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Nomenclature

T Temperature (K)
Ths Hot-spot temperature (K)
Ttop Top liquid temperature (K)
Tiop—rate Top liquid temperature at the rated loading level (K)

Top liquid temperature measured at the middle of top buffer

Tiop—mi . .
top—mid zone in experimental setup (K)

Top liquid temperature measured at the outlet of winding in

T _ .
top—outlet experlmental setup (K )

Tyor Bottom liquid temperature (K)

Bottom liquid temperature measured at the middle of bottom

Toot-mia buffer zone in experimental setup (K)
Tyoos Bottom liquid temperature measured at the inlet of winding in
ot-inlet experimental setup (K)
Tovo Average liquid temperature ((Tzop + Tpor)/2) (K)
Toow Average winding temperature (K)
Tomp Ambient temperature (K)
T, Radiator surface temperature (K)
AT, Liquid temperature rise (Ttop — Thor) (K)
ATop Top liquid temperature rise over ambient (Ttop — Tamp) (K)
ATpot Bottom liquid temperature rise over ambient (Tt — Tamp) (K)
AT, z(AKV)erage winding temperature rise over ambient (T — Tamp)
ATy, Hot-spot temperature rise over ambient (Tys — Tgmp) (K)
|4 Transformer thermal ageing rate
R Ratio of the load loss at the rated load to the no-load loss
H Hot-spot factor
K Loading level
g, Temperature gradient between the insulating liquid and the

winding (Tavw - Tavo) (K )
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Liquid exponent

Winding exponent

Transformer thermal head (m)

Geometry related constant of frictional pressure loss
Equivalent length of liquid complete-cooling-loop (m)
Equivalent diameter of liquid complete-cooling-loop (m)
Geometric characteristics of liquid complete-cooling-loop
Total power loss/ injection/ dissipation (W)

Heat flux by convection effect (W /(m?))

Heat flux by radiation effect (W /(m?))

Total liquid flow rate at radiator top (m3/s)

Liquid velocity at the winding inlet (m/s)

Density (kg/m?)

Liquid density at radiator top (kg/m3)

Liquid density at winding inlet (kg /m?3)

Specific heat capacity (J/(kg - K))

Thermal conductivity (W /(K - m))

Pressure (P,)

Ambient pressure (F,)

Viscous shear stress tensor (P,)

Gravity vector (m?/s)

Thermal expansion coefficient (1/K)

Fluid velocity (m/s)

Velocity x-component (m/s)

Velocity y-component (m/s)

Velocity z-component (m/s)

Air heat transfer coefficient (W /(m? - K))

Emissivity
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Stefan—Boltzmann constant

Radiator surface area (m?)

Radiator outwards facing surface area (m?)

Winding inlet surface area at winding bottom (m?)
Radiator panel length (m)

Radiator panel width (m)

Radiator pitch distance (m)

Geometric distance of inwards facing radiator surface (m)
Entrance length of pipe flow (m)

Characteristic length of the isothermal pipe (m)

The Reynolds number

The Rayleigh number (geometric characteristic using L)
The Rayleigh number (geometric characteristic using S)
The Prandtl number

The Nusselt number
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Abstract

Achieving carbon net-zero ambitions requires electrification of heat and transport. It is
expected to see wider integration of low carbon technologies into the electrical power
networks. Both existing and new transformers will inevitably experience higher and more
dynamic loads in the future. Therefore, it is important to optimise transformer thermal
design during the manufacturing process and to improve thermal loading management
during operation. Past transformer thermal studies have focused on individual components,
i.e., either windings or radiators and under oil forced cooling mode. This thesis aims to
develop a complete-cooling-loop (CCL) based Computational Fluid Dynamics (CFD)
model of liquid natural cooled transformers, which includes both the winding and the
radiator. The CCL CFD model is used to investigate liquid temperatures and velocities
under a wide range of conditions. In addition, both the developed CFD modelling
methodology and its simulation results are verified by corresponding experiments.

First, a CCL based experimental setup including both a winding section and a 4-panel 1-
meter-high radiator was established. The setup successfully achieves the spontaneous
liquid flow and has the abilities to vary the total power loss injection and the thermal head.

Next the radiator modelling strategy was investigated. A full radiator CFD model
including the air domain was built as the reference. Experimental verifications showed that
the differences of the bottom liquid temperature, the radiator surface temperature and the
total heat dissipation between the simulation and measurement results are less than 0.9 K,
3.3 K and 4.3%, respectively. Through parametric sweep simulations by the full radiator
CFD model, a reduced radiator CFD model which uses an air heat transfer coefficient (hg;,)
equation to replace the air domain simulation, was developed. The reduced model, by
adopting a dimensionless form, was experimentally verified and proven to be valid for
different insulating liquids and under different ambient temperatures.

A CCL CFD model was finally developed by incorporating the reduced radiator model,
which makes the computational demand manageable. Experimental verifications showed
that the differences of the liquid temperatures and the liquid velocities between the
simulation and measurement results are less than 2.2 K and 12.3%, respectively. The
developed CCL CFD model was then used to investigate the liquid thermal behaviours,
under a wide range of conditions, including 14 thermal loading levels, 3 thermal heads, 5
ambient temperatures and 3 insulating liquids.

The simulation results showed that the liquid velocity is proportional to the square root
of the product of the total power loss and the thermal head, which is due to the pressure
equilibrium in the liquid flow. The conclusion is also confirmed by the experimental data.
When the ambient temperature increases, the top liquid temperature rise over the ambient
temperature decreases, while the bottom liquid temperature rise over the ambient
temperature increases.

In terms of thermal performances of different insulating liquids under natural cooling
mode, the Gas-to-Liquid behaves similarly to the mineral oil. However, the liquid velocities
of the synthetic ester liquid are lower than those of the mineral oil under different loading
conditions investigated in this thesis. Similar studies based on analytical methods published
in the literature are proven to be inaccurate, which shows the necessity to conduct the CCL
CFD modelling for the natural cooling mode.

The significance of this work is to further advance the development of a cost-effective
way of modelling the complete cooling loop of a liquid-immersed power transformer.
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Chapter 1 Introduction

1.1 Motivation

Since the beginning of the first industrial revolution in 1760s, the average global temperature
has been increasing as reported in [1-3], and the threat of average temperature rise to the society
has been recognised globally. Hence, at the 26™ United Nations Climate Change conference
(COP26) in November 2021, agreed by 197 countries within the United Nations Framework
Convention on Climate Change (UNFCCC), the global temperature rise should be maintained
‘well below 1.5 °C above pre-industrial levels’ [4] instead of ‘below 2 °C above pre-industrial

levels’, which was signed in the Paris Climate Agreement [5] (on 4" November 2016).

The unexpected increase of global temperature is the result of greenhouse gas emission to
the atmosphere, which is mainly from the carbon dioxide. Therefore, over 140 countries in
UNFCCC pledged to reach net-zero emissions, which are related to 90% of global Gross
Domestic Product (GDP) [6]. The UK government also sets out various policies for
decarbonising all sections of the economy to meet the carbon ‘Net Zero’ target by 2050 [7, 8].

To meet such target, the UK government plans to reduce the emissions by 78% by 2035 [7, 8].

The emissions come from various sources. As documented in [8], the emission can be
grouped into different categories, as: (1) transportation, including international aviation and
shipping (2) electricity or power generation (3) heating and cooling of the buildings (4)
agriculture (5) industry (6) waste and (7) fluorinated gases. One of the most efficient methods
to reduce the emissions is through ‘electrification’ of other uses of the energy [8-10], in which
the energy for transportation, heating and cooling will be from the electricity rather than the
fossil fuel. However, such a large scale of electrical energy for transport and heat would
phenomenally increase the demand of the electrical power network. As reported by the
Committee for Climate Change (CCC) in 2018 [11], the electricity demand in the UK will be
at least doubled by 2050, as a result of ‘the electrification of other energy sectors’. To further
reduce the emissions from the electricity, the fossil fuel used in the thermal power stations will
be replaced by the renewable energy, e.g., wind, solar, waves, biomass and hydro. The
electrification and the integration of the renewable energy will lead to a higher and more

dynamic loading for the electricity network in the forthcoming future.
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The thermal issue has been identified as one of the main constraints in the transmission
system in the UK, as reported by National Grid Electricity System Operator (NGESO) in its
Electricity Ten Year Statement [12] in 2021.

The electricity networks are ageing infrastructures in some of the developed countries.
Specifically, in the UK, the majority of the electricity transmission networks were
commissioned in the 1960s [13-15]. Taken transformers as an example, a large proportion (over
50%) of the transformers in the UK are over 40 years old [15], and some are even more than
50 or even 60 years old (a survey conducted from three utilities in the UK, as National Grid,
Scottish Power and UK Power Networks). Normally, the lifetime of the transmission and
distribution power transformers are around 45 years and 60 years, respectively [13-15]. The
longer serving time of a transformer in the UK is mainly because they are normally operated
well below the rated load condition due to the double-circuit transmission system. However,
higher and more dynamic loadings are expected due to the electrification, which will lead to a
higher operating temperature, as well as a more severe thermal stress. Both can result in a
shortened lifetime, or even worse, a premature and unexpected failure. It should be noted that
the replacement of most of the network components or even a part of the electricity network is
feasible however due to the tight timeframe, which is often related to global production
capability, availability of material resource, transport capability and etc, careful and advanced

planning is needed which is not only due to finance.

To better cope with the thermal issues of the transformers, an accurate temperature prediction
would help the transmission owners to understand the headroom of the loading capacities,
which contributes to release the further/potential capacities and manage the short-period
overloading. Moreover, due to the environmental concern, the alternative insulating liquids,
e.g., ester liquids, have become more and more popular to replace the conventionally used
mineral oil. The alternative insulating liquid can also be used to retro-fill the aged transformers
to extend its lifetime. Ester liquids are biodegradable and fire resistant, however they are quite
viscous as compared to the hydrocarbon mineral oil. The performances of different insulating

liquids can be investigated by an accurate and reliable thermal model.

The importance of the temperature predication, as well as the thermal modelling, of power
transformers has already been identified by transformer operators and manufacturers. So far,
there have been four Cigre Working Groups (WG) assembled, i.e., WG 12.09, WG A2.24, WG
A2.38 and WG A2.60, to enhance the understanding of the power transformer thermal
behaviour either by the experiments or the modelling. The last working group, WG A2.60, was
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assembled in 2019, with a focus of dynamic thermal modelling. The outcome of this working
group has not been published yet however the technical brochure is expected to be in 2023.

The work from the other three WG are introduced herein.

In 1995, WG 12.09 published its technical brochure named ‘Thermal aspect of
Transformers’ [16]. It covered mainly on the experimental work, including the procedures of
the heat run test, direct measurements of the hot-spot temperatures, and how to experimentally
determine the hot-spot factor and how to analytically determine the hot-spot factor. Its contents
of the experimental determination of the hot-spot factor will be further discussed in Section
2.1.6, where the calculated hot-spot factors from the experiments will be discussed and the

possible causes of the errors in the data will be explained.

WG A2.24 published its technical brochure, namely ‘Thermal Performances of
Transformers’ in 2009 [17]. The work mainly focused on thermally induced ageing and failure
mechanisms, which is not the focus of this PhD project. It contained very limited information

on how to calculate the liquid temperatures and the hot-spot temperature in a transformer.

WG A2.38 compared different thermal modelling approaches and published its technical
brochure, i.e. ‘Transformer Thermal Modelling” in 2016 [18]. Different modelling approaches
were introduced by their principles, advantages and the drawbacks. Especially for the steady-
state condition, among all the transformer thermal models, the Computational Fluid Dynamics
(CFD) model was reported to be more accurate than the Thermal-Hydraulic network model
(THNM), as a more detailed and complex flow phenomena can only be captured by the CFD

model.

Also found in [18], in either the winding only or radiator only CFD simulations, the input
conditions, i.e. the liquid temperature and the liquid velocity (or the total liquid flow rate), were
within a range mainly from the experience of transformer operation. The data pair may have a
correlation to the reality. The interdependent relationship between the liquid temperature and
the liquid velocity may not be important for understanding the liquid directed and forced cooled
transformer, but such a relationship matters significantly for the study of a liquid natural cooled
transformer. The reasons and a detailed discussion will be presented in Section 2.3 and Section

2.4 in the literature review (Chapter 2).

The interdependent relationship of the liquid temperature and the liquid velocity (or the total
flow rate) of a natural cooled transformer can only be obtained by considering / modelling the

liquid complete circulation from the winding to the radiator, referred to as the transformer
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complete-cooling-loop (CCL). The transformer CCL modelling requires in-depth
understandings of both the windings and the radiators. However, as observed in [18], less

efforts were made for transformer radiators than the ones for transformer windings.

1.2 Aim and Objectives

The aim of this PhD study is to establish experimentally verified radiator and CCL CFD
models that can be used to study the impacts of various design and operational parameters on

the liquid temperatures and velocities under natural cooling mode.
The aim of the study is met by achieving the following objectives:

i.  Development of a CCL experimental setup which achieves the spontaneous flow in
the natural cooling mode and allows the measurements of the winding, liquid,
ambient and radiator surface temperatures;

ii.  Analysis of the thermal experiment results under a variety of loading conditions, with
different thermal heads and filled with three different insulating liquids, including a
conventionally used mineral oil, a Gas-to-Liquid and a synthetic ester liquid;

iii.  Establishment of a radiator CFD model, which can achieve accurate calculations of
the liquid temperature distribution, the bottom liquid temperature and the total heat
dissipation, as well as with an acceptable processing time;

iv.  Development of a CCL CFD model, which is applicable to model liquid temperature

distributions and velocities in different conditions.
1.3 Main Contribution

The results from this PhD research can be utilised by transformer operators and
manufacturers to understand thermal behaviours of the liquid natural air natural cooled power

transformers and develop the thermal models.
The following seven key contributions can be extracted from the thesis:

1. Development of a laboratory-scale experimental setup achieving the spontaneous
flow as the same as in the liquid natural air natural cooled transformers. The winding,
liquid, ambient and the radiator surface temperatures are all captured.

il. Establishment of the full and reduced radiator CFD models. All the heat transfer
processes and the cooling media are considered in the full radiator CFD model, which

is experimentally verified as the reference model. To reduce the computational
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1il.

1v.

Vi.

Vil.

efforts, the reduced radiator model is built by adopting an optimized air heat transfer
coefficient equation. The validity of the model is verified by comparing with the
reference model and the experimental measurements.

Comparison between the optimized air heat transfer coefficient equation and the
exiting equations in the literature. Only the optimized equation derived in this project
can provide simulation results comparative to the measurements.

Investigation of the impacts of the type of insulating liquid and the ambient
temperature on the optimized air heat transfer coefficient equation. The differences
of the material properties of alternative insulating liquids have negligible influence;
and the effects of the ambient temperature can be resolved by transforming the
equation into a dimensionless form.

Development of the CCL CFD model. The model is built based on the reduced
radiator CFD model. The validity of the CCL CFD model is verified by the
experiments in different loading conditions, under different thermal heads and filled
with different insulating liquids.

Analysis of liquid temperatures and velocities in different conditions. Under an
increased power loss (proportional to the square of loading level), the top liquid
temperature increases exponentially, and bottom liquid temperature increases
linearly. The liquid velocity is proportional to the square root of the product of the
total power loss and the thermal head. The liquid velocity increases by 10.8% to
33.6% (depending on the loading condition) in every 20 °C increase of the ambient
temperature.

Comparison of different insulating liquids. In the liquid natural cooling mode, the
liquid temperatures and velocity of the Gas-to-Liquid are similar to the ones of the
mineral oil. The cooling performance of the synthetic ester liquid is not as good as
the mineral oil and the Gas-to-Liquid. Compared with the mineral oil, the top liquid
temperature of the synthetic ester liquid is higher, and the bottom liquid temperature
is lower. The liquid velocities of the synthetic ester liquid are 33.0% to 47.5% lower
than these of the mineral oil under different loading conditions investigated in this
thesis. It is also found that the dominating material property to the liquid velocity is
the dynamic viscosity. The closer the viscosity is, the similar the liquid thermal

performance will be to the mineral oil.
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The work presented in this thesis has led to five peer-reviewed publications, listed in

were published in reference [P1] and [P3]. The contributions of point v, vi and vii will be

published in [P2].
1.4 Outline of Thesis

The thesis has eight chapters. A brief description of each chapter can be found below.
Chapter 1 Introduction

Chapter 1 provides an overview on the thermal constraints of transformers due to the
electrification in the forthcoming future. Research motivation, aim, objectives and main

contributions are stated.
Chapter 2 Literature Review

Chapter 2 reviews the transformer heat transfer mechanism, the factory temperature-rise test,
the temperature estimation method in the IEC standards, various thermal modelling
approaches, as well as the latest CFD simulations and verification experiments for windings
only, the complete-cooling-loop and radiators only. The purpose of the literature review is to
help frame the problems that were previously solved by the researchers, and to identify the

research gaps.
Chapter 3 Development of Complete Cooling Loop based Thermal Test Setup

Chapter 3 includes a detailed outline of how the CCL experimental setup was designed and
how the temperatures were measured. The experimental plan and procedures of the
temperature-rise test are explained, followed by a complete set of measurements under one

tested condition demonstrating the functionality of the setup.
Chapter 4 A Full Radiator CFD Model and its Experimental Verification

Chapter 4 presents a full radiator CFD model considering all the heat transfer mechanisms
and all the cooling media. The full radiator CFD simulations are verified by a set of experiments
with regard to the bottom liquid temperature, the total heat dissipation, and the surface

temperature distribution.
Chapter 5 A Reduced Radiator CFD Model using Optimised h,;,- Equation

Chapter 5 follows Chapter 4 by introducing an optimized modelling strategy of the radiator

which adopts an air heat transfer coefficient equation to replace the detail air flow simulation,
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namely the reduced radiator CFD model. The validities of the reduced radiator CFD
simulations are verified by the simulation results of the full radiator CFD model and the
experimental measurements. The impacts of two influencing factors, i.e. ambient temperature
and the material properties of different insulating liquids, on the air heat transfer coefficient

equation derived are also evaluated.
Chapter 6 CCL CFD Modelling using the Reduced Radiator Model

Chapter 6 focuses on the development and the experimental verification of the CCL CFD
model built upon the reduced radiator CFD model in Chapter 5. The CCL CFD simulations are
verified by a set of experiments, where the ambient temperatures and the power losses of the

experiments and simulation inputs are exactly matched.

Chapter 7 Liquid Temperatures and Velocity in CCL Models under Various

Conditions

Chapter 7 delves into the trends of the liquid temperatures and velocities under different
conditions by CCL CFD parametric sweep simulations and experiments. The effects of various
parameters, including the loading condition, the thermal head, the ambient temperature and the

insulating liquid type, are all investigated.
Chapter 8 Conclusion and Future Work

Chapter 8 summaries the outcomes from each chapter in the thesis. Finally, the possible

future work is raised.
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Chapter 2 Literature Review

This chapter provides the background for the thesis. The information herein is used to

aid discussions of findings in later chapters.

A liquid-immersed power transformer is introduced from a thermal aspect, including its
structure, heat generation and dissipation, and how to measure the temperatures within a
transformer. The factory temperature-rise test introduced in the standards is presented by
its test procedures. Also as addressed in the standard, temperature-rise results can be used
to determine the hot-spot temperature within a transformer under different loading
conditions. The principle and the key assumptions of the proposed determination method

in the standards are also introduced.

To accurately predict the hot-spot temperature and its location, different numerical
models have been developed, i.e., the electrical-thermal analogy circuit, the thermal-
hydraulic network model (THNM) and the Computational Fluid Dynamic (CFD) model.
The principles of different models and their development, as well as drawbacks in
applications, are reviewed. The CFD is found to be the most accurate modelling approach,
however its main drawback is the higher computational requirements than the electrical-
thermal analogy circuit and the THNM. Therefore, rather than modelling a complete power
transformer, most of the CFD models for the liquid-immersed power transformers are
focused on the individual components, e.g., the winding or the radiator. The winding CFD
models and the relevant experiments are presented first. The influencing factors such as
different loading conditions, thermal designs and insulating material properties, are then

reviewed.

Since the current research pointed out that a natural cooled transformer cannot be
thermally analysed by individual components, and its liquid velocity (or total liquid flow
rate) is dependent on the temperature profile of a complete-cooling-loop, which consists of
both the winding and the radiator. Thus, the complete-cooling-loop models and their
corresponding thermal experiments are reviewed. It has been observed that the complete-
cooling-loop simulations needs experimental verification, and the accuracy of the
simulation is restricted by the modelling strategy of a radiator. Therefore, the latest
worldwide worth-noting work relevant to the transformer radiator thermal modelling and

its thermal experiments are introduced; and particularly, the gaps in the current

30|Page



understanding of transformer radiator are identified, and some of these are answered in the

following chapters of the thesis.

2.1 Background Knowledge of Liquid-Immersed Power

Transformers

2.1.1 Introduction

The liquid-immersed power transformers are one of the key components of the electrical
transmission grid, designed to step up and down the voltages to enable the long-distance
transmission of the electricity. The liquid-immersed power transformers are commonly
used to connect different voltage levels of the network. A typical power network in the UK
is shown in Figure 2-1 [19], where 400 kV and 275 kV act as the backbone of the network.
Generators are connected and their voltages at 22 kV or 13 kV are boosted through
generator transformers. Closer to the customer side, the voltage is dropped to 132 kV

distribution level and even further lower levels that are safe for industry or domestic use.

400 kV transmission network

Generator 400/275 KV 400/132 kV
transformer Interbus transformer Interbus transformer
275 kV v —
Generator.at 275/132 kV
power station Interbus
transformer

132 KV primary distribution network

132/33 kV
Bulk supply transformer

33/11kV
Primary substation

33 kV Large industrial
consumers

transformer Large industrial consumers
11kV/415V
local distribution Intermediate industrial consumers
transformer

1 Domestic and small industrial consumers

Figure 2-1 A typical power network in the UK [19]
There are two main reasons for transformer owners and operators to care about thermal
behaviours of a transformer. One is related with failure mode, and the other is the lifetime.
Firstly, as addressed in the IEC transformer loading guide [20], under a high-temperature

event, bubbles are likely formed from the water vapour at the solid paper insulation in a

31|Page



power transformer. The bubbles present risks to a transformer by introducing weaknesses
to the insulation system and could lead to an electrical failure of a transformer. The latest
research [21, 22] indicated that the bubble inception temperature (BIT), at which bubbles
appear, may be lower than the value (140 °C) reported the IEC loading guide [20]. The BIT
is influenced by conditions other than the moisture content in paper, such as the degree of
polymerization (DP) and the type of the insulating liquid. Therefore, to avoid the presence
of bubbles, the temperature within a power transformer needs to be accurately predicted

and then carefully maintained below its BIT.

Secondly, as documented in both IEC and IEEE standards [20, 23, 24], the ultimate
lifetime of a liquid-immersed power transformer is assumed to be the life duration of its
solid paper insulation. The expected lifetime of the solid insulation can be evaluated by its
hot-spot temperature, which is referred to as the highest temperature where the solid

insulation suffers the severest thermal stress within a transformer.

If the contents of moisture, acidity and oxygen of the insulating liquid in a transformer
are kept the same, the ageing rate (V) of non-thermally upgraded paper (the Kraft paper)
would be approximately doubled for every 6 °C temperature increase during transformer
normal operation [20, 25]. At the hot-spot temperature in an ‘IEC standard’ transformer is
assumed as 98 °C when the ambient temperature is 20 °C, and the ageing rate is expressed
by Equation 2-1 [20]. For the thermally upgraded paper, the ageing rate follows the same
6 °C rule, which can be calculated from Equation 2-2 [20], in which the reference

temperature is set as 110 °C.

_ AgeingrateatT (Fhs =98, Eauation 2-1
~ Ageingrateat 98°C R =
Ageing rate at T (15000 _ 15000 , :

= e 110+273 Tps+273 Equation 2-2

- Ageingrateat 110 °C

where V is the thermal ageing rate, Ty, is for the hot-spot temperature (°C).
IEEE loading guide also defines the ‘F44 (ageing accelerator factor)’ in [23], which has
the same meaning as the ageing rate (/) in [20]. The IEEE loading condition [23] only
gives the ageing rate for the thermally upgraded paper, and the Equation 2-3 is the same as

the Equation 2-2 [20]. By the integral of either the ageing rate (V') or the F,,, the life

consumed within a certain time can then be obtained [20, 23].
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15000 15000 ,
Fy = e 383 Tper273) Equation 2-3

where T is for the hot-spot temperature (°C).

The equations 2-1, 2-2 and 2-3 are shown in Figure 2-2 when the hot-spot temperature in
the range from 50 °C to 140 °C. As seen in the figure, the transformer ageing rate, or its
expected lifetime, is sensitive to the hot-spot temperature. Therefore, an accurate prediction
of the hot-spot temperature and its location could help the utilities safely operate a
transformer under emergency loading conditions, as well as manage the transformer assets

from the lifetime perspective.

2 ‘
10 -l — Equation 2-1 [20]
_|—Equation 2-2 [20]
i Equation 2-3 [23]
o ,
*§ 10° 3
- ,
£
o
<102 :
10

60 80 100 120 140
Hot-spot temperature (°C)

Figure 2-2 Ageing rate of the paper insulation [20, 23]
2.1.2 Transformer Structure

A liquid-immersed power transformer is designed with a complex structure, which
accounts for electrical, mechanical and thermal considerations. Figure 2-3 [19, 26] shows
the configuration of a liquid-immersed power transformer. All the components can be
categorized as the internal and external components. Internal components are all the
components inside the transformer main tank, which includes the transformer core,
transformer windings, supporting structures and transformer insulations. The components
outside the transformer main tank are the external components, which include cooling

radiators, the conservator, other protection devices and transformer bushings. The external
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pump and the fan are optional to a transformer, depending on the design of its cooling
system. Generally, the heat is caused by the electrical loss from the internal components,
and then is carried by the insulating liquids from the internal components to the radiators,
where the heat is finally dissipated to the environment. In this section, the transformer

components relating to the heat transfer process are presented with their structure.

