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Abstract—Magnetic stress is of particular concern for ultra high
field magnets, especially, peak hoop stress of those magnets may be
locally concentrated by the screening current stress (SCS). For in-
stance, the Little Big Coil (LBC), which was designed, constructed,
and operated by a collborate team led by NHMFL, generated the
world record magnetic field of 45.5 T, but the conductor in LBC
experienced plastic deformation due to excessive SCS. In this paper,
to further analyze details of the mechanical stress behavior of LBC
magnet, the effect of friction coefficient and overband radial build
on stress alleviation is investigated by the parametric study. First,
total current density with screening current is calculated by using
the H-formulation together with domain homogenization method.
Later, the entire magnet structure is modeled by the 2D finite ele-
ment method to represent preload and axial interactions between
each adjacent single pancake (SP), and 3 turns are assumed to be
one engineering turn with frictionless radial turn-to-turn contact.
While, friction acts between the coil and spacer in a direction
that limits the radial displacement. Finally, we discuss the effects
of friction coefficient and overband thickness by sweeping those
parameters. Our parametric study implies that both friction and
overband radial build can reduce peak hoop stress levels of LBC,
however, effect of friction is dominant when overbanding is thicker
than 0.5 mm.

Index Terms—Mechanical stress anaysis,
parameter sweep, screening current stress.

no-insulation,

1. INTRODUCTION

WING to the in-field high critical current density, excel-
O lent mechanical robustness, high stability, and excellent
protection, the no-insulation (NI) technique enabled construct-
ing ultra-high field magnets [1]-[15]. However, there is a grow-
ing concern for screening current stress (SCS) which may cause
alocal concentration of high magnetic stress. Precise estimation
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and mitigation of SCS with consideration of radial turn-to-turn
contact of NI magnets are key challenges for high field NI
magnets.

The significance of SCS was firstly reported by the world
record 45.5-tesla (T) direct-current magnet, called Little Big
Coil (LBC), where plastic rippling deformation was discov-
ered [1]. Later with the post-mortem analysis of LBC, a shifting
of the bending center of the conductor was observed as a con-
sequence of SCS [16]. Still, one of the remaining problems is
that the coil experiences excessively high SCS which exceed
the ultimate tensile strength limit of the REBCO conductor,
according to our previous numerical calculation results [16].
To further analyze details for the mechanical stress behavior of
LBC magnets, we investigate the effects of different construction
variables, such as overbanding thickness and friction coefficient.

First, nonuniform current densities in LBC due to the screen-
ing current were calculated with the finite element analysis
(FEA) adopting H-formulation. Next, mechanical stress was
calculated by the FEA, where contact-pair boundary condition
was adopted to consider radial turn-to-turn contact behavior of
every individual turns. The entire magnet structure was modeled
for consideration of preload as well as axial force interactions
between adjacent single pancakes (SPs). Meanwhile, three turns
were set to be one engineering turn, for which frictionless contact
for radial turn-to-turn contact, but frictional one for the contact
between the spacer were considered. Finally, the parameter
sweep approach with respect to the friction coefficient and radial
overband was applied for the mechanical analysis. The analysis
results imply that both friction force and overband radial build
can mitigate peak hoop stress.

II. MODELING OF NON-UNIFORM CURRENT DENSITY

A. Screening Current Calculation Method and E — J
Characteristics: H-Formulation and Index Model

Considering the 2D-axisymmetric of LBC, which is a
solenoid magnet, FEA based simulation method adopting H-
formulation is used to calculate non-uniform current densi-
ties with screening current. The governing equation for the
H-formulation method, whose details are well-explained in
other literature [17]-[19], is Faraday’s law of induction. In this
particular method, 2D-axisymmetry edge-element together with
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TABLE I
KEY PARAMETERS OF LBC MAGNET

