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Abstract
The exact position and the value of the hot-spot temperature in a transformer could be estimated by calculation using 
computational fluid dynamics. However, this approach requires the usage of significant computational resources. In this 
paper, a review on some recent investigations on this topic is made, focusing thereby primarily on the investigation in 
which the field distribution of the dependent variables is taken into consideration in a conjugate heat transfer problem. 
Still, the determination of the hot-spot temperature in the transformer is an open problem. Furthermore, a review on 
some fundamental aspects related to the heat transfer in the transformer was made, and some new approaches for the 
calculation of heat transfer in the transformer were proposed: smoothed-particle hydrodynamics, two-fluid model and 
the application of T-Flows computational software. Thus, the smoothed-particle hydrodynamics is found as a convenient 
approach, since it is traditionally related to laminar flow, that is present in the transformer; the two-fluid model signifi-
cantly saves the computational resources, while the application of the computational software T-Flows is free and ex-
tremely powerful for computation of conjugate heat transfer and parallel computation. The conducted research defined 
the guidelines for the future work in numerical modelling of heat transfer in transformers.
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1. Introduction

The computational fluid dynamics (CFD) analysis of 
electric transformers, such as the ones produced in 
Končar D&ST, a renowned Croatian transformer manu-
facturer with internationally recognized high-quality of 
its devices, requires high computational power and sig-
nificant time consumption. The slow convergence rates 
of the CFD algorithms and application of multigrid ap-
proach for its enhancement is outlined in Volkov (2024) 
and references therein.

The reason for conducting such a computational de-
manding analysis is the information about location and 
value of the hot-spot temperature of the transformer 
winding, since if this temperature exceeds a certain lim-
it, the aging of the insulation material is much more pro-
nounced and, hence, the safe operation of the device 
becomes questionable. Other electric equipment is also 
the subject of active research in the scientific community 
using CFD techniques, such as the recent investigation 
of thermal and flow fields in an electric motor (Iacovano 

et al., 2024), but would not be further investigated with-
in the scope of the present paper.

In doing so, the practitioners in industry mostly use 
standard CFD models that are available in the commer-
cial CFD packages and that mostly require many com-
putational cells that, in turn, necessitate the usage of the 
aforementioned high computational power and consume 
significant time. The same holds for other areas of indus-
trial importance, such as aerodynamics (Liu et al., 2023; 
Qin et al. 2024) or naval hydrodynamics (Tezdogan et 
al., 2015; Kim and Tezdogan, 2022), where detailed 
computational meshes composed of millions of cells are 
also used to obtain the field distributions of the depend-
ent variables. Please note that in both cases, aerodynam-
ics and naval hydrodynamics, a single set of governing 
equations is used.

However, due to the averaging procedure applied in 
derivation of two-fluid model and corresponding source 
terms responsible for interphase transport across the in-
terface, the exact information about the interface is lost 
and the interface could not be tracked explicitly. To mit-
igate this, several approaches were proposed in the past, 
all of them being addressed in the introductory part in 
Mer et al. (2018).

Among the approaches mentioned therein, we shall 
outline the work of Štrubelj et al. (2009), where the be-
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haviour of the single-fluid model is established by prop-
er modelling of interphase drag term in the momentum 
equation that leads to equalisation of the velocities at the 
interface. By having equal velocities at the interface, the 
two-fluid model behaves as a single-fluid method, pre-
serving the features of the single-fluid methods, while 
being computationally less expensive. Another approach 
that belongs to this group of models is the large-bubble 
model (LBM), presented in Denèfle et al. (2015), where 
the momentum transport is established within the same 
phase, but of different size. This is actually an argument 
for further exploration of the possibility to apply the 
two-fluid model in practice in the case of oil flow in a 
transformer.

More recently, in Cukrov et al. (2023) the two-fluid 
VOF method has been used together with an approach 
termed “frozen turbulence” has been proposed to solve 
the transient temperature evolution in a solid during the 
film boiling phase. In this approach the turbulent kinetic 
energy (TKE) value is prescribed in the domain but dif-
fering in the near wall region from the far field. Hence, 
the wall adjacent cells possess k = 0 m2/s2, indicating the 
laminar flow, while outside of this zone the non-zero 
TKE value is prescribed.

