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Abstract: The study presents an experimental and numerical analysis of temperature
variations in a coil used for the magnetic orientation of steel fibers in cement composites.
The aim of the research was to assess the thermal safety of the coil during operation and
to verify the consistency between experimental measurements and numerical simulations.
The test setup consisted of a multilayer coil equipped with seven thermistors placed
between the winding layers, enabling real-time temperature recording during a 16-minute
power supply and subsequent natural cooling. Numerical analyses were performed in the
ANSYS Maxwell environment using a coupled magnetostatic—thermal model that
accounted for Joule losses and natural convection. Comparison of the experimental and
numerical results showed good agreement (MAE = 1.43°C, MAPE = 3.36%). A nonuniform
temperature distribution was observed in the winding, with central layers heating up by
approximately 15% more than the outer ones. The results indicate that the analyzed coil,
without active cooling, can operate safely only in an intermittent mode. The proposed
temperature monitoring method and the regression-based temperature profile description
can serve as a basis for the design and thermal optimization of coils used in the magnetic
orientation of steel fibers in cement composites.

Keywords: thermal analysis, ANSYS Maxwell, cementitious composites, temperature
monitoring, steel fiber orientation

1. INTRODUCTION

One of the methods to improve the tensile strength and crack resistance of brittle cement
composites (Szelag, 2020) is the incorporation of steel fibers into their structure. The
presence of fibers allows for partial transfer of tensile stresses after matrix cracking, which
limits crack propagation and enhances the deformability of the composite (Domski et al.,
2025). The factors determining the interaction of fibers within the matrix — thereby
restraining its cracking — include, among others, the fiber content and slenderness, their
adhesion to the matrix, and their spatial distribution. Fiber orientation plays a particularly
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important role, as alignment with the principal tensile stress directions in the composite
enables more effective utilization of their reinforcing potential (Mu et al., 2017).

One promising approach to controlling fiber orientation in fresh cement mixtures is the use
of a magnetic field. Steel fibers, being ferromagnetic, can be rotated and aligned parallel
to the direction of the magnetic field generated by coils. Previous studies have shown that
such alignment can significantly improve the mechanical properties of cement
composites, especially in terms of flexural strength and crack resistance (Kazmierowski
et al., 2025).

Various device configurations used for the magnetic alignment of steel fibers in cement
composites have been described in the literature. For example, numerous studies
employed conventional coils wound with copper wire, into which the mold was placed so
that it was located within a region of a nearly uniform magnetic field (Michels and Gams,
2016; Mu et al., 2017; Fernandez et al., 2019; Ghailan and Al-Ghalib., 2020; Al Rifai et
al., 2024, Kazmierowski et al., 2025). In such systems, the magnetic field was generated
by a copper winding consisting of several dozen turns powered by direct current, and fiber
orientation occurred due to the magnetic torque acting on the fibers within the fresh
mortar. In another approach, the coil was placed beneath the bottom of the mold so that
the magnetic field penetrated upward through the mortar containing steel fibers and fine
ferromagnetic particles; this configuration enabled fiber alignment without the need to
place the mold inside the coil (Xue et al., 2018). The use of two coaxial coils in a Helmholtz
configuration, in turn, allowed for a high degree of magnetic field uniformity within the
working space and precise control of magnetic induction (Sonka and Pettik, 2023, Villar
and Medina, 2018).

Regardless of the adopted design, a common feature of coils used for fiber orientation is
the presence of densely wound copper conductors carrying a high electric current. These
parameters determine the magnetic field induction necessary to overcome the viscous
resistance of the mixture and to generate a magnetic force capable of rotating the fibers
(Mu et al., 2017). However, under prolonged power supply conditions — especially at high
current intensity and with limited cooling — the temperature of the windings increases.
Excessive heating of the conductors may lead to insulation degradation, reduced coil
efficiency, and, in extreme cases, coil failure.

The heating of the winding during current flow results from Joule losses (Gies and
Tekkaya., 2017; Karunakaran et al., 2020; Cao et al., 2015). A similar problem occurs in
various types of winding such as transformers or electromagnetic coils, as confirmed by
different temperature monitoring and control techniques reported in the literature. One of
the modern techniques for temperature monitoring is the use of optical fibers. The
application of optical fibers enables their deployment in conditions where other solutions
may be difficult or even impossible to implement. The literature review highlights their use
in fluid-immersed transformers (Cai et al., 2024; Kunicki et al., 2020; Mohammed and
Djurovi¢, 2017; Song et al., 2023). However, the major limitation of such systems is the
cost of the equipment required for their installation. Consequently, due to budget
constraints, this approach may have limited applicability.

