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Suitability of Bundle Approximation in AC Loss
Analysis of NbTi Wires: Simulations and Experiment

M. Lyly, E. Krooshoop, R. Lübkemann, S. Wessel, A. Stenvall, M. Dhalle, and R. Mikkonen

Abstract—Multifilamentary NbTi wires for ac applications are
manufactured by embedding filament bundles into a metal matrix.
In this stage of the manufacturing process, it is possible to affect
the layout of the cross section and to choose whether to use few
large or many small bundles in order to achieve a certain amount
of filaments. All in all, up to 100 000 filaments are attainable
for wire having the diameter of 1 mm. In this paper, ac loss
measurements in external magnetic field on differently stacked
NbTi samples are described. The measurements were performed
in a LHe-cooled cryostat. The amplitude of the external field
was varied between 250 mT and 3 T at frequencies of 0.02 and
0.12 Hz. We discuss possibilities to simulate the losses with finite
element method. In particular, we concentrate on the filament
bundle approximation and the possibilities to exploit it in the
research and development process of new NbTi wires. In this
approach, the filament bundles are considered as a homogenous
mixture of matrix and superconducting filaments. According to
the results, the bundle approximation greatly overestimates the
losses. Furthermore, it should not be used for comparing, e.g., two
wire structures where one has bundles of different size than the
other. However, when considering how to situate the bundles on the
cross section to achieve minimal ac loss, the bundle approximation
can be a useful tool.

Index Terms—AC loss, finite-element method (FEM), measure-
ments, multifilamentary, NbTi, numerical modeling.

I. INTRODUCTION

NBTI wires have been commercially available over
50 years. The manufacturing process of the wires is

highly optimized and complex wire structures can be produced.
In AC loss applications, twisted multifilamentary conductors
having filament diameter below 10 μm are needed in order to
achieve low enough losses [1]. Low AC losses result in reduced
operation costs and increased stability margin. For example, in
FAIR project, where the superconducting magnets are supposed
to be ramped with several Teslas per second, the development
of new low loss wires plays a crucial role [2].

The R&D process of a new wire is typically guided by
analytical expressions for AC losses and the knowledge from
the previous wires. However, even though the wires have been
available for a long time, the manufacturing process and the
proximity effect limit the adjustment of parameters, that would
reduce the losses [1], [3]. One option, which is however not well
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known, is the effect of alteration of wire’s cross-section layout
on losses. The alteration of the layout affects the field distribu-
tion in the wire and therefore the losses.

The effect of layout alteration on the field distribution can be
taken into account with numerical simulation methods. These
methods are often based on the eddy current model (ECM) [4],
the formulations of which can be solved using, e.g., inte-
gral methods or finite element method (FEM). Especially,
H-formulated ECM with non-linear power-law resistivity has
been successfully exploited for modeling AC losses in high
temperature superconductors [5]–[7]. When trying to simulate
twisted multifilamentary wires with FEM, the discretization of
the complex structure on the filament level, however, easily
results in a non-practical simulation time.

In this paper, we present the AC loss measurement results
for three different NbTi wires. Additionally, we discuss the
possibilities to exploit FEM in the AC loss simulations of these
complex wires. Particularly, we consider the usability of the
filament bundle approximation and the time-harmonic approach
in the R&D process of the NbTi wires. In the filament bundle
approximation, the filament bundles are considered as a ho-
mogenous domain instead of individual filaments and matrix
[8], [9]. The time-harmonic approach is used to approximate
the losses in the matrix due to the interbundle coupling currents
[10]. In this approach, the bundles are presented with linear
material properties.

II. MEASUREMENT SETUP

The losses in the NbTi samples due to the external magnetic
field were measured with a pick-up coil system, located in
the University of Twente, Enschede, Netherlands [11]. The
schematic view of the system is shown in Fig. 1. In this setup,
the cylindrically wound sample is placed in the sample space
and external field is applied with the superconducting AC mag-
net. A typical sample coil consists of 14–17 turns within diam-
eter of 38–44 mm. The superconducting pick-up coils register
the changes in the time-varying field as induced voltage. The
voltage consists of the induced voltage due to the applied field
and the part covering the losses in the sample and in the envi-
ronment. The purpose of the inner pick-up coil is to improve the
accuracy of the system.