This is in line with Uruba (2012), where it is stated 
that the dominant turbulence generation is accomplished 
within the first 5% of the boundary layer. Being around 
boundary layer theory, in Dedov et al. (2010) the jet 
theory is applied to study liquid-vapor behaviour during 
a pipe flow. In addition, the two-fluid model has been 
found as a promising turbulence modelling approach in 
Malikov (2020); Malikov (2021); Malikov (2022). An 
example of a two-fluid model algorithm could be found 
in the recent study by Li et al. (2024).

The study reviews heat transfer modelling options of 
mostly power transformers and is organised as follows. 
In Chapter 2, a literature survey has been made, starting 
from seminal work by Torriano et al. (2010) and more 
focusing on the recent progress in the field. Some other 
works published in the meantime have been also cov-
ered in this chapter. In Chapter 3, a discussion of some 
aspects presented in the studied literature has been made 
and important features of the models were addressed. 
Furthermore, the relationships with other fields were 
made and some fundamental topics that were not cov-
ered in the studied literature were pointed out. Addition-
ally, a software recommendation was made and the steps 
for future industrial collaborations were stressed. The 
paper ends with conclusions, Chapter 4, where impor-
tant items from the work are briefly summarized and the 
steps for future investigations were proposed.

2. Literature review

A disc-type power transformer winding has been 
comprehensively studied by usage of CFD technique by 
Torriano et al. (2010). The generated heat is a conse-

quence of ohmic and eddy losses in the transformer’s 
windings. The authors examined six different cases in-
volving isothermal flow, prescribed heat flux value, as-
sumption of homogeneity of the disc structure (that the 
disc is completely made of copper instead of its compo-
sure, copper and paper insulation), without buoyancy, 
and buoyancy modelled using Boussinesq assumption.

The validation case in Torriano et al. (2010) (full 
scale, the last case) involved all the necessary features, 
with the disc being modelled as a continuum with space 
dependent physical properties (density, specific heat ca-
pacity and thermal conductivity), thus alleviating the 
need for modelling of a small scale interfaces between 
the paper insulation and copper blocks that would fur-
ther increase the computational effort. However, the dis-
tinction between the fluid and solid domain has been 
established by the application of generalised grid inter-
face (GGI) procedure, that is common for moving 
boundary solutions in turbomachinery (Yang et al., 
2024). The procedure used to solve the CHT problem 
may be found, for example, in Cukrov et al. (2025).

It was noted by Torriano et al. (2010) that a hot spot 
temperature could be efficiently estimated both by using 
the full scale simulation and the one with Boussinesq 
approximation for buoyant flow; the Boussinesq approx-
imation refers to linear dependence of density with re-
spect to the fluid temperature in the buoyancy term of 
momentum equation, while the density is kept constant 
in other terms. Due to low velocities of oil flow, the flow 
is considered as laminar. The heat source is determined 
from the electromagnetic theory. The influence of mass 
flow rate of dielectric fluid, that is, oil, has been justified, 
showing better performance when higher dielectric flu-
id’s mass flow rates were applied.

The correlations for calculation of Nusselt numbers, 
that are relevant for heat transfer analysis of a power 
transformer, are given in Gościński et al. (2016). The au-
thors have conducted the CFD simulation of the power 
transformer using a commercial CFD package ANSYS 
CFX and have obtained the maximum temperature that is 
below the limit proposed by the standard in the field.

A thermal-hydraulic code for estimation of hot-spot 
temperature has been proposed in Jaramillo (2020). The 
authors verified the proposed approach by comparison 
of the simulation results with the ones obtained using 
commercial CFD code ANSYS Fluent. In the numerical 
simulation conducted by the author, a conformal compu-
tational mesh has been chosen at the solid-liquid inter-
face. Thus, the need for GGI is alleviated. The studied 
cases involve the solution in orthogonal and cylindrical 
coordinates, that is, the arrangement of power trans-
former’s windings in a plane or in an axisymmetric do-
main. The volumetric heat source in both cases, planar 
and axisymmetric, has been set based on the study by 
Torriano et al. (2010), where it was determined from 
electromagnetic theory that has not been presented in 
their work.
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The detailed CFD model of the power transformer’s 
radiator has been proposed in the study by Zhao (2022). 
The author has considered all heat transfer modes, 
namely the heat conduction in the radiator’s wall, the 
convection of the fluid medium and to the ambient air 
and the radiation heat transfer from the outer surfaces of 
the device to the surrounding surfaces that participate in 
this mode of the heat transfer. The computational model 
is validated against experiments for seven different cas-
es. The difference is based on different input parameters: 
top liquid temperature, ambient temperature and liquid 
flow rate at the top of the radiator. The outputs, bottom 
liquid temperature and total heat dissipation, were com-
pared to the experimental data.

