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ABSTRACT

Accurate prediction of temperature rise and hotspot formation is critical for the lifetime and
safety of cast-resin dry-type transformers. Conventional thermal design methods typically
assume constant thermophysical properties for epoxy insulation, neglecting their nonlinear
temperature dependence - an oversimplification that can introduce significant errors under
severe operating conditions such as short-circuit faults. This study applies a temperature-
dependent thermal modeling approach to a 320 kVA, 22/0.4 kV amorphous-core dry-type
transformer, employing coupled Finite Element Method (FEM) and Computational Fluid
Dynamics (CFD) to simulate the three-dimensional transient temperature field with
temperature-dependent thermal conductivity, diffusivity, and specific heat capacity of epoxy
insulation. Results show that the high-voltage winding is the most thermally critical region under
short-circuit conditions, and that incorporating temperature-dependent material properties
yields higher predicted hotspot temperatures and stronger thermal stress concentration
compared to conventional constant-property assumptions. These findings highlight the
importance of temperature-dependent modeling in transformer thermal design and provide a
more reliable basis for structural optimization and safety assessment.
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1. INTRODUCTION

Cast-resin dry-type transformers with amorphous cores are increasingly adopted in modern
power distribution systems due to their high fire safety, environmental friendliness, and low
no-load losses [1-2]. Despite these advantages, their structural reliability is strongly influenced by
thermo-mechanical stresses arising from non-uniform temperature fields, particularly under
overload and short-circuit conditions [3-7]. During such transient events, rapid temperature rises
and steep thermal gradients develop within the windings and epoxy insulation. Due to the
mismatch in thermal expansion coefficients between copper conductors and epoxy encapsulation,
significant internal stresses may arise, potentially leading to insulation cracking, mechanical
deformation, and long-term degradation [8, 9].

Numerous studies have employed finite-element-based and coupled multiphysics approaches
to investigate the thermal and mechanical behavior of dry-type transformers[10,11]. While these
studies have provided important insights into temperature distribution, hotspot formation, and
stress evolution, most existing models assume constant thermophysical properties for epoxy
insulation, including thermal conductivity, specific heat capacity, and thermal diffusivity [12-15].
Such assumptions neglect the pronounced nonlinear temperature dependence of epoxy properties,
particularly at elevated temperatures, and may lead to inaccurate thermal predictions and unreliable
thermo-mechanical assessments.

Experimental and numerical investigations have shown that the thermophysical properties of

epoxy insulation vary significantly with temperature [16, 17]. Ignoring this behavior can result in
underestimation of hotspot temperatures and thermal stresses, especially under short-circuit
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conditions characterized by high current surges and rapid heat generation. Therefore, incorporating
temperature-dependent material properties into thermal modeling is essential for improving
prediction accuracy and ensuring reliable transformer design.

In this study, a three-dimensional coupled FEM—CFD framework is proposed that explicitly
incorporates temperature-dependent thermophysical properties of epoxy insulation. The model is
applied to a 320 kVA, 22/0.4 kV cast-resin dry-type transformer to investigate its thermal and
thermo-mechanical behavior under short-circuit conditions. By enhancing the fidelity of thermal
analysis, the proposed approach enables more accurate identification of critical regions susceptible
to excessive temperature rise and stress concentration, thereby providing a robust basis for
structural optimization and operational safety assessment.

The main contributions of this work are as follows:

» Establishment of a fully coupled three-dimensional FEM-CFD framework for
electromagnetic, thermal, and mechanical analysis under short-circuit conditions.

* Improved prediction of temperature distribution and thermo-mechanical stresses, enabling
reliable identification of structurally critical regions.

The remainder of this paper is organized as follows. Section II presents the physical principles
and numerical methodology. Section III discusses the simulation results, and Section IV concludes
the paper.

2. RESEARCH METHODOLOGY

2.1. Physical theory

To analyze the thermal behavior and associated stresses of the dry-type transformer under
short-circuit conditions, a coupled multiphysics framework integrating electromagnetic, thermal,
and mechanical fields is adopted. The interaction among these physical domains is essential for
accurately capturing heat generation, temperature evolution, and thermo-mechanical stress
development during transient fault conditions.

2.1.1. Electromagnetic field model

The electromagnetic behavior of the transformer is governed by Maxwell’s equations,
including Gauss’s laws for electric and magnetic fields, Faraday’s law of induction, and the
Ampere—Maxwell law.