Other approaches rely on external temperature measurements such as infrared cameras,
laser pyrometers or external thermocouples (Akre et al., 2023) which are ineffective for
multilayer coils, while internal measurement techniques are used less frequently.
Alongside experimental temperature monitoring, numerical prediction methods (e.g.,
COMSOL, LS-Dyna) are employed (Gezegin et al., 2021). In parallel, various coil cooling
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systems — air- and liquid-based (e.g., using water or oil) — are being developed and
optimized to improve heat dissipation efficiency (Konovalov et al., 2023; Lin et al., 2019);
however, their application is limited by the need to maintain free airflow between the
winding layers.

To date, most studies have focused on the effect of magnetic alignment of fibers, while
the issue of the thermal safety of coil operation has been largely overlooked. In this study,
a simple method for real — time monitoring of winding temperature using thermistor
sensors was proposed, and a thermal analysis was carried out in the ANSYS environment
to validate the numerical model. Advanced solutions, such as fiber — optic measurements
or active cooling systems, were not considered due to their complexity and cost. The aim
of the study was to fill the existing research gap concerning the thermal safety of coils
used for the magnetic orientation of steel fibers in cement composites.

2. METHODOLOGY OF RESEARCH

2.1 Objective and assumptions of the experiment

The aim of the study was to investigate the temperature evolution in a coil used for the
magnetic orientation of steel fibers in cement composites and to assess the consistency
between the experimentally and numerically obtained thermal responses. The magnetic
field induction was set to B = 80 mT, which corresponds to the level ensuring effective
alignment of fibers within the cement matrix, as confirmed in previous studies
(Kazmierowski et al., 2025). The temperature was measured using thermistors placed
between the winding layers during coil operation and after power disconnection, in order
to determine the heating and cooling characteristics of the conductors. In parallel, a
numerical analysis was performed in the ANSYS Maxwell environment, involving coupled
modeling of the magnetic field and heat transfer under conditions corresponding to the
actual power supply.

2.2 Test stand

To generate the magnetic field, a coil wound with a copper conductor of 16 mm? cross —
section was used. The winding was made on a cylindrical PVC bobbin with a diameter of
150 mm. The coil consisted of 550 turns and was powered by a regulated 8 kW DC power
supply, allowing smooth adjustment of current intensity.

To measure the temperature distribution within the winding, seven NTC 3950 thermistors
were installed between successive layers of the conductor. An example of the wire
winding on the PVC bobbin and the attachment of a thermistor on one of the layers is
shown in Fig. 1a, while Fig. 1b illustrates the layout and numbering of the thermistors in
the individual winding layers of the coil.
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Fig. 1. (a) Example of wire winding on the PVC bobbin and mounting of a thermistor on one of
the winding layers; (b) schematic layout and numbering of thermistors (t;—t;) between successive
winding layers of the coll
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The sensors were calibrated within the temperature range of 20-80°C using a reference
resistance thermometer. Signals from the thermistors and the MG — 3002 magnetic field
sensor were recorded using an Arduino microcontroller and transmitted to a computer via
an RS — 232 interface. The schematic diagram of the experimental setup is shown in Fig.
2.

Electromagnet D\a Acquisition

Select ports: Start data acquisition
Stop data acquisition
Arduino: SIM-ARDUINO ™ None
Select CSV file Saving to: 04_11_10_20.csv
Teslameter: SIM-MG3002 I None
Clear table
Sampling interval: 2 s
Ammeter calibration
Time Measurement Time [s] B() [mT] temp_1 temp2 temp3 temp4 temp5 temp6 temp7 I(t) [A]
10:20:47 202 No connection 17,2 187 168 20 203 193 200 039
10:20:49 23 No connection 162 189 162 23 207 202 197 0,46
10:20:51 243 No connection 17,4 183 177 27 212 188 187 0,40
10:20:53 263 No connection 17,7 172 171 23 206 188 198 044
10:20:55 284 No connection 183 168 167 209 24 184 195 055
10:20:57 304 No connection 18,4 171 163 208 21 185 198 061
10:20:59 323 No connection 17,1 164 159 205 205 18,1 197 074
10:21:01 43 No connection 17,9 169 166 198 19,1 178 198 061
10:21:03 364 No connection 17,3 177 168 209 198 180 207 0,66

Fig. 2. Experimental setup: 1 — computer with custom data acquisition software (Python); 2 —
winding on a PVC bobbin; 3 — DC power supply; 4 — MG — 3002 teslameter; 5 — teslameter probe
mounted on a stand; 6 — laser pyrometer; 7 — thermometer and hygrometer; 8 — clamp ammeter

The measurement data — magnetic induction B, temperatures t;—t, from the thermistors,
and current intensity | — were recorded in real time using custom software written in Python
and equipped with a graphical user interface (GUI). The software enabled data logging in
CSV format.