A comprehensive review on power transformer’s con-
jugate heat transfer processes is given in Smolyanov et 
al. (2024). As a main source of thermal energy losses the 
high and low voltage windings were identified, contrib-
uting, as per authors, 97% in total thermal energy losses. 
The authors address relevant methodologies in the in-
vestigation of heat transfer in a power transformer, thus 
noting the electric circuit analogy, thermal network 
model, and CFD models, the latter being in the focus in 
the present paper. In solving electromagnetism, the au-
thors emphasise the role of finite element method (FEM) 
in performing this task. This may be explained with the 
fact that structural modelling, in which the FEM is usu-
ally used, is similar to electromagnetism in a sense that 
there is no viscosity, and hence no advection that is usu-
ally solved using finite volume method (FVM).

The possibility of solving the heat transfer within 
power transformer winding using correlations for heat 
transfer coefficient has been also outlined in the work by 
Smolyanov et al. (2024). Thus, one alleviates the need 
to solve the liquid part of the domain, which may lead to 
discrepancies in the simulation result. In addition, the 
role of the Richardson number in determination of hot-
spot temperature has been also outlined. Furthermore, 
the different correlations for the estimation of the Nus-
selt number were shown, being divided in one suitable 
for a large-scale domain, i.e. the large transformer, that 
are derived from boundary layer theory for flat plates, 
and those appropriate for small-scale domains. Some of 
these correlations slightly differ from those mentioned in 
the work by Gościński et al. (2016).

The influence of uneven distribution of electromag-
netic losses on the temperature field in a dry-type iron-
core reactor has been studied in Liao et al. (2024). A 
multiphysics simulation has been carried out for a 10 kV 
reactor in a coupled electromagnetic, thermal and flow 
field simulation. Firstly, an electromagnetic simulation 
has been carried out, and the orders of eddy and ohmic 
losses were determined. This result is further transferred 
for the purposes of the thermal simulation in which the 
temperature field has been obtained. Then, a fluid flow 
field has been solved and the vice versa approach has 
been utilized. The natural convection cooling is estab-

lished within an enclosed space, thus simulating, at least 
to a certain extent, the real situation in which this type of 
reactor is usually placed.

The reduced order modelling (ROM) influenced by a 
full order model (FOM) in estimation of 3D temperature 
field within transformer winding is presented in Liu et 
al. (2024). The validation of the approach has been con-
ducted using CFD and measurement data on a 35 kV 
power transformer winding immersed in oil, and the sig-
nificant time savings were reported in obtaining the tem-
perature field.

A detailed analysis of a power transformer using 
wedge-type geometry is conducted in Wang et al. 
(2024). In the study, a hex-dominant computational 
mesh composed of 24 million cells is used and all the 
heat transfer modes were taken into consideration. The 
tank with corrugated wall surface, that is difficult to han-
dle with thermal-hydraulic models (THM), has been 
studied using CFD technique.

The CFD analysis aimed at determining a hot-spot 
temperature in an oil cooled power transformer has been 
carried out using computational software ANSYS Fluent 
in Taghikhani (2024). In addition, the spatial distribu-
tion of the magnetic field has been obtained. Further-
more, within the CFD study, the author has conducted a 
mesh sensitivity check, and the comprehensive CFD 
simulation using the computational mesh composed of 
several million cells. The results were compared with 
the grey wolf optimisation (GWO) algorithm proposed 
by the author, and a close correspondence with the CFD 
result has been achieved. In the conducted CFD simula-
tion the heat transfer coefficient has been prescribed at 
the outer walls of the tank.

The dynamic heat transfer coefficient approach has 
been used in study by Xiao et al. (2024). The heat trans-
fer coefficient was determined using a classical ap-
proach. The infrared thermography has been applied to 
determine the dynamic heat transfer coefficients that 
were used to obtain the exact heat transfer coefficient. A 
3D numerical simulation has also been carried out with 
detailed insight in the flow and thermal fields.