Gauss’s law for electric fields:

v.g="re )
€0

Gauss’s law for magnetism:
V-B=0 (2)

Faraday’s law of induction:

0B
VXE=— F 3)
Ampéere—Maxwell law:
oD

VXB=p +uor (4)

Under the quasi-static operating conditions of interest, the displacement current can be
oD
neglected: T 0

During a short-circuit event, the winding current may rise to several tens of times the rated
current. The transient current consists of a steady-state periodic component and an exponentially
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decaying aperiodic component [11], and can be expressed as:
Rn
i =V2I, |sin(wt — 1 — @,) + sin(y,) e X" (5)

Where: I, is steady-state short-circuit current, R,, is the winding resistance, X,, is the short-
circuit reactance, Y is the switching angle at the instant of fault occurrence, ¢, is the phase angle.
The resulting electromagnetic losses serve as the primary heat sources in the thermal analysis.

2.1.2. Thermal Field Model:

The thermal behavior of the transformer is mainly driven by electromagnetic losses, with
winding losses dominating during short-circuit conditions due to the quadratic dependence on
current magnitude.

Winding losses

Alternating current in the windings produces both fundamental and additional losses, which
can be expressed by:

AP, = kymiIfRiq + kymyI3Rog (6)
Where: 14,1, are RMS currents of primary and secondary windings, R;4, R»4 are DC phase
resistances, k is an additional loss coefficient

Under overload or short-circuit conditions, the current increases significantly, resulting in a
aquadratic increase in heat generation.

Core losses

Core losses consist of hysteresis loss and eddy current (Foucault) loss, which are generally
expressed as:

Hysteresis loss

Py, =nfB" (7)
Eddy-current loss
41 d\?
P 2 2
v =35(3) 18 (®)

Heat Transfer Mechanisms:
The heat generated within the transformer is dissipated through three main mechanisms:
conduction, convection, and radiation.
- Heat conduction within solid materials is governed by theFourier—Kirchhoff heat conduction
equation:
ar _ 2 (82T 9°T  0°T >+qv
at ~ C,\0x? " dy* " 0z?) " (,
Where: T is the temperature (K), 7 is time (s), A4 is thermal conductivity (W/m-K), C,
volumetric heat capacity (J/m?*-K), q,, is volumetric heat source (W/m?)

9)

- Given the extremely short duration of the fault (3 seconds), the thermal response of the
windings is predominantly an adiabatic heating process. While convective and radiative
boundaries are defined in the model for completeness, natural convection has a negligible effect
within this brief timeframe. The generated heat cannot be dissipated into the surrounding air and
is almost entirely accumulated locally, creating steep thermal gradients between the rapidly heating
copper windings and the cooler, restraining epoxy insulation.

To solve the complex 3D thermo-mechanical problem, a sequential one-way multiphysics
coupling strategy is implemented within the ANSYS Workbench environment. The analytical laws
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presented above represent the governing physics inherent within the software solvers. The overall
workflow consists of three main steps:

1. Electromagnetic Analysis (ANSYS Maxwell): Computes the transient short-circuit current,
volumetric heat generation rates (losses), and electromagnetic Lorentz forces.

2. Transient Thermal Analysis (ANSYS Fluent/Thermal): Imports the computed
electromagnetic losses as volumetric heat sources to simulate the rapid 3-second temperature rise.
Crucially, the solver continuously updates the temperature-dependent thermophysical properties
of the epoxy based on the localized real-time temperature.

3. Static Structural Analysis: Imports both the spatial temperature distribution (to compute
thermal expansion) and the electromagnetic forces to calculate the combined 3D thermo-
mechanical stress tensor.

2.2. Mathematical model

A comprehensive numerical model is established to solve the coupled electromagnetic,
thermal-fluid, and mechanical problems using the Finite Element Method (FEM) and
Computational Fluid Dynamics (CFD).

2.2.1. Geometry and mesh generation

The 3D model of the 320 kVA, 22/0.4 kV dry-type transformer, shown in Figure 1, is
constructed from the manufacturer’s specifications. The model includes the amorphous core, the
low-voltage winding, the high-voltage winding, and the epoxy insulation layers.

Epoxy Layer

LV Copper
Winding

v Copper [ [steel Core |
Winding

Figure 1. 3D model of the 320 kVA, 22/0.4 kV dry-type transformer.

To achieve high simulation accuracy, especially at material interfaces, the computational
domain is discretized using a high-quality hexahedral mesh.