= Conservator
Buchholz relay <+
Bushing — P ———
TN n ’.—l i j i ".[J] Radiators
Transformer tank B (C
\ N
Insulating
liquid i
Winding 4 11 ; e U i Fans
phase A R e SRR R S~
Three limbs—"] , B S s
core \Pump

Figure 2-3 Configuration of an liquid-immersed power transformer [19, 26]

The transformer core links the primary and secondary windings via the magnetic field,
and a quarter of the core in one phase is detailed in Figure 2-4. The core is composed of
laminated steel sheet strips of different widths. Under the main magnetic flux, core strips
will generate heat due to the no-load loss. And axial cooling duct, sometimes referred to as
vertical cooling ducts, are provided for the insulating liquid to cool the core. Usually, core

losses account for 10% of total transformer losses [19].
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Figure 2-4 Configuration of a quarter of core and disc-type windings [19, 26]

The other key component involved in the heat transfer processes is the transformer
windings, where the load loss generates most of the heat. There have been two types of the
windings in liquid-immersed power transformers, i.e., the disc-type winding and the layer-
type winding. The disc-type winding consists of wrapped copper turns wound over the core.
A complete set of turns around the core is called a winding disc. Winding discs are
separated by spacers (seen in Figure 2-4 as a top view) to allow for radial cooling ducts,
which are also referred to as horizontal cooling ducts. Vertical cooling ducts are designed
and placed between the low voltage and high voltage windings to create an efficient
distribution of the insulating liquid flow for a better cooling of each component. In this

PhD project, the disc-type winding is focused.
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Figure 2-5 Configuration of cooling ducts within a disc-type winding [19]

The circumference of the winding shown in Figure 2-4 is separated by the radial spacers
into many winding sections. It is worth noting that each winding section is hydraulically
independent [19]. In each winding section, there are multiple passes, which is defined as a
set of discs between two directing washers. Multiple passes within a winding section are
given by a side view in Figure 2-5. The cool insulating liquid is flowing from the bottom
of the winding to the top in a zig-zag fashion through both the vertical and horizontal

cooling ducts.

The heat carried by the insulating liquid is dissipated through the transformer tank, the
connecting pipework and radiators. Due to its large surface area, the radiator is the key
component and dissipates most of the heat. A stamped-plate transformer radiator is
presented in Figure 2-6, which consists of top/bottom header pipe and parallel panels.
Different from the transformer core and windings, the dimensions of transformer radiators

are defined and specified in BS EN standard 50216-6 [27], as following:

*  Number of panels/fins in each radiator: 2 — 36;
* Panel length (L): 800-3500mm, panel width (W): 520 mm;
* Thickness of the wall in each panel: 1 or 1.2 mm;

» Distance between parallel panels (s): 45 mm.
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Figure 2-6 Configuration of power transformer radiator (a) radiator configuration (b) side view of

radiator (c) single panel/fin of radiator [27]
2.1.3 Heat Generation and Dissipation within Transformers

The temperature change is a result of the heat generation and dissipation within a liquid-
immersed power transformer. The heat generation within a transformer is caused by its
electric losses. The total electric losses comprise the no-load loss and the load loss. All the
losses within a transformer are shown in Figure 2-7. The no-load loss is also called the core
loss or iron loss, which is caused by the eddy current at the transformer core and magnetic
hysteresis. The load loss consists of the resistive loss and the stray loss. The resistive loss,
also known as Joule loss or Ohmic loss, is generated by the Joule heating of the current in
its conductors and other current carry parts. The stray loss is induced by the magnetic
leakage flux at all the metallic components within the transformer tank. Particularly, the
stray loss in the winding is also named the eddy current loss. Commonly, the load loss can
be measured from a short-circuit impedance test, and the no-load loss can be obtained by

an open circuit impedance test.
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Figure 2-7 Transformer losses clarification

The resistive losses can be calculated by I2R (I is the current passing through the

conductors (A) and R is the resistance of conductors ({2)), whereas the calculation of the

stray loss is more complex. Both analytical calculations, e.g. in [28], and finite element

simulations, e.g. [29], were used to study the stray loss distribution within a transformer.

The electromagnetic field from the finite element simulations helps understand the

distribution of the eddy current loss within a transformer. A two-dimensional finite element

simulation was adopted to model the electromagnetic field of a 225/26.4 kV, 66 MVA

transmission transformer in [28]. This study focused on the eddy current loss within the

transformer windings, which was mostly found at the top and bottom of windings. An

example of the losses at the top part of a winding was given in Figure 2-8. As seen in the

figure, the resistive loss is uniform, whereas the effects of the eddy current loss are

significant at the upper discs at the topmost winding pass.
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Figure 2-8 Losses (DC loss and eddy current loss) of a transformer LV winding [28]

The heat generated from the electric losses within the transformer internal components
is transferred to the surrounding insulating liquid flow. Then the heat is carried by the liquid
flow from the internal components to the radiators, where the heat will be dissipated to the
environment. The temperatures of the internal components, i.e., the core and windings, are
dependent on the insulating liquid flow distribution. Thus, an advanced understanding of
the liquid flow within the transformer can benefit the prediction of its temperature profile.
The liquid flow distribution is influenced by the cooling mode. In [24], methods of cooling
for the liquid-immersed transformer have been identified by a four-letter designation as

follows:
First letter: internal cooling medium

e O: mineral oil or synthetic insulating liquid with fire point less than 300 °C

e K: insulating liquid with fire point more than 300 °C
Second letter: liquid circulation mechanism for internal cooling medium

e N: natural thermosiphon flow through cooling equipment and in windings

e F: forced circulation through cooling equipment, thermosiphon flow in windings
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e D: forced circulation through cooling equipment, directed from the cooling

equipment into at least the main windings
Third letter: external cooling medium
e A:air
e W: water

Fourth letter: circulation mechanism for external cooling medium

e N: natural convection

e F: forced circulation (fans, or pumps)

In order to drive the insulating liquid into the winding, sometimes additional pumps can
be used, in which case the cooling mode is a forced cooling mode (OF/KF/OD/KD).
Otherwise, the insulating liquid is driven by its buoyancy pressure, so-called natural
thermosiphon flow (ON/KN). Similarly, once additional fans are installed to facilitate the

cooling of external radiator, such transformers are in the air forced (AF) cooling mode.

The liquid natural air natural (ONAN/KNAN) cooling mode is taken as an example to
illustrate the complete-cooling-loop of the insulating liquid within a transformer in Figure
2-9. The winding disc is presented as a block, the heat generated from the electric losses is
transferred from the centre to its surface by thermal conduction. As seen in Figure 2-9, two
vertical cooling ducts at the left and right sides of the winding, and they are cross-linked
with an array of horizontal cooling ducts. All the ducts compose a network to maximize the
conduct-to-liquid contacting surface. When the cool insulating liquid (shown as blue in
Figure 2-9) flows through such a network, the winding is cooled down by transferring the
heat to the liquid via thermal conduction and convection. Consequently, the liquid becomes
warmer (shows as red in Figure 2-9) and merges at the winding top, it carries the heat out
of these internal components. Then, the hot insulating liquid transfers its heat to the radiator
surface via the thermal conduction and convection. The heat is finally dissipated to the

environment by the thermal conduction, air convection and radiation.

It should also be noted that most of the power transformers are designed with alternative
cooling modes instead of a single cooling mode [30]. The power transformers are installed
with extra pumps or fans, which are switched off for a low loading condition and back on
for a high loading condition. In the UK, most of the power transformers are operated in an

ONAN cooling mode.
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Figure 2-9 Configuration of a transformer complete-cooling-loop in ONAN/KNAN cooling mode
2.1.4 Factory Temperature Rise Test

Transformer manufacturers need to conduct a factory temperature rise test to ensure that
the key parameters of temperatures within a transformer are lower than the temperature
limits specified in the standards. The limits in the IEC standard 60076-2 [24] are presented
in Table 2-1.

Table 2-1 Temperature limits in IEC standard 60076-2 [24]

Variable Temperature limit (°C)

Top liquid temperature rise over ambient 6
0
temperature (AT, )

65

Average winding temperature rise over

ambient temperature (AT,,,,)

(liquid natural cooling mode)

70

(liquid forced and directed cooling mode)

Hot-spot temperature rise over ambient (ATj)

78
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2.1.4.1 Test Procedure and Measurements

The factory temperature rise test should be conducted at the rated loading scenario. To
reflect the total loss within a transformer in its rated condition, i.e. the summation of both
the no-load loss and the load loss, the current injected into the transformer using the short-
circuit method should be slightly higher than the rated current, as expressed by Equation
2-4.

iron loss

Test current = Rate current X \[ 1+ Equation 2-4

hot copper loss

where hot copper loss refers to the copper loss at the temperature when the transformer is

operated at the rated loading condition in the steady-state condition.
The procedures of the temperature-rise test are outlined as follows:

1. Measure the winding resistance at the ambient temperature;

2. Inject a current calculated from Equation 2-4. Once the top and bottom liquid
temperatures reach the steady-state condition, which is defined as the variation of
the temperature is no larger than 1 K/hour;

3. The injecting current is then reduced from the one in the step 2 to the rated current.
The condition needs to be maintained for 1 hour, and the temperature
measurements should be taken at least every 5 minutes.

4. After 1 hour, the winding resistance is suggested to be measured immediately.

The measurements from the procedure above are top and bottom liquid temperatures

(Ttop and Ty, ), and winding resistances. The winding resistances are used to determine the

winding temperature. Since the winding temperature is in a linear relationship with the
resistance of a conductor, it can be calculated from Equation 2-5 and Equation 2-6 for

copper conductor and aluminium conductor, respectively [24].

R, Equation 2-5
Tavw—copper = R_(235 + Tamb) — 235 a
1

R, Equation 2-6
Tavw—aluminium = R_ (225 + Tamb) — 225 a
1

where Topw—copper a0 Tapw —aiuminium are the average winding temperatures (°C) of the

copper and aluminium conductor, respectively; R; is the winding resistance measured in
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step 4 (£2), R, is the winding resistance measured at the ambient temperature (£2), Typp 18

the ambient temperature (°C).

If the hot-spot temperature is directly measured, it should be taken as the highest reading
during step 1 to 4. Otherwise, it can be calculated from a thermal diagram shown in Figure

2-10.

A
® Direct measurement
O Calculated value

Winding height (%)

0 1 T T 1T 1T 1T 7T1°

Temperature-rise (K) IEC 180/11

Figure 2-10 Thermal diagram of power transformer from IEC standard [24]

In the thermal diagram, there are two solid straight lines in parallel. The left line
represents the liquid temperature rise, and the right line is the winding temperatures
measured from winding bottom to the top. The black solid point represents the direct
measurements in the temperature-rise tests, i.e., top and bottom temperature rise over

ambient temperature (ATy,,, and AT}, ) and winding average temperature rise over ambient

temperature (AT, ).
The assumptions of the thermal diagram can be summarized as:

e The increase of the insulating liquid temperature from the winding bottom to the
top is linear, and the average liquid temperature rise (AT,,, ) is the average of top
and bottom liquid temperature rise (ATpyo = (ATtop + AThor)/2);

e The temperature gradient between the average insulating liquid (T,,,) and the
winding (T,,,, ), namely winding-to-oil gradient (g, ), remains the same at all

heights of the winding;
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e The hot-spot temperature is assumed to be at the winding top, which is, however,
higher than the summation of the temperature gradient and top liquid temperature

(Ttop + gr), mainly due to the eddy current loss.

The hot-spot temperature can be estimated by Equation 2-7 [24].

Ths = Tamp + ATtop + H X g, Equation 2-7
where T is the hot-spot temperature (°C), Ty is the ambient temperature (°C), AT, is

the top liquid temperature rise over ambient temperature (K), H is the hot-spot factor, g,

is the temperature gradient between the winding and insulating liquid (°C).
In the IEC standard [24], the hot-spot factor (H) is specified as:

e H = 1.1 for distribution transformer;

e H = 1.3 for medium or large power transformer.
2.1.4.2 Recommendations for Measurement of Key Temperatures [24]

The measurements of the liquid temperatures are influenced by the liquid flow, and the
measurement of ambient temperature is affected by the air flow. Therefore, the sensor

locations and quantities for such measurements are specified in [24].
e Top liquid temperature measurement

The top liquid temperature is measured by immersing the temperature sensors into the
liquids at the top of the transformer or in oil pockets. In [24], a specific sentence is given
as ‘the position of the sensors should be chosen to present the top-liquid temperature
possibly in correspondence to the wound columns’, which highlights the difficulty in
interpretation of how to measure the top liquid temperature. If more than one oil pocket is
used, the readings of the sensors shall be averaged in order to obtain a representative
temperature value. Moreover, ‘by agreement between manufacturer and purchaser, the top-
liquid temperature can be determined assuming as the average of the indications of the
pockets placed on the cover and the temperature of the liquid of the inlet of the cooling

equipment’.
e Bottom liquid temperature measurement

The bottom liquid temperature is identified as the liquid temperature entering the

winding. The bottom liquid temperature shall be determined by sensors placed at the return
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headers from coolers or radiators. Same as the top liquid temperature, more than one sensor

should be used and the reading average is assumed as bottom liquid temperature.
e Ambient temperature measurement

The ambient temperature should be measured with at least four sensors and the average
of their readings is assumed as the ambient temperature. For an air natural cooled
transformer, the sensors should be placed at a level about halfway up to the cooling
surfaces. The sensors shall be distributed around the tank, about 2 m away from the
perimeter of tank and cooling surfaces, and protected from direct heat radiation. For forced
air cooled transformers, the sensors should be placed 0.5 m above the ground level. In the
case of separate cooling equipment placed at a distance of at least 3 m from the transformer
tank, the ambient temperature shall be measured around the cooling equipment applying

the same rules given above.

‘Attention shall be paid to possible recirculation of the hot air. The transformer should
be placed so as to minimize obstructions to the air flow and to provide stable ambient
conditions. Precautions should be taken to minimize variations of cooling-air temperature,
particularly during the last part of the test period when steady state conditions are

approached.’ [24]
2.1.5 Hot-spot Temperature Estimation

If the hot-spot factor (H) of a power transformer is obtained, the top liquid temperature
(Ttop) and the hot-spot temperature (Tjs) in a steady-state condition under different loading

scenarios can be determined from Equation 2-8 and Equation 2-9 proposed in IEC standard

[24].

14+ R XxK? .
ATiop = ATiop—rate X (1-}-—R x Equation 2-8
AThs = ATiop + H X gr X (K)¥ Equation 2-9

where ATy, is the top liquid temperature rise over ambient temperature (K), AT;op—rqte 18
the top liquid temperature rise over ambient temperature (K) at the rated loading condition,
R is the ratio of load loss at the rated load to the no-load loss, K is the loading level, AT
is the hot-spot temperature rise over ambient temperature (K), H is the hot-spot factor, g,
is the temperature gradient between the insulating liquid and the winding, x and y are the

liquid and winding exponents.
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There are three unknown parameters in Equation 2-8 and Equation 2-9, i.e. x, y and H.
In the IEC standard [24], some recommended values in Table 2-2 are given for the liquid
and winding exponents. As seen in Table 2-2, x is mainly affected by the liquid cooling
mode, and y is dependent on the transformer power rating and winding design (e.g. directed
liquid flow or not). Another way to identify an individual transformer’s liquid and winding
exponents is given in IEEE loading guide [23], the temperature-rise tests are suggested to
be conducted at three different loading levels, i.e. 0.7 p.u., 1.0 p.u. and 1.25 p.u., to derive
the x and y components from the measurements. The validity range of such values
determined by the tests have not yet been verified, especially for the extremely low and
high loading conditions. In addition, whether the liquid and winding exponents (x and y)
would change or not when a transformer is retro-filled with another insulating liquid, has
not been clarified in the standard. Therefore, this point has been identified as one of the

research questions in this PhD thesis.

Table 2-2 Recommended values of x and y for exponential equations in [24]

Small
Characteristic Medium and large power transformers
transformer

ONAN ONAN ONAN ONAF ONAF OF OD

Liquid exponent x 0.8 0.8 0.8 0.8 0.8 1.0 1.0

Winding exponent y 1.6 1.3 1.3 1.3 1.3 1.3 2.0

The hot-spot factor (H) is normally assumed constant, as H = 1.1 for distribution
transformers, and H = 1.3 for medium size power transformers under all loading

conditions [24]. However, this constant assumption has been challenged by recent research

[16].
2.1.6 Hot-spot Temperature Measurements

Because the accuracy of the hot-spot temperature estimated by the equations in IEC
standard [24] is restricted by the above assumptions, the Fibre Optics Temperature Sensor
(FOTS) has been introduced to directly measure the hot-spot temperature. Comparing with
other types of temperature sensors, the FOTS is more immune to the electromagnetic

interferences within a transformer.
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In 1994 [31], six FOTS were installed in a 240 MV A autotransformer and tested for their
functionalities of winding temperature measurement. The measurements matched the
calculations in the design process. Since then, FOTSs have gained popularity in measuring
the liquid and winding temperatures in temperature-rise tests. One of the work was
published in [32], where 28 FOTSs were adopted to measure the bottom and top liquid
temperatures, liquid temperatures at vertical cooling ducts, and the low voltage and high
voltage winding temperatures. The work tested the effects of the sensors’ locations on the
measurements, and it was found that the liquid temperature should be measured as close as
possible to the winding top. Another study [33] comprehensively analysed the
performances of the FOTS under different installations and operational conditions, and
concluded that a larger temperature variation would occur in an ON cooling mode due to

its more complex liquid flow distribution during the measurements.

In 1995, a Cigre WG 12.09 [16] conducted an ambitious project on thermal aspect of
transformers by measuring the hot-spot temperatures of 34 power transformers across 7
countries, i.e. Australia, Austria, Canada, Finland, France, Sweden and the USA, in order
to determine maximum safe operating temperatures under emergency conditions. These
transformers were all medium and large power transformers, with different types of
designs, and they were tested under different loading conditions. In total, 60 sets of the
temperature-rise tests were obtained. [16] summarizes the inverse accumulative
distribution (probability) of the calculated hot-spot factors. The calculated hot-spot factors
based on the measurements were found spread in the range from 0.51 to 2.06, among which
any number below the unity was mainly due to the unreliable measurements as reported in
[16]. Indeed, the accuracy of hot-spot temperature measurements using FOTSs is dependent

on the locations of the sensors.

Although the application of the FOTS enables the direct hot-spot temperature
measurement which helps advance the thermal design and thermal management of a power
transformer, an understanding of the hot-spot temperature and its location is still needed,

and this requires the development of the thermal modelling of the transformers.
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Figure 2-11 Inverse accumulated distribution of hot-spot factors derived from different transformers

under different loading conditions (34 power transformers under 60 loading conditions) [16]

2.2 Thermal Modelling Approaches

In the light of above, numerical modelling, as an alternative solution to determine the
hot-spot temperature and its location, has gained widespread attentions in the last few
decades, especially with the recent advance in computation. In this section, the principle,

main achievements and limitations of three popular modelling approaches are reviewed.

In 2001, a modelling approach, the electrical thermal analogy circuit, was proposed by
G. Swift and T.S. Molinski [34, 35] for calculating the hot-spot temperature and the liquid
temperatures in the steady-state condition under various loading conditions. This method
modelled the transformer components and its insulation system as the lumped elements of
thermal resistances and thermal capacitances, and it split the whole heat transfer processes
into a winding-to-oil circuit and an oil-to-ambience circuit. The similar modelling
approaches can also be found in [36], which were used to study the transformer thermal
performance under a dynamic loading condition. The electrical thermal analogy circuit is

straightforward, but the limitations are also obvious as outlined below:

e Cannot predict the hot-spot temperature location;
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e Cannot determine the key model parameters, i.e., thermal resistances and
capacitances, based on the design data. (a transformer needed to be built first, and

the temperature-rise test result is needed to obtain such parameters)

The other two widely used modelling approaches, i.e., the Thermal-Hydraulic network
model (THNM) and the Computational Fluid Dynamics (CFD) model, can predict the hot-
spot temperature and its location. Moreover, the same principles can be applied to an
individual transformer if the geometries of the transformer are known. Thus, these two

modelling approaches are then reviewed in detail.
2.2.1 Thermal-Hydraulic Network Models

The THNM approach has become a popular numerical tool in the transformer industry
since 1980 [37]. The THNM consisted of a thermal network model and a hydraulic network
model, was firstly introduced by A. J. Oliver in [37], where a THNM model was built for
the low voltage winding of a 240 MVA transformer. Detailed insulating liquid flow and
winding temperature distribution within the winding were obtained from simulation. The
hot-spot temperature was observed at the middle of the top pass due to a non-uniform oil
flow distribution, which was otherwise always assumed at the topmost disc of a winding

[24].

Since then, various THNM approaches have been developed for the transformer winding
[37-43], the radiator [44] and its complete-cooling-loop [45]. In [45], a joint global-internal
HST prediction model was proposed. The global model calculated the oil flow portion in
each transformer component whilst the internal model calculated the HST and its location
following the input flow rate provided by the global model. The simulation results were
verified by 22 transformers under 46 loading conditions with FOTS measurements. A good
agreement was found between the simulations and the experimental measurements. In [39],
the THNM approach was applied to study the effects of different geometric parameters on
the winding thermal design, including the number of disc per pass, the number of turns per

disc, the thickness of paper insulation and the height of the horizontal cooling duct.

To better explain the principles of the THNM, the model built based on a transformer
winding in [38] is taken as an example. The hydraulic network is shown in Figure 2-12,
where a three-disc winding pass is shown in (a), and its hydraulic components are presented

in (b). As seen in Figure 2-12 (a), one winding pass can be represented by 8 nodes and 12
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oil paths, designated by red circles and blue arrows respectively. At each node, the
conservation of mass is applied, which suggests that the total mass flowing into each node
is equal to the one flowing out. Four oil paths surrounding one disc are considered as an oil
circuit, and the summation of the pressure drop of a circuit is zero because of the
conservation of the momentum. The input of the hydraulic model is the velocity at the
bottom inlet oil path, and then the velocities at all other 11 oil paths can be solved by mass

conservation equations of 8 nodes and momentum conservation equations of 3 oil circuits.

To better study the pressure drop at each node and along each oil path, both the major
pressure drop caused by frictional loss (R, and Ry) and the minor pressure drop occurred
at junctions (corner junction loss R, and splitting junction loss R,) should be considered,
as shown in Figure 2-12 (b). As highlighted in [42, 43], the minor pressure had a significant
influence on the calculations of THNM in liquid natural cooling mode. Additionally, the

pressure drop due to gravity (pgAH) should also be accounted for in the THNM.
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Figure 2-12 Hydraulic network within a 3-disc winding pass (a) configuration of a 3-disc winding pass

(b) hydraulic components of a pass [38]: R, for frictional loss at axial cooling duct, R for corner

resistance, R’ ¢ and R’ ¢, for branching resistance at corner, R"' - ¢ and R"' - ¢, for merging resistance at
, s C,St s C.St

corner, pgAH for pressure drop due to gravity
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Figure 2-13 demonstrates the thermal network model in [38] by using the 3-disc winding
pass. Each winding disc is represented by five conductors, as shown in Figure 2-13 (a). The
temperatures of these conductors are noted as from 8¢, 1 to 8¢, 5, following the flow
direction. The temperatures will be calculated from the conservation equation of the energy
by using thermal resistances. Take the first conductor as an example, the heat loss generated
(Py1) is equal to the heat dissipated through the top, bottom, left cooling liquids
(temperature as 8,4, 8,1 and 68;, respectively), and the right-hand side conductor (8¢, ).
The thermal resistance of the liquid thermal convection is expressed by R, in Figure 2-13
(b). Rut1, Ryp1 and Ry, are used to label the convective resistance of top, bottom and left-
hand side liquids of the first conductor, respectively. The thermal resistance of the paper

thermal conduction is defined by R;,-.
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Figure 2-13 Thermal network within a 3-disc winding pass (a) configuration of a 3-disc winding pass (b)
thermal network of 5 winding turns within a disc [38]: 8, for winding conductor temperature, 6, for top
liquid temperature, 8, for bottom liquid temperature, P, for heat loss in each conductor, R, top liquid
convective thermal resistance, R, for bottom liquid convective thermal resistance, R,;, and R, for left
and right hand side oil convective thermal resistance respectively, R;,. for paper conductive thermal

resistance
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Overall, the THNM is established upon the conversation of mass, momentum and energy.
Specifically, the conservation of mass and momentum is applied in the hydraulic network
model to solve the liquid velocity at each oil path. And the conservation of energy is
employed in the thermal network model to solve the winding and liquid temperatures at
each node. The hydraulic and thermal networks are coupled with the materials properties
of the insulating liquid, i.e., the thermal conductivity, the density, the dynamic viscosity
and the specific heat capacity, which are temperature dependent and can affect the pressure

drop in the hydraulic network model.

In the iterative calculations of the hydraulic and thermal networks, the simulation results
are highly dependent on the coefficients of the pressure drop in the hydraulic network and
the heat transfer in the thermal network. To improve the accuracy of the THNM, the
coefficients were obtained from experiments [46, 47] or CFD calibration [48-51]. The heat
transfer coefficient can be easily computed from the CFD calibration by using only one
horizontal duct, as suggested in [48] and [50]. However, the coefficient of pressure drop is

more complex that includes the major and minor pressure loss of different geometries [51].

Through the CFD calibration, the THNM has become more accurate and is capable to
predict the complex liquid flow phenomena, such as the reverse flow in OD/KD cooling
mode[52]. However, in [28] and [53] the THNM has been observed some inaccuracies
under certain conditions in the thermal studies of ON/KN cooled transformers. This is

mainly caused by its assumptions as outlined:

e The THNM model is always built based on a two-dimensional (2D) geometry,
and the oil flow and temperature distributions are assumed as axis-symmetric;

e Insulating liquid flow is mixed at each node considering both hydraulic and
thermal aspects, and assumptions are made such that the flow velocity and

temperature profiles are uniform or fully-developed.

In an ON/KN cooled transformer, the winding temperature and the insulating liquid flow
are strongly coupled, and the insulating liquid is kept being heated by the surrounding
winding surfaces. Therefore, the temperature of the insulating liquid is more likely to be in
a three-dimensional (3D) distribution, and the profile of the liquid is hardly uniform nor
fully-developed due to continuous heating. This is why there was a discrepancy between
the THNM calculations and experimental measurements in [53]. As concluded in [53], the
mismatch of the winding temperatures between the THNM and the experiments was mainly

because some of the localised liquid flows were neither uniform nor fully-developed. To
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better capture the characteristics of the localised flow, a CFD simulation was conducted in
[53], by which a complex flow phenomenon, namely the hot-streak, was observed.
Evidently, the CFD simulation results matched better with the experimental measurements

than the THNM in [53]. This conclusion was further confirmed by the work in [28].

