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Accurate predictions of the hotspot temperatures within large oil-immersed 
transformers are critical to their operational safety and longevity. The present 
work explores a novel multiscale electromagnetic–thermal–fluid indirect 
coupling model to address this challenge. The novelty of the model lies in 
its comprehensive integration of a detailed disc-type winding structure with 
the complete radiator-cooling circuit to overcome the common 
simplifications applied in existing studies. The proposed methodology 
involves a sequential process, where a 3D electromagnetic field simulation 
is first performed to determine the loss distribution precisely; here, the total 
eddy current loss of the winding accounts for 3.68% of the total winding loss 
and shows a U-shaped distribution in the winding disc height direction. These 
losses are then imported as heat sources into a full-scale thermal–fluid 
model. The key findings of the model are that the eddy current losses of 
the winding account for a significant portion of the total loss and that their 
distribution critically influences the temperature field; further, the presence 
of oil washers creates localized temperature differences of up to 5.3 K. The 
model accuracy is strongly validated through a transformer temperature rise 
test using embedded optical-fiber sensors, and the results show a maximum 
deviation of only 3.1 K. Hence, the present study provides a high-fidelity 
simulation framework for transformer thermal management and design 
optimization.
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1 Introduction

The internal insulation problem of a transformer is one of the main reasons for 
transformer outages (CIGRE Working Group A2.37, 2015). The hotspot temperature 
(HST) of a transformer winding significantly impacts the oil paper insulation aging rate, 
where a high winding HST can cause bubble generation leading to failure of the insulation 
materials (Hill et al., 2019). However, the HST of a transformer winding is typically 
measured inside the transformer and is difficult to obtain directly. To obtain the accurate 
value of the winding HST, we must fully understand the heat generation and dissipation 
processes of the transformer as a whole, identify multiple characteristics reflecting the 
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transformer thermal state, and build a model or method to 
effectively detect the winding HST.

The digital twin technology integrates physical and data-driven 
models, including the physical model of the equipment, real-time 
sensor measurement data, and historical data during equipment 
operation, to virtually map the equipment entity in the virtual space 
as well as realize real-time perception of the operational state of the 
actual physical system (Li et al., 2022; Yang et al., 2025). Transformer 
digital twin technologies have been preliminarily explored and 
applied in the real-time detection of transformer internal faults 
(Hamidi, 2022), fault diagnosis and remaining life prediction of the 
transformer winding (Jing et al., 2022; Jing et al., 2021), monitoring 
of transformer medium voltage based on low-voltage (LV) 
measurements (Moutis and Alizadeh-Mousavi, 2021), and 
estimation of transformer on-load tap changer condition (Kim 
et al., 2022). The transformer digital twin technology thus 
provides a technical approach to perceive the operation status 
accurately as well as propose efficient operating and maintenance 
strategies. The complete digital twin architecture mainly consists of 
five layers (Qi et al., 2021). Here, the high-fidelity multiphysics 
model serves as the foundational “physical model” within the model 
layer of the transformer digital twin system; its accuracy is a 
prerequisite for future real-time virtual sensing and predictive 
analytics. This model is a popular research topic for analyzing 
transformer heat dissipation characteristics with the multiphysical 
field calculation method.

Owing to the limitations of computing performance, 
calculations of the transformer thermal–fluid field are often 
restricted to analyses of important transformer components, such 
as the transformer windings and radiators. At the same time, these 
component structures are simplified during the simulations, such as 
ignoring the layered disc structure of the winding, establishing the 
windings as overall cylindrical structures, or changing the 
transformer winding model from three-dimensional to two- 
dimensional for the sake of analysis. Considering a typical 
transformer disc winding as the research object, Zhang et al. 
(2018) and Zhang et al. (2017) established a two-dimensional 
simulation model to analyze the oil flow distribution and 
pressure drop characteristics inside the winding, in addition to 
assessing the impacts of the winding structure, loss distribution, 
and ambient temperature on the transformer winding hotspot 
coefficient. Torriano et al. (2018) established a simplified model 
by considering the entire cooling circuit as well as the impact of the 
arrangement of different oil washers of the windings on the disc 
temperature and oil passage flow rate distribution in the windings. 
Dorella et al. (2024) performed computational fluid dynamics 
simulations to improve the heat dissipation in the power 
transformer radiator. Li et al. (2019) calculated the non- 
uniformly distributed power losses of a 2,500 kVA dry-type 
power transformer core and its foil windings; these losses were 
then applied to the 2D fluid model to obtain more accurate 
calculations of the winding temperature field results. Liu et al. 
(2022) applied optical-fiber temperature sensors to a 35 kV 
distribution transformer to monitor its windings and iron 
temperature distribution; they reported that the measured values 
were consistent with the results calculated using the finite 
element method.