In order to suppress the effect of the applied field, the pick-
up system consists of the upper part and the identical lower
part which are connected in series with the opposite winding
directions. Further, to reduce the influence of the environment,
the losses are measured without the sample and subtracted from
the losses with the sample.
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Fig. 1. Schematic view of the coils and sample space in AC loss measurement
system [11].

In this setup, the superconducting sensor coil with the Hall
sensor, located in the field free region, is used to deliver the
signal of the pick-up circuit to the computer. The setup and the
sample were cooled with liquid helium.

III. COMPUTATIONAL MODEL

Both the hysteresis loss in the superconducting filaments and
the losses in the metal matrix can be interpreted as ohmic losses
[12]. In this paper, the computation is based on the eddy current
model (ECM) [4]. We utilized in the H-formulation in 2-D for
the hysteresis losses and the A− v-formulation in 3-D for the
eddy current and coupling losses.

In the 2-D simulations, the resistivity in the superconducting
regions, ρsc, was applied via power law

ρsc =
Ec

Jc

(
|J |
Jc

)n−1

(1)

where Ec, Jc, |J |, and n are the critical electric field cri-
terion (0.1 μV/cm), the critical current density, the modulus
of the current density, and the superconductor index value
(50), respectively. Air was modeled as a high resistivity region
having a resistivity of 0.1 Ωm. This has negligible effect on
the losses in conductors [13]. In the whole modeling domain,
the permeability was equal to the permeability of free space,
μ0. The bundles were modeled as a homogenous mixture of
superconducting filaments and the matrix and the resisitivity in
the individual bundle was set as

ρb =
1

λscρ−1
sc + (1− λsc)ρ−1

m

(2)

where λsc and ρm are the fraction of superconductor and the
resistivity of the matrix in the bundle, respectively.

In the 3-D simulations, the losses in the matrix were approx-
imated with the time-harmonic approach introduced in [10]. In
this approach, the superconducting bundles are modeled as a
material having a linear resistivity

ρlin = δ2πfμ0 (3)

where δ = krb is the scaled penetration depth, and rb is the ra-
dius of a bundle. The parameter k = 2.25 was chosen according
to the benchmark simulations of the time-harmonic approach
presented in [10].

Fig. 2. One half of the NbTi wire cross sections. In S1, the dark region
represents filament free region. In S1 and S2, each visible filament bundle
consist of 85 and 55 filaments, respectively. In S3, the dark zone consists of
3858 filaments.

The dissipated energy [J] per cycle was computed by inte-
grating the power as

W =

∫
T

∫
Ω

E · J dΩ dt (4)

where T and Ω are the period and the domain, respectively.
The measurements were also compared to analytical solu-

tions. According to [14], the solution for hysteresis loss [J] per
cycle in a round superconducting filament under time-varying
external magnetic field perpendicular to the wire’s axis is

Qh = 2
8

3π
rfJ0B0 ln

(
B̂ +B0

B0

)
Vsc (5)

where rf , B̂, and Vsc are the radius of filament, the amplitude
of the magnetic flux density, and the volume of superconductor,
respectively. The equation is valid for a wave varying between
−B̂ and B̂. The parameters J0 and B0 define the critical current
of the wire as [14]

Jc =
J0B0

B +B0
. (6)

The losses in the matrix [J] per cycle can be solved as [15]

Qm =
B2

m

2μ0

8τ

Tm
Vw (7)

where τ = μ0/(2ρet)(L/(2π))
2 is the time constant. The sym-

bols Bm, Vw, ρet, and L are the peak-to-peak value of the
magnetic flux density, the volume of the wire, the effective
transverse resistivity of the matrix, and the twist pitch of the
wire, respectively. Tm is the rise time from −B̂ to B̂. The
equation is valid for a triangular wave. Since it is not straight-
forward to calculate ρet, we used the average values measured
for a multifilamentary NbTi wire for RHIC accelerator in [3].
Various other analytical solutions, taking into account e.g., the
center copper, have been presented in [15].