During the tests, the coil was powered with a DC current of 50 A for 16 minutes, after
which the power supply was disconnected, and the process of natural cooling by
convection was recorded for the next 9 hours and 30 minutes. The air temperature in the
laboratory was controlled and maintained at 23 + 1°C during both the heating and cooling
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phases. Data were recorded continuously during the power — on period and at 30 — minute
intervals after the power was switched off.

2.3 Numerical model and simulation assumptions

The numerical analyses were performed using the ANSYS Maxwell 3D computational
environment. The model was developed as a shared framework for the Magnetostatic and
Icepak modules, enabling coupled analysis of magnetic and thermal fields. ldentical
geometry and material properties were applied in both modules, including the copper
conductor and the surrounding air domain. The geometry of the colil, along with the current
flow direction and current density distribution, is shown in Fig. 3.

Ansys
2024 R2

J [AlemA2]

[ Min: 104.922

Fig. 3. Three — dimensional model of the coil developed in ANSYS Maxwell. The color scale
represents the current density distribution J [A/cm?] in the winding, while the arrows indicate the
direction of current flow

In the magnetostatic analysis, the distribution of magnetic induction and current density
within the winding was determined, while in the thermal analysis, the Joule effect was
considered as the heat source in the conductors, together with heat exchange with the
environment through natural convection. The model was constructed using materials
available in the program’s database (copper, air, PVC), and boundary conditions were
defined to replicate the laboratory conditions described in Section 2.2. Simulations were
carried out for two coil operating states: Continuous operation, to estimate the maximum
temperature that could occur under long — term loading, and 16 — minute operation,
corresponding to the actual energizing time in the laboratory experiment.

The limitation of the analysis to these two cases resulted from the adopted research
objective, i.e., to determine the characteristic boundary thermal states of the coil without
modeling the cooling process, which would require full flow—thermal coupling and
significantly increase the computational complexity of the model.

3. RESULTS

3.1 Experimental results

Fig. 4 presents the temperature variations recorded by seven thermistors during the
heating and cooling phases of the coil. The points represent the measured values, while
the dashed lines correspond to regression functions fitted to the data using the SciPy
library (curve_fit function in Python).
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Fig. 4. Temperature changes in the coil winding recorded by thermistors: (a) during current flow,
(b) during cooling after power shutdown. Points represent measured values, while dashed lines
indicate fitted regression models — linear (a) and exponential, consistent with Newton’s law of
cooling (b)

During the current flow period (Fig. 4a), the temperature rise was described by a linear
model:

T(t)=at+b (1)
where a and b are the regression coefficients listed in Table 1. After the power was
switched off (Fig. 4b), a gradual temperature decrease was recorded, which was well
described by Newton’s law of cooling:

T(t) = Teny + (T — Tenv)e_kt (2
where T, i T,,,, denote the initial and ambient temperatures, respectively, and k is
the cooling constant. The values presented in Table 1 correspond to the
coefficients of the regression equations obtained for the temperatures measured
by each thermistor during the heating and cooling phases. In the ‘current flow’ and
‘current — off period’ columns, the listed values represent, respectively, the
coefficients for Eq. (1) and EqQ. (2), as well as the correlation coefficient R?
(measure of fit) of the regression function with respect to the measured data.
Table 1
Regression coefficients for the heating and cooling stages of the coil
current flow current — off period
Thermistor| a b | R? k[s 1] R?
0,020 |22,2|1,00(3,6:10-°5 0,97
0,021|22,5|1,003,4-10-5 1,00
0,022 22,6 |1,00(3,0-10-°5 0,99
0,022 |22,8|1,00{2,9-10-5 0,98
0,022 |22,5|1,00(3,0-10-5 0,99
0,022 |22,9|1,00(3,1-10-5 0,99
0,022 |22,1|1,00{4,0-10-5 1,00

N[O~ W|IN|F

In the temperature profiles shown in Fig. 4b, clear differences between the individual
thermistors can be observed. Their behavior corresponds to the spatial arrangement of
the sensors within the winding structure (Fig. 1). Thermistors located in the inner layers
(t;—t3) recorded lower temperatures compared to those placed closer to the outer surface
(te—t;), which results from their limited contact with the surrounding air and lower
convection efficiency. The highest temperatures were recorded by thermistor t;. The
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differences in temperature evolution confirm the complex nature of heat transfer within the
winding, involving radial heat conduction through the copper and surface convection to
the surrounding air. The nonuniform temperature distribution also results from variations
in current density between layers (Fig. 3), local contact effects, and limited heat exchange
caused by the PE film insulation (Fig. 2).

