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Thermal Design of Power Transformers via CFD
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Abstract: At Siemens, an in-house CFD (computational fluid dynamics) code UniFlow is used to investigate fluid flow and heat
transfer in oil-immersed and dry-type transformers, as well as transformer components like windings, cores, tank walls, and radiators.

This paper outlines its physical models and numerical solution methods. Furthermore, for oil-immersed transformers, it presents an
application to a HV (high voltage) winding in a traction transformer of locomotives, cooled by synthetic ester.
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1. Introduction

The life time of power transformers is substantially
influenced by chemical degradation processes
occurring in the electrical insulation. Since the speed of
these processes depends significantly on temperature,
the proper prediction of component temperatures
during transformer operation is a crucial part of the
design process. There are several sources of heat in the
transformer. If a time varying voltage is applied,
magnetic hysteresis effects and eddy currents lead to
no-load losses in the steel sheets of the core. In addition,
during normal operation, the electrical currents cause
ohmic and stray load losses.

To keep the temperatures of the transformer
components within acceptable limits, appropriate
cooling is essential. Depending on the type of
transformer, this is normally accomplished via natural
or forced convection of the cooling fluids air or oil. In
addition to mineral and silicone oil, natural and
synthetic ester fluids are also used.

Thanks to CFD

(computational fluid dynamics) is increasingly being

its flexibility and accuracy,

used to analyse transformer thermal design. This
follows the trend established in other branches of
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advanced technology development like aerospace,
automotive, and power generation, where CFD
simulations are indispensable parts of the product
development cycles.

Employing commercial CFD codes, several detailed
studies of disc-type transformer windings were
performed by Torriano et al. [1] and Jiao [2]. Moreover,
extended full geometry CFD analyses coupled to
electromagnetic simulation of the load and no-load
losses in core and windings were presented by Smolka
etal. [3, 4].

Furthermore, combined oil and air flows in

distribution transformers were investigated with
commercial CFD codes by Fonte et al. [S] and
Gastelluritia et al. [6].

Our intention is to provide a simulation method that
may be used for detailed CFD analyses on fine grids as
well as for simplified coarse grid studies. The in-house
code UniFlow is designed to be applicable also by
users with limited experience in CFD. For this reason,
e.g., material attributes are employed for a convenient
coupling of fluid and solid regions in conjugate heat

transfer simulations.

2. Physical Models and Numerical Methods
2.1 Physical Models

Our physical model is aimed at investigating flows
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with several kinds of heat transfer in a complex
geometry. It simulates the flow of single-component,
incompressible Newtonian fluids in a
three-dimensional geometry. In addition to the fluids,
in gaseous or liquid state, several structural materials
are considered as hydrodynamic obstacles and
thermodynamic heat structures. The hydrodynamics is
described by

Navier-Stokes

the continuity equation and the
equation. For the simulation of
turbulence, the algebraic eddy viscosity model of
Baldwin and Lomax [7] is available. To simulate the
transition between laminar and turbulent flows,
algebraic transition models of Drela [8] and Mayle [9]
are on hand.

For temperature dependent density or material
properties of the viscous stress tensor, the
hydrodynamics of the fluid is coupled to the
thermodynamics. For this reason, internal heat transfer
(by convection and conduction) and heat generation by

internal sources as well as heat transfer to the

surroundings are modelled via a heat transport equation.

To allow for the simulation of phase transitions, it is
provided in enthalpy formulation. At the rigid
boundaries, heat conduction is considered. For coarse
grids, convective heat transfer coefficients may be
employed at solid-liquid interfaces. Radiant heat
transfer is simulated at structural material surfaces. The
material properties (density, dynamic viscosity,
specific heat, heat conductivity, and convective heat
transfer coefficient) depend on the temperature. Solids
may have orthotropic heat conductivity.
2.1.1 Dynamic Equations

Our dynamic equations are written in Cartesian

coordinates. = The  continuity = equation  for
incompressible flow is:
0
—(pv")=0 (1)
S (77)

According to Landau and Lifshitz [10], where p is
density and v velocity, x is the space coordinates and
we use Einstein’s summation convention for the space

direction index m. Introduction of the continuity

equation into the Navier-Stokes equation [10] leads to a

momentum equation in strong conservation form:
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where, ¢ is time, p pressure, and g gravitational
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acceleration. After inclusion of the continuity equation,
our heat transport equation in strong conservation form
reads:
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Here, / is specific enthalpy, T temperature, A heat
conductivity, and P, density of the heat sources or
sinks.
2.1.2 Radiant Heat Transfer Model
Radiant heat transfer may be simulated between
structural material surfaces adjacent to the fluid. The
employed radiation model assumes that the radiating
surfaces are boundaries of a hollow space with linear
dimension much greater than their distance. It is
applicable for, e.g., parallel plates and concentric
cylinders. With this simplifying assumption, the power