To reduce the calculated values by accounting for radiators in 
the overall heat dissipation cycle of the transformer, some scholars 
have proposed indirect coupling analysis methods by establishing 
simplified models using radiators and coupling them with the 
thermal–fluid calculation model of the transformer tank and 
windings. Cheng et al. (2022) simplified the radiator-cooling duct 
to a one-dimensional model and combined it with the 3D model of 
the winding to construct a multiscale thermal–fluid calculation 
model for a 35 kV transformer. Stebel et al. (2022) proposed an 
electromagnetic–fluid–fluid indirect coupling thermal analysis 
model for an 8.5 MVA transformer and compared the cooling 
effects of esters and mineral oils. Notably, extant studies often have 
tradeoffs in multiphysical field calculations involving high-power 
transformers; these works have either modeled the global oil 
circulation using simplified winding structures or analyzed 
detailed winding models in isolation from the full radiator- 
cooling circuit.

In the present work, we propose a full electromagnetic– 
thermal–fluid indirect coupling analysis model to calculate the 
HST of the 50 MVA disk-type power transformer. Accordingly, 
we considered a refined disc-type winding structure and the 
influence of radiators on the overall oil circulation in the 
transformer to provide a computationally efficient and robust 
solution without significant loss of accuracy. The electromagnetic 
field of the transformer was also calculated to determine the loss 
distribution inside the transformer more accurately; then, using 
these losses as the heat sources, the thermal–fluid field of the 
transformer was solved by the finite volume method. The 
transformer temperature rise test was lastly conducted to verify 
the accuracy and effectiveness of the simulation analysis, where the 
three-phase windings were all embedded with optical-fiber 
temperature sensors.

2 Multiphysical field simulation 
analysis model

2.1 Electromagnetic field

The field quantities B and E can be expressed using the magnetic 
vector potential A and electric scalar potential φ (Fu et al., 2016): 

B � ∇ × A � μH, (1)

E � −
∂A
∂t

− ∇φ. (2)

FIGURE 1 
Electromagnetic field regions based on the Coulomb 
gauge condition.
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Here, B indicates the magnetic flux density (T), and H (A/m) 
and E (V/m) indicate the magnetic and electric field strengths, 
respectively.

As shown in Figure 1, by employing the Coulomb gauge 
condition, the complete descriptions of the electromagnetic field 
in the eddy current domain Ω1 and source current domain Ω2 can be 
expressed as follows: 

∇ ×
1
μ
∇ × A􏼠 􏼡 + σ

∂A
∂t
+ σ∇φ � 0

∇ · −σ
∂A
∂t
+ ∇φ􏼠 􏼡􏼠 􏼡 � 0

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

inΩ1, (3)

∇ ×
1
μ
∇ × A􏼠 􏼡 � J in Ω2, (4)

where σ indicates the electrical conductivity of the conductor (S/ 
m) and J is the current density (A/m2).

2.2 Thermal–fluid field

2.2.1 Governing equations
In transformers that use oil for heat dissipation, the natural 

convection process of the oil helps realize heat transfer inside the 
transformer. The heat transfer process of the transformer oil flow 
can thus be analyzed by solving the Navier–Stokes equation.

This solution includes three basic differential equations of 
physics (Torriano et al., 2012), namely, the mass conservation, 
momentum conservation, and energy conservation equations:

Mass conservation equation: 

∂ρ
∂t
+ ∇ · ρv( 􏼁 � 0, (5)

where ρ is the oil density (kg/m3) and v is the fluid velocity of the 
oil (m/s).