IV. WIRE SAMPLES AND MEASUREMENTS

Fig. 2 and Table I show the cross-section layouts of the
investigated wires and their geometrical data, respectively. In
Table I, the symbols Nb, Nf , dw, α, Asc are the number of
bundles, the number of filaments, the diameter of wire, the ratio
of matrix to superconductor in the wire, and the area of su-
perconductor in wire cross-section. In single stacking process,
monofilaments are embedded in the matrix [16].

All the wires were measured at applied external mag-
netic field, varying triangularly in time around zero offset.
Measurements were done for B̂ of 0.25, 0.375, 0.5, and 3 T,
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TABLE I
DATA OF THE WIRE CONFIGURATIONS. S STANDS FOR SINGLE STACK

Fig. 3. Various modeling domains of S2. Only the filament bundles are shown.
The amounts of bundles are (a) 15, (b) 30, and (c) 60, respectively.

TABLE II
GEOMETRICAL PARAMETERS OF SAMPLE S1 AND

SAMPLE S2 FOR DIFFERENT N

with the ramp rates of 120, 180, and 240 mT/s (system maxi-
mum) for the two latest, respectively. This resulted in frequen-
cies of 0.12 and 0.02 Hz, for the first three and the fourth
amplitude, respectively.

V. SIMULATIONS

Since the wires have thousands of filaments stacked as sev-
eral hundreds of bundles, their detailed mesh representations,
which could show the current penetration effect, would need
such a high number of elements that FEM modeling becomes
unpractical. Consequently, in the simulations we present the
wires with the original number of bundles divided by factor N .
Additionally, we consider the losses only in wires S1 and S2
to demonstrate the bundle approximation. S3 was measured to
attain more perspective for the general behavior of losses.

The modeling domains with different values of N for S2 are
presented in Fig. 3. The ones for S1 were similar. In Fig. 3,
bundles are located in N1 co-centric layers. The details of the
geometries S1 and S2 are shown in Table II. In Table II, the
symbols rb and αb are the radius of bundle and the ratio of
matrix to superconductor in the bundle, respectively. Since the
fractions Nb/N did not result to an integer, rb was varied to
maintain the correct α. The same αb was used for all wires
because the filaments were assumed to be stacked similarly
despite the size of the bundle.

In the 2-D simulations, the cross-section layouts of bundles
were the same as in Fig. 3. However, rb was altered in order
to keep α the same. The same element size meshing parameter
was used in the individual bundles when N was varied.

In the simulations, Jc was approximated with (6). For S1 and
S2 B0 was 1.559 and 1.539 T, respectively. J0 was 12 GA/m2

Fig. 4. Measured AC losses in the samples and the analytical solutions.

for both wires. The parameters were based on the critical
current measurements of the wires. The average values for ρm
at 0.25, 0.375, 0.5, and 3 T amplitudes were 0.443, 0.444,
0.445, and 0.667 nΩm, respectively [3]. All 2-D simulations
were done at the frequency of 50 Hz. At 50 Hz the numerical
simulations based on H-formulated ECM agree well with the
analytical formulae and experiments [13], [5]. Additionally,
2-D geometries are only used for computing hysteresis losses,
which are frequency independent per cycle.

Additionally, the simulations were compared to the analytical
solution at the lower and upper limit (Ql and Qu). Ql was
calculated by adding to the losses in the matrix [see (7)], the
hysteresis losses of Nf non-interacting filaments having the ra-
dius of rf according to (5). In the computation of Qu, hysteresis
losses were calculated by assuming one large filament with the
cross-sectional area of Asc shown in Table I. Losses in the
matrix were included in Qu similarly like in Ql.

VI. RESULTS AND DISCUSSION

Fig. 4(a) shows the measured AC losses of the wires as a
function of B̂. The losses in S1 and S2 were closer to each
other, because the amount of superconductor and the filament
size were at the same range. The losses were the smallest in
S2 due to the smallest filaments and twist pitch (see Table I). In
S3, the losses were the highest due to the largest rf and L. Also,
the analytical solution predicted that the losses were always the
lowest in S2 and the highest in S3.

Fig. 4(b) shows the AC losses in S2 as a function of B̂. Also,
the simulated losses with the different values of N , Ql, and Qu

are shown. According to the results, the bundle approximation
resulted in losses closer to the upper limit than the experiments.
When using the bundle approximation, all the filaments in
the individual bundles are assumed to be coupled. Since the
measured losses in the wires are close to the lower limit, when
no coupling is assumed, it is clear that the bundle approximation
overestimates the losses, but still gives more reasonable upper
limit than the analytical approach.