This review is completed with the recent work by Lin 
et al. (2025), who have reviewed the techniques for de-
termination of the hot spot temperature in an oil-im-
mersed power transformer. In their study, firstly three 
different losses that lead to heat generation (iron-core, 
winding and stray losses) were identified, and methods 
for their calculation were discussed. Then, the problem 
of hot-spot temperature estimation has been tackled 
from the viewpoint of two distinct approaches: measure-
ment and calculation. In the latter approach, four differ-
ent calculation methods were identified: empirical cal-
culation, thermal circuit modelling, numerical simula-
tions and artificial intelligence (AI).

In their work, Lin et al. (2025), the presentation of 
hot-spot temperature dependency on the transformer 
height is conducted by a linear function and is identified 
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as transformer type dependent. Among the calculation 
methods for estimation of hot-spot temperature, numeri-
cal simulations and AI were identified as the ones that 
can accurately estimate the location of the hot-spot tem-
perature.

However, as per Lin et al. (2025), the numerical sim-
ulations are considered very slow and computational de-
manding, while AI techniques depend on training of the 
model. Furthermore, the features of oil flow were related 
to the hot-spot temperature. For example, it was found 
that the increased oil flow rate at the inlet influences the 
decrease in the hot-spot temperature. The number of baf-
fles, furthermore, has to be specified with care since its 
increase results in a decrease of the hot-spot temperature 
to a certain level. After this level is reached, further ad-
dition of baffles would yield an increase in the hot-spot 
temperature.

3. Discussion

In this section, the studied literature is further dis-
cussed and the relations with other fields were made. 
Furthermore, some aspects that were not found in the 
studied literature were identified and discussed. Possi-
bilities for industrial cooperation based on findings is 
given at the end of this chapter.

3.1. �Discussion on the studied literature  
with the relations to other fields

Since the seminal work of Torriano et al. (2010) the 
classical computational strategies were, to the authors’ 
knowledge, found as the ones that are used mostly to 
determine the location of the hot-spot temperature in the 
windings of the oil-immersed power transformer in ap-
plication of CFD techniques. This refers to mesh based 
CFD methods using standard continuum mechanics fea-
tures. Furthermore, the work by Torriano et al. (2010), 
in which the winding temperature distribution has been 
successfully estimated using the Boussinesq approach, 
may be, at least to a certain extent, related to the work by 
Dović (2005), who has investigated the flow behaviour 
in a solar collector. In his study, the author has applied 
the Boussinesq model to solve the buoyancy driven flow 
in the device.

The idea of prescription of the heat transfer coeffi-
cient at the domain’s boundaries in order to avoid mod-
elling of the fluid medium is shown in Smolyanov et al. 
(2024), referring to the work by Doolgindachbaporn et 
al. (2022). This approach is, however, used in numerical 
modelling of heat treatment, e.g. quenching, where the 
CFD-determined heat transfer coefficient is used for fur-
ther analyses within material in the recent article by 
Gamidi and Passam (2024).

The natural convection cooling of a dry-type iron-
core transformer reported in Liao et al. (2024) follows 
similar trends as in the case of natural convection around 

a square shown in the work by Savio et al. (2022). In 
addition, the natural convection around a differentially 
oriented square has been studied in De and Dalal (2006). 
In both cases one may note the increased velocity at the 
upper parts of the object in a buoyancy driven flow. In 
the area of determination of eddy current losses, that 
were determined together with ohmic losses to deter-
mine the temperature field, we may also outline the re-
cent work by Frljić (2023). The author has conducted 
the estimation of the eddy current losses using finite ele-
ment method.

It is interesting to note that in the studied literature it 
was found that the problem of natural convection in en-
closures with differentially heated walls has not been 
tackled in sufficient detail. The conceptual sketch of this 
problem is shown in the left part of Figure 1. It is about 
the buoyancy driven flow induced by the different tem-
peratures of side walls as shown, for example in Wu 
(2015).

A comprehensive review on natural convection in en-
closures is given in Miroshnichenko and Sheremet 
(2018), while a more recent review by Rashid et al. 
(2022) also includes the presence of nanofluids in the 
flow. A theoretical treatise on the subject, together with 
correlations for the calculation of the Nusselt number is 
given in Abramov et al. (2020), while the further en-
hancement of the topic by consideration of conjugate 
heat transfer could be found, for example, in Bilgen 
(2009) and is schematically shown in the right part of 
Figure 1.