Momentum conservation equation: 

∂ ρv( 􏼁

∂t
+ ρv · ∇v � f− ∇p + η∇2v, (6)

where f is the unit oil mass force (N/m3), p is the oil pressure 
(Pa), and η is the dynamic viscosity (kg/(m·s)).

Energy conservation equation: 

∂ ρcPT( 􏼁

∂t
+ ∇ · ρcPvT( 􏼁 � ∇ k∇T( ) + SE, (7)

where k is the thermal conductivity (W/(m·K)), T is the 
temperature (K), cp is the specific heat capacity of the oil (J/ 
(kg·K)), and SE is the heat-source term (W/m3).

To determine the solid-domain temperature distribution in the 
transformer, the solid-domain heat conduction is given as 

∂ ρcPT( 􏼁

∂t
� −∇ k∇T( ) + SE. (8)

For the incompressible transformer oil, the driving force of the 
oil caused by its density change is described using the Boussinesq 
approximation (Garelli et al., 2017): 

ρ � ρ0 1 − β · ΔT( 􏼁, (9)

where ρ0 indicates the oil density at the reference 
temperature T0, ΔT indicates the oil temperature deviation 
from T0, and β indicates the thermal expansion coefficient of 
the transformer oil.

2.2.2 Boundary conditions
In this work, the convection heat transfer coefficient hc is used to 

express the heat transfer to the ambient (Lin et al., 2025); 
additionally, the heat flow qr generated by the radiation heat 
transfer coefficient can be expressed as 

qr � ε · σb · T
4
W −T4

a( 􏼁, (10)

where ε is the emissivity of the transformer outer shell surface, σb 

is the Stefan Boltzmann constant, Tw is the temperature of the 
transformer outer wall, and Ta is the ambient temperature.

The per-unit-area radiation heat transfer capacity of the 
transformer outer shell surface to the external environment can 
be considered to be equivalent to the radiation heat transfer 
coefficient hr: 

hr � qr􏼎 TW −Ta( )
� ε · σb · T

2
W + T

2
a( 􏼁 · TW + Ta( ). (11)

2.3 Electromagnetic–thermal–fluid field 
indirect coupling method

In the coupling analysis of the electromagnetic–thermal–fluid 
field of the transformer, we considered the weak coupling 
relationship between the electromagnetic and thermal–fluid fields 
via an indirect coupling method. This indirect coupling procedure is 
outlined in Figure 2; accordingly, the electromagnetic field is 
considered as a form of heat source, and the transformer stray 
losses of the internal structural parts as well as iron shell and eddy 
current losses of the three-phase windings are calculated using 

FIGURE 2 
Indirect coupling analysis of multiphysical fields.
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electromagnetic field analysis before being loaded onto the 
thermal–fluid field simulation model.

3 Transformer temperature rise test

3.1 Temperature rise test transformer

As shown in Figure 3, the unit evaluated in this study is the 
SSZ11-50000/110 transformer operating under the “oil natural, air 
natural” cooling model; the rated capacity and rated voltage of the 
transformer are 50 MVA and 110 kV, respectively.

3.2 Optical-fiber temperature 
measurement system

Optical-fiber sensors are now widely used to monitor various 
transformer parameters, such as partial discharge, dissolved gases, 
and temperature (Ma et al., 2021). The fiber grating temperature 
sensor forms a spatial phase grating on the fiber core of the optical 
fiber upon ultraviolet exposure. The linear relationship between the 
wavelength drift of the reflected light and temperature is used to 
obtain temperature measurements. The optical fiber has good 
characteristics like high-temperature resistance, high-voltage 
(HV) resistance, and electromagnetic interference resistance. The 
performance and overall structure of the temperature sensor are 
shown in Table 1 and Figure 4, respectively. All sensors used in this 

study were calibrated against a precision reference thermometer in a 
controlled temperature bath prior to installation to ensure the stated 
accuracy of ±1 °C.

The placement of the optical-fiber sensor was achieved by 
replacing the winding disc spacer in the original oil channel after 
embedding the sensor in the spacer. As shown in Figure 5, each 
phase winding has 20 spacer blocks about the circumference, the 
optical fibers are installed in the spacer blocks close to each other in 
the three-phase windings, and the winding optical-fiber temperature 
sensor in phase C is installed in the third spacer.