2.2.2 CFD Models

To better capture the flow characteristics, the CFD has been introduced into the thermal
modelling of liquid-immersed power transformers. The CFD model uses e.g. finite element
method, finite volume method or finite difference method to solve the governing
differential equations for the fluid flow and the temperature, as expressed by Equation 2-10

to Equation 2-12.

pV-u=0 Equation 2-10
p(V-W)u =-Vp+Vt+pg Equation 2-11
pc,uVT =V - (kVT) + P Equation 2-12

where p, ¢, and k are the density (kg/m?), specific heat capacity (J/ (kg - K)) and thermal

conductivity (W /(m-K)) of the material, respectively; p is the pressure (P,); 7 is the
viscous shear stress tensor (kg/(m - s)); g is the gravity vector (m?/s); i and T are the

fluid velocity (m/s) and temperature (K), respectively, P is the heat source (W).

Equation 2-10 implements the continuity of mass conservation. Equation 2-11 is the
Naiver-Stokes equation for the momentum conservation, where the left-hand side
represents variation of momentum which comprises the mass flow and the velocity, and the
right-hand side terms are the static pressure variation, the viscous stress variation and the
buoyancy force, respectively. Equation 2-12 demonstrates the energy conservation, where
the left-hand term represents the heat dissipation by the convection, and the right-hand side

terms represent thermal conduction and the external energy resource, respectively.

As discussed previously in Section 2.2.1, the liquid flow in the THNM is modelled as
either a uniform or a fully-developed distribution in each oil path. Such approximations
will bring the uncertainties into the simulations. On the contrary, the CFD model can
describe a more realistic flow and temperature profiles of the insulating liquid. The example

of the liquid flow and temperature profiles from the CFD simulations is shown in Figure

2-14 (a) [54] and (b) [55], respectively.
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As seen in Figure 2-14 (a) [54], the complex flow phenomena, i.e. the reserve flow and
hot-plumes, where a small transverse flow or a flow stagnation occurs, were observed. Such
flow phenomena result in a non-uniform flow distribution within the winding, and a lack
of the insulating liquid in the horizontal cooling duct causes a localised overheating. The
identification of these phenomena is vital to predict the hot-spot temperature and its
location, and it can only be acquired from CFD modelling. Figure 2-14 (b) [55] presents a
complex temperature distribution, i.e. the hot-streak. The hot-streak is a hot liquid layer
forming on the surfaces of winding discs, and which is hotter than the surrounding liquid.
The hot-streak is mostly observed in ON/KN cooling mode [56], as it is a result of a strong

coupling of the winding temperature and the insulating liquid flow.
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Figure 2-14 Temperature and flow profile of insulating liquid in literature: (a) temperature profile [54]
(b) liquid temperature profile [55]

The overlook of the flow and temperature characteristics will lead to an unreliable

prediction of the temperature profile within the transformer. As such characteristics can
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only be accurately modelled in the CFD simulation, it has been recognized as a powerful
tool in the transformer industry. However, due to the need for discretizing the whole
calculation domains into small mesh elements, the processing time of the CFD simulation
is much longer than the THNM, which hinders it to model a complete transformer.
Therefore, in the literature, the CFD models have mostly been used to study the thermal
behaviour of an individual component, e.g., a transformer winding or a transformer

radiator.
2.3 Thermal Studies of Transformer Windings

This section focuses on the CFD models of windings and the experimental verification
work. Most of the CFD models are input with the bottom liquid temperature and flow
velocity (or the total liquid flow rate) at the winding inlet; and a reference pressure needs
to be set at the winding outlet, always as zero. The electric loss distribution is the model
input, but is optional. The inputs and their boundary settings are demonstrated by a 2D

winding CFD model in [57] as shown in Figure 2-15.

A reference pressure

100°C

30

Loss distribution —

Bottom liquid temperature
Liquid velocity at winding inlet

Figure 2-15 Input and boundaries of winding CFD model [57]

It is worth mentioning that the liquid flow distribution in the OD/KD cooling mode is
dominated by the pressure generated from the external pump, whereas the insulating liquid
flow distribution is primarily coupled with the winding temperature distribution in the

ON/KN cooling mode. Therefore, the simulations and experiments in an OD cooling mode
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can be conducted under either an isothermal or a non-isothermal condition, whereas those
in an ON cooling mode should be implemented under the non-isothermal conditions only.
This is why in the OD/KD modelling and experiments, the electric loss can be neglected,
and only the flow distribution is studied. The review of the CFD modelling and thermal
experiments is grouped by the cooling modes below. In each cooling mode, the review
includes the winding behaviour in different loading conditions and thermal designs, as well
as the thermal performances of alternative insulating liquids. Moreover, the model

approximations and its experimental verification will also be introduced.
2.3.1 Thermal Studies in OD Cooling Mode

The OD cooling mode can be simulated or experimentally investigated by either an
isothermal condition or a non-isothermal condition. The isothermal condition helps study
the flow distributions, whereas the non-isothermal condition contributes to both flow and

temperature distributions.

To understand the liquid flow distribution within a disc-type winding, a two-dimensional
(2D) CFD model in [58] was adopted in an isothermal condition. By a parametric study of
the model inputs, i.e., the bottom liquid temperature and total liquid flow rate, the Reynolds
number (R,) was found as a key parameter dominating the liquid flow distribution. The
CFD simulation results indicated that a higher Reynolds number, which was caused by a
higher total liquid flow rate, would lead to a non-uniform liquid flow distribution within
the winding. The non-uniform oil flow distribution further resulted in a starvation of the
insulating liquid at the bottom disc of a pass, and hence, caused localised overheating. The
insights and the correlation equations provided in [58] were verified by a set of experiments

in [59].

The temperature distribution of a disc-type winding was simulated by a two-dimensional
(2D) CFD model under the non-isothermal condition in [60]. It is worth emphasizing that
the OD/KD cooled winding geometry can be simplified as a homogenous copper block due
to a weak relationship between the winding temperature and insulating liquid flow
distribution. By a CFD parametric study, it was found that the Reynolds number (R, ) and
the Prandtl number ( P.) were the contributing parameters that affect the hot-spot
temperature within the winding. The Reynolds number (R, ) influences the liquid flow
distributions, and the Prandtl number (P,) governs the material properties of an insulating

liquid. The same modelling methodology in [60] was verified by the experiments in [57].
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The loading conditions of an OD cooled disc-type winding were comprehensively
simulated by varying the bottom liquid temperature and the liquid flow rate [58, 60], and
these parameters were also experimentally investigated in [57]. The winding CFD model
is also used to study different OD/KD winding thermal designs, as well as the thermal
performances of alternative insulating liquids. The dimensional analysis in [58] also
highlighted the key geometric parameters, which is the ratio of the height of the horizontal
cooling duct (the radial oil duct shown in Figure 2-5) to the width of the vertical cooling
duct (the axial oil duct shown in Figure 2-5). The CFD simulation results also indicated
that the higher the horizontal cooling duct, the more non-uniformity the liquid flow
distribution is. A wider vertical cooling duct would generate a more uniform liquid flow
distribution, and hence, a better cooling condition within the winding. The similar
conclusions drawn from the reference [58] were also confirmed by the experiments in [57]

and [61].

As known, the washers inserted between the winding passes help form a zig-zag oil flow
fashion in the winding. For a fixed number of winding discs, different arrangements of
passes were experimentally studied in [60] and [61] and simulated in [62]. It was concluded
that an increasing number of passes resulted in a more uniform oil flow distribution within
each pass, and hence, a lower winding temperature. However, more passes within a winding
would increase the pressure drop of the winding. Therefore, in the thermal designs of an
OD/KD winding, a trade-off between the pressure drop and winding temperature needs to

be considered.

The thermal performances of different alternative insulating liquids were also studied by
both the experiments and CFD simulations. Three different types of the insulating liquids,
i.e. a mineral oil, a Gas-to-Liquid, and a synthetic ester liquid, were studied in [57].Given
the same bottom liquid temperature and the same liquid velocity, the winding temperature
of synthetic ester was the lowest among these three. The lower temperature is because of a
higher viscosity of the synthetic ester, which results in a lower Reynolds number, and
hence, a uniform liquid flow distribution. It should also be noted that the pressure of the
synthetic ester is the largest for all three liquids when the liquid temperature and the total
liquid flow rate are kept the same [57]. The same conclusion was also found in [63], in

which the liquid flow distributions were modelled by a 2D CFD model.

The model approximation also plays an important role in CFD modelling of an OD/KD

cooled winding. Commonly, the 2D model was selected to replace the complex 3D
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simulation, as demonstrated in [57, 58, 64, 65]. In [66], the 2D and 3D CFD simulation
results were compared with the experiments, and it was found that both 2D and 3D CFD
simulation results were comparable to the experimental measurements. However, in [57],
more scenarios were simulated, and it was found that the simulation results from a 2D CFD
winding model matched well with the one from a 3D CFD winding model if no reverse
flow was present. Once reverse flow occurred, a large temperature difference, 20.1 K [57],
was found between the 2D simulation results and the experimental measurements. The
appearance of the reverse flow can be found under a high Reynolds number, and the
threshold of the Reynolds number is dependent on the winding geometries. It is also worth
mentioning that the maximum temperature difference between the simulation results from

the 3D CFD model and the experimental measurements was only 1.6 K for all the cases.

In summary, the thermal behaviour of the disc-type winding was comprehensively
studied with different loading conditions, different geometries, as well as different

insulating liquids.
2.3.2 Thermal Studies in ON Cooling Mode

In an ON/KN cooled winding, the liquid flow distribution within the winding is driven
by the thermosiphon pressure. The thermosiphon pressure is generated due to the reduction
of liquid density, which can be changed as a result of the hot winding conductors.
Therefore, to accurately estimate the winding temperatures in an ON/KN cooled winding,
the winding temperature should be coupled with the insulating liquid flow and its

temperature.

Six 2D winding models in an ON cooling mode were compared to validate different

approximations in [55]. The models and their approximations were outlined as:

e Benchmark model (CHT: conjugate heat transfer): including both the insulating
liquid and winding domains with full geometric characteristics;

e CHT with Boussinesq approximation: the only difference compared with the
CHT model is the application of a Boussinesq approximation, in which the liquid
density is only changeable in the conservation equation of momentum (in
Equation 2-11);

e CHT without buoyancy force: neglects the buoyancy force in the conservation

equation of momentum (Equation 2-11);
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e CHT without heating: there is no heat source input in the winding, which is
simulated as an isothermal condition;

e CHT without winding domain: only the insulating liquid domain is simulated,
and the loss distribution is transformed to an equivalent heat flux on each disc
surfaces;

e CHT with whole disc: a simplification of the winding geometry, where the
winding disc is simulated as a homogenous copper block rather than multiple

conductors, is implemented.

The geometric simplification is very practical in the CFD modelling, as such
simplifications could significantly reduce the computational efforts by having less mesh
elements. To clearly explain the geometric simplification detail [55], Figure 2-16 takes a
3-conductor as an example to shows the geometric difference between the ‘CHT’ and the

‘CHT without whole disc’.
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Figure 2-16 Configuration of a 3-conductor winding disc in two 2D CFD models in [55] (a) geometry of
the ‘CHT’ (b) geometry of the ‘CHT without whole disc’: e, is the thickness of the conductor, e, is the
thickness of the solid paper insulation, h, is the height of the conductor

As observed from Figure 2-16, the full winding geometry takes into account each
individual conductor as well as the paper insulation in ‘CHT’, whereas in ‘CHT with whole
disc’ the winding disc is merely modelled as a homogenous copper block whose height and
thickness are as the same as the ones in ‘CHT’. It is worth noticing that the ‘CHT without

winding domain’ models the winding using the same geometry as shown in Figure 2-16

(b).
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The simulation results in [55] indicated that the isothermal assumptions (CHT without
heating) for ON cooled winding was not valid. And there was a large discrepancy between
the benchmark model (CHT) and the ‘CHT without buoyancy force’, which proved that the
buoyance force cannot be neglected in the ON/KN simulations. Moreover, as concluded in
[55], the Boussinesq approximation was validated in the winding CFD simulation in an ON

cooling mode.

The simulation results from another two CFD models in a non-isothermal condition, i.e.
‘CHT’ and ‘CHT without winding domain’, matched well in terms of the insulating liquid
flow distribution and winding surface temperature. Such finding is deemed important,
because this modelling approximation can be used to simplify a complex winding model if

only the liquid temperature and flow distributions are required.

As for the winding geometry, modelling the whole disc as a block (CHT with whole disc)
significantly affected the winding temperature distribution, which was predicted 6 °C lower
than the one calculated in the benchmark model (CHT). This was because the copper block
tends to have a uniform temperature within a disc due to its high thermal conductivity (385
W /(m - K)). Therefore, the heat flux on the disc surfaces was changed to uniformize the

temperature inside the whole disc, and then brought discrepancies in the simulation results.

In addition, the importance of the input liquid flow and temperature profiles was
highlighted in [55], both uniform profiles and non-uniform profiles had a significant
influence on the winding temperature distribution. The same conclusion was also given in

[54].

Another approximation made for the winding CFD model in an ON/KN cooling mode is
related to the winding axisymmetric geometry. In other words, whether the ON/KN cooled
winding can be modelled as a 2D or a 3D scenario? Therefore, a 3D CFD model, a 2D CFD
model and the experimental measurements were compared in [67]. It was found that the
liquid flow and temperature distributions were not axisymmetric, and using a 2D CFD

model could result in a less accuracy.
To improve the accuracy of the 2D winding CFD, two suggestions were made in [67]:

e The radial spacers were not accounted for in the 2D simulations, and therefore, a
correction factor should be applied to compensate for the effects of radial spacers
on the covered disc surface area and the change of liquid velocity (or total liquid

flow rate);
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e By matching two dimensionless number, i.e., the Reynolds (R,) number and the
Richardson number (R;), the dimensionless flow and temperature distributions

from a 2D model can have a good agreement with the results in a 3D model.

[65] also conducted a comparison between a 2D winding CFD model and a 3D winding
CFD model. If there was no reverse flow, the results of these two models matched well,
with the temperature difference being less than 1 K However, a large temperature

difference was observed if a reversed flow was present.

Different thermal designs were also simulated and experimentally investigated in the
ON/KN cooled winding. In [26], the effects of the width of the vertical cooling duct, the
height of the horizontal cooling duct and the number of the passes were experimentally
examined. It was found that the height of the horizontal cooling duct made a significant
impact on the liquid flow and winding temperature distributions under three different
investigated liquid velocities. More passes within a fixed number of winding discs could
produce a more uniform liquid flow distribution, and thus, lower winding temperatures,

with a cost of higher pressure loss.

It should be noticed that both input of the bottom liquid temperature and liquid velocity
at the winding inlet in the simulations of [55], [65] and [67] were within a range based on
industrial experience of transformer operation. Each parameter range has been scanned, but
the data pair may have no correlation to reality. So are the experimental conditions in [26]
and [68] in terms of bottom liquid temperature and the flow rate. The sketch of the
experimental setup was shown in Figure 2-17, where the bottom liquid temperature and the
liquid velocity in the ON/KN experiments were controlled by an external heater and pump,

receptively.
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Figure 2-17 Sketch of experimental setup in [68]

The thermal performances of alternative insulating liquids in an ON/KN winding were
also studied previously. Particularly, dedicated CFD simulations [69-73] and laboratory-
scale experiments using a test rig[68] were performed to explore the winding temperatures
when filled with different insulating liquids. In these studies, the bottom liquid temperature
and the liquid velocity were kept the same, and the results have identified that the ester

liquid could result in a lower winding temperature than mineral oil.

However, an opposite conclusion has been drawn when an ON/KN power transformer is
used to compare different insulating liquids. In [74], a 154/22.9 kV, 15 MVA transformer
was filled with natural ester and mineral oil, respectively. Under the rated condition, the
hot-spot temperature of high voltage winding with natural ester was 9.8 °C higher than that
of mineral oil, and this difference was 15.7 °C for the low voltage winding. Moreover,
similar results were also observed in a 141/13 kV, 50 MVA transformer retro-filled with
natural ester in [75]. In the ONAN/KNAN cooling mode, the hot-spot temperature was

found 8 °C higher than when filled with mineral oil. The conclusion drawn from the tests
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of the power transformer is opposite to the laboratory-test, simply because the use of the
ester liquid results in the different liquid velocity and bottom liquid temperature than the

mineral oil.

In summary, the winding CFD models in an ON/KN cooling mode have been established,
and the methodology has been validated by the experiments. However, to study an ON/KN
cooled winding under different loading conditions, the inter-dependent relationship
between the bottom liquid temperature and liquid velocity needs to be obtained. This also

helps the transformer retro-filling studies.
2.4 Transformer Complete-Cooling-Loop Studies

In an ON/KN cooled transformer, the liquid velocity at the winding inlet is dependent on
the liquid temperature distribution within its complete-cooling-loop (CCL), from the
windings to the radiators. Therefore, the relationship between the liquid temperature and
liquid velocity, and the loading conditions can only be obtained by investigating a
transformer liquid complete-cooling-loop (an example shown in Figure 2-9). However,
little work has been done in this area both experimentally and numerically. This is partly

because much more computational efforts are needed than the winding only models.

In the winding focused experiments, the liquid velocity (or total liquid flow rate) could
be controlled by an external pump or a valve (e.g. Figure 2-17 in [68]), whereas a
spontaneous liquid flow needs to be achieved through a CCL experimental setup, such a
CCL experimental setup in an ONWF cooling mode was achieved in [76]. The setup
consisted of a winding assembly, connecting pipework, a radiator, and a water cooling
system, shown in Figure 2-18. The liquid flow velocity was measured at the ‘measuring
point’ by a laser Doppler Velocimetry. The measurements indicated that the liquid velocity
increased proportionally to the square root of the total power loss within the winding and

to the thermal head (shown as AH in Figure 2-18).
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Figure 2-18 Experimental setup in [76]

Based on the findings of the ONWF experiments in [76], an analytical equation was
proposed to estimate the ratio of the liquid velocity of an alternative liquid to the a mineral
oil in [38], [72] and [73]. The analytical equation to calculate the liquid velocity simplified
the liquid temperature within the CCL as a one-dimensional case, and was based on the
pressure equilibrium. As seen in Figure 2-19, the bottom, top of the winding are referred to
as point A and B, whereas the point C and D represent the radiator inlet and outlet. If the
heat dissipation through the connecting pipes is neglected, the temperature at points A and
D are the same, as the bottom liquid temperature. And top liquid temperature is also the

same at points B and C.
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Figure 2-19 Liquid temperature distribution in the one-dimensional complete cooling loop [38]

In a CCL of a liquid natural cooled transformer, the liquid driving force is caused from
the thermosiphon pressure (Pr). If the liquid temperature in both the winding and the
radiator can be simulated as a linear distribution, the therosiphon pressure can be calculated

from Equation 2-13 [38].
Pr=pavo g P ATy h Equation 2-13

where Py is the thermosiphon pressure (P,), g is the gravity accelerator (m?2/s),  is the
thermal expansion coefficient (1/K), AT,;, is the liquid temperature rise (Tyop — Tpor) (K),

h is the thermal head (m).

In the CCL of the insulating liquid, the pressure loss is caused by the liquid flowing
through the winding, the radiator and the connecting pipework. The pressure loss consists
of the major pressure loss in the CCL due to the friction, and the minor pressure loss in the
winding because of the liquid splitting or re-joining. It was believed in [38, 72] that the
pressure loss within the CCL can be calculated as the major pressure loss from Equation

2-14[77].
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where P; is the major pressure loss (P,), C is a geometry related constant [77], Re is the
Reynold number, L' and H' are for the equivalent length (m) and hydraulic diameter (m)
of the CCL, v,;; is the velocity at the winding inlet (m/s), ppo; is the liquid density at the
winding bottom (kg/m3).

The liquid velocity under the steady-state condition is the result of the pressure
equilibrium, and in which the thermosiphon force (Pr) is equal to the pressure drop (P;).

Hence, the liquid velocity can be estimated from Equation 2-15 [72].

Voir = Gy M\/ﬁ\/ﬁ Equation 2-15
UPpot Cp

where v,;; is the liquid velocity at the winding inlet (m/s), C; is the geometric
characteristic of the CCL, p,,, 1s the liquid density reference temperature as the average
liquid temperature (kg/m3), g is the gravity accelerator (m?/s), B is the thermal
expansion coefficient (1/K), u is the dynamic viscosity (kg/(m-s)), ppo: is liquid
density reference temperature as the bottom liquid temperature (kg/m3), pgyo is liquid
density reference temperature as the average liquid temperature (kg/m?), C, is the
specific heat capacity (J/(kg - K), P is the power loss within the transformer (W), h is the
thermal head (m).

The main assumptions in this analytical equation in [38], [72] and [73] are as follows:

e The liquid temperatures in the winding and the radiator are in a linear distribution
manner;
e The geometric characteristic (Cy) for a specific transformer is the same, though it
is filled with different liquids.
It should be noted that the validity of the assumptions are yet to be verified by the
experiments. To quantitatively determine the interdependent relationship between the

bottom liquid temperature and liquid velocity, as well as the hot-spot temperature, CCL

CFD models were developed in [78] and [79].
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A pioneering paper of CCL CFD modelling was published in 2018 [78], in which both a
CCL experimental setup, and a 3D CCL CFD model were both developed based on one
phase of a 225/26.4 kV, 66 MVA ONWN power transformer.

Figure 2-20 shows a front view of the CCL experimental setup in [78]. In the experiment,
the Nitrogen was used to allow the insulating liquid expansion due to its temperature rise
(oil shown as yellow area in Figure 2-20), and the water was used to cool the radiator. In
the CCL CFD model, the Nitrogen and water cooling were not considered. The model
included the insulating liquid domain, the winding domain and the radiator domain. The
input of the model was the volumetric heat loss within the winding, and the boundary
condition was the radiator surface temperatures that were taken from the experimental

measurements.

By comparing with the experiments under two loss distributions and in four different
geometries (8 conditions in total), the mass flow rates obtained from the CCL CFD
simulations were underestimated by from 11% to 42%. The underestimated mass flow rates

caused an overestimation of the hot-spot temperature from 3.7 °C to 35.9 °C at the winding.

To find out the limitation of this CCL CFD model, a 3D winding model was also built in
[78]. By inputting the total liquid flow rate and the bottom liquid temperature directly from
the experimental measurements, the differences of the winding temperatures, including the
hot-spot temperature and the average temperature, between the 3D simulations and
measurements were less than 2.9 °C, under all 8 investigated conditions. Clearly, the
deviations of winding temperature estimation in the CCL CFD model were caused by the
underestimation of the liquid velocity / total liquid flow rate, and the inaccuracy of which

was mainly due to the boundary condition on the radiator side [78].
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Figure 2-20 A front view of CCL experimental setup in [78]

Another CCL CFD modelling strategy was proposed, namely ‘EMAG-CFD-CFD’, to
simulate a 33/6.9 kV, 8.5 MVA liquid-immersed transformer in [79] by two steps. Firstly,
the loss distribution was obtained by simulating the electromagnetic field within the
transformer. Secondly, the volumetric loss was input into a coupled CFD-CFD model,
consisted of the ‘Windings CFD model’ and the ‘Tank CFD model’ as shown in Figure
2-21. The 3D winding CFD model solved the liquid flow and the winding temperatures
within the high voltage and low voltage windings. The tank CFD model solved the liquid
temperatures within the tank except for winding parts, and coupled with a reduced radiator

model, as developed in [80].

The construction of the transformer CCL by using the coupled CFD-CFD model provided
an insight on studying the heat transfer processes through a coupling mechanism rather than
as a whole in one go. The coupling of the winding and the tank CFD models and the radiator
model was achieved by iteratively updating the mass flow rate and the liquid temperatures

at the winding bottom and top, and at the tank inlet and outlet, as shown in Figure 2-21.
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Figure 2-21 Principle of EMAG-CFD-CFD CCL modelling strategy in [79]

One of the main approximations in the CFD models in [79] was that the winding in [79]
was simulated as a homogenous copper block. It was claimed that such approximation was
proven by additional 2D winding only simulations. However, this was opposite to the
conclusion in [55]. Therefore, the modelling strategy should be verified by a set of well-

designed experiments.

In the light of above, there has been limited work done for a transformer CCL in an
ONAN/KNAN cooling mode both numerically and experimentally. The present work
pointed out that the accuracy of the CCL CFD simulation was affected by the estimation of
liquid temperature distribution within the radiator. An advanced modelling strategy and
suitable boundary conditions of the radiator are required for the CCL CFD model.
Moreover, to build a reliable CCL CFD model with a reasonable processing time, the heat
transfer processes in individual components can be modelled individually. But each model
approximation needs to be carefully verified, and such a simulation work requires

validation by a CCL experimental setup.
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2.5 Transformer Radiators

As indicated in [78], the accuracy of the CCL CFD model is affected by how the
transformer radiator is modelled. Therefore, the radiator CFD models and their boundary

conditions are reviewed in this section.

As introduced in 2.1.2 and 2.1.3, the insulating liquid transfers the heat to the radiator
wall, where the heat is mostly dissipated to the environment by air convection. The liquid
temperature is vital to determine the liquid velocity (or the total liquid flow rate) of an
ON/KN cooled transformer, therefore, most of the modelling approximations are made for

the air convection.

By the means of simulating air convection effects, the radiator models can be categorized

in two groups:

1) Modelling the detailed air flow and temperature profiles to determine the air
convection effect;
2) Excluding the simulation of an air flow by using the air heat transfer coefficients

based on the Newton’s law of cooling.
2.5.1 Radiator Models including Air Flow Simulation

The temperature and flow distributions of the air around a transformer radiator were
modelled in [80-88]. Some work [81, 88], focused on an AF cooling mode and studied the

optimal fan arrangement to maximize the radiator cooling capacities.

The thermal behaviour of the transformer radiator in an AN cooling mode was modelled
in [80, 82-87], and the simulation results were verified by the experiments in [80, 83, 84,

87]. These studies mostly focused on the model development and verifications.