3.2 Numerical results

Fig. 5 presents the numerical simulation results of the coil. Fig. 5a shows the distribution
of magnetic induction in the cross — section of the system. The highest field values,
reaching approximately 100 mT, occur in the side regions, while in the central part of the
coil the induction is close to 80 mT, which is consistent with the assumptions adopted in
Section 3.1 and the experimental measurements (Kazmierowski et al., 2025).
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Fig. 5. Numerical simulation results obtained in the ANSYS Maxwell 3D environment: (a)
magnetic induction distribution in the coil with field line directions; (b) temperature distribution in
the winding after 16 minutes of operation (conditions corresponding to the experiment); (c)
temperature distribution for the continuous operation state of the coil (theoretically infinite power
supply duration)

Fig. 5b and 5c illustrate the temperature distribution in the winding after 16 minutes of
operation and under continuous operation, corresponding theoretically to an infinite power
supply duration. In both cases, an increase in temperature is observed in the central part
of the system, whereas the temperature field inside the conductor remains uniform. This
results from the geometric simplification adopted in the model, in which the winding was
represented as a monolithic copper block with averaged material properties, without
distinguishing individual turns or insulation layers. Consequently, the temperature
distribution within the conductor volume is uniform, and gradients appear only in the
surrounding air. The simulation results indicate that after 16 minutes of operation, the coll
temperature does not exceed 50°C, while under continuous operation it reaches values
above 100°C. This exceeds the permissible temperature of PVC insulation, confirming the
necessity of continuous thermal monitoring during coil operation.

4. DISCUSSION

The comparison between the temperatures obtained from numerical simulations and
those measured experimentally refers to the 16 — minute operation period of the coil (Figs.
4a and 5b). The results showed that the differences between numerical and experimental
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values fall within the error range of MAE = 1.43°C, MAPE = 3.36%, and RMSE = 1.43°C.
The largest deviations were observed for the inner layers (t;—t,), where simulated values
exceeded the measured ones. These discrepancies may result from the simplified
representation of heat conduction in the model and the omission of thermal resistances of
the winding insulation and local geometric irregularities. In the outer layers (t,—t;), the
temperature values obtained from the simulations and measurements were in close
agreement.

The temperature distribution analysis revealed a pronounced thermal nonuniformity within
the winding. The maximum temperature in the central layers (tz—ts) was, on average,
14.7% higher than in the outer layers (e.g., in the second layer), confirming the limited
effectiveness of gravitational cooling in the central part of the coil. Consequently, a single
— point surface temperature measurement may be subject to significant error and may not
reflect the actual thermal state of the coil. Therefore, the use of laser pyrometers or
infrared cameras is justified only for coils with a small number of winding layers, whereas
multilayer coils require distributed, multi — point temperature monitoring.

The relationship between temperature distribution and cooling conditions is also
consistent with findings reported in the literature. It has been shown that active water
cooling or forced air circulation can significantly reduce local overheating of the windings
and maintain thermal stability even during long — term operation (Carrera et al., 2022).
The results of the present study confirm this trend and indicate that the implementation of
similar design solutions could improve coil performance without the risk of conductor
insulation degradation.

The results indicate that the analyzed coil, with the adopted design and material
parameters (a copper conductor with a 16 mm? cross — section and PVC insulation), and
without an active cooling system, can operate safely only in an intermittent mode, with
breaks allowing the winding temperature to decrease below the permissible level. The
maximum continuous operating temperature of PVC insulation is approximately 70-80°C,
while values exceeding 100°C may lead to its degradation. In the laboratory tests, the
maximum temperature was limited to about 45°C, following the adopted operational safety
assumptions to prevent potential damage to the winding. The obtained findings have
practical significance for the application of coils in processes involving the magnetic
orientation of steel fibers in cement composites. Maintaining a stable magnetic field under
controlled winding temperature conditions is essential to achieve a consistent fiber
alignment effect, which may be particularly beneficial in concrete prefabricated elements
such as beams, slabs, or thin — walled architectural components, where directional fiber
anisotropy determines the mechanical performance of the composite. From an industrial
perspective, these observations may serve as a reference for the design of laboratory
setups and production lines in prefabrication plants utilizing magnetic field — based fiber
orientation.

5. CONCLUSION

Based on the obtained measurement results and the conducted analyses, the following

conclusions were drawn:

e The temperature distribution within the winding of the air — core coil is nonuniform, and
the differences between winding layers indicate the presence of localized zones of
increased heating intensity.
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o External temperature measurement methods, such as infrared thermography or laser
pyrometry, become less effective as the number of winding layers increases.

e The numerical analysis performed in the ANSYS Maxwell environment showed good
agreement with the temperature values recorded by thermistors during the 16 — minute
operation of the coil.

e The implemented integrated measurement system — comprising a network of
thermistors, an Arduino microcontroller, and custom Python — based software —
enables effective monitoring of the heating and cooling behavior of the coil. The
obtained results may contribute to improving the design and thermal control methods
of air — core coils used in the magnetic orientation of steel fibers in cement composites
(e.g., in prefabrication plants).

e The developed empirical equations describing the temperature variation over time can
be applied under conditions consistent with those presented in this study; however,
their applicability beyond this range requires additional verification.
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