In each phase, the HV, medium-voltage (MV), and LV windings 
are distributed in a cylindrical manner around the iron core. The HV 
and LV windings are divided into 86 discs each, while the MV 
winding is divided into 62 discs. As shown in Figure 6, internal oil 
washers are used to form the winding oil flow passes to promote 
horizontal oil duct flow velocity between the winding discs, which 
generates a zigzag oil flow.

The optical fiber is installed in the spacer block between the fourth 
and fifth discs counted from the top of each phase of the HV, MV, and 
LV windings. Here, three optical fibers are installed in each phase for a 
total of nine optical fibers. The schematic of the optical-fiber installation 
locations and photograph are shown in Figures 6, 7 respectively.

3.3 Temperature rise test results

When the transformer is in the rated HV and MV winding 
operation and voltage-regulating winding is in the most negative 
tapping condition, the transformer no-load and load test results 
show a no-load loss of 35.29 kW and load loss of 260.4 kW. The 
short-circuit method recommended in the testing standard is used 
to conduct the temperature rise test (Power transformers, 2011). 
During the temperature rise test, the MV windings are shorted and 
HV windings are connected to the voltage-regulating power supply. 
The process of the temperature rise test comprises two stages. The 
first stage is the total loss stage, where the sum of the transformer no- 
load and load losses is applied to the HV and MV windings. When 
the change in temperature rise at the monitoring point is less than 

FIGURE 3 
Physical structure of the transformer used in this study.

TABLE 1 Performance parameters of optical-fiber temperature sensors.

Parameter Value

Measurement range −40 to 300 °C

Temperature accuracy ±1 °C

Temperature resolution 0.1 °C

Sensor size 52 mm × 7.5 mm × 4 mm

Bending radius >3 cm

FIGURE 4 
Optical-fiber temperature sensor used in this study.
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1 K/h and has been maintained for 3 h, the test enters the second 
temperature rise stage. In the second stage, only the transformer 
load loss is applied to the HV and MV windings, and this stage lasts 
approximately 0.5 h.

Figure 8 shows the transformer temperature rise test platform 
used in this study. The internal and external optical fibers are 
connected through the optical-fiber cable flange plate, and the 
temperature information is transmitted to the acquisition 
software on the computer through the optical-fiber signal 
demodulator for data storage and analysis. The temperature rise 
results at the designated monitoring points on the HV and MV 
windings are shown in Figure 9.

FIGURE 5 
Diagram showing installation of the optical fiber in the oil duct.

FIGURE 6 
Diagram showing installation of the optical fibers in the transformer windings.

FIGURE 7 
Optical-fiber temperature sensor installation in this study.
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4 Results and discussion

4.1 Transformer magnetic field simulation 
and analysis

4.1.1 Calculation model
The heat radiators in the transformer are distributed along the 

iron shell; given the good magnetic conductivity of the shell, the 
magnetic line of force passing through the radiators is greatly 
limited. Therefore, when establishing the transformer magnetic 
field calculation model, the radiators, bushings, and stiffening 
plates on the shell are removed. The magnetic field calculation 
model for the 110 kV transformer, including the magnetic shielding 
structure of the shell, upper and lower clamps, and tie plate of the 
core, is shown in Figure 10. An air layer is also established around 
the transformer enclosure area. The dimensions of the air layer are 

regulated to approximately 1.5 times those of the transformer. A 
boundary condition with a magnetic vector potential of 0 is then 
applied at the boundary of the air layer to ensure that the boundary 
meets the magnetic field parallel boundary condition.

Based on the actual structure of the transformer, the discs of the 
HV, MV, and LV windings as well as the voltage-regulating 
windings of the HV and MV windings are established. Moreover, 
the end insulation rings and iron core insulation blocks of the 
windings are established.

The penetration depth δ is the depth at which a wave amplitude 
is attenuated to e−1 times that at the surface and is given by 

δ �

����
2

ωμσ

􏽳

, (12)

where ω indicates the angular frequency.

FIGURE 8 
Transformer temperature rise test platform used in this study.

