conception d’aimant supraconducteur est
d’être capable de protéger l’aimant en cas de quench accidentel. Le quench est la transition de l’état
supraconducteur vers l’état résistif d’un aimant supraconducteur, ce qui engendre une grande quantité
d’énergie par effet Joule. Ce quench ainsi que sa propagation par conduction vont mener à une forte
montée de température, pouvant dégrader voire endommager irrémédiablement l’aimant. Il est donc
nécessaire de détecter un quench lorsqu’il se produit afin d’éviter tout risques de dégradation. Dans
le cadre du projet MADMAX, projet européen autour de la recherche de la matière noire, un type
de conducteur inédit a été développé, la protection demande donc une attention toute particulière.
En effet, avec un conducteur de type Cable-In-Conduit-Conductor (CICC) avec un profilé en cuivre,
refroidi avec de l’hélium superfluide stagnant à l’intérieur du conduit, et sans bain d’hélium superfluide
autour des bobines afin de les refroidir, le comportement du quench est imprévisible. Ainsi, afin de
mieux appréhender le comportement du quench, une maquette d’aimant supraconducteur (MACQU),
reprenant en grande partie les caractéristiques de MADMAX, a été conçue puis testée au CEA Saclay,
au sein de la station d’essais JT60-SA. Une large plage de température a été testée, allant de 1.75 K
à 2.01 K, ainsi qu’une large plage de courant allant de 10 kA à 17 kA. Elle a permis de démontrer
la sécurité du système de détection, tout en permettant d’étudier un phénomène de propagation de
quench particulier: le Quench Back Thermo Hydraulique. Ce phénomène physique a été aussi observé
via THEA®, outil de simulation numérique. Il est apparu que la propagation du quench se faisait en
3 phases principales. La première phase est la phase quasi-linéaire où le quench se propage à vitesse
constante. La vitesse de propagation de quench est pilotée par la vitesse d’expansion de l’hélium qui,
suite au dépot d’énergie du quench, s’écoule dans le conduit. La conduction thermique dans la goulotte
en cuivre n’est donc pas le phénomène dominant de la propagation du quench. La deuxième phase est
la phase d’accélération, où le quench accélère progressivement. La vitesse de l’hélium augmentant avec
la longueur transitée, la vitesse de l’helium pilote toujours celle du quench et contribue à l’accélérer.
Dans le même temps, les forces de friction préchauffent l’aimant loin du front de propagation et la
temperature de l’aimant augmente dans la zone supraconductrice. La troisième phase démarre lorsque
sous l’effet des forces de friction, une grande partie de la zone supraconductrice restante transite
instantanément et génère un second quench beaucoup plus rapide que le précédent. Cette phase
est appelée la phase de cassure, caractérisée par une importante cassure de la longueur transitée,
correspondant à cette caractéristique accélération.



Title: Study and modelling of the thermohydraulic phenomena taking place during the quench of a
superconducting magnet cooled with superfluid helium
Keywords: thermohydraulic, quench, superconducting magnet, superfluid helium
Abstract: One of the biggest issues in the design of a superconducting magnet is to be able to protect
the magnet during an accidental quench. The quench is the transition between the superconducting
state and the resistive state of a superconducting magnet, generating an important amount of energy
due to Joule effect. This quench and its propagation by heat conduction will lead to an important
temperature increase. It can totally burn the magnet and degrade irreversibly its properties. It is
then mandatory to detect a quench if it occurs to avoid any degradation risk. In the framework of
the MADMAX project, a European project around dark matter research, the protection asks for a
particular attention. In fact, with a conductor of Cable-In-Conduit-Conductor (CICC) with a copper
profile, cooled with stagnant superfluid helium, and without a superfluid helium bath around the
coils to cool down the coils, the quench behavior appears as unpredictable. Then, in order to study
the quench behavior, a mock-up coil (MACQU), that has the same MADMAX’s features, has been
designed and tested at CEA Saclay, in the JT60-SA testing facility. A large testing temperature range
(from 1.75 K to 2.01 K), with a large testing current (from 10 kA to 17 kA) were tested. It allowed
to demonstrate the safety of the detection system, and to study a particular quench propagation
behavior: the Thermal Hydraulic Quench Back. This physical phenomenon has been also observed
with THEA®, a numerical simulation tool. It appeared that the quench propagation was divided
in three main phases. The first phase is the quasi-linear phase, where the quench propagates at
constant speed. The quench propagation speed is driven by the velocity of the helium that, due to the
Joule energy deposition of the quench, flows in the conduit. The thermal conduction in the copper
stabilizer is not the main phenomena of the quench propagation. The second phase is the acceleration
phase, where the quench accelerates progressively. The velocity of the helium increasing with the
normal length, the velocity of the helium still drives the quench propagation speed and contributes to
accelerate it. At the same time, the friction forces pre-heat the coil upfront the quench propagation
front and the temperature of the non-quenched zone increases. The third phase starts when, due to
the friction forces, an important part of the non-quenched zone instantaneously transits and generates
a second quench, much faster than the first one. This phase is called the breaking phase, characterized
by the important break of the normal length, corresponding to this characteristic acceleration.
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