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Abstract. This work presents a numerical analysis of the cold start of a distribution transformer filled with

biodegradable oil in order to obtain a detailed description of temperatures and velocities distributions inside the

transformer. When the transformer is placed in very extreme conditions, like in a wind farm with very low ambient

temperature, and is filled with biodegradable oil the pour point of the oil can be reached. This type of analysis

has not been necessary since mineral oils have very low pour point temperatures, below −40 °C, but in the case

of conventional sunflower oil can be −18 °C. When the transformer is started from a temperature near the pour

point the fluidity and hence the natural convection phenomena, which is the principal mechanism of the heat trans-

portation inside the transformer, can be dramatically reduced. This reduction can lead to a local increase in the oil

temperature, principally in the windings oil channels. In this work, several working temperatures are analyzed for

a transformer with a rated power of 315 kVA and a voltage ratio of 13.2kV/0.4kV filled with biodegradable oil,

through three-dimensional thermo-fluid dynamics simulations using the multiphysics scientific code Code Saturne.

This work is carried out as part of the EU Horizon 2020 BIOTRAFO project.
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1 Introduction

In this work, a thermo-fluid dynamic analysis during a cold start of an Oil-Natural Air-Natural (ONAN)

distribution transformer filled with biodegradable oil is carried out. The main objective of this study is to compare

the thermal and fluid dynamic behavior inside the transformer when the operating temperature is close to the

oil pour point. The distribution transformer under analysis has a rated power of 315 kVA with a voltage ratio

of 13.2kV/0.4kV. Distribution transformers are usually located within the urban areas, close to the citizens, so

it is desirable to use natural or synthetic esters to cool the active parts instead of mineral oils, to minimize the

environmental impact. Esters oils have several advantages, like better dielectric strength, higher water saturation

point, and higher fire point among others when it is compared with mineral oil. However, the most important

difference between esters and mineral oils is in their kinematic viscosity. Because of this, they are not as efficient

as mineral oils to remove the heat from the transformer due to a lower oil velocity inside the cooling channels of

the windings, around the magnetic core, and inside the radiator fins, reducing the convective heat transfer process.

A natural ester, at low temperatures (i.e., 0 °C) has a kinematic viscosity ≃ 900% bigger than mineral oil. This

percentage reduces to ≃ 500% at 20 °C and to ≃ 50% at 100 °C Santisteban et al. [1]. Consequently, a higher

hot spot oil temperature is obtained for the same load and ambient temperature, if compared with mineral oil as a

cooling fluid. When the transformer is operated at a very low ambient temperature and is filled with biodegradable

oil the pour point of the oil can be reached. The pour point is defined in Data [2] as the lowest temperature at

which a fluid is observed to flow under specified conditions (ASTM D97 and ISO 3016 are commonly used test

methods). Mineral oils have very low pour point temperatures, below −40 °C, but in the case of conventional

sunflower oil can be −18 °C and the Cargill FR3 −21 °C. As it is mentioned in Data [2] natural ester fluids do

not have a well-defined solid/liquid phase transition temperature. When it is operated in very cold temperatures,

natural esters gradually increase their viscosity, forming small crystals, but still being able to flow and transfer heat.

Another alternative to be used under very cold temperature conditions is the MIDEL 7131, which is a synthetic
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top ends of the windings are insulated with paper sheets and pressboard ribbons. These insulations are shown in

color black in the figure (1)(left).

3 Numerical model

The STEP-format files with the CAD of the geometries for the different parts of the machine were provided by

the Tadeo Czerweny S.A. company. The pre-processing of the geometry and the STL mesh generation required by

snappyHexMesh OpenFOAM [5] were carried out within the Salome [6] platform. The fluid mesh is generated with

snappyHexMesh, which is an open-source, fully parallel, cross-platform library for polyhedra mesh generation

implemented within the OpenFOAM®framework.

The domain for the simulations considers only one-quarter of the complete transformer because of the high

number of cells that are required to compute accurate results not only of the global variables of interest (e.g.

average oil temperature, average heat transfer coefficient, total dissipated power) but also details of the oil flow

and temperature distribution at the entrance and inside the channels of the windings, in the small gaps between

the core and the LV winding and also inside of each radiator fin. Because one quarter of the complete domain is

used, symmetry boundary conditions are applied at the cutting planes. Figure 3 shows a picture of the simulation

domain.

Figure 3. Computational domain (colored) for the thermo-fluid dynamic simulation with Code Saturn. One-quarter

of the full domain is considered.

The meshes for the fluid, windings, and core are made up of polyhedra but they are hexa-dominant, with

approximately 35 million cells in total. The number of cells used for the core is approximately 3.1 million and

that for the windings is approximately 5.5 million. The meshes are non-conformal at the interfaces between the

fluid and the solids. Moreover, special refinement of the fluid mesh is performed near the solid surfaces in order to

accurately solve the thermal and fluid boundary layers and thus the heat transfer between the solids and the fluid,

particularly at the oil ducts in the windings, where there are approximately 6 or 7 cells in the thickness (4 [mm]) of

the duct. Inside the radiator fins, there are 8 cells in the thickness (5 [mm]) of the fluid mesh. The refined regions

are visible in the figure4. A cut of the core and windings meshes perpendicular to the axis of the windings can be

seen in figure ??. The meshes include those of the pressboard sticks used as separators to generate the oil cooling

channels and the pressboard insulation between the LV and HV windings.

The windings (light blue) and the magnetic core (red) are also discretized with FV meshes as shown in Fig.

4, where the heat conduction problem is solved.

The heat losses in the magnetic core and the windings were computed in previous work [4] and these heat

losses are used as volume heat source terms. The heat transfer process involves the heat conduction in the core

and windings, then the heat dissipates to the oil by conduction and convection, afterward to the walls of the oil

tank and the radiator’s fins, and finally to the surrounding air. Due to the construction complexity and the use of

different materials in the core and windings, an equivalent anisotropic thermal conductivity is used to compute the

thermal conduction.

The total power loss provided in the datasheet of the manufacturer is QExp = 4250 [W] and that computed

with the EMAG numerical model described in Garelli et al. [4] is QEMAG = 4449 [W]. Because one-quarter of

the transformer is considered the total power applied on the model is equal to Qmod = 1114 [W].
The heat transfer (convection and radiation) from the walls to the surrounding air is modeled instead of being
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the convective heat transfer capacity of the oil.
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[8] P. Le Quéré, R. Masson, and P. Perrot. A Chebyshev collocation algorithm for 2D non-Boussinesq convection.

Journal of Computational Physics, vol. 103, n. 2, pp. 320 – 335, 1992.

[9] EDF R&D. Code Saturne an open source CFD software. http://code-saturne.org, 2022b.
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