FIGURE 9 
Temperature rise test results for different windings and phases.
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The transformer iron shell and internal structural parts are 
meshed via the mapping method. Furthermore, the influence of 
the steel penetration depth is considered to ensure accuracy of the 
calculation results. The mesh layers of the structural parts are shown 
in Table 2, and the specific mesh diagram of the upper clamp of the 
core is shown in Figure 11.

4.1.2 Stray loss calculation of the structural parts
The structural magnetic field and stray loss distributions of the 

transformer were simulated and calculated in the rated HV and MV 
winding operation with the voltage-regulating winding being in the 
most negative tapping condition.

The degrees of freedom in the finite edge element method are 
the line integrals of the magnetic vector potential along the edges 
of the elements (Silva et al., 2007); when deriving the solution of 
the complex electromagnetic field model, the finite edge element 
method is known to handle various material interface well. 
Therefore, we used the edge element method herein to solve 
the transformer electromagnetic field control equation. The mesh 
model generated for the transformer electromagnetic field 
calculation thus contains 8.276 million elements. The 
dominant frequency of the computer CPU used for the 
calculations is 2.2 GHz and random-access memory is 512 GB, 
such that the single steady-state electromagnetic field calculation 
time is approximately 5 h.

The material of the iron core is B30P120 silicon steel, material of 
the tie plate of the core is 20Mn23Al non-magnetic steel, and 
material of the transformer clamp and iron shell is A3 steel. The 
electrical parameters of these primary materials are shown 
in Table 3.

When the phase B current is at full amplitude, the magnetic 
field distributions of the upper and lower clamps, iron shell, and 
tie plate of the transformer are shown in Figures 12–14, 
respectively. The stray loss Ps of the metal structures can thus 
be calculated as 

Ps �
1
2

Re 􏽘
n

i�1

1
σi
· Jei* · Jei􏼠 􏼡 · Vi

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, (13)

where σi is the conductivity of element i, Jei is the eddy current 
density of element i, Jei* is the conjugate eddy current density of 
element i, Vi is the volume of element i, and n indicates the number 
of elements in the structure.

The calculated stray losses of the iron shell and internal 
structural parts of the transformer are shown in Table 4.

4.1.3 Winding eddy current loss
4.1.3.1 Eddy current loss calculation method

The eddy current loss of the winding conductor in unit volume 
is (Gao et al., 2020) 

PE �
σω2d2B2

24
in W􏼎m3( 􏼁 (14)

The structural diagram of a single winding disc section is shown 
in Figure 15. Here, the radial eddy current loss PEri and axial eddy 
current loss PEzi of the entire winding disc can be calculated as 

PEri,Ezi �
2πσRiSi ωbBri,zi( 􏼁

2

24
, (15)

where Bri is the average radial magnetic flux density in the ith 
winding disc (T), Bzi is the average axial magnetic flux density in the ith 
winding disc (T), b and d are the dimensions of the winding disc (m), Ri 

is the distance from the center of the ith disc to the centerline of the iron 
core (m), and Si is the sectional area of the conductor in the ith disc (m2).

Thus, the total eddy current loss PEi of a single disc is the sum of 
the axial and radial eddy current losses, as expressed in 

PEi � PEri + PEzi. (16)

FIGURE 10 
Magnetic field calculation model.

TABLE 2 Number of mesh layers used for each structural part.

Structural 
part

Penetration 
depth (mm)

Number 
of 
meshing 
layers

Minimum 
mesh size in 
the direction 
of penetration 
depth (mm)

Upper clamp 1.5 10 1.3

Lower clamp 1.5 10 1.3

Iron shell 1.5 5 1.0

FIGURE 11 
Mesh generation for the upper clamp (10 layers).
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4.1.3.2 Magnetic leakage and eddy current loss distribution 
of the winding

When the phase B winding current is at full amplitude, the 
corresponding magnetic field distribution is as shown 
in Figure 16.

Taking the HV winding of phase B as an example and based 
on the average radial and axial magnetic densities of the HV 
winding on each disc obtained from the magnetic field 
calculations, we combined the expressions of the radial and 
axial eddy current losses to calculate the total loss of each disc 
of the HV winding. The calculated radial and axial eddy current 
losses are shown in Figures 17, 18 respectively, and the total 

eddy current loss is shown in Figure 19. The total eddy current 
loss has a U-shaped distribution from bottom to top in the 
winding discs; this distribution is attributed to the fringing 

TABLE 3 Electrical properties of different materials used to fabricate the transformer parts.