Figure 2. Computational mesh used for transformer simulation.
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To eliminate grid-induced numerical errors, a rigorous mesh independence study was
conducted. The grid was systematically refined from approximately 10 million to over 20 million
elements. The comparative results confirmed that increasing the mesh count beyond 15.6 million
elements resulted in a maximum hotspot temperature and peak stress deviation of less than 0.1%.
Consequently, the grid with 15.6 million elements was definitively selected for all subsequent
analyses, ensuring strict grid convergence while optimizing computational efficiency (Figure2).

2.2.2. Transformer parameters used in the simulation

The simulation parameters are based on the technical specifications of a 320 kVA, 22/0.4 kV
dry-type transformer manufactured by SANAKY in Table 1.

Table 1. Rated specifications of 320 kVA dry-typer transformer.

Parameter Value Unit
Number of phases 3 -
Frequency 50 Hz
Rated power 320 kVA
Vector group A/Ynll -
HV/LYV line voltage 22/0.4 kV
HV/LV phase turns Wi/W; 2090/22 Turns
HV/LYV line current 8.42/462 A
Short-circuit impedance ux 6 %

The temperature-dependent properties of the epoxy insulation used in the model were adopted
from the authors' previous studies [17, 18]. The following empirical relations were used in the
present analysis:

Thermal conductivity:
A(T) = 0.5612 + 2.044 x 1073T — 1.68 x 107°T? (10)
Specific heat capacity:
cp(T) =82.61+4.77T + 0.031T?2 (11)
Thermal diffusivity:
a(T) = 2.33 —0.031T + 21.05 x 107572 (12)
3. SIMULATION RESULTS AND DISCUSSION

3.1. Baseline model validation under rated load

Before simulating the extreme short-circuit transient, the baseline 3D multiphysics model was
rigorously validated under steady-state rated load conditions to ensure its computational fidelity.
As extensively detailed in our foundational experimental research [19], the simulated temperature
distribution was quantitatively compared against empirical data obtained from 27 discrete Type-T
thermocouples installed directly on the actual 320 kVA dry-type transformer prototype. The
validation results demonstrated a high degree of agreement; the baseline model integrating
temperature-dependent epoxy properties maintained a maximum relative error of strictly less than
4.59% across all measuring points, significantly outperforming conventional constant-property
models (which exhibited error margins up to ~10.9%). This strict baseline empirical validation
confirms that the proposed multi-physics framework accurately replicates the complex heat
transfer phenomena, thereby providing a highly reliable and robust foundation for extrapolating
the model to compute the extreme thermal and mechanical responses during the 3-second short-
circuit event.
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3.2. Temperature distribution under short-circuit conditions

The transient temperature distribution under short-circuit conditions was simulated while the
transformer operated at rated load. The total simulation time was 3 s with a time step of 0.01 s. For
thermal analysis, a mesh containing approximately 15.6 million elements was used to ensure
numerical convergence (Figure 3).
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Figure 3. Temperature distribution of the 320 kVA transformer

under secondary short-circuit conditions after 3 s.

Under short-circuit conditions, the highest temperature occurs in phase B and is primarily
concentrated in the HV winding. The maximum HV winding temperature reaches 171.73 °C. The
transient temperature rise of the LV and HV windings is presented in Figure 4.
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Figure 4. Temperature rise of the low-voltage (LV) and high-voltage (HV) windings

under short-circuit fault conditions.
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3.3. Thermal stress in the 320 kVA transformer under short-circuit conditions

16,302
—! 13.454
u 10.106
— 6.7572
3.4088
0.060394 Min

0.060394 Min

() (b)
Figure 5. Distribution of thermal stress in (a) the LV and HV windings of phase B and (b) the
region of maximum stress in the phase B HV winding.

After 3 s of short-circuit operation, the average thermal stress in the transformer reaches 8.256
MPa (Figure 6). The maximum thermal stress occurs at the upper corner of the phase B HV
winding, where it reaches 33.5 MPa (Figure7).

[Tabular Data
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Figure 6 Thermal stress distribution in the transformer after 3 s short-circuit.
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Figure 7. Location of the peak thermal stress at the upper corner
of the phase B high-voltage winding.
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3.4. Combined short-circuit stress in the 320 kVA transformer

The stress acting on the windings of the epoxy-insulated dry-type transformer is the result of
electromagnetic forces, thermal stress caused by the temperature difference between the windings
and the epoxy insulation, and the stress generated bythe non-uniform temperature distribution
within the epoxy layer.

After the electromagnetic force stress and the thermal stress are determined, the combined
stress at each winding location can be evaluated (Figure 8).