In the experimental verification, most of the simulation results were validated by the
global parameters, the bottom liquid temperature and the total heat dissipation. The
differences of the global parameters between the simulations results and experimental

measurements of radiator in the literature [80, 83, 84, 87] were summarized in Table 2-3.
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Table 2-3 Differences between radiator simulation results and measurements in literature [80, 83, 84, 87]

Reference Difference between the simulation results and experimental measurements
Bottom liquid o Surface temperature
Total heat dissipation
temperature measurement
[80] < 30% <55K
[83] 13K < ATy < 17K < 14.5%
[84] <8.2%
[87] <6.1%

In [80], a reduced radiator modelling strategy was proposed with four steps. Firstly, only
one radiator panel was simulated in a 3D CFD simulation, which was placed in the free
space without any panels around. Then, in the second step, the surface temperature of the
simulated panel in the first step was extracted and set the same for all the other panels of a
radiator. Thirdly, the air flow around the radiator was simulated with the fixed radiator
surface temperature profile, and an air heat transfer coefficient was then obtained. In the
fourth step, the air heat transfer coefficient was input to an analytical equation to estimate
the liquid temperature within the radiator. For the radiator simulation in step 3 in [80], all
the radiator panel was simulated in the same way as the single panel in step 1, where there
were no parallel panels to restrict the air flow. However, in a multiple-panel radiator, most
of the panels are placed in parallel, and where the air flow between the parallel panels is
restricted. This is why the radiator model in [80] overestimated by an approximately 30%
of the total heat dissipation. The surface temperatures were also used to verify the model
in [80], by considering six different locations, and the differences between the CFD

simulation and the experimental measurement were from 0.9 K to 5.5 K.

A 3.3-meter-high 40-panel radiator was directly simulated in [83] with four different
mass flow rates from 1 x 1073 m3/s to 4 x 1073 m3/s. Under four investigated
conditions, the maximum difference of the bottom liquid temperature between simulations
and experiments was 1.7 K, and the mismatch of the total heat dissipation was within
14.5%. In [87], a 3.5-meter-high 30-panel radiator was taken to compare different radiator
CFD modelling strategies. Due to the large size of the radiator, air flow was assumed as in

a turbulent flow regime. The results of four turbulent flow models were then compared with
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the experimental measurements, and it was found that the standard k — &€ model provided
the minimum discrepancy, 6.1%, between the simulation and experiment. It is worth noting
that the Boussinesq approximation in air flow simulation was also experimentally verified

in [87].

Simulation work in [85] highlighted the importance of the radiation effect in the radiator
modelling. By comparing the simulation results with and without radiation based on a 2.5-
meter-high 27-panel radiator, it was found that the radiation contributed a 25.1% of total
heat dissipation. Mostly importantly, the radiation was pronounced on the outwards facing
surfaces. However, since the radiation is mostly on the radiator outwards facing surface,
the ratio of the radiative heat dissipation to the total heat dissipation should be
approximately equal to the ratio of the outwards facing surface area to the radiator total
surface area, which is 3.7% in [85]. The conclusions in [85] were obtained from the CFD

simulations only, and an experimental verification is hence suggested.

Different radiator models, including a distributed air flow and temperature simulation,
were developed. Different modelling strategies were verified by the corresponding
experiments. The accuracy of the predictions of global parameters were acceptable.
However, less work was carried out on surface temperature measurements that were meant

to represent the liquid temperature distribution within a radiator.
2.5.2 Radiator Models excluding Air Flow Simulation

The radiator CFD model including the air domain is very time consuming, one case in
[86] was processed for more than 500 hours. The long processing time hinders the
application of the radiator model including air flow simulation, and makes it impractical to

be implemented in a transformer CCL CFD model.

Therefore, according to the Newton’s law of cooling, the radiator was modelled by using
air heat transfer coefficients to replace the air flow simulation, as in [80, 83, 89]. In [83],
the simulation results of the radiator model, excluding air flow simulation, were compared
with the experimental measurements as shown in Table 2-4. As seen in Table 2-4, the
difference of the liquid temperature rise between the calculations and measurements was
in the range from 1.3 K to 3.1 K, and the mismatch of the total heat dissipation was less

than 26.9%.
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Table 2-4 Radiator model excluding air domain simulation results and experimental verification in [83]

Variable Liquid flow rate (m3/s)
1x1073 2x1073 3x1073 4x1073
Liquid temperature rise
12.8 6.7 4.5 3.4
ATy (K)
Radiator Air heat transfer
model coefficient 3 3 3.1 3.1
excluding air
) 2
domain Rair (W/(m?K))
Total heat dissipation
22.5 23.5 23.9 24.1
P (kW)
Liquid temperature rise
15.9 6.1 4.7
AT,y (K)
Air heat transfer
Experimental coefficient (calculated
39 4.1 43
measurements | {fom measurements)
hair (W/(mzK))
Total heat dissipation
27417 3241138 33.0x+1.6
P (kW)

As concluded in [83], the discrepancies between calculations and experiments were

mainly caused by the adoption of air heat transfer coefficients, which were calculated from

the empirical equations. A similar conclusion was made in the investigated condition in

[80], the air heat transfer coefficient extracted from a CFD model including air flow

simulation was 29.5% larger than the one from empirical equations. The lack of heat

coefficient equations that are specifically derived for transformer radiators has

compromised the accuracy of radiator model excluding air flow.
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In addition, some of the radiator models excluding air flow employed two air heat transfer

coefficients, e.g. [83], and others adopted only one air heat transfer coefficient [80, 89] to

represent the air flow simulation. There has been no justification on the minimum number

of air heat transfer coefficients required in the radiator model excluding air flow.

2.6 Summary

In this chapter, a literature review on transformer heat transfer mechanisms, factory

temperature-rise tests, the temperature estimation methods in the IEC standards, and

various thermal modelling approaches has been conducted. Furthermore, the latest CFD

simulations and verification experiments for windings only, the complete-cooling-loop and

radiators have also been assessed. The conclusions and the research gap identified from the

critical review can be summarized as follows:

1.

The expected lifetime of a liquid-immersed power transformer primarily depends
on its temperature profile as the solid paper insulation at the hottest spot
undergoes the severest thermal stress. To operate transformers safely and
optimize the asset lifetime, an accurate thermal model is required to predict the
hot-spot temperature and its location under different operational conditions.
There have been three commonly used modelling approaches, i.e., electrical
thermal analogy circuit, Thermal-Hydraulic Network model (THNM) and
Computational Fluid Dynamics (CFD) model. The main drawback of the
electrical thermal analogy circuit is that the hot-spot location cannot be predicted;
and the THNM loses its accuracy when complex flow phenomena occur,
especially in the liquid natural (ON/KN) cooling mode. The CFD modelling is
the most accurate, whose application, however, is limited by its high
computational requirement and long processing time. Therefore, the CFD
modelling was applied to simulate individual components, e.g., the winding and
the radiator, rather than a complete liquid-immersed transformer.
Comprehensive CFD simulations and experiments have been carried out for the
OD/KD cooled transformer windings to investigate their thermal behaviours
under different loadings, thermal designs and filled with different insulating
liquids. In the OD/KD thermal studies, different loadings are represented by
varying the bottom liquid temperature and the total liquid flow in a certain range.

The same strategy was also used for the ON/KN cooled windings to study their
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thermal designs. Within both OD/KD and ON/KN cooled windings, a wider
vertical cooling duct or a lower horizontal duct provides a more uniform liquid
flow distribution. Lower number of the discs per pass also generate a more
uniform liquid flow distribution but at a cost of increased pressure losses.
Winding only CFD models were also verified by the experiments.

To study an ON/KN cooled transformers under different loading conditions, an
interdependent relationship between the bottom liquid temperature and the liquid
velocity under different conditions is required. Such relationship can only be
obtained by a liquid complete-cooling-loop (CCL) which accounts for both the
winding and the radiator. However, it has yet been established a CCL
experimental setup of an ONAN/KNAN transformer, nor an experimentally
verified CCL CFD model. One of the main limitations of CCL CFD is the thermal
modelling of the radiator, and an accurate liquid temperature estimation within
the radiator can improve the CCL CFD.

Different radiator CFD models were developed and verified by the experiments
through global parameters, i.e., the bottom liquid temperature and the total heat
dissipation. Another key parameter in the simulation, i.e., the liquid temperature
distribution, can be verified by measuring the surface temperatures, but little work
has been done in this area. Moreover, a detailed radiator CFD model including
air simulation which requires exceedingly long computational time; and
therefore, empirical equations of an air heat transfer coefficient were used to
achieve a fast calculation. However, large discrepancies were found between the
calculations adopted with empirical equations and the experimental
measurements. This is because the empirical equations were not specifically
developed for a transformer radiator. Moreover, the minimum number of air heat
transfer coefficients required in the radiator model excluding air flow has not been
justified. Therefore, in the radiator thermal studies, a model with accurate liquid
temperature estimation and less processing time is needed to be implemented in

a CCL CFD model.
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Chapter 3 Development of Complete
Cooling Loop based Thermal Test
Setup

As previously introduced, most of the experimental setups published in the literature
mainly focused on individual components, and controlled the liquid velocity / the total

liquid flow rate using a pump. Such studies are reasonable for liquid directed and forced

(OD/KD) cooling mode, where the liquid velocity is indeed controlled by the pump, and
thus known. However, it is not the case for liquid natural (ON/KN) cooling mode, where
the liquid velocity (or total liquid velocity) is dependent on the liquid temperature
distribution within a transformer CCL. A CCL experimental setup of an ONAN/KNAN

transformer has yet been established in the existing studies.

In this chapter, a laboratory-scale experimental setup based on the CCL has been
developed to study an ONAN/KNAN cooled transformer, where various factors including
operating conditions, thermal head and insulating liquid type are considered. The design
and construction of the CCL experimental setup are presented in Section 3.1 by introducing
the main components. Next, the plan and procedures of the temperature-rise experiment are
introduced in Section 3.2. Sections 3.3 shows a complete set of measurements under a
tested condition to demonstrate the functionality of the experimental setup in terms of
winding, liquid, radiator surface temperatures, liquid velocity at the winding inlet and total
liquid flow rate at the radiator top. The repeatability tests are conducted and discussed in

the Section 3.4.
3.1 Design and Construction of CCL Experimental Setup

The schematic diagram and a photo of the CCL experimental setup are shown in Figure
3-1. The experimental setup consists of a disc-type modularised winding assembly, a 4-
panel transformer radiator, connecting pipework, variable AC power supplies, a
temperature measurement system, and the other accessories, including an oil expansion

vessel, an oil tank and a transparent box.
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Figure 3-1 Complete-cooling-loop (CCL) experimental setup (a) a schematic diagram (b) a photo
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The winding assembly is designed to represent a section of the disc-type transformer
winding, and the radiator is then scaled down to 4-panel 1-meter-high accordingly. The
temperature measurement system is used to record the winding, liquid and ambient
temperatures from a cold start until reaching the steady-state condition. The expansion
vessel is designed to store the expansion of the insulating liquid during the temperature-
rise test. The oil tank on the top is used to fill the testing liquid into the system. The
transparent box allows the liquid velocity (or total liquid flow rate) to be measured by a

laser system.
3.1.1 Modularised Winding Assembly

Majority of the electric loss within a transformer is the resistive loss occurred at the
windings. Therefore, during the temperature-rise experiment, the winding is injected with
different powers to simulate various loading conditions. As introduced in Section 2.1.2, the
transformer windings are divided by the spacers into many sections, and each section is
thermally and hydraulically independent [19]. Thus, in the experimental setup, only one
section is included, whose thermal behaviour is regarded as a representation of the whole

transformer winding.

In the power transformer, each section of the winding is in a circular shape. Due to the
presence of the core, the inner and outer radius of the cylinder winding are close, e.g. 750
mm and 839 mm in [64], respectively. Therefore, in the laboratory-scale experimental setup
in the literature, the circular winding section was built either as a trapezium shape, e.g. in
[64], or a rectangular shape, e.g. in [57, 65]. Particularly, the approximation of rectangular
winding was verified by using a CFD model in [90], where the winding temperature and
flow distributions within a rectangular winding and a circular winding were the same.
Therefore, in the experimental setup in this thesis, the winding section is built in a

rectangular shape.

Each winding section of a power transformer consists of multiple disc segments along
the winding height. Each disc segment comprises multiple winding conductors wrapped
with paper insulation placed in parallel. In the light of above, in the winding assembly of
the CCL experimental setup, modularised winding discs are employed. This modularised
design makes sure that every disc is manufactured the same. A modularised winding disc
is described in Figure 3-2 (a), where the winding disc is made up of 4 aluminium bars

wrapped with the Kraft paper placed in parallel.
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side view

8l|Page



A top view and a side view of the modularised winding disc are illustrated in Figure 3-2
(b) and (c), respectively, to model the aluminium bar, the paper insulation, the liquid
cooling ducts and the winding enclosure. The dimensions of each aluminium bar are
100 x 24 x 10 mm (length, width and height), and the thickness of the paper insulation is
0.5 mm. In each modularised winding disc, the dimensions of the vertical cooling duct are
90 X 10 mm (length and width); and the dimensions of the horizontal cooling duct are
100 X 4 mm (width and height). As given in Figure 3-2 (c), a 1 mm slot is designed to

help assembling the winding discs without any shifting.

To simulate the heat loss in each conductor, a cartridge heater is embedded in each
aluminium bar. In addition, a Resistance Temperature Detector (RTD) sensor is also
inserted in the aluminium bar to measure the temperature. A total of 30 modularised
winding discs, including 120 aluminium bars, are produced. The resistance of each

cartridge heater is 500 Ohm with +5% deviations.

In the transformer winding design, spacers are used to create multiple passes within a
winding and to form a zig-zag liquid flow pattern to improve the cooling efficiency.
Therefore, in the CCL experimental setup, the 30 modularised winding discs are evenly
separated into three passes by using four washers. The horizontal cooling duct between the
winding disc and the washer is kept the same as 4 mm, the design of the washer is presented
by a configuration of a side view in Figure 3-3. As seen in the figure, in each washer, a 2
mm spacer is also designed and built with same material as the winding enclosure. In

addition, the slots are also considered in manufacturing the washer to avoid any shifting.

O Winding enclosure

[ Insulating liquid

I I
$ 2 mm spacer

wuw 9

4 mm

1 mm slot for
assembling

Figure 3-3 Side view of the configuration of a washer

The three-dimensional drawing and a photo of the winding assembly are shown in Figure
3-4, where 30 modularised winding discs and 4 washers are assembled with two buffer
zones at the top and bottom. The buffer zones are designed for the insulating liquid mixture,

which help the liquid temperature measurement. Also seen in Figure 3-4, two stainless steel
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plates and 8 threaded rods are applied to ensure the stability of the winding assembly, and

to minimise the geometric deviations during the assembling process.

It is also worth mentioning that the winding assembly and the transparent box are both
manufactured from polycarbonate (Lexan* 9030), whose transparency is sufficient for

measuring the liquid velocity and its flow profile by using an additional laser system.

Winding Module

Buffer

Steel Angle

Threaded Rod

Primary Container

(@) (b)

Figure 3-4 3D drawing and photo of modularised winding assembly (a) a 3D drawing (b) photo
3.1.2 4-Panel 1-Meter-High Transformer Radiator

As the winding assembly is only a section of the transformer winding, the size of the
radiator is therefore scaled down accordingly. The objective of the radiator selection is to
make sure that the temperature measurements in the experiments are in a typical range, as
the same as a power transformer. The typical range of key temperatures, including top

liquid temperature rise over ambient (AT, ), liquid velocity at winding inlet (v,;;) and the

liquid temperature rise (AT,;;), are given in Table 3-1.

83|Page



Table 3-1 Typical range key parameters / measurements of experiments

Key parameter Typical range Reference

Top liquid temperature rise over
} ATy op < 60K IEC standard 60076-2 [24]
ambient temperature (AT,,)

Liquid velocity at winding inlet
0.01 <v,; <0.05 m/s Published papers [40, 41, 65, 91]

(Voil)
Liquid temperature rise Experience from transformer
15K < AT,; < 25K .
(AT = Ttop = Thot) industry

The area of the radiator surfaces can be estimated by the Newton’s cooling law, as given

in Equation 3-1 [92].

A= P
hair (Tw - Tamb)

Equation 3-1

where A is the radiator surface area (m?), P is the heat injection from the winding
assembly (W), hy;, is for the air heat transfer coefficient (W /(m?K)), T,, is for the average

radiator surface temperature (°C), T, is for the ambient temperature (°C).

For all the investigated experimental conditions, P is changed from 200 W to 1400 W,
hgir is in the range from 3 W /(m?K) to 7 W /(m?K) [93], T,, is varied from 40 °C to
70 °C, and T, is setas 20 °C. In the calculations by using Equation 3-1, it should be noted
that the higher T, is, the higher h,;,- should be applied. According to the ranges of all above
parameters, the surface area of the radiator for the experimental setup is estimated in the
range from 3 to 4 m2. In addition, a preliminary study by using a 3D CFD simulation was
carried out to help select the radiator. The CFD simulation results indicated that a 4-panel

I-meter-high radiator would satisfy the objectives.

To study the effect of the thermal head of an ONAN/KNAN power transformer, a
supporting frame is built to lift the radiator up and down. The schematic diagram and a
photo of the supporting frame are shown in Figure 3-5 (a) and (b), respectively. The
geometry is designed in the way that clear pathways for air to flow through the structure

with the least obstruction, and hence minimize the restrictions of airflow.
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Figure 3-5 Radiator supporting frame (a) a 3D drawing (b) a photo
3.1.3 Temperature Measurement System

The temperature measurements in the CCL experiments can be categorized into four
groups: winding temperatures, liquid temperatures, ambient temperatures and radiator
surface temperatures. The winding, liquid and ambient temperatures are measured by the
Resistance Temperature Detectors (RTD), i.e., PT 100 sensors (4-wire connection), which
measure the temperatures by sensing the resistance change of the platinum. The radiator
surface temperature is measured by an infrared thermometer, i.e., FLUKE 568. The
accuracy of the RTD sensor is +(0.15 + 0.2%) °C. According to the temperature range of
each category, the accuracy and the number of sensors for each kind of the measurement

are summarized in Table 3-2.

Table 3-2 Measurement objects and sensor accuracy

Measurement objects No. of sensors Accuracy
Winding temperature 120 RTD sensors +0.40 °C
Liquid temperature 4 RTD sensors +0.35 °C
Ambient temperature 4 RTD sensors +0.15 °C
Radiator surface temperature Infrared thermometer +0.8 °C
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3.1.3.1 Temperature Sensor Stability

Before conducting the experiments, the stability of all 128 RTD sensors are tested by
using a water bath. The stability tests are conducted three times with different temperatures,

as the 60 °C, the 75 °C and the 90 °C.

In each stability test, after the temperature of the water bath stabilises, all the 128 RTD
sensors are immersed in the water at the same location. Each sensor takes measurements

20 times, with a time interval of 2 minutes.

The results of the stability test under 75 °C is taken as an example. The average values of
20 measurements of individual sensors are plotted in Figure 3-6. The error bar represents
the span of all 20 readings of a sensor. As observed in the figure, the measurements of all
128 sensors is around 75 °C, and the maximum spread of RTD measurements of individual
sensors is less 0.4 °C. The same results are also observed in the stability tests under 60 °C

and the 90 °C.
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Figure 3-6 RTD sensor stability test under 75 °C

3.1.3.2 Winding and Liquid Temperature Measurements

As introduced in Section 3.1.1, a configuration of the winding assembly is shown in

Figure 3-7. The winding temperature is measured by a RTD sensor in each aluminium bar.
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Since there are 30 modularised winding discs, which include 120 aluminium bars, and

hence, 120 RTD sensors are used to measure the winding temperature distribution in total.

The top and bottom liquid temperatures are also measured by the RTD sensors. Two
sensors are placed at the middle of buffer zones, with one at the top and the other at the
bottom, namely Ttp—mia and Tpo¢—miq, @s shown in Figure 3-7. Another two sensors are
placed at the inlet and outlet of the winding, shown as Ttop—outier and Thor—inier in Figure
3-7. The average of the two RTD sensor readings in the same buffer zone are considered
as the top / bottom liquid temperature, i.€. Ty, is the average of Trop—mia and Tiop—outiet

and Ty, is the average of To¢—mia and Tpor—intet-
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Figure 3-7 Configuration of winding assembly

3.1.3.3 Ambient Temperature Measurement

As addressed in IEC standard 60076-2 [24], the ambient temperature is supposed to be
measured by at least 4 sensors. Especially for an air natural (AN) cooled power transformer,
the sensor should be placed at 2-meter away to the halfway up to the cooling surfaces.
However, due to the limitation of the lab room size, the sensors are placed less than 2 meters

away from the radiator surfaces.
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The layout of the lab room and the main components of the CCL experimental setup are
illustrated in Figure 3-8. The winding and the radiator are placed in the middle of the lab
room, and there are four RTD sensors used to measure the ambient temperatures. Three out
of four are placed from 1 to 1.3 meter away to the halfway up to the cooling surfaces as
shown as red cross in Figure 3-8, namely sensor 1, sensor 2 and sensor 3. The remaining,

i.e. sensor 4 shown as the blue cross in Figure 3-8, is placed on the ground right under the

radiator.
sensor 1
Equipment
(1) Temperature measurement
1 meter systems
oy (2) Variable power supply
(3)  4-panel radiator
1.3 meter 3) 4) (4) Winding assembly
sensor 3 g—>| o
sensor 4 Sensors
% Sensors in lab room above the
2) ground under radiator bottom
I 1 meter % Sensors at the halfway to
radiator surface
sensor 2

Figure 3-8 Lab room layout

To examine whether the sensors would be influenced by the temperature-rise test, a
preliminary test was conducted with the highest power loss. The ambient temperature
measurements of the preliminary test are shown in Figure 3-9. The power loss was injected
from the first minute, and the winding and liquid temperatures became stable after 240
minutes. It can be seen in Figure 3-9 that the measurements of all four sensors are similar
(the difference between the measurements of any two sensors is within 0.4 K), and the
changes of the ambient temperature during the temperature-rise test is less than 1 K.
Therefore, the sensors placed at the present locations are capable of accurately measuring
the ambient temperature, though the distances between the radiator surfaces and sensors
are less than 2 meters. The conclusion is also confirmed by the air temperature simulations

of the full radiator CFD model, which will be shown in Section 4.2.1.
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Figure 3-9 Ambient temperature measurements in a preliminary test under the highest power loss

Suggested by the IEC standard 60076-2 [24], the readings of all four RTD sensor are

averaged to represent the ambient temperature in the steady-state condition.
3.1.3.4 Radiator Surface Temperature Measurement

To study an ONAN/KNAN cooled transformer, the liquid temperature distribution along
the radiator height is of great importance in determining the liquid velocity (or total liquid
flow rate). However, the liquid within a radiator cannot be accessed directly, and hence,
cannot be measured. Therefore, instead of measuring liquid temperatures, the radiator
surface temperatures are measured on two radiator outwards facing surfaces, namely ‘front
outwards facing surface’ and ‘back outwards facing surface’ shown in Figure 3-10 (a), by
using an infrared thermometer (Fluke 568), with an accuracy of +£0.8 °C in the
measurement range from 10 to 80 °C. Each surface is marked with eleven horizontal points
at nine different vertical heights from the radiator bottom to the top, i.e., from 0.1 meter to
0.9 meter with an interval of 0.1 meter. The back outwards facing surface is taken as an
example to depict the measurement positions, three out of nine vertical heights are shown

in Figure 3-10 (b). There are, in total, 198 positions measured.
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Figure 3-10 Configuration of radiator and measurements on radiator surface (a) Side view of the

transformer radiator (b) Radiator surface measurements on outwards facing surface
3.2 Experiment Plan and Procedure

The CCL experimental setup is developed to study the thermal performance of an
ONAN/KNAN power transformer under different conditions. In this section, an
experimental plan is introduced in terms of all the testing parameters, including the loading
condition, the thermal head and the insulating liquids. Moreover, the procedure of a

temperature-rise test is also presented in full details.
3.2.1 Experiment Plan

The loading conditions of a power transformer can be represented by the current density
in the conductors, which is commonly in the range from 2 to 5 A/mm? [19]. Accordingly,
the heat flux and the power losses under such current densities are calculated and given in
Table 3-3. There are in total seven power injections, i.e. from 200 W to 1400 W, included

in the experiments to simulate the loading condition of from 0.5 p.u. to 1.3 p.u..
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Table 3-3 Power injection conditions for complete-cooling loop temperature-rise tests

Current density (A/mm?) 2.0 2.8 3.5 39 4.5 4.9 53
Heat flux (W/m?) 303 607 910 1213 1517 1820 2123
Power injection (W) 200 400 600 800 1000 1200 1400

Loading condition (p.u.) 0.5 0.7 0.9 1.0 1.1 1.3 1.3

Three thermal heads will be studied in the temperature-rise experiments, as 0.3 m, 0.5 m
and 0.7 m. Moreover, three insulating liquids are also investigated in this PhD project,
which are mineral oil (Nytro Gemini X), Gas-to-Liquid (Diala S4 ZX-I) and synthetic ester
liquid (MIDEL 7131).

With the same thermal head and insulating liquid, seven experiments of different loading
conditions are planned. However, for the Gas-to-Liquid and synthetic ester liquid, the
experiments under 1400 W power injection with 0.3 m thermal head are not completed,
because the hottest temperatures during the two experiments were observed to be more than
125 °C, which is the Heat Deflection Temperature of the winding enclosure. Therefore,
except for those two experiments, in total, there have been 61 sets of experiments conducted

in this PhD project.
3.2.2 Experiment Procedure

Prior to the start of the experiments, a leakage-free check needs to be firstly conducted

by three steps as follows:

1. Connect individual components by the pipework;
2. Fill the system with the testing liquid from the oil tank at the top;
3. Inject the highest power injection (1400 W), and run for 6 hours.

It is also worth noting that the leakage-free check also helps remove the air bubbles,
which is normally generated in the liquid filling process (step 2). During all three steps
above, an oil absorbent pad is placed under the experimental setup to help observe any
liquid leakage. If no leakages are detected, the experimental setup (connecting pipes and
the winding assembly) are then wrapped with the thermal insulation materials as show in

Figure 3-11. This ensures that most of the heat is dissipated by the transformer radiator,
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and only a negligible proportion of heat can be dissipated by the other components. Such

design benefits the verification of modelling work in the next chapters.