Figure 1. A conceptual sketch of natural convection in 
cavity: (a) without conjugate heat transfer; (b) with 

conjugate heat transfer. Image enhanced using PhotoGrid 
software (https://www.photogrid.app/en/)

The radial basis function (RBF) technique, that is 
used in conjunction with neural network (NN) in an RB-
FNN approach, mentioned in Liu et al. (2024), is also an 
acknowledged approach in handling complex mesh mo-
tion in CFD modelling. See Niu et al. (2017) for more 
details on the approach. Other examples of usage of this 
technique in mesh deformation handling are available in 
de Boer et al. (2007). The RBF, furthermore, is men-
tioned as one of the relevant metamodels in the recent 
study on aerodynamics shape optimization in Zhang et 
al. (2024).
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The application of optimisation algorithms to reduce 
the consumption of computational resources, such as in 
the case of GWO algorithm usage in Taghikhani (2024), 
could be related to weather forecast, where AI could be 
used to estimate the weather conditions, shown in the 
lecture by Güttler (2024). However, although faster, it 
is significantly less accurate since the accuracy, as noted 
by the author, lies in the physics.

In the conducted literature survey, one may note that 
following topics were not addressed by the authors so far 
and that would be discussed in more detail in the follow-
ing text.

•	 The application of particle based smoothed-particle 
hydrodynamics (SPH) approach that, at present, is 
applied in the automotive industry for solving com-
plex tasks.

•	 The application of the two-fluid model has not been 
found.

•	 The application of T-Flows, an open-source CFD 
software capable for flow modelling including heat 
transfer, has not been used by any author in the 
studied literature.

The engineering application of the discussion out-
comes is discussed later, after the above three items are 
presented in more detail.

3.2. The application of SPH

In SPH, the continuum is discretized using a finite 
number of particles (Lagrangian approach) instead of 
computational cells (Eulerian approach) used in mesh 
based CFD. The brief exposition of the method funda-
mentals could be found, for example, in recent works 
(Pozorski and Olejnik, 2024; Sigalotti and Vargas, 
2025; Le Touzé and Colagrossi, 2025). The method has 
difficulties with boundary handling, turbulent flow mod-
elling and requires huge computational resources. An 
approach for handling boundaries is recently proposed 
in Kim and Torrens (2024).

The other issue is tensile instability that could be rem-
edied using the energy stable schemes, as presented in 
Zhu (2024). However, it has shown great potential for 
handling complex geometries, such as those in the auto-
motive industry where the lubrication flow together with 
conjugate heat transfer (CHT) is solved in Klos et al. 
(2024). In their presentation, the fluid flow is modelled 
using SPH, while the coupling with commercial CFD 
software is made for purposes of solving the heat con-
duction equation in the solid part of the domain.

Other applications in the automotive sector include 
the sensor pollution simulation, presented in Kleineberg 
and Singh (2024) and car motion through liquid-water 
(motion through deep water and fast motion through wa-
ter), shown in Posch (2024). From the scientific point of 
view, we may outline the complex fluid-structure inter-
action (FSI) problem in a shock-wave induced load on a 
structure, presented in Chen et al. (2024). The authors 

model the fluid part using the finite-difference method 
(FDM), since it is more suitable for modelling the com-
pressible flow features studied in the paper, while the 
motion of the solid part is modelled using the SPH.

The coupling between FDM and SPH, shown in Chen 
et al. (2024) is established using the immersed boundary 
method (IBM), which is also an approach in conjugate 
heat transfer analysis of metal quenching in Kosseifi 
(2012). Since the flow in the transformer is considered 
as laminar (Zhao, 2022), the difficulty in handling tur-
bulent motion associated with the method, may not be 
regarded as a problem. The application of SPH in solv-
ing natural convection in a differentially heated square 
cavity is presented in Yang et al. (2021).

3.3. The application of two-fluid model

In the application of the large bubble model (LBM), 
described in Denèfle et al. (2015), the interfacial mo-
mentum transfer is accomplished within the same phase, 
but with a different size of the interface. Thus, one may 
model various scales in a two-fluid four field approach, 
which leads to reasonable consumption of computation-
al time (Gauss et al., 2016) and explicitly stated in 
Pointer and Liu (2017).