69

received by surface “a” via the heat transfer from

surface “b” is:
4 4
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According to Bachr and Stephan [11], where,
o
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Here, A is area of a radiating structural material
= 5.67051 x 10°

constant, and ¢

surface, T surface temperature, c
W/(m*K*)

emissivity of a

Stefan-Boltzmann

structural material  surface.
Computation domain nodes undergoing radiant heat
transfer may have their radiation partner nodes inside

the computation domain or at the boundary.
2.2 Numerical Methods

For the numerical representation of our model, we
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developed a finite volume method and employ
fitted,
block-structured grids. The blocks may be connected

boundary curvilinear,  non-orthogonal,
via one-to-one or patched couplings. The arrangement
of the dynamic variables in the control volumes of the
grid is collocated at the node centre. The dynamic
equations are solved sequentially. For the solution
of the momentum, pressure-correction, and heat
transport equations, we use implicit schemes. The
system of continuity and momentum equations is
solved by a SIMPLE [12], SIMPLEC [13], or PISO
algorithm [14].

To speed up the code execution and to simplify the
estimation of discretisation errors, a FAS (full
approximation scheme) multi-grid algorithm is
employed [15]. It is a geometric approach with
standard coarsening applied to the outer iterations,
visiting the grid levels in V-cycles. For steady-state
problems, it operates as a FMG (full multi-grid)
algorithm, whereas for transient problems, the
algorithm starts at the finest grid.

For the efficient solution of sparse linear equations,
several algorithms are available. The parabolic
momentum and heat transport equations may be solved
with SIP (strongly implicit procedure) solvers that are
modified to handle block couplings via the residual
vector, as outlined by Ferziger and Peric [12].
Additionally,

equation, an aggregation-based algebraic multi-grid

for the elliptic pressure-correction

algorithm of Notay [16] is available.

3. Application

In this section, we describe an investigation of a HV
(high voltage) winding of a locomotive transformer of
high speed trains. The goal is to find the maximum
temperatures in the insulation materials to allow for the
selection of appropriate materials that withstand the
thermal load. To cool the winding, a pump driven flow
of synthetic ester is used. Figs. 1 and 2 show an outside
view with removed top cover and the active part of the
transformer without tap changer.

Fig. 2 Active part of transformer without tap changer.
3.1 Geometry Model

The single phase transformer has two limbs to make
it more compact. We analyze one of the limbs and
consider a periodic three-dimensional 7.5° segment of
the circumference. The periodicity comes from 24
spacers along the circumference. Fig. 3 shows the
initial specific enthalpy of an axial part of the angular
segment of the winding. It explains the location of the
materials: grey indicates ester, red pressboard, blue
conductor, and light blue Nomex. This axial part
consists of half a coil from the 92 coils in total.

Ester side

h (J/kg)
26+5 de+d Ge+d 8e+d  1e+h

148299.3 1102582

Spacer side]
Fig.3 Location of materials in axial part of circumferential
winding segment.
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3.2 Grid

A single block hexahedral grid with 706,560 nodes
is used and 222,880 nodes represent the ester while the
rest correspond to structural materials. The node

lengths are in the range of 0.62 mm to 5.1 mm.
3.3 Boundary Conditions

At the inlet, the pump driven oil flow occurs with a
velocity of 0.9 m/s and a temperature of 364.55 K. All
computation domain boundaries are adiabatic, except

the inlet and outlet.
3.4 Material Properties

Structural materials considered in this simulation are
copper and its adjacent Nomex 410 isolation as well as
pressboard and Nomex 994 isolation. In our grid, the
winding is split up into an inner and an outer part, made
up of the copper conductor and Nomex 410. This is
aimed at separating the inner part that consists mainly
of Cu, from the outer region, where the dominant part
of the Nomex 410 insulation is located. Their mixture

material properties are calculated via:

P mat P mat
pmix = ai pi 4 cpmix = zxi cpi ’
i=1 i=1
" mat - V.
. . p
— i — — i
e = ZT L s X =0 (6)
i=1 7Y Pmix

Here n,,4 is no. if considered structural materials, V'
volume, ¢, specific heat at constant pressure, & volume
fraction, and x mass fraction.