—

i. supBorting !tr“lklctur"r

Figure 3-11 Experimental setup wrapped with thermal insulation material

Next, the temperature-rise test is conducted as the follows:

e Turn the temperature measurement system on, and check all 128 RTD sensors;

e Inject the power losses from the variable AC supply, record the power injection
by the digital multimeters;

e Record the winding, liquid and ambient temperatures using a multiplexer
‘Keithley T 3700AS-901-01D’, and each sensor is recorded every minute;

e Monitor the winding and liquid temperatures. If the system reaches the steady-
steady condition (the temperature changes within 1 hour are less 1 K), then the
radiator surface temperature is measured by an infrared thermometer (Fluke 568);

e Measure radiator surface temperatures on two outwards facing surfaces three

times, with the time interval between two measurements is 10 minutes;
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e After the surface temperature measurements are taken, turn the power off.

To ensure that no mixture of insulating liquids, after all 7 loading conditions are
considered, the experiments using other thermal heads need to be conducted first, and then
move onto the experiments of different insulating liquids. The procedures are as the

following:

e Replace the connecting pipe of the experimental setup by new ones;

¢ Run the experiment under 1400 W power injection with the next testing insulating
liquid for a whole week to thoroughly flush the experimental setup;

¢ Dispose the flushing liquid;

e Fill the system with the new testing liquid, and repeat the test procedures from

the leakage-free check.

It should be noted that the leakage-free check is conducted every time if either the thermal

head or the insulating liquid changes.
3.3 Functionality of the CCL Experimental Setup

One set of the experimental measurements, under an 800 W power injection with a 0.5m
thermal head and mineral oil coolant, is taken as an example to demonstrate the

functionality of the CCL CFD experimental setup.

Firstly, the dynamic temperature measurements are presented, and the data processing
technique to obtain the temperature in the steady-state conditions is introduced. Next, the
winding and radiator surface temperature distributions are measured, followed by the liquid

temperatures and its velocity calculation.
3.3.1 Steady-State Condition

The dynamic temperature profiles of the example condition are depicted in Figure 3-12
(a), where the winding, liquid and ambient temperatures are measured by 128 RTD sensors.
The key parameters in the temperature-rise test are the hot-spot temperature, top and bottom
liquid temperatures, whose dynamic temperature profiles are shown in Figure 3-12 (b). The
top liquid temperature increases faster than the bottom liquid temperature from the
beginning of the temperature-rise test until the thermosyphonic liquid flow is fully

established.
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Figure 3-12 Temperature measurements in the temperature-rise test under example condition (a) all RTD
sensors (b) key temperatures

According to IEC60076-2 [24], the criterion of the steady-state condition is that the

temperature change within 1 hour is less than 1 K. Therefore, in each temperature-rise test,

the temperature measurements of all sensors have been checked to ensure that the

temperature fluctuation in the last hour is within 1 K. The measurements of each sensor in

the last one hour are averaged to represent its temperature in the steady-state condition.
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3.3.2 Winding Temperature Distribution

In the disc-type winding assembly introduced in Section 3.1.1, each modularised winding
disc consists of 4 bars, named from ‘bar 1’ to ‘bar 4’ along the nominal liquid flow direction.
The winding discs are named from disc 1 to 30 from the lowest disc at pass 1 to the topmost
disc at pass 3. The complete temperature profile of the winding, consisting of all the
temperature measurements of 120 aluminium bars in the steady-state condition, is shown

in Figure 3-13 under the example testing condition.
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Figure 3-13 Winding temperature profile under example condition
The winding temperature distribution in each winding disc helps understand the localised
liquid flow phenomena, especially for the reverse flow condition. A decreasing trend of
temperature distribution from ‘Bar 1’ to ‘Bar 4’ in a winding disc indicates the presence of
the reverse flow in the corresponding horizontal duct, whereas an increase of temperature

concerning the winding disc number indicates the expected nominal liquid flow.

Moreover, the mean and maximum temperature of the 4 bars in one winding disc, have
been shown in Figure 3-14, which facilitates the understanding of the overall liquid flow

distribution and the hot-spot location under different conditions.
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Figure 3-14 Winding temperature profile under example condition
3.3.3 Liquid Temperature and Velocity

As previously introduced, the top and bottom liquid temperatures are measured by four
RTD sensors placed in the buffer zones. Two sensors (Ttop—outier @nd Ttop—mia) are placed
in the top buffer zone for top liquid temperature measurements; the other two (Tpot—intet
and Tpor—mia ) are placed in the bottom buffer zone to measure the bottom liquid
temperature. The average of the two RTD sensor readings in the same buffer zone are used
to represent the top / bottom liquid temperature. The top and bottom liquid temperatures

under the example condition are given in Table 3-4.

Table 3-4 Top and bottom liquid temperature measurements under the example condition

Power _
Top liquid temperature Bottom liquid temperature
injection
Tion— Trop—mi Tyor—i Thot—mi
top—outlet toz: mid Tmp (OC) bot0 inlet boz mid Tbot (°C)
0 0 ) )
800 (W) 552 54.7 55.0 38.4 38.9 38.5
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The liquid velocity, as well as the total liquid flow rate, is important to study the thermal
behaviour of an ONAN/KNAN transformer, in particular when comparing the effect of
different insulating liquids. However, there has been a lack of commercial flow meter that
can not only accurately measure the flow rate in a range between 1 X 1075 to 5 X 107>
m3/s, but also have a negligible influence on the pressure drop during the experiments.
Therefore, the total liquid flow rate at the radiator top is determined from the temperature
measurements via the liquid energy conservation Equation 3-2. The liquid velocity at the

winding inlet can be also calculated from Equation 3-3.

P
(Ttop - Tbot)Cpptop

Qoit-top = Equation 3-2

P Equation 3-3
(Ttop - Tbot)CppbotAbot

Voit =

where Qoii—¢op 18 the total liquid flow rate (m3/s), P is the power injection in the
temperature-rise test (W), T,y is the top liquid temperature (°C), T, is the bottom liquid
temperature (°C). C,, is the specific heat capacity (J/(kg - K)), and p;,p, and pp,; are the
liquid density (kg/m3) at the radiator top and winding inlet, respectively. The reference
temperature of the C, and p is the average liquid temperature ((Ttop + Thot)/2). Vi 18 the
liquid velocity at the winding inlet (m/s), and Ap,; is the liquid inlet surface area at the
winding bottom (m?).

The total liquid flow rate is commonly used in the study the radiator, as input in the

radiator models in Chapter 4 and 5. As for the CCL or winding only CFD simulations, the
liquid velocity is preferred, which will be discussed in Chapter 6 and 7.

3.3.4 Radiator Temperature Measurements

The radiator surface temperature measurements under the example condition are plotted
in Figure 3-15. All the 198 points on outwards facing surfaces, i.e. radiator front and back
outwards facing surfaces, are shown in Figure 3-15 (a) and Figure 3-15 (b), respectively.
The error bar represents the standard deviation among three sets of measurements. The

maximum value of the error bars under the example condition is 0.6 K.
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Figure 3-15 Radiator surface temperature measurement under example condition (a) front outwards
facing surface (b) back outwards facing surface
The radiator surface temperature measurements at the same vertical height can be
averaged to represent the liquid temperature distribution. Such distribution helps
understand and estimate the liquid velocity (or total liquid flow rate) of an ONAN/KNAN
cooled transformer. The surface temperature distribution along the vertical direction of the
example condition is shown in Figure 3-16, where the surface temperature is approximately

in a linear relationship with the radiator vertical height.
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Figure 3-16 Radiator surface temperature distribution along the radiator height under example condition
3.4 Repeatability Tests

Three repeatability tests were conducted under an 800 W power injection with thermal

head of 0.5 m and coolant as a mineral oil on three different days.

The measured ambient temperatures in three tests were found varied slightly. Therefore,
the temperature rises over ambient temperature (AT =T — Ty,p ) are used in the
comparison instead of the absolute temperature measurements. The liquid temperature rises
over ambient temperature (AT, and ATy, ), total liquid flow rate at the radiator top and

the liquid flow velocity at the winding inlet in the repeatability tests are summarized in

Table 3-5.

Table 3-5 liquid temperature rise, total liquid flow rate and liquid flow velocity in three repeatability tests

Test No. P (W) Tamp (°C) ATtOp () ATyt (K) Qoil—mp (m*/s) Voy (M/s)
I 1 1 1 1 1
Test 1 805 21.0 34.5 18.2 3.2%x 1073 0.035
Test 2 800 20.4 34.6 18.3 3.2%x 1073 0.035
Test 3 813 22.5 34.6 18.4 3.2%x 1073 0.036
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As seen in the table, variations of liquid temperature rise among three individual tests are
less than 0.2 K. The calculated liquid flow rate is exactly the same, and the relative

differences of the liquid velocity are less than 2.8% in the repeatability tests.

The winding and radiator surface temperature distributions are also compared in the
repeatability tests. Figure 3-17 shows the maximum winding temperature rises in each disc,
and the maximum difference of the temperature rise of each disc among three tests is less
than 0.4 K. The average radiator surface temperature distribution along radiator height is

show in Figure 3-18, where the changes of temperature rise at the same height are within

0.8 K.
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Figure 3-17 Maximum winding temperature in each winding disc of repeatability tests
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From the results shown in Table 3-5, Figure 3-17 and Figure 3-18, it can be concluded
that the temperature measurements of the CCL experimental setup are repeatable and

reliable.
3.5 Summary

A CCL experimental setup has been developed to investigate the thermal behaviour of a
liquid-immersed power transformer in an ONAN/KNAN cooling mode. The CCL
experimental setup includes a section of the transformer winding, a 4-panel 1-meter radiator
and a temperature measurement system. In the temperature-rise experiment, the winding,
liquid and ambient temperatures are measured and recorded by 128 RTD sensors from a
cold start to the steady-state condition. The temperature of each RTD sensor is recorded
every minute. The radiator surface temperature is measured by 198 positions three times

under the steady-state condition.

In total, 61 sets of experiments are designed, and loading conditions, thermal head and
insulating liquid materials are all considered. One set of the experimental measurements is
used to illustrate the data processing procedure, and the winding, liquid, and radiator
surface temperatures under the steady-state condition are presented. Among three

repeatability tests, the changes of the liquid, winding and radiator surface temperature
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measurements are less than 0.2 K, 0.4 K and 0.8 K; the differences of the total liquid flow

rate at the radiator top and flow velocities at the winding inlet are within 2.8%.
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Chapter 4 A Full Radiator CFD Model

and its Experimental Verification

As indicated in the literature review, the main limitation of the present CCL CFD model
is resulted from the radiator modelling. The liquid temperature in the radiator determines
the thermosiphon pressure in the CCL, and thus, an accurate calculation of it can contribute
to a reliable estimation of the liquid velocity (or total liquid flow rate) within the CCL.
However, there has been a lack of accurately verified radiator CFD models in the published

work.

Therefore, this chapter focuses on the establishment of a full radiator CFD model and its
experimental verification. The heat transfer processes are reviewed and carefully studied,
and the development of a full radiator CFD model considering all the heat transfer
mechanisms and cooling media is presented in Section 4.1. Subsequently, in Section 4.2,
the data processing strategy and the full radiator CFD simulation results are shown. Next,
the experimental verification of the full radiator CFD simulation is focused in Section 4.3

in terms of global parameters and the surface temperature distributions.
4.1 Full Radiator CFD Model including Air Domain

Three heat transfer mechanisms, conduction, convection, and radiation are involved in
heat dissipation process of transformer radiators. The conduction occurs in the radiator
wall, where the three-dimensional thermal conduction was suggested in [94]. The
convection exists in both the internal hot insulating liquid and the external cooling air. The
radiation can mostly be found on the outwards facing surfaces, as discovered in [85]. All
three heat transfer mechanisms and the cooling media are considered and included in the

full radiator CFD model.

4.1.1 Model Geometry

The model geometry is based on the 4-panel 1-meter-high transformer radiator
introduced in the Section 3.1.2. The radiator consists of top and bottom header pipes, as
well as four 1-meter-high panels. The configuration and geometry of the radiator in the

CFD model is shown in Figure 4-1.
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Figure 4-1 Radiator CFD model geometry (a) 3D radiator CFD model (b) Side view of radiator CFD model

(c) Cross-sectional view of middle of the radiator (oil domain in grey, wall domain in blue)

The inputs of radiator CFD simulations include the top liquid temperature (T, ) and the
liquid flow rate at the radiator top (Qj;—top) Of the insulating liquid domain. The profiles
of the input liquid temperature and the flow rate affect the simulation results. As shown in
the experimental setup in Figure 3-1, the connecting pipework has a smaller diameter than
the top header pipe, as 0.0326 m and 0.08 m, respectively. Therefore, the temperature and
the flow distributions at the beginning of top header pipe are neither fully developed nor
uniform. To reflect the true boundary conditions of the insulating liquid domain, a section

of connection pipe is added and modelled as isothermal pipes as shown in Figure 4-1 (b).

According to experimental conditions investigated in this chapter, the Reynolds number
(R,) is in the range from 51.2 to 479.1, under which conditions, the insulating liquid flow
is in the laminar flow regime. And the entrance length of the liquid flow can be calculated

by [92]:
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L, = 0.05R.D Equation 4-1

where Lj, is the entrance length of the insulating liquid (m), R, is the Reynolds number, D

is for the characteristic length of the connecting pipe (m).

Hence, considering the investigated conditions, Ly is calculated to be from 0.08 to 0.78
m. Therefore, the liquid flow would be fully developed after an entrance length of 0.78 m.
The total length of the isothermal pipe connecting to the radiator top is 1.3 m, and hence,
the fully developed flow can be assumed as long as the length of the isothermal pipe in the
radiator CFD model is less than 0.52 m (1.3 m — 0.78 m). In this case, a 0.1 m long
isothermal pipe is added in the model as show in Figure 4-1 (b). The liquid flow and

temperature profiles are set as a fully developed flow.

It should also be noted that the oil channel of the radiator is simplified as the rectangular
shape, as depicted in Figure 4-1 (c). The key geometric characteristics, i.e., surface area
and oil volume per panel, in the radiator CFD model are matched within 0.5% difference
to the radiator specification as given in Table 4-1. Moreover, the simplification of the oil
channel shape is validated by additional CFD simulations. The CFD simulations of the
rectangular oil channel are compared with the simulations of a more realistic design. The
simulation results indicate a negligible difference in the key parameters, i.e., bottom liquid
temperature and total heat dissipation. The CFD models of a different oil channel geometry

and their simulation results are presented in the Appendix-1.

Table 4-1 Main geometric characteristics of 4-panel radiator and its CFD models

Geometric characteristics
Manufacture datasheet Radiator CFD model
(per panel)
Surface area (m?) 1.12 1.13
Liquid volume (1) 3.44 3.45

4.1.2 Model Setup

As introduced, there are three processes, i.e., conduction, convection, and radiation,
involved in the heat transfer within a transformer radiator. The hot insulating liquid flows

from the radiator top to bottom transferring the heat to the radiator wall by conduction and
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convection. The wall then dissipates the heat to the ambient environment by the conduction,

air convection and radiation.

To simplify the radiator CFD simulation, the conduction in the radiator wall was often
neglected [80, 89]. This is because the thickness of a radiator steel wall is only 1 mm. To
take the thermal conduction in the 1 mm radiator steel wall into consideration, the minimum
mesh size in the CFD model will be less than 1 mm, and consequently, total mesh elements
in the CFD model would greatly increase, as well as the calculating time. However, in a
previous our study [94], the CFD simulations of different transformer radiator designs have
confirmed that the thermal conduction in the radiator steel wall can contribute as much as
8% to 10% of the overall heat dissipation under different loading conditions. Therefore, the
thermal conduction in the radiator steel wall is considered in this radiator CFD modelling.
The thermal conduction in the radiator wall is simulated by Fourier’s law of conduction,

Equation 4-2 [95].

Geona =k—-— Equation 4-2

where q.onq’" is the heat flux density through the radiator steel wall (W /m?), VT is the
temperature gradient due to the thermal conduction (K), and k is the thermal conductivity

(W/(m - K)), Ax is the wall thickness (m).

The convection effects are found in the insulating liquid and cooling air, both of which
are simulated by the detailed flow and temperature distributions in the full radiator CFD
simulations. The insulating liquid was modelled as a laminar flow under ON/KN cooling
mode in [65, 80]. Due to the small size of the 4-panel 1-meter-high transformer radiator,
the air flow is also simulated as a laminar flow which is different to the CFD simulations
in the literature [80, 83], where the air around a 40-panel 3.3-meter-high radiator was
considered as a turbulent flow in [83] and the air surrounding a 26-panel 1.8-meter-high

radiator was simulated by the large eddy turbulent flow in [80].

The determination of an air flow regime in the natural cooling is dependent on the
Rayleigh number (R,), as documented in [92, 93]. There are two types of surfaces of a
transformer radiator, i.e., outwards and inwards facing surfaces, as seen in Figure 3-10. The
air on the outwards facing surfaces is heated up only by one vertical surface, whereas the
air flowing between the inwards facing surfaces is heated by two parallel surfaces.

Therefore, the calculations of the Rayleigh number (R,) for the outwards and inwards
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facing surfaces are different, as given by Equation 4-3 and Equation 4-4, respectively.
Reported in [92], the flow would be in a laminar flow regime if the Rayleigh number for
outwards facing surface (Ra,) is less than 107; as for the inwards facing surface, the flow

is a laminar flow once Rayleigh number for inwards facing surface (Ray) is within 10°.

9Bair (T — Tamp) - L Equation 4-3
Ra; = Pr
Vair
9Bair T — Tamp) * S3 Equation 4-4
Rag = Pr
Vair

where Ra; is the Rayleigh number of radiator outwards facing surfaces, L is the radiator
length (m), Pr is the Prandtl number, g is the gravity accelerator vector (m/s?), B4, is the
thermal expansion coefficient of air (1/K), T, is the radiator average surface temperature
(K), Tgmp is the ambient temperature (K), v, is the kinematic viscosity of air (m?/s),
Rag is for the Rayleigh number of radiator inwards facing surfaces, S is the characteristic

length of radiator inwards facing surfaces (m).

To determine the flow regime of the air around the 4-panel 1-meter-high transformer
radiator, Ra; and Rag are calculated in the ambient temperature (Ty,,;) varying from 0 to
40 °C, and the surface temperature of radiator wall (T, ) ranging between 45 and 60 °C. All
the material properties of air in Equation 4-3 and Equation 4-4 are calculated by the film

temperature (Tr), which is calculated as the average temperature of surface temperature of

radiator wall (T,,) and ambient temperature (Tp)-

The ranges of the Rayleigh number of outwards and inwards facing surface (Ra; and
Ray) of above conditions are shown in Figure 4-2 (a) and (b), respectively. In Figure 4-2
(a), the Rayleigh number of the outwards facing surface (Ra;) is lower than 10° only when
the ambient temperature is as high as 40 °C and the surface temperature is more than 55 °C.
For the rest scenarios in which Ra, is over 10°, the air flow near outwards facing surfaces
is likely to be a turbulent flow. However, the Rayleigh number of inwards facing surface
(Rag) is lower than 10° in all scenarios, which indicates that air flow between inwards
facing surfaces should be modelled as a laminar flow. In the 4-panel radiator, there are 6
inwards facing surfaces out of total 8 surfaces. Therefore, the dominating air flow around
the 4-panel 1-meter-high radiator is in the laminar flow regime. The validity of this
assumption is experimentally verified in Section 4.3 by the global parameters, as well as

surface temperature distributions.
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In the light of above, in the full radiator CFD models, the insulating liquid and air flows
are both modelled as the laminar flows, and are simulated by conservations of mass,

momentum and energy, by Equation 4-5 to Equation 4-7 [92].

AL Equation 4-5
p (c')x dy az)_ quation -
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where p is the flow density (kg/m3), u is the velocity x-component (m/s), v is the
velocity y-component (m/s), w is the velocity z-component (m/s), p is for the static
pressure (P,), u is the flow dynamic viscosity (P,/s), pr is the flow density at a specific
temperature (kg/m?), pye s is the flow density at the reference temperature (kg/ m3), B is
the thermal expansion coefficient (1/K), g represents the gravity acceleration (m/s?), Gy
is the heat capacity (J/(kg - K)), T is the temperature (K), k is the thermal conductivity
(W/(m-K)).

It should be noted that the Boussinesq approximation is applied to estimate the buoyancy
pressure in Equation 4-6. The Boussinesq approximation used for the air flow simulation

in the CFD model was experimentally validated in [87], and the application of it for the

transformer insulating liquid was verified in [55].

The radiation effect of a transformer radiator is mostly found on the outwards facing
surfaces, as discovered in [85]. Therefore, the radiation is only considered on two outwards

facing surfaces, and is governed by the Stefan-Boltzmann law Equation 4-8 [95].

Graai’ = €0(T, ‘- Tamp ) Equation 4-8

where ¢,44;" is the heat flux by radiation effect (W /m?), £is the surface emissivity, ois
for the Stefan-Boltzmann constant, T,,,;, is the ambient temperature (K), and T, is the

radiator surface temperature (K).

The insulating liquid, the radiator wall and air domains are all simulated in the full
radiator CFD model. The input of the insulating liquid domain are the top liquid
temperature and total liquid flow rate at the radiator top, where the insulating liquid has a
fully-developed temperature and velocity profile. The radiator wall is simulated as thermal
boundaries between the insulating liquid and air domains. The air domain is presented in
Figure 4-3, and the input of the air domain is the ambient temperature (T, ) and a pressure

profile.
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Figure 4-3 Air domain boundaries in full radiator CFD model

The bottom xy-plane is modelled as wall condition and is assigned with ambient
temperature (T, ), resembling the ground surface in the experiment. The xz-plane at y =
0 m is set as the symmetric boundary to save the processing time. The rest of boundaries
are set as the open boundary condition. The top xy-plane is assigned with the ambient
temperature and ambient pressure (p,.,p); the vertical boundaries are assigned with the
ambient temperature and pressures varying linearly from ambient pressure at its top to the
ground (Pgmp + P9Z), where g is the gravity acceleration (m/s?), and Z is the height of
the air domain (m). The boundary condition of each surface is also summarized in Table

4-2.
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Table 4-2 Boundary conditions of the air domain in the full radiator CFD model

xy-plane at z = 2.5 m Tamp> Pamb
xz-planeaty = 1.5m Tamp> Pamp + PIZ
Open boundary
yz-plane at x = 1.5m Tambs Pamp + PIZ
yz-plane at x = —0.4 m Tambs Pamp + PIZ
Symmetry xz-planeaty = 0m Temperature and flow symmetry
No-slip wall (Ground) xy-plane at z = —0.6 m Tomb

All the material properties of the insulating liquid, including density (p), specific heat

capacity (C,), thermal conductivity (k) and dynamic viscosity (u), are temperature

dependent. Three types of the insulating liquids are studied in this PhD project, i.e. a
mineral oil (NYTRO Gemini X), a Gas-to-Liquid (Shell Diala S4 ZX-I) and a synthetic

ester liquid (MIDEL 7131), the temperature-dependencies of different insulating liquids

from the manufacturers are given in Equation 4-9 to Equation 4-11 [96-98]. The air

material properties can be calculated from Equation 4-12 [99].

e

\

\

Puo = —0.658 X T + 1064

( 632.0 )
Upo = 7.863 X 107° X e\T-176.0
Cp =3950 X T + 560

Mo

kyo = —7.837 x 107> X T + 0.1557

Buyo = 7.778 x 107* J

per. = —0.6455 X T + 995.5
( 749.8 )
Uery, = 6.133 X 107> X e\T-1572

Gy = 4449 X T + 871.7
GTL

ker, = —8.217 X 1075 X T + 0.1674
ﬁGTL = 8.273 X 10_4

\

)

Equation 4-9

Equation 4-10
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[ psg = —0.7327 X T + 1185
( 914.1 )
Usp = 6.239 X 1075 X e\T-1624

] CpSE =2.069 X T + 1287 ; Equation 4-11

kep = —1.236 X 107* x T + 0.1817
. Bsg = 7.790 x 107* J

( _ Ma X Damb \
Pair = RXT
Ugir = —84X1077+84 X107 XT —77x 1071 x T? +
46X107M" xT3—-11x10"1 xT*
_=1047.6 04X T +9.5x 107 x T2 =60 x 1077 X T*}  Equation 4-12

+1.3x 10710 x T4
kyw =—23x1073+12%x107*XxT—-79%x108xT? +
41x1071 xT3-37%x10"1>xT3
\ ﬂair = 1/T )

where p is the density (kg/m?), u is the dynamic viscosity (P,/s), C, is the specific heat
capacity (J/(kg-K)), k is the thermal conductivity (W /(m-K)), B is the thermal
expansion coefficient (1/K), T is the temperature (K). The subscripts, i.e., MO, GTL, SE
and air, are used to represent the mineral oil, the Gas-to-Liquid, the synthetic ester and the
air. M, is the molecular weight of air as 27.97 (kg/mol), pamp is the ambient pressure as

101,325 (P,), and R is the universal gas constant as 8.314 x 103 (J/(mol - K)).
4.1.3 Mesh and Air Domain Size Refinement

The full radiator CFD model is simulated using the COMSOL Multiphysics (version 5.4)
which solves the conservations of mass, momentum and energy with the finite element
method. In the full radiator CFD simulations, the meshes consist of layers of hexahedral
elements for the flow boundary layer and tetrahedral elements for the rest of flow domains,
as shown in Figure 4-4. It was found that the number of hexahedral layers has negligible
influence on the results of flow and temperature distributions. Therefore, 2 layers of

hexahedral elements were used in all the cases.

In the full radiator CFD simulations, not only the mesh refinement study needs to be
conducted, but also an air domain size refinement is required to ensure that the simulation
results are mesh and air domain size independent. However, conducting a full matrix
considering different meshes and different air domain sizes is too time consuming.

Therefore, an alternative strategy is proposed instead of the full matrix. Firstly, the mesh
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refinement study is conducted under a small air domain to find out an acceptable mesh
pattern. Subsequently, different air domains are simulated under the same mesh pattern, in

which the minimum and maximum mesh sizes are controlled as the same.