Parameters Values
Magnet Dimension

Inner radius, a1 ; outer radius, as [mm)] 7,17
Total height, 2b1 [mm] 53.1
Number of pancakes 12
Young’s moduli of conductor, E,.;Ey;E. [GPa] 69; 144; 144
Poisson ratio of conductor, v,.p; Vp 25 Vap 0.38; 0.34; 0.20

Young’s moduli of structure [GPa] 20 (spacer); 200 (overbanding)

Poisson ratio of structure 0.3 (spacer, overbanding)

Magnet Operation

Maximum operating current, I, [A] 245.3
Operating temperature, T, [K] 4.2
Background magnetic field [T] 31.1
Preload
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Fig. 1. Description of boundary conditions applied for mechanical modeling.
A preload of 86 kg is applied at the top of the magnet, and a roller condition is
given at the mid-plane. Radial turn-to-turn contacts are modeled as frictionless
contact, and bulk overbanding structure is considered. The direction of the
friction is against the radial displacement of each SP.

the domain homogenization technique was used to reduce the
computational cost. E — J characteristic of an REBCO conduc-
tor is expressed with the well-known power law, also known as
the index resistance model [20]:

Ey = E. ; ey

Je

where Fy, E., J., Jg, n are, respectively, circumferential
electric field, critical electric field of 1 ;V/cm, critical current
density, current density of the winding, and index value. Due
to the lack of information on measurements of critical current
as well as an index value in an ultra-high field (>40 T), we
obtained extrapolated critical current data with the well-known
practical fit function [21], and the index value was assumed as
n = 20 [22].

B. Analysis Target: Magnet Parameter and Operating
Scenario of LBC

NI REBCO high temperature superconductor (HTS) insert
of LBC, which generated 14.4 T in a background of 31.1 T
LTS outsert, is designed, constructed, and operated by a team
NHMFL. Table I summarizes key parameters of the magnet,
which consists of 6 double pancake (DP) coils with a total
height of 53.1 mm as shown in Fig. 1. The coil is wound
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Fig.2.  Operation results of LBC magnet with operating current and measured
center field. Simulation results at a full field of 45.5 T will be presented in the
latter analysis.
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Fig.3. 2D axisymmetric section view that represents FEA results for the upper
half of the magnet: (a) axial magnetic field, B ; (b) radial magnetic field, B,;
and (c) total current density (transport + screening), J¢ran + Jscr. Maximum
current density of 2920 A/mm? is calculated at SP3.

by 44 pm thick SuperPower conductor which is composed of
5 pm thick electroplated copper stabilizer, and 30 pum thick
Hastelloy substrate. Correspondingly, the magnet features high
engineering current density of 1020 A/mm?. For the calculation
of screening current distributions together with the transport
current, the power supply operating scenario shown in Fig. 2
is considered. All the following simulation results are shown at
the moment of the full field of 45.5 T.

C. Simulation Results of Screening Current Distributions

Fig. 3 shows screening current calculation results of LBC
magnet for the upper half of the magnet: (a) axial magnetic
field, B,; (b) radial magnetic field, B,; and (c) total current
density (transport + screening), Jirqn + Jscr. Essentially, more
screening current is induced at the SP which experiences a larger
radial magnetic field, therefore, the penetrated screening current
mostly happens in SP1. While, peak current density occurs at
SP3 with a value of 2920 A/mm?, which is about twice larger
than the conductor current density of 1420 A/mm? without the
screening current.

Authorized licensed use limited to: Florida State University. Downloaded on June 01,2022 at 15:25:18 UTC from IEEE Xplore. Restrictions apply.