Using the two-fluid VOF model in conjunction with 
frozen turbulence model is applied to solve the conju-
gate heat transfer during film boiling around a silver cyl-
inder in Cukrov et al. (2023) and the method for estima-
tion of the turbulent kinetic energy estimation based on 
Kelvin-Helmholtz instability (KHI) theory model pro-
posed in Hillier et al. (2020) has been proposed.

The foundations of the approach proposed in Cukrov 
et al. (2023) is depicted in Figure 2 and the underlying 
modelling approach is described in Cukrov et al. (2021), 
while its application in temperature and heat flux estima-
tion during the quenching process is demonstrated in 
Cukrov et al. (2023a) and Cukrov et al. (2024), respec-
tively. The complete development of the method is pre-
sented in Cukrov et al. (2025a).

Regarding the KHI, it is a flow mode that appears in a 
single-phase flow, such as the jet flow where the shear is 
induced by different velocities of the jet issuing from the 
nozzle and the quiescent surrounding medium. In addi-
tion, the phenomenon may also be induced in a two-
phase flow, where the phases flow with different veloci-
ties and thus induce the shear if the relative velocity ex-
ceeds a certain velocity limit described in a recent study 
by Krpan et al. (2023).

By involving turbulent kinetic energy value using 
KHI, we follow the so-called “physics informed” ap-
proach, but with a difference from the standard one in 
which the information is gathered from the comprehen-
sive set of data, we close the modelling approach using 
the data obtained from theory. This was recently applied 
in a study by Jang et al. (2024) where a Timoshenko 
beam theory has been involved in structural analysis us-
ing discrete element method (DEM).
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The involvement of the dispersed formulation of a re-
alizable k-ε turbulence model within a two-fluid VOF 
model available in ANSYS Fluent allows for definition 
of laminar zone in the vicinity of solid surface (laminar 
zone in the left part of Figure 2) with k ≅ 0 m2/s2, while 
the remainder of the domain is filled with a finite value 
of turbulent kinetic energy, i.e. k > 0 m2/s2.

As the flow evolves, as shown in the right part of Fig-
ure 2, the laminar zone is preserved while the turbulent 
zone is present only outside the jet structure since the 
turbulent viscosity is a function of strain rate tensor and, 
hence, the turbulence occurs on the interface between 
the zones and in the complete liquid phase. This could be 
related to the assumption in the work of Dedov et al. 
(2010), where jet theory is used to this end, but with the 
difference that in their work, a pipe flow is considered.

An analogy with the jet flow could be made because 
in this type of flow, the maximum turbulence intensities 
are on the outer surfaces of the jet, as shown in the ex-
perimental work by Philip (1972). Hence, even in the 
single-phase flow, we may apply this approach by as-
signing the zero turbulent kinetic energy value in the vi-
cinity of the stationary walls, while keeping it non-zero 
out of this area.

et al. (2016); Palkin et al. (2018); Palkin and Mully-
adzhanov (2019). The application of this software in the 
transformer modelling has a great potential since the 
software is freely available and has parallel computation 
capabilities between any header of different ranks.

3.5. �The possibilities for application of two-fluid 
model in product development sector of 
Končar D&ST

The high visibility of Končar D&ST products world-
wide stems from the high-quality engineering that is in-
corporated in the R&D sector of the company. The ad-
vanced approaches applied to this end may be tracked 
from works (Marković and Ćućić, 2018; Meško et al., 
2020; Ćućić et al., 2014). Within the modelling and 
simulation group of the company, highly skilled profes-
sionals (Kovačević et al., 2024) with a strong back-
ground in thermodynamics, fluid mechanics and heat 
transfer (the thermofluids) conduct the temperature and 
flow field analyses of a transformer as well as the elec-
tromagnetic analysis.

This work serves as a basis for future work on appli-
cation of the two-fluid model in transformer develop-
ment, established between Končar D&ST and Universi-
ty of Zagreb’s Faculty of Mechanical Engineering and 
Naval Architecture. The reason for this is the great po-
tential of the method that has been recognized in the re-
search and development team in Končar D&ST.

4. Conclusions

The hot-spot temperature in a transformer is to appear 
at the top part of the device and was successfully deter-
mined by using computational techniques by the schol-
ars whose publications were studied within this research. 
Furthermore, the relations with other areas are made and 
some aspects that were not found in the studied literature 
were revealed, and the following conclusions may be 
drawn.