Material Electrical conductivity (S/m) Relative permeability

B30P120 — BH curve

A3 steel 6.484 × 106 BH curve

Copper 5.7143 × 107 1

20Mn23AL 1.3889 × 106 1

FIGURE 12 
Magnetic field distribution on the iron clamps (B/T).

FIGURE 13 
Magnetic field distribution on the iron shell (B/T).

FIGURE 14 
Magnetic field distribution on tie plate of the core (B/T).

TABLE 4 Stray losses from the structural parts.

Structural part Total stray loss (kW)

Upper clamp 2.28

Lower clamp 3.40

Iron shell 3.59

Core tie plate 1.78

FIGURE 15 
Winding disc section.
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effect of the magnetic field leakage at the ends of the windings. 
The axial component of the leakage flux is strongest at the top 
and bottom of the winding stack, leading to higher eddy 
current losses in the first and last few discs that result in the 
characteristic “U” shape.

The radial, axial, and total eddy current losses of the HV, MV, 
and LV windings in phase B are shown in Table 5. The total eddy 
current loss of each of the three windings in phase B is 2.70 kW, 
meaning that the total eddy current loss of the three-phase winding 
is 8.10 kW. As the DC resistance loss of the transformer three-phase 
winding is 236.94 kW, the eddy current loss accounts for 3.68% of 
the total winding loss.

If we ignore the circulating current loss caused by unbalanced 
currents in the parallel conductors of the windings, the transformer 
load loss can be approximately regarded as the sum of the three- 
phase winding resistance loss, eddy current loss, and stray loss of the 
structural parts. Thus, the calculated transformer load loss is 
256.10 kW; compared to the transformer load loss test value of 
260.4 kW, this calculated value has an error of −1.65%.

4.2 Transformer thermal–fluid field 
simulation and analysis

4.2.1 Complete model considering the entire 
cooling circuit

As shown in Figure 20, we established a one-half integral 
model of the transformer thermal–fluid field by considering the 
overall oil circulation. This model also includes eight groups of 
radiators. To reduce the number of calculations, the number of 
radiator fins in each group was halved from 34 to 17. Owing to the 
large heat-source power inside the large transformer, the fluid 
has a relatively large flow velocity, and the Reynolds number in 
the winding area is greater than 2,000; thus, the shear stress 
transport (SST) calculation model is applied. Here, the SST 
model uses the wall function to handle the fluid grid of the 
fluid–solid interface, thereby avoiding a dense grid near the wall. 
The number of single-phase winding mesh elements is 

FIGURE 16 
Magnetic field distribution on the winding (B/T).

FIGURE 17 
Radial eddy current loss of each disc of the high-voltage 
winding (W).

FIGURE 18 
Axial eddy current loss of each disc of the high-voltage 
winding (W).

FIGURE 19 
Total eddy current loss of each disc of the high-voltage 
winding (W).

Frontiers in Mechanical Engineering frontiersin.org09

Peng et al. 10.3389/fmech.2025.1701541

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1701541


7.015 million, and the entire transformer model has a total of 
29.932 million mesh elements. The dominant frequency of the 
computer CPU used for the calculations is 2.2 GHz, with 
20 threads being used for the parallel calculations to achieve a 
single steady-state calculation time of approximately 37 h. The 
high-fidelity model is currently best suited for the design and 
deep-dive analysis stages, and this model serves as the “high- 
fidelity reference” for generating accurate data to train faster real- 
time-capable reduced-order models (ROMs) for digital twin 
applications. These ROMs can then be integrated into real- 
time digital twin platforms for virtual sensing of the HST and 
dynamic load capacity assessments.

4.2.2 Heat-source distribution and heat dissipation 
boundary conditions

When the transformer is in the rated HV and MV winding 
operation and voltage-regulating winding is in the most negative 
tapping condition, the iron core loss of the simulated model is equal 
to the transformer no-load loss. The stray loss of the structural parts 
and eddy current losses of the windings of the transformer are 
obtained using the electromagnetic field calculation method. The 
difference between the calculated load loss and the test value is 
applied to the internal structural parts and iron shell of the 
transformer proportionally; thus, the stray loss of the internal 
metal structural parts and iron shell of the transformer account 
for 5.19% of the total transformer losses. Based on this analysis, the 
applied loss of each part is listed in Table 6.