PARK et al.: PARAMETRIC STUDY ON EFFECT OF FRICTION AND OVERBANDING IN SCREENING CURRENT STRESS OF LBC MAGNET

TABLE II
AXIAL PRESSURE OF EACH SP DUE TO LORENTZ FORCE

SP1  SP2 SP3 SP4 SP5 SP6
17.5 261 309 335 35 355

Pressure [MPa]

III. PARAMETRIC STUDY ON SCREENING CURRENT STRESS

A. Mechanical Stress Modeling: Entire Magnet Modeling With
Discrete Contact Mechanics

Fig. 1 shows a 2D-axisymmetric model for the upper half of
the magnet. Governing equation for the mechanical analysis is
given by

V.o+f, =0, )

where o is a stress tensor, and ﬁ, [N/m3] is volumetric Lorentz
force vector acting on the conductor. Then, the relation between
stress and strain is given by the generalized Hooke’s law. For the
sake of consideration of axial interactions between each adjacent
SP, whole SP magnets are modeled together with G10 spacers
in between each SP. A preload of 86 kg, which corresponds to
1.1 MPa in pressure, is assumed to be uniformly distributed at
the upper boundary of SP1. With the symmetry to the mid-plane,
the roller condition is given at the lowermost spacer by:

@-n =0, 3)
where 4 and 7 are displacement vector and a unit vector normal
to the surface. The turn-to-turn contacts of every SP are modeled
by frictionless unilateral contact, and the penalty method is
adopted for the analysis [23], [24]. For the ease of computational
cost, 3 turns are regarded as one engineering turn, and linear
elastic properties in Table I is assumed [25].

Friction forces act in the direction of blocking the radial dis-
placement of the individual turns as illustrated in Fig. 1 [26]. The
friction force is applied at the contact of the REBCO conductor
and spacer. To keep the resultant force zero, the direction of
friction force acting on each interface is opposite, but have the
same magnitude. The magnitudes of friction forces acting on the
upper (f%) and lower boundary (f?) of i" SP are given by:

i—1
fir=ps | PP4Y_ P,
Jj=1
“4)

i
S (e,

j=1

where s, PP, and P/" are, respectively, friction coefficient, the
pressure applied by preload structure, and axial pressure due to
Lorentz force at i*" SP. P/™ is calculated by:

pm— / By (Jivan + oo )dVi )
Vi

where V; is the volume of i*" SP. Calculated P/™ values are
summarized in Table II.
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Fig.4. Hoop stress calculation results in windings of LBC magnet with 0 mm
overbanding and O friction coefficient: (a) hoop stress; (b) magnetic + bending
hoop strain. Since the conductor is wound with the REBCO layer facing radially
inward, a negative bending strain is considered. Maximum hoop stress and
maximum hoop strain are evaluated to be 1531 MPa and 0.959 % at SP3.
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Fig. 5. Maximum hoop strain (magnetic + bending strain) values of each SP
coil depending on different friction coefficients. The magnitude of reduction in
maximum hoop strain differs by SP, mainly because of the difference in axial
pressure induced by Lorentz force.

B. Effect of Friction Force: Reduction of Maximum Stress
Without Additional Space

Since the lack of precise measurement on friction coefficient
of REBCO conductor in low temperature, sweeping ranges of the
friction coefficient between REBCO and spacer are preliminar-
ily set to be from 0O to 0.3 with an interval of 0.1 [26]. Overband
structure is neglected. Calculation results of maximum hoop
strain (magnetic + bending strain) in each SP depending on
different friction coefficient values are presented in Fig. 5.
As larger the friction coefficient, the smaller maximum hoop
strain is generated within the winding. The effect of the friction
coefficient is differed by each SP: as stronger the axial pressure
is, the more the friction force tends to influence maximum hoop
strain values. Therefore, the SP which experiences maximum
hoop strain may be changed depending on the friction coefficient
and the coil structure.

Authorized licensed use limited to: Florida State University. Downloaded on June 01,2022 at 15:25:18 UTC from IEEE Xplore. Restrictions apply.



4603205

—=— SP1—e—SP2 SP3

—v— SP4 —e— SP5 —<«— SP6
1 T T T T T T

0.9+

0.8

0.7 .

06 .

