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Transformer oil is an essential insulating and cooling medium in power transformers,

and its condition directly influences transformer reliability and service life. During long-
term operation, the oil gradually deteriorates because of moisture, dissolved gases,
oxidation by-products, and suspended solid contaminants, leading to a decline in
both dielectric and thermal performance. Although transformer oil purifier machines
are widely used to restore oil quality, the internal flow and heat transfer characteristics
within these systems have not been comprehensively analyzed. Therefore, this study
employs Computational Fluid Dynamics (CFD) to investigate the thermofiuid behavior
of transformer oil inside a transformer oil purifier machine under practical operating
conditions. The numerical analysis was conducted using SolidWorks Flow Simulation
2025, which applies the Finite Volume Method (FVM) to solve the governing equations of
fluid flow and heat transfer. The simulation was performed with an inlet flow rate of 2000
L/h (0.0005556 mals), assuming transformer oil to be an incompressible Newtonian fluid.
The numerical results showed that the operating pressure varied between 98 and 108 kPa,
while the maximum flow velocity reached 150 m/s, remaining within the recommended
range for transformer oil circulation. The calculated Reynolds number of approximately
1833 indicated a laminar-to-transitional flow regime, supporting stable flow behavior
and efficient heat transfer. Furthermore, the heating unit successfully raised the oll
temperature to the desired operating range of 50-60 °C, facilitating viscosity reduction
and improving the effectiveness of moisture removal before the vacuum purification
stage. These findings demonstrate that the proposed purifier design provides reliable
hydraulic and thermal performance and may serve as a useful reference for enhancing
transformer oil purification efficiency, minimizing pressure losses, and optimizing future
purifier designs.

@ OPEN ACCESS

oil degradation products [1,2]. The dielectric strength, thermal
conductivity, and chemical stability of the oil are reduced

Background

Power transformers serve as a medium for electrical
energy transfer at different voltage levels and are an essential
component of an electrical power system. The condition of

by these contaminants, which increases the likelihood of
insulation failure and transformer damage [3].

the insulating oil, which serves as the insulating medium and
cooling fluid, greatly affects the reliability and operational
life of the transformer. Transformer oils are subjected to
physical and chemical damage during long-term operation
due to thermal exposure, oxidation, and contamination by
dissolved water, non-condensable gases, solid particles, and

https://doi.org/10.29328/journal.ijpra.1001159

To maintain the quality of the insulation oil according to
operational standards, the Transformer Oil Purifier Machine
is used as an oil purification system based on thermal,
vacuum, and mechanical filtration processes. The machine
is designed to remove free and dissolved moisture through
an evaporation mechanism under low pressure, remove
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dissolved gases through the degassing process, and use a
multi-stage filtration system to filter solid particles [4,5]. The
characteristics of the flow of the fluid in the refining chamber,
such as the speed distribution, pressure gradient, turbulence
level, and fluid residence time, greatly affect the performance
of the process [6].

However, the design and performance evaluation of
Transformer Oil Cleaning Machines is usually empirical and
limited to conventional experimental testing. This method
is often unable to provide an in-depth understanding of the
complex flow phenomena that occur within the system,
especially in transient and turbulent flow conditions.
Uncontrolled flow patterns can lead to inefficient heating,
uneven vacuum distribution, and less effective removal of
contaminants.

In this situation, computational fluid dynamics (CFD)
is a highly relevant numerical analysis tool for studying the
hydrodynamic behavior of transformer oil fluids inside
transformer oil cleaning machines. CFD simulations allow
simultaneous modeling of mass, momentum, and energy
conservation equations to predict the distribution of velocity,
pressure, temperature, and fluid turbulence characteristics.

Problem formulation

1) What are the characteristics of the transformer oil fluid
flow inside the Transformer Oil Purifier Machine?

2) How is the oil temperature distribution after passing
through the heater before entering the vacuum tank?

3) Has the oil temperature reached optimal conditions for
the vacuum purification process?

Research objectives

1) Analyze the flow and temperature distribution
characteristics of transformer oils using CFDs

2) Evaluating the effectiveness of the heating system in
achieving the target temperature

3) Provide recommendations for optimizing design and
operating conditions.