•	 The full order models of the transformers yield ac-
curate results, but at a high computational cost and 
significant time consumption.

•	 The usage of optimisation techniques may lead to 
the achievement of accurate results without signifi-
cant time consumption; however, the inexistence of 
underlying continuum mechanics fundamentals in 
such approaches may be found as a loss of general-
ity of such approaches.

•	 AI algorithms produce faster solutions, but since 
the true accuracy stems from the appropriate mod-
elling of underlying physics, should be used with 
care.

•	 Although very popular in the automotive industry, 
the application of SPH may yield some other prob-
lems, such as boundary handling and high computa-
tional cost.

Figure 2. The proposed two-fluid VOF modelling concept: 
(a) initial state; (b) evolved flow. Image enhanced using 
PhotoGrid software (https://www.photogrid.app/en/).

3.4. �The application of T-Flows open-source CFD 
code

T-Flows is an open-source computational software 
capable for parallel computation of heat transfer and 
fluid flow, and is proposed in Ničeno (2001). Further-
more, the software also covers advanced flow model-
ling; the software tutorial is available at Sayed (2024). 
Its convenience in solving environmental aerodynamics 
problems has been shown in Hadžiabdić et al. (2022). 
In doing so, an automatic mesh generation procedure us-
ing GMSH (Geuzaine and Remacle, 2009), an open-
source mesh generator, has been proposed.

Furthermore, it was also successfully applied in solv-
ing the Rayleigh-Bernard convection in an enclosure 
(Hadžiabdić et al., 2021). The advanced turbulence 
modelling options were demonstrated in heat transfer 
and fluid flow modelling in Palkin et al. (2021); Palkin 
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•	 The application of novel approaches, in particular 
the two-fluid VOF method, may lead to a significant 
decrease in the consumption of computational re-
sources and time.

•	 The strong parallel computation capabilities of the 
open-source CFD software T-Flows may be applied 
for future calculations of the hot-spot temperatures 
in the transformers.

•	 The engineering practitioners in industry have rec-
ognized the potential of application of the two-fluid 
modelling in the case of single-phase flow using 
theory based turbulence assumptions.

Finally, we can conclude that still more work has to 
be carried out in order to minimise the computational 
effort required for determination of the hot-spot temper-
ature. The future steps include fundamental research on 
the two-fluid modelling of single-phase flow using fro-
zen turbulence approach. Hence, the turbulence (or the 
laminar flow) quantities should stem from careful theo-
retical reasoning rather than statistics.
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SAŽETAK

Pregled recentnih istraživanja na području modeliranja spregnutoga  
prijenosa topline u transformatorima

Točan položaj i iznos najviše temperature materijala izolacije unutar transformatora proračunski se može utvrditi kori-
štenjem računalne dinamike fluida. Međutim, ovaj pristup zahtijeva korištenje znatnih računalnih resursa. U ovome 
radu napravljen je pregled nekih nedavnih istraživanja na ovu temu fokusirajući se pritom ponajprije na istraživanja u 
kojima je u obzir uzeta prostorna distribucija zavisnih varijabli u problemu spregnutoga prijenosa topline. Određivanje 
najviše temperature izolacije unutar transformatora još uvijek je otvoreno pitanje. Nadalje, napravljen je osvrt na funda-
mentalne aspekte vezane uz prijenos topline unutar transformatora te su predloženi neki novi pristupi za proračun pri-
jenosa topline transformatora: uglađena hidrodinamika čestica, dvofluidni model i primjena računalnoga programa T-
Flows. Tako se uglađena hidrodinamika čestica pokazala prikladnim pristupom jer je tradicionalno vezana uz laminarno 
strujenje kakvo se pojavljuje unutar transformatora; dvofluidni model znatno štedi računalne resurse, dok je primjena 
računalnoga programa T-Flows besplatna, a izrazito snažna za proračun spregnutoga prijenosa topline i paralelno raču-
nanje. Provedenim se istraživanjem definiraju smjernice za daljnji rad na području numeričkoga modeliranja prijenosa 
topline unutar transformatora.

Ključne riječi: 
transformator, spregnuti prijenos topline, računalna dinamika fluida, najviša temperatura izolacije
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