The losses from the outer iron shell, internal structural parts, 
and core of the transformer are uniformly loaded. However, it is 

emphasized that the losses from the HV and MV windings are 
non-uniformly loaded by the discs based on the results of the 
magnetic field calculations. The total winding loss has a U-shaped 
distribution, and the upper and lower winding discs have 
high losses.

The convection heat transfer coefficient hc of the transformer 
is calculated using the expressions proposed by Lin et al. (2025), 
and the radiation heat transfer coefficient hr is calculated using 
Equations 10, 11. The composite equivalent heat transfer 
coefficient (HTC) of the outer shell surface of the transformer 
is shown in Table 7. The external ambient temperature of the 
transformer is 27.0 °C. Since the number of radiator fins in the 
simulation is halved, the composite equivalent HTC actually 
loaded onto the radiators in the simulation is doubled, i.e., 
16.8 W/(m2·K).

4.2.3 Thermal–fluid field distribution
The temperature distribution over the three-phase windings of 

the transformer is shown in Figure 21. Under the effect of the 
thermal buoyancy of the transformer oil, the overall winding 
temperature generally increases from bottom to top.

Due Owing to the existence of the oil washers, the internal 
oil flow in the windings has a zigzag pattern that improves the 
heat dissipation capacity; the schematic of this zigzag oil flow 
path is shown in Figure 22. The horizontal flow velocity 
between the winding discs is relatively low at approximately 
0.015 m/s.

The temperature at the center of each winding disc and average 
oil flow velocity in the horizontal passage between the discs of the 

TABLE 5 Eddy current losses of the phase B winding (kW).

Winding Radial eddy current loss Axial eddy current loss Total eddy current loss

High voltage 1.0362 0.8006 1.8368

Medium voltage 0.5796 0.1731 0.7527

Low voltage 0.0020 0.1090 0.1110

FIGURE 20 
Thermal–fluid field calculation model.

TABLE 6 Power losses (kW) attributable to different transformer parts.

Component Power loss

Upper clamp 3.17

Lower clamp 4.73

Iron shell 4.99

Core tie plate 2.48

High-voltage winding 128.24

Medium-voltage winding 91.76

Low-voltage winding 0.33

High-voltage-regulating winding 16.80

Medium-voltage-regulating winding 7.90

Core 35.29

Total loss 295.69
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HV winding in phase B are obtained, as shown in Figures 23, 24
respectively. From bottom to top, the winding disc temperature has 
a U-shaped distribution. The oil washers between the winding discs 
have important impacts on the horizontal oil passage velocity and 

winding disc temperature. Owing to the presence of the oil washers, 
the horizontal passages on both sides of these washers are narrowed, 
resulting in sharp decreases in the oil velocities on both sides of the 
oil washers as well as lower oil velocities in the horizontal passages 
above the oil washers. This situation also causes large differences in 
the winding disc temperatures on both sides of the oil washers, 
where the temperature is higher above the oil washer, and the 
temperature difference reaches a maximum value of 5.3 K.

The HST of the MV winding in phase B is thus measured at the 
penultimate disc at the top, where the outside ambient 
temperature is 27 °C and HST is 92.5 °C. The horizontal oil 
passages between the winding discs have important influences 
on the heat dissipation of the windings. As there is no oil washer 
on top of the HV winding, the oil velocity in the horizontal 
passage of the HV winding during the fifth pass is very low and 
most of the oil flows through the vertical passage next to the 
winding, resulting in poor heat dissipation at the horizontal 

TABLE 7 Boundary conditions of the proposed model.

Condition Value

Ambient temperature 27.0 °C

Heat transfer coefficient of the shell (upper surface) 8.1 W/(m2·K)

Heat transfer coefficient of the shell (side surface) 10.4 W/(m2·K)

Heat transfer coefficient of the shell (bottom surface) 6.7 W/(m2·K)

Heat transfer coefficient of the radiators 8.4 W/(m2·K)

FIGURE 21 
Temperature distribution on the winding (°C).