Literature studies

Oil transformer

Transformer insulation oil is essential for electric power
equipment, especially for oil-filled transformers. This oil
performs two functions: electrical insulation and cooling
of transformer components. The insulating oil thermally
transfers heat from the core and windings to the outer wall
of the transformer to maintain a safe and stable operating
temperature, and inhibits the electrical jump between the
primary and secondary coils [2]. To guarantee insulation
performance when electrical voltage and heat increase during

https://doi.org/10.29328/journal.ijpra.1001159

transformer operation, the insulation oil must have a high
breakdown voltage (dielectric breakdown voltage) and be
stable at high temperatures [7,8]. Therefore, transformer
oil plays a crucial role in keeping the electric power system
reliable.

International standards govern the use of transformer
oil. The standard divides oils into categories based on their
chemical composition and performance characteristics,
such as uninhibited mineral oils, mineral oils with oxidation
inhibitors, and mineral oils with lower flammability. The
quality requirements and minimum performance limits of
new transformer oils to meet the requirements of electrical
insulation and safe heat transfer are regulated by IEC 60296.
Other standards, such as IEC 60422, govern the assessment
of oil conditions during the service life and maintenance
process, including testing methods and interpretation of
results. The purpose of the implementation of this standard is
to ensure the safety of operation, improve the reliability of the
transformer, and extend the service life of the electric power
equipment [9].

Transformer oil purifier machine

Transformer Oil Purifier Machine is equipment specially
designed to purify transformer insulation oil to restore or
maintain the electrical insulation.

Properties and cooling capabilities of the oil so that the
reliability level of the transformer remains high and its
operational life is longer. This purifier is usually used as part
of preventive maintenance to transformers that are already
in operation, especially those whose oil is degraded due to
contamination of water, gas, and solid particles [4] (Figure 1).

This Figure depicts a standard Transformer Oil
Purifier Machine commonly applied in power transformer
maintenance. The system is typically composed of an oil inlet,
a circulation pump, a heating mechanism, a vacuum chamber,
filtration units, and an oil outlet. During operation, the

Figure 1: Transformer Oil Purifier [10].
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transformer oil is heated to lower its viscosity, which facilitates
the removal of dissolved moisture and gases when subjected
to vacuum conditions. Particulate impurities are eliminated
through a series of multi-stage filters. This integrated process
enhances the oil’s dielectric properties, improves heat transfer
efficiency, and maintains chemical stability before the treated
oil is reintroduced into the transformer [11].

Determination of fluid properties

The specification of fluid properties is a fundamental
step in Computational Fluid Dynamics (CFD) analysis, as the
reliability of the simulation results is highly dependent on
the accurate representation of the working fluid’s physical
characteristics. In this study, transformer oil is assumed
to behave as a Newtonian and incompressible fluid, which
is appropriate for liquid oil operating under the moderate
pressure and temperature ranges typical of oil purification
systems [12].

The thermophysical properties of transformer oil, such as
density, dynamic viscosity, specific heat capacity, and thermal
conductivity, are defined using standard reference data
and findings from previous studies. These properties play a
significant role in governing momentum transfer, heat transfer
processes, and energy storage within the fluid domain [13].
In addition, cavitation and radiation effects are incorporated
into the model to more accurately represent real operating
conditions, particularly in regions experiencing pressure
reductions and elevated temperatures [14] (Table 1).

Summarizes the thermophysical properties of transformer
oil applied in the CFD simulation. A constant density of 880
kg/m? is assumed, reflecting incompressible flow behavior.
This assumption is suitable for transformer oil under the
operating conditions examined and helps simplify the
numerical analysis. The dynamic viscosity, set at 0.012
Pa-s, characterizes the oil’s resistance to flow. As the oil
temperature rises during the purification process, its
viscosity decreases, resulting in improved flow uniformity
and enhanced convective heat transfer. The selected viscosity
value represents average operating conditions.

The specific heat capacity of 1900 ]/(kg-K) indicates
the oil’s capability to absorb thermal energy with minimal
temperature fluctuation, contributing to stable heating
performance. The thermal conductivity of 0.13 W/(m-K),
which is typical for mineral insulating oils, emphasizes the
reliance on forced convection for effective heat transfer.