Several modes of operation exist in the transformer,
e.g., rated current and overload. In our simulation, we
consider rated current that corresponds to an average
power density of the load losses P, = 1.389 MW/m’.
The load losses are calculated by a Maxwell solver and

subsequently mapped to the CFD grid.

3.5 Non-dimensional Numbers and Boundary Layer
Thickness

With the width of a winding segment of / = 74.5 mm
as characteristic length, the ester inlet velocity of 0.9

m/s, and the average ester temperature of 368 K, the
Reynolds number R is 6,875 and the Prandtl number is
140. The ester flow along a winding segment resembles
flow along a flat plate, where the transition from
laminar to turbulent flow occurs between R = 3.5 x 10°
and 3.5 x 10°, according to Ref. [17]. This indicates
that the ester flow is laminar, i.e., the hydrodynamic
and thermal boundary layer thickness may be estimated
according to Ref. [10]:

1

; 0, X0, Pr3 (7

[
0, < R

This leads to J;, = 0.9 mm and J,= 0.17 mm at the end
of a winding segment, i.e., the grid of our simulation of
the traction transformer windings is too coarse to
resolve the thermal boundary layer. To compensate for
that, convective heat transfer coefficients are used at all
interfaces of ester and structural materials. These were

calculated via a detail model and a fine grid.
3.6 Simulation Results

As a result of the axial flow barriers, there is a
meandering oil flow in the radial channels. The
maximum radial velocity component is similar to the
inlet velocity, while the maximum vertical velocity is
considerably higher than the inlet velocity. The
maximum value occurs at the inner side, where the
flow area is smaller. Figs. 4 and 5 show the radial and
axial velocity components.

Fig. 6 shows the calculated pressure in the ester.
There is some stagnation pressure at the axial flow
barriers. Since the limbs are oriented horizontally, we
run our simulations without gravitational acceleration.
For this reason, there is no hydrostatic contribution to
the pressure.

The temperature of ester and structural materials is
shown in Figs. 7 and 8, at the ester and the spacer side
of the winding. It indicates that the maximum
temperatures are encountered at the spacer side.

The maximum Cu temperature of 384.2 K is
calculated at the spacer side of the windings. At that
side of the HV windings, the temperature differs only
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Fig. 4 Radial component of oil velocity.
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Fig. 5 Axial component of oil velocity.
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Fig. 6 Pressure of oil.
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Fig. 8 Temperature at spacer side of winding.

slightly between Cu and the adjacent insulation
materials Nomex 994 and pressboard.

The maximum temperature of the structural
materials is also very close. The maximum temperature
in the Nomex 944 of 384.14 K and in the pressboard of
384.09 K are particularly interesting.

According to Ref. [18], enhanced thermal ageing
and cracking of the ester may occur at temperatures
above 403 K. The maximum temperature of ester in the
simulation is more than 27 K below this threshold.

6. Conclusions

We analysed the thermal design of the HV windings
of a traction transformer in the steady state with the
CFD code UniFlow. This winding is cooled by
synthetic ester in the OD (oil direct) mode.

In addition to the result shown here, the thermal
design of cast resin transformers can be studied,
including radiant heat transfer between core, windings,
and radiation cylinders. This is demonstrated in Ref.
[19]. Other applications are related to detailed analyses
on segments of disc windings with respect to, e.g.,
modelling of material compositions, width of oil
channels. Another field of application is oil flows in
transformer cores. Moreover, combined oil and air
flows are analysed in the context of fin type
distribution transformers. This is aimed at optimisation
of the thermal efficiency of the fins and other tasks.
Furthermore, combined oil and air flows in radiators
can be investigated.

In addition to steady state analyses, transient
processes are investigated. One interesting type of
transient occurs at the cold start of a transformer. This
matters in particular for oil transformers where the
dynamic viscosity is very high at low temperatures,
especially for ester fluids.

The future work will include validation of the
calculated results via experimental data. The reason
why this has not yet been accomplished is that detailed
measurements inside power transformers are quite
demanding, e.g., as a result of the high electric and
magnetic fields. However, a comprehensive verification
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of UniFlow was performed via analytical solutions.

This covers steady viscous flow between parallel plates

and concentric cylinders, potential flow around a

cylinder, transient heat conduction in a parallelepiped,

as well as heat convection and heat-up by a source.

Furthermore, the simulation of transitional air flow onto

a flat plate was validated via experiments outlined by
Schlichting [17].
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