A CFD case corresponding to the 800 W experimental condition (thermal head as 0.5 m
and the coolant as a mineral oil) is taken as the benchmark case in the mesh and air domain
size refinement studies. In the mesh refinement study, the tracking parameters at each mesh
size (alternatively the total number of domain elements (Ng,)), are the bottom liquid
temperature (Tp,.) and the total heat dissipation (P). The results of mesh refinement study
are shown in Table 4-3. According to the varying trend of the tracking parameters with the
number of domain elements, ‘Mesh 3’ is indicated as the optimum solution (the changes
temperature are within 0.1 K and the changes of the total heat dissipation is less than 0.2%),
and it will be adopted for the full CFD model simulations. It should be noted that the mesh
refinement study in Table 4-3 was conducted under a small air domain, as ‘AL = 0.75m’

in Table 4-4.
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Figure 4-4 Mesh pattern of radiator CFD models (radiator domain in purple, air domain in grey)
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Table 4-3 Full radiator CFD model mesh refinement results

Mesh pattern Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
Ny 1,318,459 1,854,061 3,749,698 7,603,450 21,080,163
P (W) 910.6 860.5 820.0 819.4 818.2
Tyor (°C) 36.8 37.8 38.6 38.6 38.6

An air domain size refinement study is implemented by keeping the same minimum and
maximum mesh sizes of ‘Mesh 3’ meshing strategy. Three different air domains are
simulated, namely ‘AL = 0.75m’, ‘AL = 1 m’ and ‘AL = 1.5 m’, the number indicates the
approximate distance between the surface of air domain and the radiator outwards facing
surface. The air domain refinement results are given in Table 4-4. As seen in the table, the
simulation results of the bottom liquid temperature (T},,) and the total heat dissipation (P)
are stabilized with air domain size increasing. The air domain as ‘AL = 1 m’ is adopted for
the full CFD model simulations, and Ax4, Ax,, Ay, Az, and Az,, as shown in Figure 4-3,
are set as 0.58 m, 1.15 m, 1.24 m, 0.60 m and 1.50 m, respectively.

Table 4-4 Air domain refinement study results

*Air domain size AL = 0.75m AL=1m AL=15m
Nye 3,749,698 4,714,982 6,912,639
P (W) 820.0 820.4 818.8
Tpor (°C) 38.6 38.6 38.6

4.2 Simulation Results

In this Chapter, the full radiator CFD model is used to simulate seven different loading
conditions, by inputting the top liquid temperatures and the total liquid flow rates. The input
are from the temperature-rise experiments with the thermal head as 0.5 m and the coolant
as a mineral oil. The input conditions of the full CFD simulations are summarized in Table

4-5.
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Table 4-5 Input conditions of full radiator CFD simulations

Liquid flow rate at the
Top liquid temperature Ambient temperature .
Case No. . radiator top Quji-¢top
Ttop ( C) Tamb (OC)
(1075 m3/s)
1 32.8 20.2 1.55
2 40.2 20.0 2.22
3 51.8 24.8 2.84
4 55.0 20.4 3.17
5 62.0 20.9 3.75
6 66.6 21.2 4.05
7 76.2 253 4.43

In the full radiator CFD simulations, the liquid flow and temperature distributions,
radiator surface temperatures and the air flow and temperature distributions are all
simulated. In this section, the simulation results of Case 4 in Table 4-5 (corresponding to
the 800 W power injection thermal head as 0.5 m and coolant as a mineral oil in the
experiment) is taken as an example to demonstrate the simulation results, including the
temperature colour contour, the flow streamlines and the temperature distributions. It is
worth mentioning that the temperature and flow distributions are extracted by in-house
developed MATALB programs. Next, the results of the global parameters, i.e. bottom
liquid temperature and total heat dissipation, and the liquid temperature distributions from

all the simulations are presented in Section 4.2.2.
4.2.1 Data Processing

As mentioned, the liquid, radiator and air domains are all modelled in the full radiator
CFD model. Figure 4-5 shows the radiator temperature distribution and air flow field under
the example condition (Case 4 in Table 4-5). The air flow velocity is represented by the

coloured air streamlines. It is observed that the radiator temperature decreases from the top
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to the bottom. And also seen in the figure, the air flow around the radiator is from the
bottom to the top, which leads to an increase in the air velocity along the same direction.

Although most of the air flows are from radiator bottom, there still some from the side the

radiator.
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Figure 4-5 Radiator temperature profile and air flow streamlines under the example condition (Case 4 in
Table 4-5)

The air temperature is also solved in the full radiator CFD model, and two slides are
presented in Figure 4-6 (a) and (b), respectively. Figure 4-6 (a) shows the air temperature
on a yz plane at x=0.252 m, where is the middle between the second and third radiator
panel; Figure 4-6 (b) shows the air temperature on a xz plane at y=0 m, where is the middle
across the radiator. As seen in both figures, air temperature changes mostly occur at either
between the radiator panels or above the top header pipe. It is clearly observed that the air
temperatures at 1 meter away from the radiator surface in both x and y directions are the
same as the ambient temperature. The results also prove that the ambient temperature
measurement method designed in Section 3.1.3.3 is reliable with respect to the number of

the temperature sensors and the locations of the sensors.
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Figure 4-6 Air temperature distribution under the example condition (a) yz-plane at x=0.252 m (b) xz-

plane at y=0 m (Case 4 in Table 4-5)
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The liquid flow and temperature distributions, in a vertical plane, cutting through the
middle of the panel closest to the top liquid inlet, i.e. the 1% radiator panel, are shown in
Figure 4-7 (a) and (b), respectively. As highlighted in both figures, each radiator panel
consists of three sections, namely the top semi-circular section, the oil channel section, and
the bottom semi-circular section. The top and bottom semi-circular sections are designed
for mixing the insulating liquid. Due to these three different sections, a liquid flow
distribution has been formed, as seen in Figure 4-7 (a), where the liquid velocity in each oil
channel is different. As a result, temperature distributions in both horizontal and vertical
directions (y and z directions) are produced in Figure 4-7 (b). Under the example condition,
the largest horizontal temperature span from the radiator edge to the middle is 7.6 °C; and
the vertical temperature span is 20 °C. The liquid and temperature distributions in the
radiator helps understanding its convective cooling effect, which in turn help building a
reduced radiator CFD model by using different air heat transfer coefficients (will be

reported in Section 5.1.2).
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Figure 4-7 Insulating liquid temperature and flow distribution of the 1 panel under the example
condition (a) flow distribution (b) temperature distribution (Case 4 in Table 4-5)
Besides the liquid flow and temperature distributions within a panel, the overall liquid
temperature distribution along vertical direction of the whole radiator is also of great
importance. The liquid temperature determines the thermosiphon pressure of the natural

cooled transformer, which is used to estimate the liquid flow rate. Therefore, an in-house
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developed MATLAB code is used to extract and determine the insulating liquid and
radiator surface temperatures. An example of a horizontal cross-section sliced at the middle
of the radiator height is shown in Figure 4-8. The radiator panels are numbered in the
ascending order, from 1 to 4, as they get further away from the insulating liquid inlet. Two
oil channels of Panel 1 and Panel 2 are zoomed in in Figure 4-8 to distinguish between the

highlighted insulating liquid domain and the radiator wall area.
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Figure 4-8 Insulating liquid temperature at the cross-sectional area at the middle height from full radiator
CFD simulation (Case 4 in Table 4-5)

The liquid temperature is obtained by computing the spatial average temperature over the
horizontal cross-sectional area of all 4 panels. In the x directions, temperatures from the
simulation results are captured every 0.5 mm; in the y directions, temperatures from the
simulation results are captured every 5 mm. Therefore, the liquid temperature of each oil
channel is calculated by the temperatures extracted at 315 points (x direction: 21 points; y
direction: 15 points). Similarly, the radiator surface temperature is the result of spatially
averaging the temperature over the perimeter of these 4 panels (temperature extracted at
16,000 points in total). The liquid temperature distribution facilitates the calculation of total

liquid flow rate of ONAN/KNAN transformers as discussed in Section 2.4; and surface
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temperature distribution benefits the full radiator CFD model experimental verification,

which will be reported in Section 4.3.

The comparison between the liquid temperature and the radiator surface temperature is
shown in Figure 4-9 under the example condition. The liquid temperature is higher than the
surface temperature, as the heat is dissipated from the liquid to the radiator surface. A minor
deviation between liquid and surface temperature distributions can be observed at the top
semi-circular section in Figure 4-9, which is because of the liquid flow distribution shown
in Figure 4-7 (b), as well as the additional cooling surfaces at the panel top and bottom.
Although the temperature distributions in the top semi-circular section is slightly different,
the overall trend of the liquid and surface temperature distributions are the same. Therefore,
to identify the liquid temperature distribution in a radiator, the radiator surface temperature

can be measured instead.
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Figure 4-9 Comparison between liquid and radiator surface temperatures from full radiator CFD
simulation (Case 4 in Table 4-5)

In the radiator thermal modelling, another key global parameter is the total heat
dissipation (P). The total heat dissipation (P) is made up of convective heat dissipation
(P.ony ) and radiative heat dissipation ( Pr,4; ). The quantitative understandings of
convective and radiative heat dissipations can improve the radiator thermal design. The P,
P.onv and P,,4; are extracted directly from CFD simulation by integrating the heat flux

density on the radiator surface, as shown as the first three columns in Table 4-6. The total
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heat dissipation is also confirmed by the liquid energy conservation Equation 4-13. It
should be noted that the bottom liquid temperature is extracted as the surface average

temperature of the radiator outlet (shown in Figure 4-1).

P =mCy(Teop — Thot) Equation 4-13
where P is total heat dissipation (W), m is the mass flow rate of the insulating liquid
(kg/s), C, is the specific heat capacity (//(kg * K)), T,y is for the top liquid temperature
(°C), Tpot—ave 1s the bottom liquid temperature at the radiator oulet (°C).

As seen in Table 4-6, the total heat dissipation estimated by Equation 4-13 has a
negligible difference comparing the total heat dissipation extracted from the CFD software

(COMSOL Multiphysics). In the further sections, the total heat dissipation presented is the

one extracted from the CFD software (first column in Table 4-6).

Table 4-6 Heat dissipation of full radiator CFD simulation under example condition

Estimated by energy
Full radiator CFD simulation results conservation Equation
4-13
Total heat dissipation Convective heat Radiative heat Total heat dissipation
P (W) dissipation P,,,, (W) dissipation P,,q4; (W) P (W)
820.4 188.3 632.2 819.1

4.2.2 Results

The global parameters, i.e., bottom liquid temperature (T}, ) and the total heat dissipation
(P), from the full radiator CFD simulations of all seven cases are given in Table 4-7. With
the increased top liquid temperature and total liquid flow rate, the total heat dissipation
increases. The bottom liquid temperature should also increase from Case 1 to Case 7,
however, an opposite trend is found between Case 3 and Case 4. This is due to the different

ambient temperatures input in those two cases.
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Table 4-7 Simulation results from full radiator CFD simulations

Case
N Full radiator CFD model inputs Full radiator CFD model outputs
0.
Top liquid Ambient Liquid flow rate at |  Bottom liquid
) Total heat
temperature temperature radiator top Quji—top temperature
. dissipation P (W)
Ttop ( C) Tamb (OC) (10_5 mS/S) Tbot (DC)
1 32.8 20.2 1.55 25.0 185
2 40.2 20.0 2.22 29.4 378
3 51.8 24.8 2.84 38.8 580
4 55.0 20.4 3.17 38.6 820
5 62.0 20.9 3.75 43.7 1066
6 66.6 21.2 4.05 47.4 1248
7 76.2 253 4.43 55.4 1485

The liquid temperature distributions along the vertical direction of all 7 cases are shown
in Figure 4-10 (a), however, the trends under different input conditions are not clear as the
ambient temperatures in all 7 cases are different. Hence, the liquid temperature rise (T —
T,mp) 1s calculated instead and shown in Figure 4-10 (b). As seen in the figure, with a lower
top liquid temperature and liquid flow rate, e.g., Case 1 in Table 4-7, the liquid temperature
in the radiator is approximately in a linear relationship with radiator heights. When the top
liquid temperature and the flow rate are increasing, the liquid temperature along the vertical

direction shifts into an approximately exponential distribution.
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4.3 Experimental Verification

In this section, the full radiator CFD simulations (Case 1 to Case 7 in Table 4-7) are
verified by the experimental measurements in terms of the global parameters and the
radiator surface temperature distributions. The surface temperature verification of the Case
4 in Table 4-7 is presented in details in Section 4.3.1. Next, the global parameters of all the

cases are compared in Section 4.3.2.
4.3.1 Verification of Surface Temperature

As introduced, the liquid temperature distribution in the radiator determines the
thermosiphon pressure within a natural cooled transformer. Thus, the liquid temperature
calculation in the radiator greatly influences the estimation of the liquid temperature and
velocity of a liquid complete-cooling-loop. However, the liquid temperature cannot be
measured directly due to the enclosure of radiator wall. As previously found out, the surface
temperature has the same distribution as the liquid temperature in vertical direction, and
therefore, the surface temperatures of the radiator wall are measured and used in validating
the CFD simulations. As introduced in Section 3.1.3.4, there are in total 198 experimental
measurement positions on two outwards facing surfaces, namely front and back outwards
facing surfaces. The front outwards facing surface is the closest surface to the inlet of
radiator, whereas the back one is the farthest surface away from the radiator inlet. The

illustration of these two outwards facing surface can be found in Figure 3-10.

The Case 4 in Table 4-7 is taken as an example to compare the radiator surface
temperatures between full radiator CFD simulations and the experimental measurements in
details. The comparisons on the front and back outwards facing surface are shown by four
out of nine vertical heights in Figure 4-11 (a) and (b), respectively. The error bar stands for
the measurement standard deviation at each position. Comparing all 198 points and 594
measurements in Case 4, the absolute average surface temperature difference between CFD
simulations and experimental measurements is 1.8 K, and the maximum difference is 2.7

K.
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In addition, the surface temperature distribution along vertical direction between the full
radiator CFD simulations and experimental measurements is also compared. The
measurements at the same height on individual surfaces are averaged and compared with
CFD simulations with front and back outwards facing surfaces, as shown in Figure 4-12 (a)
and (b), respectively. The surface temperatures calculated from full CFD simulation show
the same trend as the measurements. However, minor discrepancies are observed, which
are likely caused by the simplification of the oil channel shape, as shown in Figure 4-1 (c),
as well as the radiator support structure in the experiment that may pose a minor influence
on the air flow. Underestimated surface temperature is commonly observed for most of the

CFD calculations, where a perfect air flow condition is normally assumed.

Comparing all 198 points and 594 measurements from Case 1 to 7 in Table 4-7, the
absolute average surface temperature difference between CFD simulations and
experimental measurements is 2.2 K, and the maximum difference is 3.3 K. These
discrepancies between the simulations and experiments are lower than results reported in

[80], whose maximum difference was 5.5 K.
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Figure 4-12 Radiator surface temperature verification in vertical direction of Case 4 (800 W) simulation
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4.3.2 Verification of Key Parameters

The comparison between the simulation results and the experimental measurements is
given in Table 4-8. As seen in all seven cases, the differences in bottom liquid temperature

between CFD simulations and experiments are within 0.9 K, and discrepancies of the total
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heat dissipation are within 4.3%, both of which are better than those reported in the
literature [80, 83, 84, 86, 87].

Table 4-8 Comparison of full radiator CFD simulation results and experimental measurements

Case No. Experimental measurements Full radiator CFD simulations
P (W) Thor (°C) P W) Thor (°C)

1 190 243 185 25.0

2 392 28.7 378 29.4

3 600 38.1 580 38.8

4 800 38.7 820 38.6

5 1022 44.5 1066 43.7

6 1212 47.8 1248 47.4

7 1437 56.3 1485 55.4

As observed from Table 4-8, in the lower loading conditions Case 1-3, the total heat
dissipation (P) in the CFD simulation are underestimated, whereas the total heat dissipation
(P ) are overestimated for higher loading conditions as shown in Case 4-7. This
disagreement CFD simulations and their opposite trends are likely due to the following two
reasons. The first is that because of a small proportion of heat dissipated by the thermal
insulation material, the heat dissipation through the radiator is lower than that is measured
in the experiment. The other reason is the uncertainties of the model inputs, i.e., the top
liquid temperature (T,p) and total liquid flow rate at the radiator top (Qoi;—¢op)- The top
liquid temperature ( Tyop ) is calculated as the average of top liquid temperature
measurements, i.€. Teop—outier a0 Trop—miq, as introduced in Section 3.1.3.2. Total liquid

flow rate (Qoji—top) 18 derived from the liquid energy conservation Equation 3-2.

In the lower loading condition Case 1-3, the insulating liquid mostly flow to the middle
of the top buffer zone, a similar condition was observed in [76]. Therefore, as seen in Table

4-9, the temperature measurements at Tto,_miq are higher than the one at Ttop,—oyrier in
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Case 1-3. However, in the higher loading conditions Case 4-7, the hot-streak phenomena

occurs, as reported in [65]. Hence, the temperature measured at Tyop—oyeier 18 higher than

the one at Ty, _miq in Case 4-7.

Therefore, the averaged top liquid temperature (T¢,,) is always lower than the more
representative measurements, either Tto,_miq for lower loading conditions or Tip—outiet
for higher loading conditions. The bottom liquid temperature (T},;) measurements, i.e.
Tyot—mia and Tpot—iniet» are not affected by the hot-streak phenomenon. As shown in Table
4-9, the bottom liquid temperature (T}, ) is within 0.2 K comparing with the temperature
measurements at Ty ¢ _intrer A0d Thor—mia €Xpect except for Case 2. Therefore, a lower top
liquid temperature results in a higher calculated total liquid flow rate (Qyi;—top)- A lower
top liquid temperature and a higher total liquid flow rate together result in an overestimation

of total heat dissipation, and thus an underestimation of bottom liquid temperature (Tp,;).

Table 4-9 Liquid temperature measurements

Case No. Top liquid temperature measurement Bottom liquid temperature measurement
Ttop-outiet (°C) Ttop-mia (°C) Thot—inter (°C) Thot-mia (°C)
1 32.1 335 24.8 23.6
2 39.2 41.1 29.5 27.8
3 51.1 52.5 383 37.9
4 552 54.7 384 38.9
5 62.3 61.8 443 44.6
6 67.2 66.0 47.6 47.9
7 76.9 75.4 56.0 56.6

The effect of heat dissipation from the thermal insulation is more noticeable in lower
loading conditions, and hence, the total heat dissipation is under predicted in Case 1-3. To
the higher loading conditions, the effect of the second reason is more dominating, and
which results in the overestimations of the total heat dissipation. It is also worth mentioning
that the difference between Ty,p, and Ttop—outier Under all investigated conditions is within
1.0 K, based on experimental observations given in Table 4-9. Therefore, the maximum 1

K liquid temperature difference between the full radiator CFD simulations and the
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experimental measurements is mainly caused by the liquid temperature measurement

method.

Overall, based on the comparisons of total heat dissipation (P), bottom liquid temperature
(Tpor) and the radiator surface temperature distribution, the results of the full radiator CFD
simulations are verified by the experimental measurements and the minor differences found
are acceptable. The model will be used as the benchmark model for the following

simulation studies.
4.4 Summary

Due to a lack of experimentally verified radiator CFD models with great accuracy, a full
radiator CFD model considering all heat transfer processes and media has been established
in this chapter. The full radiator CFD model has been verified by 7 sets of experiments in
terms of the bottom liquid temperature, total heat dissipation and the surface temperature
distributions. The maximum difference of the bottom liquid temperature between CFD
simulations and experiments is less than 0.9 K; the mismatch of the total heat dissipation
is within 4.3%; the maximum deviation of radiator the surface temperature is 3.3 K. The

accuracies of all three are better than the ones in the literature [80, 83, 84, 86, 87].

The full radiator CFD model constructs the understanding of the liquid temperature
distribution in the radiator which cannot be measured by experiments otherwise. However,
the main drawback the full radiator CFD simulation is the demanding computational
efforts, which limits its feasibility in the real design and its incorporation into a CCL CFD
model. Therefore, the full radiator CFD model will be applied as the benchmark model to
find out a reduced radiator CFD modelling strategy in Chapter 5.
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Chapter S A Reduced Radiator CFD
Model using Optimised h ;- Equation

The full radiator CFD simulation can accurately estimate the total heat dissipation and
the liquid temperature distribution in the transformer radiator, however, the processing time
and requirement of the computational memory is significantly demanding. Hence, an
optimized radiator modelling strategy is needed to reduce the processing time, whilst also
provides an accurate calculation of the total heat dissipation and the liquid temperature

distribution.

Therefore, this chapter focuses on the development of a reduced radiator CFD model
equipped with an optimised h,;,- equation that represents the detailed air flow simulation.
Firstly, in Section 5.1, the methodology of the reduced radiator CFD model is introduced,
and the minimum number of the h,;, required for a reduced radiator CFD model is found
out by comparing the reduced and full radiator CFD models. Next, an h,;- equation is
derived by the parametric sweep using the full radiator CFD model. Subsequently, in
Section 5.2, the reduced radiator CFD model is experimentally verified, and the derived
hgi equation is compared with the empirical h,;,- equations from [80, 83, 93-95, 100-105].
The impacts of two influencing factors, i.e., ambient temperature (T,,,;) and the material

properties of different insulating liquids, on the h,;, equation are evaluated in section 5.3.
5.1 Development of Reduced Radiator CFD Model

The full radiator CFD simulation can accurately estimate the liquid temperature
distribution and the total heat dissipation of the transformer radiator. However, one typical
case of the full radiator CFD model requires approximately 50 hours, which makes it

computationally challenging for being implemented in a CCL CFD model.

Therefore, the air heat transfer coefficient (h,;,) is adopted to replace the detailed air
flow simulation. This modelling strategy, i.e., reduced radiator CFD model using h;, to

exclude the air domain simulation, is introduced in the following.
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5.1.1 Modelling Methodology and Mesh Refinement Results

The reduced radiator CFD model employs the same modelling approach as the full
radiator CFD model in terms of thermal conduction (Equation 4-2), convection of
insulating liquid (Equation 4-5, Equation 4-6 and Equation 4-7) and radiation (Equation
4-8).

The only difference between these two CFD models is the way of modelling the air
convection effect. In the reduced CFD model, the convection effect of the cooling air flow

is constituted by Newton’s law of cooling, shown in Equation 5-1 [95].

qconv” = hair X (Tw - Tamb) Equation 5-1
where q.ony," is the heat flux by convection effect (W /m?), hg;, is air heat transfer

coefficient (W /(m? - K)), Tpymp is the ambient temperature (K) and T, is the radiator

surface temperature (K).

The reduced radiator CFD model is also implemented in the COMSOL Multiphysics
(version 5.4) which solves the conservations of mass, momentum and energy with the finite
element method. In the CFD simulations, the meshes are consisted of layers of hexahedral
elements for the flow boundary layer and tetrahedral elements for the main flow domains,
which is the same as the insulating liquid and radiator domains in the full radiator CFD

model shown in Figure 4-4.

Mesh refinement study was also conducted. A CFD case corresponding to the 800 W
experimental condition (Case 4 in Table 4-5) is taken as the benchmark, in which the top
liquid temperature (Tt,p) is 55.0 °C, ambient temperature (Tgpmp) is 20.4 °C, and air heat
transfer coefficient (hg;,) is set as 5.8 (W /(m? - K)). The tracking parameters of each
mesh size or number of domain elements (Ng,) are the bottom liquid temperature (T, )
and the total heat dissipation (P). The results of mesh refinement study are shown in Table
5-1. According to the varying trend of the tracking parameters against the number of
domain elements, ‘Mesh 8’ is chosen for the reduced radiator CFD model. With further
increasing mesh elements from the ‘Mesh 8, the change of the total power dissipation is

less than 0.1%, and the change of the bottom liquid temperature is less than 0.1 K.
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Table 5-1 Radiator CFD model excluding air domain mesh refinement results

Mesh Mesh 6 Mesh 7 Mesh 8 Mesh 9 Mesh 10
Ny, 464,295 789,146 1,309,283 2,936,925 5,990,019
P (W) 829.8 819.7 814.7 813.8 813.5
Tpor (°C) 38.5 38.7 38.8 38.8 38.8

5.1.2 The Minimum Number of A,

As documented in [95], based on the Newton’s law of cooling, a set of heat transfer
coefficients can represent the flow convection effect, and hence, replace the detailed flow
simulation. Historically, one hg,;. [80, 94, 100-102] or two hg;- [83] (one for inwards
facing surfaces and the other for outwards facing surfaces), has been used to simulate the

air convection for a transformer radiator in ONAN cooling mode.

However, the number of air heat transfer coefficients (h,;,-) used to represent the natural
air convection in the radiator modelling is dependent on both the air and insulating liquid
flows. As mentioned in [95], one convection heat transfer coefficient can be used to
represent the cooling effect when the fluid is fully-developed. As seen in Figure 4-6 (a) and
(b), the air is heated up from the radiator bottom header pipe and flows up to the top header
pipe. Although the air flow is distorted at the top and bottom header pipes, the flow along
the radiator panel is more stable and is treated as a fully-developed flow. Moreover, the air
flowing along the panel still needs to be categorized into two groups: one along the
outwards facing surface and the other between the inwards facing surfaces. Therefore,
according to the air flow field, there are four kinds of surfaces, i.e., bottom header pipe, top
header pipe, outwards facing surfaces and inwards facing surfaces. The insulating liquid
flow is illustrated in Figure 4-7 (b), where the hot liquid flows from top to bottom.
Similarly, the liquid flow along the panel is considered as the fully-developed flow, yet it
is more distorted at the top and bottom panel surfaces. Consequently, considering both the
air and oil flows, a set of 6 h,;,- can be used to represent six kinds of surfaces, as bottom
header pipe, top header pipe, panel inwards facing surfaces, panel outwards facing surfaces,

panel top surfaces and panel bottom surfaces.
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In the literature [80, 83, 94, 100-102], there has been no detailed justification for using
either one, two or more h,;, coefficients. Therefore, the work in this section will firstly
compare the applications of using 6 hg;,, 2 hgyir, and 1 hy;,-, to determine the minimum
number of the h,;,- needed in the radiator CFD model excluding air domain. Case 4 in Table
4-5 is used to conduct this comparison, and the h,;,- of each kind of surfaces is calculated
from the full CFD simulation results following Equation 5-1. Subsequently, the extracted
h,; are input into all three radiator CFD models excluding air domain and the input h;,
values for different kinds of surfaces are listed in Table 5-2. It can be observed that the h;,
of the panel top and bottom surfaces are much larger than the other surfaces, which is
because a more distorted either insulating liquid or an air flow. It is worth mentioning that
the surface area of the top and bottom surface is as small as 0.04 m? in total, and the total

heat dissipation by these two kinds of surface is 30.7 W.