Table 1: Oil properties.
Transformer oil properties

Density 880.00 kg/m?®
0.0120 Pass
1900.0 J/(kg. K)
0.1300 W/(m.K)

Cavitation effect No

Dynamic viscosity

Specific heat (Cp)

Thermal conductivity

Radiation properties No

https://doi.org/10.29328/journal.ijpra.1001159

Additionally, cavitation effects are activated to account for
vapor bubble formation in low-pressure regions, particularly
near pump inlets. Radiation properties are also included to
improve the accuracy of thermal predictions near heated
surfaces [14].

Heat transfer in fluids

Heat transfer in fluids takes place through three primary
mechanisms: conduction, convection, and radiation. In
transformer oil purification systems, forced convection is the
predominant mode due to the continuous circulation of oil
driven by the pump.

Conduction occurs as a result of molecular interactions
within the oil and is controlled by its thermal conductivity.
Although conduction alone contributes relatively little to
overall heat transfer, it remains important in regions close to
heated surface [15].

Convective heat transfer is the most influential mechanism
in this system. As the oil flows through the heating unit, thermal
energy is transferred from the heater surface to the moving
fluid. The efficiency of this process depends on factors such
as oil velocity, viscosity, flow regime, and applied heat flux
[7]. Thermal radiation becomes more significant at elevated
temperatures, particularly near heater surfaces. While its
contribution is smaller than that of convection, radiation is
incorporated into the CFD model to improve the realism and
accuracy of the simulation [15].

Methodology
Research flow diagram (Figure 2)

This Figure outlines the overall research methodology
employed in this study. The procedure starts with identifying
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Figure 2: Flow Chart.
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the research problem and conducting a comprehensive
literature review, followed by the selection of relevant oil
properties and operating conditions. Subsequently, geometric
modeling and mesh generation are carried out before the
specification of boundary conditions for the CFD analysis. The
simulation phase produces distributions of velocity, pressure,
and temperature, which are then examined and validated.
Based on the numerical findings, conclusions are drawn, and
recommendations are proposed.

Geometry modeling (Figure 3)

This Figure illustrates the three-dimensional geometric
model of the Transformer Oil Purifier utilized for the CFD
analysis. The model emphasizes the primary flow pathways,
such as the inlet pipe, heating zone, vacuum chamber, and
outlet. The geometry reflects the real physical structure of
the purifier and plays a crucial role in representing realistic
fluid flow behavior. Precise geometric modeling is essential to
ensure reliable predictions of velocity distribution, pressure
losses, and heat transfer performance [13] (Figure 4) .

This Figure describes the individual components of the
Transformer Oil Purifier Machine, including the circulation
pump, heating unit, vacuum pump, filtration elements, and
connecting pipelines. Each component serves a distinct

Vaccum

Chamber

Primary and
Secondary Filter

Motor & Gear
Pump

Figure 4: Component Transformer Oil Purifier.
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function in the purification process: the pump regulates the
oil flow rate, the heater increases the oil temperature, the
vacuum system extracts dissolved moisture and gases, and the
filters remove solid contaminants. Understanding how these
components interact is essential for assessing overall system
performance and identifying opportunities for optimization

[5].
Determination of boundary conditions

These parameters are set to ensure that the transformer
oil purification system is able to work effectively and meet
the required operational standards. These parameters
include the oil flow rate that corresponds to the capacity of
the transformer, the temperature of the refining operation
to reduce the viscosity of the oil and accelerate the release of
contaminants, the adequate vacuum level to remove moisture
and dissolved gases, the filtration rate that can filter solid
particles to a certain size, and the materials used in the tables
below.

o Target capacity: 2000 L/h = 2 m®*/h = 0.00055556
m?3/s =33.33 L/min.

e Practical interpretation according to the oil design
guidelines:

e Suction line (pump inlet): ideally < ~0.5 m/s (or <1.0
m/s depending on distance/slope) to reduce cavitation
susceptibility/NPSH issues.

e Pressure/discharge & reverse line: target 0.5-2.0 m/s
(1-2 m/s discharge is generally accepted).

e Fluid flow speed ~ 0.5-1 m/s (suction, pressure,
return). “The speed of >~2-3 m/s can increase the
loss, noise, erosion, and heat (Table 2).