Table III presents the difference between the measured losses
and the numerical results for S1 and S2. The bundle approxi-
mation predicted 5–20 times higher losses than was measured.
Even though the approximation with N = 5 for S1 was already
relatively close to the geometry where each bundle could be
presented, the losses were 5–12 times higher than the measured
losses. This indicates that the bundle approximation would
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TABLE III
LOSSES WITH BUNDLE APPROXIMATION DIVIDED

BY THE MEASURED LOSSES

Fig. 5. Measured losses in S1 and S2 with mixed solutions.

TABLE IV
LOSSES WITH MIXED SOLUTION DIVIDED BY THE MEASURED LOSSES

greatly overestimate the results even though all the bundles
could be modeled as homogenous material.

Fig. 5 presents the measured losses in S1 and S2 with mixed
solutions as a function of B̂. For the mixed solutions, the
hysteresis losses were computed with (5) by assuming non-
interacting filaments and the losses in the matrix with the time-
harmonic approach. The differences between the measurements
and simulations are shown in Table IV. When compared to
the measurements, the losses of mixed solutions were 40%
lower and 17% higher for the field amplitudes of 0.25 and 3 T,
respectively. The difference with measurements and the faster
increase in simulated losses as a function B̂ can partially be
caused by erroneous estimate for the field dependent ρm and
partially due to the harmonic excitation in 3-D simulations.1

Even though the difference between the simulations and
measurements changed when B̂ was varied, the change was
similar for both samples. Also, the simulations predicted that
the losses were always higher in S1 than in S2, which agrees
with the measurements. Therefore, the mixed approach can
be useful in R&D process of new wires, when various wire
structures are compared.

Finally, the simulated losses in the matrix for S2 are shown
in Table V. In simulation cases 1–3, the distances between the
bundle layers and the radii of the bundle free core were approx-
imately the same. In case 4, the bundles were located closer to
the center of the wire. Fig. 6 shows the cross-section layouts

1Instead of time-harmonic modeling, also a linear transient problem with a
triangular excitation could be solved. However, this would result in significantly
higher simulation times and was not included in this study.

TABLE V
SIMULATED LOSSES IN THE MATRIX [kJ/m3] PER CYCLE FOR S2

Fig. 6. (Left) Loose and (right) close packing of bundles.

in cases 3 and 4. According to the results, the subdivision of
bundles had smaller influence on the losses than the variation
in the location of bundles. This seems reasonable because when
the filaments were closely packed, the path for interfilamentary
currents was more narrow and current density increased. Simi-
lar behavior was noticed in [10]. The simulations indicate that
by a correct layout design of bundles, lower AC losses could
be attained. Therefore, when considering the R&D process,
by presenting the wire at the bundle level, the best layout for
certain number of bundles could be searched.

VII. CONCLUSION

In this paper, AC loss measurements of three twisted mul-
tifilamentary NbTi samples were decribed. The measurements
were performed in external magnetic field. The losses were
simulated by using filament bundle approximation and FEM.

According to the results, the filament bundle approximation
greatly overestimates the hysteresis loss because it assumes
fully coupled filaments inside the bundle. Consequently, it
should not be used for comparing e.g. two wire structures where
the one has bundles of different size than the other. Simulated
losses were 5–20 times higher than the measured losses due to
the too high hysteresis loss.

The losses were also considered with mixed solutions where
the hysteresis losses of the filaments and the losses in the
matrix were computed analytically and with the time-harmonic
approach in 3-D, respectively. The losses were within 40%.
However, the difference was similar for different wires.

In summary, the bundle approximation should not be used in
comparison of wire structures having bundles of different sizes.
However, when considering the search of the best layout for
certain amount of bundles, the bundle approximation could be
a useful tool. In the preliminary studies of R&D process of new
wires, where the different wire structures are compared, mixed
approach is proposed instead of bundle approximation. How-
ever, more studies are needed in order to find out how small geo-
metrical differences this approach can register. In this paper, the
geometrical differences of the wire samples were relatively clear.
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