05 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Overbanding Thickness [mm]

Maximum Hoop Strain of Each SP [%]

Fig. 6. Maximum hoop strain (magnetic + bending strain) calculation results
of each SP depending on overbanding thickness. The effect of overbanding is
saturated as the overbanding becomes thicker.
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Fig. 7. Maximum hoop strain (magnetic + bending strain) calculation results
of the magnet according to the sweep of both friction coefficient and overbanding
thickness. Sweeping ranges of friction coefficient and overbanding thickness are,
respectively, 0 to 0.3 by 0.1, and 0 mm to 1 mm by 0.1 mm.

C. Effect of Overbanding: Saturation of Maximum Hoop
Stress With a Certain Thickness

The thickness of overbanding is swept in the ranges of 0 mm
to 1 mm by an interval of 0.1 mm. Bulk stainless steel overband
structure is assumed, and friction is neglected for this simulation.
Fig. 6 shows comparison results of maximum hoop strain values
depending on the thickness of overbanding. Reduction in maxi-
mum hoop strain values with increased overbanding thickness is
dominant when they are thin (<0.5 mm), but the maximum hoop
strain values tend to be saturated with a thicker overbanding.

D. Summary: 0.268% Reduction in Hoop Strain With s of
0.3, and Overbanding of 1 Mm

Fig. 7 shows maximum hoop strains in the winding depending
on both sweeping parameters of friction coefficient and over-
banding thickness. Ranges of sweeping parameters are 0 to 0.3
by 0.1, and 0 mm to 1 mm by 0.1 mm, respectively for, friction
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coefficient and overbanding thickness. Without the help of both
constraints, maximum hoop strain is evaluated to be 0.959%,
while maximum hoop strain can be reduced by < 0.7% with a
friction coefficient of 0.3, and 1 mm thickness overbanding.

IV. DISCUSSION

So far various numerical simulations and experimental studies
have been performed to understand screening current stress
behavior of NI magnets [25]-[30]. In the context of those
studies, our study confirmed that the maximum hoop stress value
can be reduced by taking into account the frictional force and
overbanding structure. Still, our simulation results overestimate
the maximum hoop stress of the magnet like some of those
relevant studies. Since the main source of the magnetic stress
is non-uniform current density distribution, there exists a possi-
bility that the non-uniform current distribution in the winding is
different from that calculated by the current index model. To best
of our knowledge, taking into account potential sources such as,
but not limited to, local /. degradation of the conductor, splice
resistance, or magnetic field dependence of index value may be
a crucial factor that affects current density distributions in the
magnet [22], [31]-[34].

V. CONCLUSION

In this study, we investigated the effect of friction force
and overbanding structure on screening current induced stress
using parameter sweep method. By using the H-formulation
together with the 2D edge element and domain homogenization
method, non-uniform current density distributions of our target
analysis model, Little Big Coil (LBC), were calculated. From the
calculated current density, we constructed a mechanical model
that enables to express axial interactions between adjacent single
pancake (SP) by modeling every SP coils. The friction acts in
between the SP and G10 spacer with the direction of limiting
radial displacement, while frictionless contact is assumed for the
radial turn-to-turn contact of NI windings. Finally, we reached
the following conclusions by our parameter sweep results.

e Commonly, several ultra high field magnets are designed,

and constructed with overbanding thickness of >1 mm [6],
[35]. As our results show that the effect of fricition is domi-
nant when overbanding is thicker than 0.5 mm, friction may
play an important role in reducing peak magnetic stress.

® The larger the axial pressure and the friction coefficient,

the larger the reduction in maximum hoop strain due to
friction force.

® As expected, overbanding reduced peak hoop strain of the

magnet, but its effect gradually diminishes with thicker
overbanding.

e Presence of both friction and overbanding effectively re-

duce peak hoop strain level. Our results imply 0.268%
of strain reduction in LBC magnet with a help of 1 mm
overbanding and friction coefficient of 0.3.
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