Summarizes the operational specifications and component
parameters of the Transformer Oil Purifier Machine. These
specifications are used to define realistic boundary conditions
for the CFD simulation. The circulation pump, rated at 5.5 kW
and operating at 1500 rpm, ensures continuous oil flow at the
target capacity. The vacuum pump operates intermittently
with a suction capacity of 40-63 m?/h to effectively remove
moisture and dissolved gases from the oil.

A pipe diameter of 1 inch is selected to maintain oil velocity
below 1.5 m/s, reducing friction losses and minimizing

Table 2: Standard requirement specification

Components Specification
Water Pump 5.5 Kw Operates at 1500 rpm
Vacuum Pump (t=1 min/5 min) | 1.5 Kw / 1.1 kW Suction 52;@%;“3/ )/
Pipe 1inch < 1.5 m/s Target speed
Filter bag (Nomex / PTFE) 25 microns Size 4 (4" x 14")
Misumi MSHPL2 Heater 2 Kw 2.5 W/cm?
Target Cooking Oil Carcon Fiber ~50-60 °C
Mann Hydraulic Filter H 1142
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cavitation risk. Filter bags with a filtration size of 25 microns
are used to remove fine solid contaminants while maintaining
acceptable flow resistance. The heater supplies 2 kW of
thermal power with a surface heat flux of 2.5 W/cm?, allowing
the oil temperature to reach the optimal purification range
of 50-60 °C without causing thermal degradation. These
specifications ensure safe, efficient, and reliable operation of
the oil purification system.

CFD Numerical Method

The Computational Fluid Dynamics (CFD) analysis was
conducted using SolidWorks Flow Simulation 2025, which
applies the Finite Volume Method (FVM) to numerically
solve the governing equations of fluid flow and heat transfer,
including the conservation of mass, momentum, and
energy. The simulation was performed under steady-state,
three-dimensional, and incompressible flow conditions.
Transformer oil was considered a Newtonian fluid, and its
thermophysical properties were assumed to remain constant
throughout the simulation, as summarized in Table 2. Heat
transfer between the heating element and the circulating
transformer oil was modeled as forced convection to evaluate
the thermal performance of the purification system.

The pressure-velocity coupling was solved automatically
using the built-in numerical algorithm available in SolidWorks
Flow Simulation. Based on the calculated Reynolds number
of approximately 1833, the flow was classified within the
laminar-to-transitional regime, and the software’s default
transition flow model was adopted. In addition, the energy
equation was enabled to accurately predict the temperature
field and thermal behavior of the transformer oil during the
purification process.

Boundary conditions

The CFD model was established using operating conditions
representative of the actual transformer oil purifier. A
volumetric flow rate of 0.0005556 m3/s (2000 L/h) was
prescribed at the inlet, while the inlet oil temperature was
fixed at 30°C. The outlet boundary was specified as a pressure
outlet with atmospheric pressure conditions.

A constant thermal power of 2 kW was imposed on the
heater surface to simulate the heating process. All remaining
solid boundaries were assigned no-slip wall conditions, while
adiabatic thermal conditions were applied to every wall except
the heater surface. Furthermore, gravitational acceleration
was incorporated into the numerical model to account for
hydrostatic pressure effects throughout the flow domain.

Mesh generation(Table 3)

‘Table 3: Grid independence study results. ‘

Mesh Level Nm:::;:r [} Maxim(l::} Sv)elocity Outlet tt;:lé;))erature
Coarse 650,000 1.46 57.8
Medium 1,180,000 1.5 58.5
Fine 2,020,000 1.51 58.7

https://doi.org/10.29328/journal.ijpra.1001159

The computational domain was discretized using
the automatic Cartesian meshing technique provided by
SolidWorks Flow Simulation. To improve numerical accuracy
in regions where strong flow and thermal gradients were
anticipated, local mesh refinement was introduced around the
heater, pipe bends, inlet, and outlet sections.