The maximum combined short-circuit stress in the HV winding is oy yy = 85.462MPa,
occurring at the middle of the HV winding along the axial direction y.

The maximum combined short-circuit stress in the LV winding is oy;, = 65.77MPa,
occurring at the middle of the LV winding along the axial direction y.

These values remain lower than the allowable stresses of copper [o¢,] = 120MPa and epoxy
[Gepoxy] = 100MPa
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Figure 8. Combined short-circuit stress distribution on the transformer windings:
(a) Outer edge of the LV winding, (b) Innermost edge of the HV winding.

The results also show that the electromagnetic forces produces high stresses in the boundary
regions near the ends of the HV winding. During short-circuit events, these stresses are further
amplified by thermal stress, because the stresses generated in the epoxy insulation act in the same
direction as the electromagnetic stress. Therefore, appropriate structural reinforcement and
manufacturing measures are required to mitigate the mechanical risk in these critical regions.

4. CONCLUSIONS

This study developed a three-dimensional multiphysics model for a 320 kVA, 22/0.4 kV
amorphous-core dry-type transformer by coupling FEM and CFD analyses and incorporating
experimentally determined temperature-dependent thermophysical properties of epoxy insulation.
Compared with conventional thermal models that assume constant material properties, the
proposed approach provides a more realistic representation of heat transfer within the transformer
and offers a stronger basis for predicting hotspot formation and thermal loading under severe
operating conditions.

The simulation results indicate that the high-voltage winding is the most critical region under
short-circuit conditions, where both temperature concentration and maximum stress are most likely
to occur. The coupled thermo-mechanical analysis further reveals that short-circuit events generate
significant combined stresses within the winding structure, particularly near the winding ends and
other boundary regions. Although the computed stresses remain below the allowable limits of
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copper conductors and epoxy insulation materials, these regions require special attention during
design and manufacturing to ensure structural integrity and operational reliability.

Overall, the proposed temperature-dependent thermal model provides a more reliable tool for
evaluating transformer thermal performance, assessing insulation durability, and supporting the
design optimization of dry-type transformers operating under overload and short-circuit
conditions. The outcomes of this study can serve as a valuable reference for improving safety
margins and mechanical robustness in cast-resin dry-type transformer designs.
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TOM TAT

Phin tich ing suit nhiét may bién 4p kho trong su co ngin mach
str dung cac thong so epoxy phu thudc nhiét do

Dy doan chinh xac sy tang nhiét do va hinh thanh diém nong la rat quan trong doi véi
tuéi tho va sw an toan ciia mdy bién dp khé 16i nhwa dic. Cac phwong phdp thiét ké nhiét
thong thuong thuong gia dinh cac tinh chat nhiét vat Iy khéng doi cua vit liéu cach dién
epoxy, bo qua sy phu thuc phi tuyen tinh ciia chiing vao nhi¢t dg - mot sy don gidn hoa
qud mikc c6 thé gay ra sai sot dang ké trong diéu kién hoat dong khdc nghiét nhuw sw cé ngdn
mach. Nghién cuu nay ap dung phwong phap mé hinh héa nhiét phu thuéc vao nhiét do cho
mdy bién dp khé 16i vé dinh hinh 320 kVA, 22/0,4 kV, sir dung phiong phdp phan tir hitu
han (FEM) va déng liwc hoc chat long tinh toan (CFD) két hop dé mé phong truong nhiét
dé tikc thoi ba chiéu véi dp dan nhiét, dp khuéch tan nhiét va nhiét dung riéng phu thudc
vdo nhi¢t do cua vat li¢u cach di¢n epoxy. Ket quda cho thdy cudn ddy cao dp la vung quan
trong nhdt vé madt nhiét trong diéu kién ngan mach, va viéc két hop cdc tinh chdt vit liéu
phu thudc vao nhiét do dén dén nhiét do diem nong du doan cao hon va sy tap trung ung
sudt nhiét manh hon so vdi cac gia dinh tinh chdt khéng d6i thong thirong. Nhitng phat hién
nay nhan manh tam quan trong ciia mo hinh héa phy thugc vao nhiét dj trong thiét ké nhiét
mdy bién dp va cung cdp co s¢ ddng tin cdy hon cho viéc toi wu héa cdu triic va danh gid
an toan.

Tiwr khoa: May bién ap kho; Loi vo dinh hinh; Péc tinh phu thudc nhiét do; Ung sudt nhiét — co hoc.
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