Table 5-2 Air Heat Transfer Coefficients of Different Model Applications

h.
Model applications Type of surface a;r
(W/(m*K))
Reduced CFD model with 1
All surfaces 5.80
hair
Reduced CFD model with 2 Inwards facing surfaces 4.38
hair Outwards facing surfaces 9.49
Bottom header pipe 4.69
Top header pipe 5.70
] Panel outwards facing surfaces 9.48
Reduced CFD model with 6
hair . .
Panel inwards facing surfaces 4.38
Panel top surfaces 31.27
Panel bottom surfaces 39.24

The key parameters in an air natural cooled radiator thermal model are the bottom liquid

temperature (T}, ), total heat dissipation (P) and liquid temperature distribution along
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radiator vertical direction. As the full radiator CFD model is successfully verified in Section
4.3, therefore, the liquid temperature distributions of all three applications are compared
with the full radiator CFD simulation in Figure 5-1. Clearly, there is a negligible difference

between three applications of using h;,- and the full CFD model including the air domain.

To further quantitatively characterize the liquid temperature distribution along the
radiator vertical direction in these three applications, the liquid temperature is integrated
over the radiator height ([ T,;;). This liquid temperature integration together with the other
two parameters, i.e., T, and P, are given in Table 5-3. All the key parameters calculated
from the reduced CFD models using h,; match the values from the experimentally verified

full CFD model with negligible deviations.
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Figure 5-1 Liquid temperature distribution along radiator vertical direction

As also seen from both Figure 5-1 and Table 5-3, the reduced CFD model using 1 h;,-
has provided an acceptable accuracy comparing with the other two applications. Therefore,
one hg,;, is sufficient to represent the complex air flow around the transformer radiator

under one loading condition.
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Table 5-3 Key parameter calculations in different model applications

Radiator CFD models Tyor (°C) P (W) f T, (°C-m)
CFD model including air domain 38.6 820.4 45.6
Radiator CFD model using 1 hg;, 38.8 817.1 454
Radiator CFD model using 2 hg;, 38.9 810.7 45.5
Radiator CFD model using 6 hg;, 38.8 814.7 454

5.1.3 Determination of h,;,- Equation

As concluded in Section 5.1.2, one h,;,- is enough to model the radiator thermal
performance of one loading condition. To model the radiator under different loading
conditions, an h,;, equation for a transformer radiator should be obtained, and which can
be achieved by a CFD parametric study using the full radiator CFD model that includes the
air domain. It should be emphasized that the input conditions in the parametric study should

be in a reasonably large range considering all operating conditions.

In an liquid natural and air natural (ONAN/OKAN) cooled transformer, the top liquid
temperature rise over ambient temperature should be within 60 K [24]. If the ambient
temperature (Tymp) 1s given as 20 °C, the top liquid temperature (T,p) should therefore
vary from 40 to 80 °C. The total liquid flow rate at the radiator top (Q;—top) for the 4-
panel 1-meter-high radiator can be found from the literature [80, 83, 94, 100-102]. Different
sizes of the radiator were investigated in [80, 83, 94, 100-102], and their cross-sectional
velocities were then calculated. By keeping the velocity the same, the total liquid flow rate
(Qoit-top) can then be computed from the cross-sectional area of the 4-panel 1-meter-high
radiator. Therefore, the total liquid flow rate (Q;—top), in this study, is in the range from
3x107>m3/s to 50 X 107> m3/s. It should be noted that the literature [80, 83, 94, 100-
102] have accounted for both liquid natural air natural (ONAN/KNAN), and oil directed
and forced air natural (ODAN/KDAN) cooling modes.
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In total, there are 25 scenarios in the full radiator CFD parametric, and the inputs of all
simulation scenarios are given in Table 5-4. The insulating liquid in the parametric study

is the mineral oil, the material properties of which is given by Equation 4-9.

Table 5-4 Input conditions of parametric study

Tamp (°C) Teop (°C) Qo (10 m¥/s)
40 3,4,5, 10,50

50 3,4,5,10,50

20 60 3,4,5,10,50

70 3,4,5, 10,50

80 3,4,5,10,50

The bottom liquid temperature and the average liquid temperature of the CFD simulations
are shown in Figure 5-2 (a) and (b), respectively. It can be observed that the bottom liquid
increases as either the liquid flow rate or the top liquid temperature rises. Hence, average
liquid temperature, which is the average of the top (Tip) and bottom (Tp,.) liquid

temperature, increases.
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Figure 5-2 Simulation results in parametric studies (a) bottom liquid temperature (b) average liquid
temperature
The total heat dissipations of the CFD parametric study (scenarios in Table 5-4) is shown
in Figure 5-3. As seen in the figure, the total heat dissipation increases as the liquid flow
rate rises under the same top liquid temperature, and the total heat dissipation at the same

liquid flow rate is also found increasing when top liquid temperature increases.
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Figure 5-3 Simulation results of total heat dissipations in parametric studies

As seen in both Figure 5-2 (b) and Figure 5-3, a higher top liquid temperature or a higher
liquid flow rate leads to a higher average liquid temperature and a higher total heat
dissipation. The higher total heat dissipation it is, the larger the air heat transfer coefficient
will be. Thus, a higher average liquid temperature results in a larger air heat transfer

coefficient.

Therefore, the air heat transfer coefficient (hg;,) is correlated with the average liquid
temperature (T,,,) of a radiator. The equation of least-squared curve fitting is given by
Equation 5-2 and plotted in Figure 5-4. The coefficient of determination (R?) in the curve
fitting is 0.98. The average and maximum absolute errors are 0.19 W/(m?-K) and 0.30
W/(m?-K), respectively; the average and maximum relative errors are 2.0 % and 3.6%,

respectively.

hair = 1461 X (Tgyo — Tamb)o'4148 Equation 5-2

where hg;, is the air heat transfer coefficient (W /(m? - K)), Ty, is the average liquid

temperature in the transformer radiator (K), Ty,pp 1s the ambient temperature (K).
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It should be noticed that the h,;,- in Equation 5-2 and Figure 5-4 is calculated from the
Newton’s law of cooling (Equation 5-1 [95]) using the convective heat dissipation (qcony’’)
and the radiator surface temperature (7,,). Also reported in [95], the convective coefficient
of the natural cooling mode follows an exponential relationship against the surface
temperature of the heated wall. Initially, the air heat transfer coefficient (hg,;) was
correlated with the average surface temperature (T,,) of the radiator. However, there will
be an iterative process between the h,;, equation and CFD simulations in the reduced
radiator CFD model. By the experience of preliminary simulations, it was found that the
application of h,;,- equation correlated with radiator surface wall temperature (T, ) has a
high requirement of computational resources which hinders its feasibility for the radiator
thermal design and implementation into the CCL CFD model. In addition, considering that
the top and bottom liquid temperatures of a transformer are generally measured in practice,
the air heat transfer coefficient (h,;,-) has been instead correlated with the average liquid
temperature (Tgy,) of a radiator, which is the average value of top liquid temperature (T, )
and bottom liquid temperature (T}, ). The validity of the h,;,- equation correlated with the

T,vo (Equation 5-2) is presented in the next section.
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5.2 Application of Reduced Radiator CFD Model

A reduced radiator model has been developed by using the h,;,- equation (Equation 5-2)
to replace the air domain simulation. And in the reduced radiator CFD simulations, it is
vital to couple the liquid temperature distribution provided by the reduced radiator CFD
model with the h,;, equation (Equation 5-2). The process of the iteration is detailed in
Figure 5-5. Firstly, the ambient temperature (Tgyp), the top liquid temperature (Ty,p), the
total liquid flow rate at the radiator top (Qy;;—top) and an initial radiator temperature profile
are input into the reduced CFD model, and h,;, is then calculated from the initial
temperature profile. Following that, an iterative process takes place to update the CFD
simulation and find the air heat transfer coefficient (h,;,-) until the relative tolerances of the

temperature profile is less than 0.1%.

Input: Ttopa Qoil—topa Tamb and
pre-set temperature profile

A 4
hqir equation (Equation 5-2)
(hair = 1461 X (Tqyo — Tamb)o'4148)

v

CFD simulation

Liquid temperature
distribution
elative tolerance < 0.19

Finish

Figure 5-5 Iterations of reduced radiator CFD model adopted with h;, equation

Although the detailed air domain is not included in the reduced radiator CFD model, the
insulating and radiator wall domains are both simulated. The liquid temperature
distribution, the surface temperature distribution and the heat dissipation demonstrated in

Section 4.2.1 are all solved by the reduced radiator CFD model.
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In this section, the reduced radiator CFD simulations adopted with the h,;, equation
(Equation 5-2) are validated by the full radiator CFD simulations and a set of experiments
(under different loading conditions with thermal head as 0.5 m and the coolant as the
mineral oil). Moreover, the application of h,;,. equation (Equation 5-2) have been

compared with the other empirical h,;, in the literature.
5.2.1 Simulation Results and Verifications

In Chapter 4, the full radiator CFD simulations were verified by 7 sets of experiments,
which was conducted under different loading conditions with 0.5 m thermal head and the
coolant as a mineral oil. In this section, the reduced radiator CFD model are used to simulate
the same scenarios, with the same model input as the ones in the full radiator CFD models
(as given in Table 4-5). Table 5-5 summarizes the results of the reduced radiator CFD
simulations, the full radiator CFD simulations and the experimental measurements in terms
of the bottom liquid temperature (T},;) and total heat dissipation (P).

Table 5-5 Comparison of the results of reduced radiator CFD simulations, full radiator CFD simulations

and experimental measurements

Case No. Reduced radiator CFD Full radiator CFD Experimental
simulation results simulation results measurements
P W) Thoe (°C) P W) Thoe (°C) P W) Thor (°C)

1 181 25.2 185 25.0 190 243

2 367 29.5 378 294 392 28.7

3 577 38.9 580 38.8 600 38.1

4 808 38.9 820 38.6 800 38.7

5 1058 443 1066 43.7 1022 44.5

6 1231 47.7 1248 47.4 1212 47.8

7 1475 55.7 1485 55.4 1437 56.3
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As observed in Table 5-5, the differences of the bottom liquid temperature (T}, ) between
the reduced radiator CFD model and the full radiator CFD model are within 0.3 K, and the
mismatches of the total heat dissipation are less than 2.2%. The differences between two
CFD models are likely due to uncertainties from curve fitted h,;,- Equation 5-2 (average
difference as 0.19 W/(m*K) and maximum difference as 0.30 W/(m?K)). Moreover, the
simulation results of the reduced CFD model adopted with h,;, Equation 5-2 are also
comparable to all seven sets of experiments with the maximum deviation of 1 K in bottom

liquid temperature (Ty,) and 6.4% in total heat dissipation (P).

As previously mentioned, the liquid temperature distribution is of great interest, and the
accuracy of its distribution along the vertical direction is important in analysing the
thermosiphon pressure, and thus, the liquid velocity. Therefore, the minimum, medium and
maximum power loss conditions in Table 5-5 (case 1, 4 and 7) are taken as the examples,
to compare the reduced and full radiator CFD simulation results in details, as shown in

Figure 5-6, Figure 5-7 and Figure 5-8.
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Figure 5-6 Liquid temperature comparison between reduced and full radiator CFD models of Case 1
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Figure 5-7 Liquid temperature comparison between reduced and full radiator CFD models of Case 4
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Figure 5-8 Liquid temperature comparison between reduced and full radiator CFD models of Case 8

As seen in all three figures above, the largest temperature different between the reduced

and full radiator CFD simulations occurs at the radiator bottom panel surfaces, where the
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localised h;,- is much larger than the h,;,. from Equation 5-2 (as shown as the ‘bottom
panel surface’ in Table 5-2). It should be noted that the liquid temperature at the radiator
bottom panel surfaces is not the bottom liquid temperature, which is extracted at the radiator
outlet as highlighted in Figure 4-1 (a). Comparing the rest of the vertical heights (except
for the bottom panel surfaces) from Case 1 to Case 7, the differences of the liquid
temperature between the reduced radiator CFD model and the full radiator model are less

than 0.3 K.

By model comparisons and experimental validations, the boundary conditions and h;,-
equation used in the reduced radiator CFD model have been fully justified. It is worth
mentioning that the processing time of one simulation scenario using the reduced model is
approximate 2 hours, whereas that of the full model exceeds 50 hours. Therefore, the
proposed methodology can greatly reduce the computational demand whilst keeping the
accuracy of results. This would be even more important when integrating the radiator model

to the CCL model.
5.2.2 Comparison of h,;,- Equations in Literature

In the literature [80, 83, 94, 100-102], empirical h,;, equations have been used in the
transformer radiator CFD modelling and analytical calculations, and some generic h;,
equations can also be found in [93, 95, 103-105]. All the empirical equations are given in
Table 5-6, it should be noted that most equations are in dimensionless format, and one in
[103] directly defines the relationship between the air heat transfer coefficient (h,;,-) and

the average surface temperature of the heated wall in an air natural cooling mode.

146 |Page



Table 5-6 Empirical h;, equations from literature

Reference [100]

Reference [80, 83, 93,
101]

Reference [83]

Reference [102]

Reference [95]

Reference [103]

Reference [104]

Reference [105]

RgirL
27— =1.22 x (0.6108 x Ra,)°236*

N =
“ kair
RgirL 0.387 - Ra,*/®
N, === = [0.825 + 57T 8/27]2
air (1+(0.492/Pr) )
N_hairs_lR 51 35 %
=g —=ggfas gl —exp (C =77l
y o haws _ 576 L 2873 J-os
u kair (Q)Z (Q)O.S
L L
Nu = -2~ = 0.59(Rq,) V/*

air

T, — T
g, = 1_42(""T‘lmb) 1/4

Nu =

Nu =

air

kair

air

kair

= 0.021(Ra,) **

=0. 1(Ra,) **

Equation 5-3

Equation 5-4

Equation 5-5

Equation 5-6

Equation 5-7

Equation 5-8

Equation 5-9

Equation 5-10

The hg;, calculated from different empirical equations [80, 83, 93-95, 100-105] and

Equation 5-3 derived in Section 5.1.3 are plotted in Figure 5-9, where the average liquid

temperature (T, ) is in the range of 25 to 80 °C and the ambient temperature (T, ) 1S set

as 20 °C.
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Figure 5-9 Comparison between h;, Equation 5-2 and empirical h;, equations in literature [80, 83, 93-
95, 100-105]

As seen in Figure 5-9, the h,;,- Equation 5-2 derived in Section 5.1.3 is higher than the
values estimated from the previous empirical equations in [80, 83, 93-95, 100-105]. It is
because the previous empirical equations were derived by either pure analytical methods
or experiments based on a flat vertical plate with a constant wall temperature or a uniform
heat flux condition. For transformer radiators, the curvature on the radiator panel surfaces
is designed to provide a better air convection than a flat plate, therefore it is expected to
have a higher air heat transfer coefficient (h,;,-). The methodology of deriving an air heat
transfer coefficient (h,;,-) equation based on the CFD modelling and transformer radiator
geometry, illustrated in this section, can greatly reduce the uncertainty in the simulations

or calculations.

To quantitatively study the effects of h,;,- equations, the simulation results of the reduced
CFD model using h,; Equation 5-2 and previous empirical equations [80, 83, 93-95, 100-
105] were compared. Two extreme conditions of heat dissipation in the experiments in
Table 4-5, i.e., Case 1 (minimum heat dissipation) and Case 7 (maximum heat dissipation),
are taken as examples. The key parameters, i.e., bottom liquid temperature (T}, ) and total

heat dissipation (P), calculated by using different h,;,- equations are presented in Table 5-7.
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When compared with experimental measurements, the simulations using previously

published h,;, equations overestimate the bottom liquid temperature (T},.) by 0.9 K to 5.2

K, and underestimated the total heat dissipation (P) by 4.3% to 26.3%.

Table 5-7 Reduced radiator CFD simulation results using different h,;, equations

Case 1 in Table 4-5

(minimum heat dissipation)

Case 7 in Table 4-5

(Maximum heat dissipation)

P (W) Tpor (°C) P (W) Tpoe (°C)
Experiment data 190.0 243 1437.0 56.3
ha; Equation 5-2 181.0 25.2 1476.0 55.7
hy; Equation 5-3 [100] 181.8 25.2 1278.3 58.5
fair Equation 3-4 [80, 83, 93, 170.1 257 1220.5 59.3

101]

hy;, Equation 5-5 [83] 161.6 26.0 1096.0 61.0
hy; Equation 5-6 [102] 160.9 26.1 1087.4 61.1
hy;, Equation 5-7 [95] 160.9 26.1 1087.7 61.1
hy; Equation 5-8 [103] 156.9 26.2 1060.0 61.5
ha; Equation 5-9 [104] 147.6 26.6 1059.2 61.5
hy;, Equation 5-10 [105] 153.8 26.4 1074.7 61.3

Previously in [80, 88], the adoption of an h,;,- empirical equation showed a good

agreement with the experiments under one loading only condition, such that the simulation

results of the reduced model adopted with the Equation 5-3 is comparable to the

experimental measurements in Case 1. However, none of the empirical equations in [80,

83, 93-95, 100-105] managed to provide the same reliable calculations of key parameters,

under different conditions, as the h,;,- Equation 5-2 developed in Section 5.1.3.
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Therefore, an air heat transfer coefficient (h,;;-) equation derived from CFD simulations
and based on the transformer radiator geometry is recommended for the radiator thermal

modelling, as well as the transformer CCL thermal modelling.
5.3 Influencing Factors on h,;,- Equation

An air heat transfer coefficient (h,;,-) equation has been previously derived from CFD
simulations in Section 5.1.3, and the application of the h,; equation has been verified by
a set of experimental using a mineral oil. It is worth mentioning that the influencing factors
on the hg,; equation are not only loading conditions represented by the top liquid
temperature (Tg,p,) and total liquid flow rate (Qpi—¢0p) @s in Section 5.1.3., but also the
fluid properties. Documented in the ‘Heat Transfer’ [95], the heat transfer coefficient is
affected by the fluid material properties. There are two kinds of fluids in the radiator

modelling, as the insulating liquid and the air.

The influences of the material properties of the insulating liquid are studied by
considering different types of the insulating liquid, which is reported in Section 5.3.1. The
effect of the air properties is investigated by varying the ambient temperature in Section

53.2.

5.3.1 Effect of Type of Insulating Liquid

In this section, the effect of insulating liquid properties on the h,;- Equation 5-2 is
analysed and quantitatively studied by the full radiator CFD simulations. As the same as
the mineral oil, the full radiator CFD simulations of the scenarios in Table 5-4 are repeated
concerning two different insulating liquids, i.e., a Gas-to-Liquid (Shell Diala S4 ZX-I) and
a synthetic ester liquid (MIDEL 7131).

The h,;,- extracted from all radiator CFD simulations of all three insulating liquids are

plotted in Figure 5-10 and curve fitted as Equation 5-11.

hair = 1.499 X (Tavo - Tamb)0'4158 Equation 5-11

where hg;, is the air heat transfer coefficient (W /(m? - K)), Ty, is for average liquid

temperature (°C), T, 1s for the ambient temperature (°C).

As seen in Figure 5-10, the h,;, Equation 5-2 curve-fitted with only the mineral oil

simulation results matches well with the h,;, Equation 5-11 obtained by considering all
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three insulating liquids. The average and maximum h;, differences between Equation 5-2
and Equation 5-11 are 0.02 W/(m*K) and 0.03 W/(m?-K), respectively; the average and
maximum relative differences h;, differences between Equation 5-2 and Equation 5-11
are 0.5% and 0.6 %, respectively. Therefore, the h,;,- Equation 5-2 is applicable to model

the thermal behaviour of different insulating liquid by being adopted in a reduced radiator
CFD model.
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Figure 5-10 Comparison of h,;, equation of different insulating liquids

The simulation results also indicate that the effect of different insulating liquids on the
derived h,;,- equation is negligible. This is because the dominating cooling process of a
transformer radiator in air natural (AN) cooling mode is the air convection. The liquid
convection, which is affected by the insulating liquid properties, imposes less impact on

the overall cooling.

The total liquid flow rate as the 5 X 107> m3/s is taken as an example, and the total
heat dissipation and the average liquid temperatures of all three different insulating liquids
are depicted in Figure 5-11 (a) and (b), respectively. The maximum difference of the
average liquid temperature among all three liquids is 1.4 K, and the maximum relative
different of the total power dissipation is 4.0%. Providing the same top liquid temperature
and the total liquid flow rate, there is no significant differences among different insulating

liquids.
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Figure 5-11 Comparisons of total heat dissipation filled with three different insulating liquids under the

total liquid flow rate as 5 x 1075 m3/s

5.3.2 Effect of Ambient Temperature

The impact of ambient temperature on Equation 5-2 is analysed by using the verified full
radiator CFD model. Apart from the full matrix in CFD parametric study shown in Table
5-4, another two sets of simulations with the mineral oil as the coolant were conducted at
ambient temperatures of 0 °C and 40 °C, respectively. The inputs of CFD simulations are

given in Table 5-8.

Table 5-8 Input of additional full radiator CFD simulations at different T,
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Ty (°C) Ttop (°C) Qo (10°m3/s)

0 20, 30, 40, 50, 60 5

40 60, 70, 80, 90, 100 5

To eliminate the changes in air properties, i.e. dynamic viscosity (u), density (p) and
specific heat capacity (Cp), due to varying the ambient temperatures (Typmp), Equation 5-2
is transformed into a dimensionless form using the Nusselt number (N,,) and the Rayleigh

number (R, ), as shown in Equation 5-12.

N, = 0.0062 x (R,,)%*8 Equation 5-12

where N, is the Nusselt number, R; is the Rayleigh number calculated using the radiator

panel length as the geometric characteristic.

The calculated h,;,- from dimensionless Equation 5-12 is compared with the values from
CFD simulations in Figure 5-12. Evidently, the air heat transfer coefficient (h,;,-) obtained
from the additional simulation matches well with the calculations from Equation 5-12. The
average and maximum discrepancies of the air heat transfer coefficient (h,;,-) between
Equation 5-12 and additional full CFD simulations are 0.08 W/(m?K) and 0.18
W /(m?K) , respectively. Therefore, once the hg; equation is transformed into a
dimensionless form, it can incorporate the effects of ambient temperatures, which would

greatly improve the applicability of the equation in practise.
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Figure 5-12 Ambient temperature effect on h,;,- equation

As can also be observed from Figure 5-12, the air heat transfer coefficient (hg;, )
decreases as the ambient temperature (T,,,p) increases. This is mainly because the key
material property, dynamic viscosity of air (i), positively related to the ambient
temperature. The higher dynamic viscosity increases the pressure loss of air when flowing

from radiator bottom to top, and thus, it results in a lower air heat transfer coefficient (hg;,.).

However, a lower air heat transfer coefficient (h,;,-) does not necessarily mean that the
radiator would dissipate less heat when the ambient temperature (T, ) is high. The bottom
liquid temperature rises above ambient temperature (AT},;) calculations with different
ambient temperatures are plotted in Figure 5-13 (a), where the bottom liquid temperature
rises are not affected by the ambient temperatures. Hence, the total heat dissipations are the
same according to liquid energy conservation equation (Equation 4-13). The convective
heat dissipation (P.,,,,) and radiative heat dissipation (P,,4;) are shown in Figure 5-13 (b),
where the summation of convective and radiative heat dissipation is equal to the total heat
dissipation. Although the convective heat dissipation decreases as the ambient temperature

drops, the radiative heat dissipation increases when the ambient temperature increases.
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Figure 5-13 Simulation results in different ambient temperature (a) bottom liquid temperature rise (b)

convective and radiative heat dissipation

This is mainly because of the radiation coefficient (h,,4;), as expressed in Equation 5-13

and Equation 5-14. An increasing ambient temperature (T,,,;) results in a higher average
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liquid temperature (7,,,), both of which contribute to a higher radiation heat transfer
coefficient (h,,4;) as expressed in Equation 5-14. Therefore, under a lower ambient
temperature, a stronger radiation effect can compensate a weaker convective effect of a

transformer radiator. Therefore, the changes of the total heat dissipation would be minor.

Graa = AoutTE(Tavo” — Tamp ™) = Aouthraai Tavo — Tamp)  Equation 5-13
hradi = Aouto_e(’ravo2 + Tambz)(Tavo + Tamb) Equation 5-14

where ¢,.44 is the heat dissipation by radiation (W /m?), A, is surface area of outwards
facing surface (m?), o is for Stefan-Boltzmann constant, ¢ is for emissivity of transformer
radiator, T, is the average liquid temperature (K), Ty.,p 1S the ambient temperature (K),

hyqqi is radiation heat transfer coefficient (W /(m? - K)).

Moreover, to the 4-panel radiator, the ratio of the outwards facing surface area to the
radiator surface area is 25%. The simulation results show that the radiative heat dissipation
contributes a 16.5% to 31.0% of the total heat dissipation at the present study, which is
around the ratio of the surface areas (25%). The conclusion confirms the discussion in
Section 2.5.1, as ‘the ratio of the radiative heat dissipation to the total heat dissipation is
approximately equal to the ratio of the outwards facing surface area to the radiator total
surface area’. It is also worth mentioning that the radiative heat dissipation is not only
affected by the radiator geometry, but also by the other factors, e.g., the top liquid

temperature and the ambient temperature.
5.4 Summary

The reduced radiator CFD model has been successfully developed, which replaces the
air domain simulation by using the air heat transfer coefficient. By analysing the insulating
liquid and air flow distributions, it has been advised that a maximum six h,;- can be
considered to represent different kinds of surfaces of a radiator. Therefore, the applications
of adopting six hg;-, two hy;,- and one hg,;, were compared with the experimentally
verified full radiator CFD model concerning the bottom liquid temperature, the total heat
dissipation and the liquid temperature distribution along the vertical direction. It can be
concluded that one h;, is sufficient to represent the convection of the complex air flow
around the transformer radiator under one loading condition. To represent different loading

conditions, an hg; equation is obtained by the parametric sweep of the top liquid
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temperature and total liquid flow rate at the radiator top using the full radiator CFD

simulations.

The reduced radiator CFD simulations adopted with the h,; equation have been
comprehensively verified by both a full radiator CFD model and experiments of different
operating conditions. Compared with the full radiator CFD simulations, the differences in
the calculations of bottom liquid temperature are within 0.3 K, and mismatch of the total
heat dissipation is less than 2.2%. In the experiment verification, the maximum deviations
of the bottom liquid temperature and the total heat dissipation introduced by the reduced
radiator CFD simulation are 1 K and 6.4 %, respectively. It is also found that the reduced
radiator CFD model significantly reduces the processing time compared with the full

radiator CFD simulation, from the previous 50 hours to 2 hours at the present.