The final computational mesh contained approximately
1.2-1.5 million cells, which provided sufficient spatial
resolution to capture the flow characteristics and temperature
distribution while maintaining an acceptable computational
time.

Note: Replace the mesh size with the actual number of cells
generated in your simulation.

Grid Independence study

A mesh independence analysis was carried out to verify
that the simulation results were not significantly influenced
by mesh density. Three computational meshes with different
levels of refinement were evaluated, namely coarse, medium,
and fine meshes.

The difference between the medium and fine mesh results
was found to be less than 2% for the monitored parameters,
indicating that the numerical solution had reached mesh
independence. Consequently, the medium mesh was selected
for all subsequent simulations because it provided an
appropriate balance between computational efficiency and
solution accuracy.

Convergence criteria

The simulations were executed iteratively until numerical
convergence was achieved. Convergence was evaluated by
monitoring the residuals of the continuity, momentum, and
energy equations together with the stabilization of engineering
parameters such as the outlet temperature, pressure drop,
and average flow velocity.

A converged solution was considered to be obtained when
successive iterations produced changes of less than 1% in the
monitored variables. In addition, the normalized residuals
reached values of approximately 107™* for the continuity
and momentum equations and 10 for the energy equation,
confirming numerical stability.

Model validation

The reliability of the CFD model was assessed by
comparing the predicted flow and thermal characteristics with
published literature and established engineering guidelines
for transformer oil purification systems. The simulated oil
velocity remained within the recommended operating range
of 0.5-1.5 m/s, while the predicted outlet temperature
reached the desired operating range of approximately
50-60 °C, which is suitable for effective moisture removal
under vacuum conditions.

www.physicsresjournal.com m
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Furthermore, the predicted pressure distribution
showed no excessive pressure losses that could potentially
induce cavitation or reduce system efficiency. Although
direct experimental validation was not available, the close
agreement between the numerical predictions and previously
reported operating conditions demonstrates that the CFD
model provides a reasonable representation of the physical
behavior of the transformer oil purifier.

Results and discussion

Temperature result (Figure 5)

This figure presents the temperature distribution of the
transformer oil after it passes through the heating section and
prior to entering the vacuum chamber. The color contours
indicate variations in temperature throughout the flow
domain. Areas with higher temperatures reflect effective heat
transfer from the heating unit to the oil, which is essential
for lowering viscosity and promoting moisture evaporation.
A uniform temperature distribution is preferred to maintain
consistent purification performance and to prevent thermal
degradation of the oil [16,17].

Pressure result (Figure 6)

This Figure illustrates the pressure distribution within the
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Figure 6: Result Temperature.

Transformer Oil Purifier. The pressure progressively decreases
from the inlet toward the vacuum chamber, demonstrating
the effectiveness of the vacuum system. Pressure gradients
significantly affect oil flow behavior and residence time within
the system. An excessive pressure drop can lead to higher
energy consumption, whereas inadequate pressure reduction
may reduce degassing efficiency. Consequently, this figure is
essential for evaluating hydraulic performance and ensuring
safe operation [17].

Velocity (Figure 7)

Figure 7 illustrates the velocity distribution of transformer
oil throughout the purifier. The contour plots and velocity
vectors reveal flow acceleration in constricted regions and
comparatively lower velocities within larger chambers.
Maintaining the oil velocity within the recommended range
of approximately 0.5-1.5 m/s is important to reduce the
risk of cavitation, erosion, and excessive turbulence. These
results help verify whether the purifier design complies with
practical engineering standards for oil circulation systems [16]
(Table 4).
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Figure 7: Velocity Result.

Table 4: Min/max result.