FIGURE 22 
Zigzag oil flow path within the winding.

FIGURE 23 
Disc temperatures from bottom to top within the high-voltage 
winding; the dashed gray lines represent the locations of the washers.

FIGURE 24 
Average horizontal oil velocities within the high-voltage winding; 
the dashed gray lines represent the locations of the washers.
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passage. In addition, the winding power losses are more 
concentrated at the discs at the ends, resulting in increased 
winding disc temperature during the fifth pass with increase in 
winding height. The HST of the HV winding is thus maximum at 
the topmost disc, where the ambient temperature is 27 °C and HST 
is 98.2 °C.

The temperature distributions of the shell and iron core of the 
transformer are shown in Figure 25. The temperature and oil flow 
velocity distributions of the radiator groups are shown in Figure 26. 
The average oil flow velocity of the radiator oil pipe is approximately 
0.146 m/s.

The oil temperature at the radiator inlet is approximately 71.8 °C 
and that at the outlet is approximately 54.8 °C, such that the 
temperature difference between the radiator inlet and outlet 
reaches 17.0 K. The radiator groups are important for 
transformer heat dissipation; although the specific temperature 
differences are transformer-dependent, the methodology 
presented herein is universally applicable.

4.2.4 Comparison with test results
The comparison of transformer temperature rise simulation and 

test results is shown in Table 8. The deviation between the average 
temperature rise of the HV winding simulation and test values is 
–1.3 K, while the difference in the case of the MV winding is −1.5 K. 
The maximum deviation between the temperature rise test results at 
the HV winding monitoring points and simulations at the 
corresponding points is −2.5 K, while the maximum deviation 
with respect to the MV winding monitoring points is 3.1 K. 
The maximum absolute deviation is thus 3.1 K, which indicates 
good simulation accuracy. It should be noted that the validations 
presented herein are currently limited to temperature measurements 
as direct experimental measurements of the internal oil flow field 
and loss distribution of the structural components are extremely 
challenging in an operational transformer. However, accurate 
prediction of the final temperature from the coupled loss, flow, 
and heat transfer processes provides strong indirect validation of the 
fidelity of the overall model.

FIGURE 25 
Temperature distributions (°C) on the (a) shell and (b) core of the transformer.

FIGURE 26 
(a) Temperature (°C) and (b) velocity (m/s) distributions on the radiators of the transformer.
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5 Conclusion

In this study, we developed and validated a multiscale 
electromagnetic–thermal–fluid coupling model for a 50 MVA oil- 
immersed transformer by considering the complete cooling circuit. 
The main findings of the study are as follows:

1. The proposed indirect coupling method effectively integrates 
electromagnetic and thermal–fluid analyses to provide 
accurate predictions of the loss distributions. The stray 
losses account for approximately 5.19% of the total losses, 
while the winding eddy current losses account for 3.68% of the 
winding loss and show a distinct U-shaped distribution.

2. The oil washers in the windings create localized temperature 
differences of up to 5.3 K owing to the restricted oil flow and 
significantly affect the hotspot locations. The combined effects 
of the loss distribution and cooling structure determine the 
winding temperature profile.

3. Experimental validations were conducted using embedded 
optical-fiber sensors to confirm the model accuracy, which 
showed a maximum temperature deviation of 3.1 K at the 
monitoring points.

Although the computational cost currently limits real-time 
application of the proposed model, we expect that this work 
would provide a reference and foundation for optimizing 
transformer design and establishing ROMs for digital twin 
applications. Moreover, the core methodology proposed in this 
work can be applied to larger units or transformers with other 
cooling modes (e.g., oil natural air forced). Thus, future research 
efforts will focus on improving the computational efficiency and 
assessing the transformer dynamic load capacity.
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TABLE 8 Comparison of simulated and tested values.

Test 
result (K)

Average of high- 
voltage winding

Monitoring points of high- 
voltage winding

Average of medium- 
voltage winding

Monitoring points of 
medium-voltage winding

58.2 68.4 59.3 61.4

Simulated 
value (K)

56.9 65.9 57.8 64.5

Deviation (K) −1.3 −2.5 −1.5 3.1
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