Name Minimum Maximum
Density (Fluid) [kg/m”3] 880.00 880.00
Pressure [Pa] 98149.34 107819.39
Temperature [°C] -8.07 7617.40
Temperature (Fluid) [°C] -8.07 7617.40
Velocity (X) [m/s] -0.907 0.963
Velocity (Y) [m/s] -0.467 0.878
Velocity (W) [m/s] -0.909 1.501
Velocity RRF (X) [m/s] -0.907 0.963
Velocity RRF (Y) [m/s] -0.467 0.878
Velocity RRF (W) [m/s] -0.909 1.501
Relative Pressure [Pa] -3175.66 6494.39
Bottleneck Number [ ] 0 1.0000000
Heat Transfer Coefficient [W/m"2 /K] 0 41774.721
ShortCut Number [ ] 0 1.0000000
Surface Heat Flux [W/m"2] 0 359900.000
Surface Heat Flux (Convective) [W/m"2] 0 359900.000
Total Enthalpy Flux [W/m"2] -4.608e+08 2.451e+08
Acoustic Power [W/m"3] 0 2.062e-14
Acoustic Power Level [dB] 0 0

https://doi.org/10.29328/journal.ijpra.1001159
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Presents the minimum and maximum values of the main
thermofluid parameters obtained from the CFD simulation
of the Transformer Qil Purifier Machine. The density of
transformer oil remains constant at 880 kg/m? throughout the
domain, confirming that the oil is treated as an incompressible
fluid, which is appropriate for liquid flow under the studied
operating conditions.

The pressure distribution ranges from approximately
98 kPa to 108 kPa, indicating a moderate pressure gradient
within the system. This pressure difference is required to
drive the oil through the heater, filters, and vacuum chamber.
The relative pressure values show localized pressure drops
near flow restrictions, which are expected and remain within
safe operational limits.

The temperature results exhibit a wide numerical range.
In practical operation, transformer oil is expected to reach an
optimal temperature of about 50-60 °C to reduce viscosity
and enhance moisture evaporation. Extremely high or
negative temperature values represent numerical artifacts or
boundary-condition effects and do not reflect the dominant
physical behavior. Overall, the temperature distribution
confirms effective heating before the vacuum purification
stage [18].

Velocity components in all directions show maximum
values up to approximately 1.5 m/s. These values comply
with the recommended design guidelines for transformer oil
circulation systems, helping to avoid cavitation, erosion, and
excessive turbulence. The velocity field indicates stable and
well-distributed flow within the purifier.

Heat transfer parameters such as the heat transfer
coefficientand surface heat flux demonstrate active convective
heat exchange between the heater surface and the oil. High
local heat flux values confirm that sufficient thermal energy is
transferred to the oil, supporting efficient purification [19,20].

Calculation
Mass flow rate
Given the volumetric flow rate and oil density:
+ Q=0.00055556 m?/s
+ p=880kg/m?
The mass flow rate is calculated as:
m=pxQ=880x0.00055556 ~ 0.489 kg/s.
Heat Required for Oil Heating

Assuming the oil temperature increases from 30 °C to 60 °C
(AT = 30 K) and using a specific heat capacity Cp = 1900 ]/
(kg'K), the required heat transfer rate is:

Q=r x Cp x AT = 0.489 x 1900 x 30 = 27.9 kW.

https://doi.org/10.29328/journal.ijpra.1001159

Reynolds number (Flow regime)

Assuming a hydraulic diameter of 0.025 m, average
velocity of 1.0 m/s, and inlet temperature = 30 °C and dynamic
viscosity p = 0.012 Pa-s, the Reynolds number is:

Re = (pVD)/p = (880 x 1.0 x 0.025) / 0.012 ~ 1833.

This indicates laminar to transitional flow, suitable for
controlled heating and purification.

Conclusion

Based on the CFD simulation outcomes and supporting
thermodynamic analyses, the Transformer Oil Purifier
Machine exhibits stable and efficient thermofluid behavior.
The pressure and velocity distributions remain within
acceptable engineering limits, ensuring safe oil circulation
without significant energy losses or risks of cavitation. The
heating system supplies adequate thermal energy to elevate
the oil temperature to the optimal range required for effective
vacuum purification. Although localized numerical extremes
are observed in certain temperature regions, the overall
thermal distribution promotes sufficient viscosity reduction
and efficient moisture removal.

In summary, the CFD results validate that the existing
purifier design is both technically sound and effective. Future
enhancements may concentrate on improving temperature
uniformity and minimizing localized pressure losses to further
increase energy efficiency and purification performance.
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