The CFD parametric study produces a more representative h;, equation compared to
the existing empirical equations in the literature [80, 83, 93-95, 100-105]. The adoption of
the optimised h;,- equation in the reduced radiator CFD model is the main reason to have

a better agreement with experimental results.

Through additional CFD simulations, the derived h,;, equation is found to be applicable
for alternative transformer liquids. Moreover, the ambient temperature effect on the h;,
equation can be resolved by transforming the equation into a dimensionless form. Such
conclusions will be further verified by conducting CCL CFD modelling and the

corresponding experimental verification.
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Chapter 6 CCL CFD Modelling using the
Reduced Radiator Model

A reduced radiator model that adopts an air heat transfer coefficient equation as a
replacement of the air flow simulation was developed and experimentally verified in the
radiator only scenario in Chapter 5. The reduced radiator model not only reduces the
computational demands of modelling, but also ensures the accuracy of the liquid
temperature calculation within the radiator. In this chapter, a CCL CFD model integrated
with the reduced radiator model will be established and experimentally verified by a set of

temperature-rise tests.

Firstly, the development of a CCL CFD model by implementing the reduced radiator
model is introduced in terms of the model geometry, the input, the boundary conditions and
the mesh refinement strategy in Section 6.1. Next, the data processing is demonstrated by
using a case of 800 W power injection (the rated loading condition based on the current
density calculation of the winding given in Table 3-3), and the simulation results under
different loading conditions are presented in Section 6.2. Section 6.3 focuses on the
experimental verification of the CCL CFD simulation results in terms of top, bottom liquid

temperatures and the liquid velocity at the winding inlet.
6.1 Development of CCL CFD Model

The CCL CFD model is focused on the calculation of liquid temperature and flow
distributions within the CCL, and the results will be experimentally verified by the
temperature-rise tests. Therefore, the model geometry should be constructed based on the
experimental setup. Following that, the model configuration in terms of inputs, boundary

conditions and the coupling process are explained.

6.1.1 Model Geometry

The configuration of the three-dimensional (3D) CCL CFD model with a 0.5 m thermal
head is shown in Figure 6-1 (a), and the key dimensions are given by the front view of the
model in Figure 6-1 (b). All the components involved in the liquid circulation are

considered, i.e. the winding, the 4-panel 1-meter-high radiator, the transparent box and the
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connecting pipework. During a temperature-rise test, the winding assembly, the transparent
box and the connecting pipework are all wrapped with a thermal insulation material, and
hence the heat dissipated by these components is negligible. In this case, the temperature
gradient across the enclosure or wall of such components can be neglected, and the

enclosure and the wall are excluded in the CCL CFD model.

The dimensions of the winding model are 0.12 X 0.09 X 0.46 m (x,y and z in Figure
6-1 (a)), and the dimensions of the transparent box are 0.06 X 0.06 X 0.10 m (x,y and z
in Figure 6-1 (a)). All the connecting pipes are of the same inner diameter, which is

0.0326m, as shown in Figure 6-1 (b).
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Figure 6-1 Configuration of CCL CFD model (a) 3-D drawing (b) front view

In addition, the geometry of the winding disc is modelled as a homogenous block (shown

in Figure 6-1 (b), as opposed to the four aluminium bars in the experimental setup (shown

in Figure 3-1 in Section 3.1). The simplification of the winding geometry was validated in
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[55], in which the calculations of the liquid temperature and flow distributions were proven
not affected. This geometric simplification brings the benefits of less computational

requirements in terms of meshing and processing time.

The geometry on the radiator side of the CCL CFD model is built the same as the reduced
radiator CFD model described in Chapter 5.

6.1.2 Model Setup

The main objective of the CCL CFD model is to simulate the liquid temperature and flow
distributions. Therefore, all the heat transfer processes within the liquid should be
considered. The insulating liquid is heated by the winding discs via the thermal conduction
and convection, and then the heat is transported from the insulating liquid to the radiator
domain by thermal conduction and convection. Finally, the heat is dissipated from the

radiator to the environment by the thermal conduction, convection and radiation.

In the CCL CFD model, the thermal conduction and convection of the insulating liquid
are modelled by conservations of mass, momentum and energy, i.e. Equation 4-5, Equation

4-6 and Equation 4-7 [92].

The thermal conduction at the radiator is governed by the Fourier’s law of conduction,
Equation 4-2 [95]; the thermal convection effect of the air is constituted by Newton’s law
of cooling (Equation 5-1 [95]) instead of the air flow CFD simulation; and the thermal
radiation is simulated by the Stefan-Boltzmann law, Equation 4-8 [95]. The heat transfer
processes and the governing equations on the radiator side of the CCL CFD model are the

same as the reduced radiator CFD model.

The model inputs and their setting boundaries of the CCL CFD model are summarized
in Table 6-1. The power injection is set by an equivalent heat flux density on the surfaces
of each winding disc. In addition, the surfaces of the winding, the transparent box and the
connecting pipework are all set as adiabatic, as they are wrapped with thermal insulation
material. Due to a symmetric geometry of the CCL experimental setup, it is only necessary
to model half of the setup in the CFD model, in which the xz plane at y = 0.045 m is set
as the plane of symmetry. This can significantly reduce the simulation time. The heat
dissipation on the radiator side in the CCL CFD simulation is composed of convective and
radiative heat dissipation, which are modelled by setting the h,;, equation and the radiator

surface emissivity. And the ambient temperature is also input as a reference temperature in
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the the Equation 5-1 and Equation 4-8, for determining the convective and radiative heat
dissipation, respectively.

Table 6-1 Model inputs and setting boundaries of CCL CFD model

Inputs of CCL CFD model Setting boundary

Power injection P (W) Surfaces of each winding disc
hgir equation (W /(m? - K)), emissivity & Radiator surfaces
Ambient temperature Ty,,;, (°C) Reference value

It is also important to establish the coupling process between the liquid temperature
profile and the air heat transfer coefficient equation (Equation 5-2). In Equation 5-2, the
average liquid temperature (T,,,) is needed to calculate the air heat transfer coefficient
(hgair), which in turn also influences the Ty,,. Therefore, the iterative calculations are
conducted between the T, and the h,;,-. Although the RTD sensors (Tpot—mids Ibot—iniet»
Ttop-outtet and Ttop_miq) for the liquid temperate measurement are included in the CCL
CFD model as shown in Figure 6-2, only the temperatures at the top and bottom connecting
pipes, i.€. Trop—pipe a0 Thor—pipe, are involved in the iterative process of calculating Tgy,.
This is because the liquid temperatures obtained at the middle of the pipes are more stable
and less influenced by the local liquid flow than those of the four RTD sensors at the buffer
zones. A high stability helps the convergence of CFD simulation through iterations. The
convergence criterion is that the relative tolerance of the temperature distribution between

two iterations is less than 1073,
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Figure 6-2 Liquid temperatures used for iterative calculations in CCL CFD simulations
All the material properties of the insulating liquid, including density (p), specific heat

capacity (C,), thermal conductivity (k) and dynamic viscosity (u), are temperature

dependent. The temperature-dependencies of different liquids used in the CCL CFD
simulations are specified by the manufacturers as given in Equation 4-9, Equation 4-10 and

Equation 4-11 [96-98].
6.1.3 Mesh Refinement

The CCL CFD model is simulated using the COMSOL Multiphysics (version 5.4), which
solves the conservations of mass, momentum and energy with the finite element method.
In the CCL CFD simulations, the meshes consist of layers of hexahedral elements for the
flow boundary layer and tetrahedral elements for the rest of flow domains. An example of

the winding section is zoomed in Figure 6-3.
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Figure 6-3 Mesh pattern of a CCL CFD model
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A benchmark CFD case corresponding to a power injection of 800 W, an ambient

temperature of 20 °C, a thermal head of 0.5 m, and with a mineral oil, is chosen for the

mesh refinement study. In the mesh refinement study, the tracking parameters of each mesh

size (alternatively the total number of domain elements (N,,)), are the top and bottom liquid

temperatures (Tto, and Ty, ) and the liquid velocity at winding inlet (v,;;). The results of

mesh refinement study are shown in Table 6-2. According to the trend of the tracking

parameters varying with the number of domain elements, ‘Mesh 4’ in Table 6-2 is chosen

as the optimal solution. With further increasing the mesh elements from ‘Mesh 4°, the

changes of the liquid temperatures and liquid velocity are within 0.1 K and 0.3%,
respectively. Therefore, the pattern of ‘Mesh 4’ in Table 6-2 is adopted for all CCL CFD

model simulations in Chapter 6 and 7.

Table 6-2 Mesh refinement results of a CCL CFD model

Mesh Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
Nge 561523 969453 1,833,196 4,951,152 8,579,210
Tyop (°C) 55.6 55.2 55.1 54.8 54.7
Tpor (°C) 37.5 37.9 38.0 38.0 38.0
Vou (M/s) 0.0338 0.0333 0.0336 0.0340 0.0341
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6.2 Simulation Results

In this section, simulation results of the CCL CFD modelling under different loading
conditions (power injection from 190 W to 1437 W) with a 0.5m thermal head and the
mineral oil as a coolant are reported. The exact power injection inputs and the ambient
temperatures are referred to the experimental measurements, which are given in Table 4-5.
It is noted that under each loading condition, the ambient temperature is slightly different
in the experiments. Therefore, the air heat transfer coefficient equation for each loading
condition is derived from the dimensionless Equation 5-12 (in Section 5.3.2) and is
expressed by Equation 6-1. The air heat transfer coefficient equations under each loading
condition are also given in Table 6-3.

10,0062 X (Rgy)**® X kgyy

air —
L

Equation 6-1

where hg;, is the air heat transfer coefficient (W /(m? - K)), R, is the Rayleigh number
using the panel length as the geometric characteristic, k,;,- is the air thermal conductivity

(W/(m - K)), and L is the panel length as 1 m.

Table 6-3 Inputs of CCL CFD simulations in thermal head as 0.5 m and with a mineral oil

] Air heat transfer coefficient equation from
Model input from measurements ) ] )
dimensionless Equation 5-12
Power injection Ambient temperature Air heat transfer coefficient equation
P (W) Tamb (OC) hair (W/(mzK))

190 20.2 hair = 1.267 X (T — Tamp ) *+20?

392 20.0 hair = 1.27 X (Typo — Tymp ) 497

600 24.8 hgir = 1.211 X (T — Tamp) 24282

800 20.4 hair = 1.264 X (T — Tamp)**2%7

1022 20.9 hgir = 1.256 X (T — Tamp)**21°

1212 21.2 hgir = 1.251 X (T — Tamp ) *-422°
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1437 25.3 hair = 1.190 X (Tapo — Tamp)***3

In the CCL CFD simulations, not only the global parameters, i.e., top and bottom liquid
temperatures and the liquid velocity, but also the liquid temperature distributions are of
great interest. Therefore, how the key parameters and the temperature distribution are
extracted is firstly demonstrated by using the 800 W power loss condition as an example.
It is worth mentioning that the liquid temperature distribution from the CCL CFD model is
obtained by an in-house developed MATALB program. Next, all the simulation results of
the global parameters are presented. Moreover, a sensitivity study of the air heat transfer

coefficient is also carried out by conducting additional CCL CFD simulations.
6.2.1 Data Processing

The temperature and flow distributions of the insulating liquid, as well as the radiator
temperature, are modelled in the CCL CFD model. The radiator and liquid temperature
profile under the example condition is shown in Figure 6-4, where the highest liquid
temperature is 69.2 °C and the lowest radiator surface temperature is 33.7 °C. As observed
in Figure 6-4, liquid temperature is increasing from the winding bottom to the top, and then
decreasing from the radiator top to bottom. As the boundaries of the connecting pipework
and the transparent box are modelled as adiabatic, the liquid temperature does not change

when flowing through those components.
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Figure 6-4 Temperature profile of CCL CFD simulation under the example condition

In the CCL CFD simulations, the top and bottom liquid temperatures and the liquid
velocity at the winding inlet are the key parameters, because they are essential for a winding

only CFD model to further estimate the hot-spot temperature and its location.

As previously introduced, all 4 RTD sensors (Tyot—mia»> Thot—iniet s Ttop—outier and
Ttop—mia in Figure 6-2) for liquid temperature measurements are included in the CCL CFD
model, whereas the iteration between the average liquid temperature and air heat transfer
coefficient is coupled by using the liquid temperatures at the middle of top and bottom
connecting pipes. The liquid temperatures extracted at different locations are herein

compared under the example condition.

The temperature of each RTD sensor is calculated by a volumetric average temperature
directly from the CFD software (COMSOL Multiphysics version 5.4). The liquid
temperatures of the cross-sections at the middle of the top and bottom connecting pipes
(Ttop-pipe and Tpor—pipe in Figure 6-2) are extracted by the in-house developed MATLAB

program. On each cross-section, the temperatures are captured at every 0.1 mm in both y
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and z directions, and then 440 temperatures in total are averaged to represent the Tyop—pipe
/ Tbot—pipe‘

The results of the liquid temperatures from the CCL CFD simulation under the example
condition are given in Table 6-4. As illustrated from the table, T}, y¢—mia and Tpor—inier are

identical to Thor—pipe, Whereas a slight difference, 0.25 K, has been observed between
Ttop-outiet aNd Tiop_miq due to the localised flow distribution. Moreover, insignificant
differences, which are less than 0.25 K, is found among all three top liquid temperatures,
1.€. Teop-pipe> Ttop-outiet> and Trop_miq. To further investigate the liquid temperatures
under different conditions, which will be presented in Chapter 7, the liquid temperatures at

the middle of the top/bottom pipes (Tiop—pipe ANd  Tpor—pipe) are used to represent the

top/bottom liquid temperatures (T;op, and Tpoy).

Table 6-4 liquid temperatures from the CCL CFD simulation under the example condition

Liquid temperatures
) o ) extracted at the
Power input Liquid temperatures extracted in buffer zone
middle of connecting
pipework
Tbot—mid Tbot—inlet Ttop—outlet Ttop—mid Tbot—pipe Ttop—pipe
P (W)
QY QY QY QY QY QY
800 38.61 38.61 55.26 55.51 38.61 55.29

The liquid velocity (v,;;) is extracted from the CCL CFD simulation at the winding inlet
as shown in Figure 6-2 (dimensions as 9 X 10 mm in x and y directions) every 0.5 mm
both in x and y directions, and then the velocities at all 360 points are averaged. In the
example condition, the liquid velocity (v,;;) extracted at the inlet of the bottom pass is
0.0342 m/s. The liquid velocity is also calculated from Equation 3-3 (energy conservation
equation) by using the top and bottom liquid temperatures in Table 6-4, as 0.0337 m/s in
the example condition. Evidently, there is a negligible difference between two liquid
velocities, whose absolute and relative differences are 0.0005 m/s and 1.5% respectively.
To investigate the liquid velocity under different conditions in Chapter 7, the liquid velocity

(v,;;) extracted at the winding inlet is used.

Apart from the top and bottom liquid temperatures (T, and Tp,) and the liquid velocity

(vi1), the liquid temperature distribution is also vital due to the following reasons:
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e Liquid temperature profile within the winding can determine whether a 3D or a
2D winding only CFD model should be built to study the hot-spot temperature
and its location, which will be discussed later in this section;

e Liquid temperature distribution of the CCL helps estimate the thermosiphon

pressure, which can be used to analyse the liquid velocity [38, 72].

The liquid temperatures within the winding are extracted from the CCL CFD simulation
at two sliced xz-planes, one is on the surface (y = 0 m) and the other is at the middle of
the winding ( y = 0.045 m). The liquid temperature at the xz-plane at y = 0.045 m is
taken as an example and shown in Figure 6-5 (a). The liquid temperature colour contour at

the first three horizontal cooling ducts of the 2" winding pass are shown in Figure 6-5 (b).
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Figure 6-5 Liquid temperature extraction (a) liquid temperature distribution in the CCL (b) zoomed in
liquid temperature at the horizontal and vertical cooling ducts
The liquid temperature at the two sliced xz-planes is extracted as the surface average
temperature in each horizontal cooling duct. For each horizontal cooling duct at the two
xz-planes (y = 0 m and y = 0.045 m), liquid temperatures are captured every 5 mm and
0.5 mm in the x and z directions, respectively. The liquid temperature of each horizontal
cooling duct is then calculated as the average of all 160 temperatures within the same
cooling duct. Figure 6-6 shows the liquid temperatures of each horizontal cooling duct from

the winding bottom to the top at the two xz-planes.
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Figure 6-6 Liquid temperature distribution at each horizontal cooling duct at two sliced cross-section

As seen in Figure 6-6, the liquid temperatures at two cross-sections have the similar
distributions from pass 1 to pass 3. However, there is an obvious temperature increase in
the y direction, and the temperature differences between the two cross-sectional planes are
from 1.0 to 5.0 K. Therefore, the liquid temperature within the winding under the example
condition is in a 3D distribution. Consequently, the winding only CFD model for studying
the hot-spot temperature has to be built in 3D.

As discussed in the IEC standard [24] and literature [38, 72], the liquid temperature along
the winding height can be assumed as a linear distribution. Specifically in [38, 72], the
liquid temperature distribution in the radiator was also assumed to be linear. Based on these
assumptions, an analytical equation was proposed to estimate the liquid velocity for the

natural cooled transformer.

In the CCL CFD simulation under the example condition, the 3D liquid temperature
distribution along the winding vertical direction is extracted. Different to the liquid
temperature extraction on the xz-planes shown in Figure 6-6, the 3D liquid temperatures
within the winding are captured at every 5 mm, 3 mm and 0.5 mm in x, y and z directions
in each horizontal cooling duct. At the same height (z direction), the liquid temperatures at
300 positions are averaged, the distribution of which is shown in Figure 6-7 (a). The liquid

temperature within the radiator is also extracted at every which 0.5 mm, 5 mm and 10 mm
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in x, y and z directions, how the liquid temperatures are extracted is presented in details in
Section 4.2.1. And its distribution along vertical direction (z direction) is shown in Figure

6-7 (b).
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Figure 6-7 Liquid temperature distribution from the CCL CFD simulation under the example condition
(a) within winding (b) within radiator
As seen in Figure 6-7 (a), under the example condition, the liquid temperature within the
winding cannot be analysed as a linear distribution. A clear temperature gradient is

observed between the adjacent passes, which is due to the zig-zag flow fashion within the

171|Page



winding. As for the liquid temperature in the radiator in the example condition, the liquid
temperature distribution along the vertical direction is approximately linear. The
understandings of the liquid temperature in the winding and the radiator under various
conditions can help identifying the limitations in the analytical method developed in [38,

72].
6.2.2 Global Parameters under Different Loading Conditions

The global parameters, i.e., bottom, top liquid temperatures and liquid velocity at the
winding inlet (v,;;), of the CCL CFD simulations under different loading conditions are
summarised in Table 6-5. The power injections were changing from 190 W to 1437 W,
corresponding to the loading condition from 0.5 p.u. to 1.3 p.u.. The ambient temperature

1s varied from 20.0 °C to 25.3 °C.

Table 6-5 Results of CCL CFD simulations under 0.5 m thermal head and with a mineral oil

Input conditions CCL CFD simulations

S _ Top liquid Bottom liquid Liquid velocity

Power injection |Ambient temperature o
temperature temperature at winding inlet

P (W) Tamb (OC) o, o
Ttop ( C) Tbot ( C) Voil (m/s)

190 20.2 345 24.8 0.0143

392 20.0 42.4 294 0.0218

600 24.8 535 39.2 0.0300

800 20.4 553 38.6 0.0342

1022 20.9 61.4 42.7 0.0391

1212 21.2 67.2 47.3 0.0437

1437 253 76.3 55.7 0.0494

As seen in Table 6-5, in different loading conditions, the top liquid temperatures are
between 34.5 °C and 76.3 °C, whilst the bottom liquid temperature is ranging from 24.8 °C
to 55.7 °C. The liquid temperature rise is varied from 9.7 K to 20.6 K, which is close to the
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liquid natural cooled power transformer. The liquid velocity at the winding inlet is from
0.0143 m/s to 0.0494 m/s. It also should be noted that such a range of the liquid velocity

is too low to be measured accurately by the commercial flow meters.
6.2.3 Sensitivity Study

In the curve-fitting process of the air heat transfer coefficient equation introduced in
Section 5.1.3, the maximum difference of the air heat transfer coefficient between the data
and the curve-fitted equation (Equation 5-2) is 0.3 W /(m? - K). To study the influences of
the deviations (less than 0.3 W /(m? - K)) of the air heat transfer coefficient on the CCL
CFD modelling, a sensitivity study is conducted under the minimum and maximum power
injections, which are 190 W and 1437 W, respectively. In each of these two cases, the
power injection and the ambient temperature are kept the same, whilst a +0.3 W /(m? - K)
is added in the air heat transfer coefficient equation. The 0.3 W /(m? - K) contributes to a
9.3% change of the h,;, under 190 W power injection, whilst it makes a 5.1% variation of
the h,;, under 1437 W power injection. Table 6-6 presents the model inputs and simulation
results. As observed from the simulation results, the changes in the liquid temperatures and
liquid velocity caused by the £0.3 W /(m? - K) variations of air heat transfer coefficient
are less than 1 K and 0.7%, respectively. This confirms that the reduced radiator CFD model
using the hg;, equation is satisfactory in the CCL CFD model.

Table 6-6 CCL CFD simulation results of the sensitivity study of air heat transfer coefficient

Model input Simulation results
PW) Tomy () hair W/ (m?K) Ty () Tyt (O "

(m/s)
190 20.2 hair = 1.267 X (Typo — Tamp)®*2°% — 0.3 349 25.1 0.0143
190 20.2 hair = 1.267 X (Typo — Tamp)**2°2 34.5 24.8 0.0143
190 20.2 hair = 1.267 X (Typo — Tamp)®*2°% + 0.3 343 24.5 0.0142
1437 253 hgir = 1190 X (Tppo — Tamp)® 3% — 0.3 77.2 56.7 0.0496
1437 253 hgir = 1190 X (Typo — Tamp) 33 76.3 55.7 0.0494
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1437 253 iy = 1.190 X (Typo — Tamp)*433 + 0.3 75.5 548  0.0492

6.3 Experimental Verification

This section reports the experimental verification of the developed CCL CFD
simulations. A set of temperature-rise tests with a 0.5 m thermal head design and filled
with a mineral oil were carried out under 7 loading conditions. The same conditions were

used in the CCL CFD simulations shown in Section 6.2.

Table 6-7 compares the top and bottom liquid temperatures (T, and Tp,;) between the
experiments and the CCL CFD simulations. The top/bottom liquid temperature from
measurements is the average value of readings of two sensors in the last one hour.
Therefore, the top/ bottom liquid temperature is the average value of 120 readings. The
values in Table 6-7 shows the average value, and the maximum and minimum value of all

120 readings are given in the square bracket.

As seen in Table 6-7, the temperature differences between the experiments and CCL CFD
simulations are from 0.2 K to 2.2 K. These discrepancies are resulted from following two

reasons:

e Uncertainties from the air heat transfer coefficient (within 1 K, given in Section
6.2.3);
e Uncertainties of the sensors and the locations of sensors for liquid temperature

measurements (given as the temperature variation in Table 6-7).

Table 6-7 Liquid temperature comparison between CCL CFD simulation and experimental measurements

Experimental measurements CCL CFD simulation results

P W) Tamp (°C) Teop (°C) Thor (°C) Teop (°0) Thor (°C)
190 20.2 32.8[31.9-33.5] 24.3[23.4-24.8] 34.5 24.8
392 20.0 40.2[39.1-41.2]  28.7[27.6-29.5] 42.4 29.4
600 24.8 51.8[51.0-52.5]  38.1[37.9-38.4] 53.5 39.2
800 20.4 55.0 [54.2-55.2]  38.5[37.9-38.8] 55.3 38.6
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1022 20.9 62.0 [61.4-62.5]  44.5[44.0-45.0] 61.4 42.7

1212 21.2 66.6 [65.8-68.1]  47.8 [47.5-48.5] 67.2 473

1437 253 76.2[75.4-77.4]  56.3 [55.9-56.8] 76.3 55.7

The liquid velocities from the temperature-rise tests and the CCL CFD simulations are
compared in Table 6-8. As seen in Table 6-8, the absolute differences of the liquid velocity
between CCL CFD simulations and the experimental measurements are less than 0.0022

m/s, and the relative differences are within 12.3%.

As previously introduced in Section 3.3.3, the liquid velocity in the experiment is
calculated by the energy conservation equation, as Equation 3-3. In Equation 3-3, the liquid
velocity is in an inverse relationship with the liquid temperature rise (AT,;;). By using the
maximum and minimum liquid temperatures (Tto, and Ty, ) in Table 6-7, the ranges of
the calculated liquid velocity can be determined using Equation 3-3. It should be noted that
the minimum liquid velocity is corresponding to the maximum liquid temperature rise,
which is derived by the maximum top liquid temperature and minimum bottom liquid
temperature. As for the maximum liquid velocity, the minimum top liquid temperature and

maximum bottom liquid temperature are used.

The ranges of the liquid velocities under different experimental conditions are given in
the square bracket in Table 6-8. As observed from the table, the liquid velocities from the

CCL CFD simulations are all in the ranges of the liquid velocities from the experiments.

Table 6-8 Liquid velocity comparison between CCL CFD simulation and experimental measurements

] Liquid velocity calculated from the
Experimental measurements . ) CCL CFD simulations
measurements using Equation 3-3
P (W) Tamb (OC) Voil (m/s) Voil (m/s)
190 20.2 0.0163 [0.0137-0.0196] 0.0143
392 20.0 0.0240 [0.0208-0.0296] 0.0218
600 24.8 0.0311 [0.0292-0.0339] 0.0300
800 204 0.0348 [0.0328-0.0369] 0.0342
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1022 20.9 0.0410 [0.0388-0.0438] 0.0391

1212 21.2 0.0450 [0.0410-0.0490] 0.0437

1437 253 0.0498 [0.0461-0.0533] 0.0494

6.4 Summary

In this Chapter, a CCL CFD model is developed based on the reduced radiator CFD
model to calculate the liquid flow and temperature distributions within the CCL. An in-
house MATLAB program is developed to extract the liquid temperature distribution of the
winding and the radiator within the CCL. It is worth emphasizing that the liquid
temperature distribution within the winding can help identify whether a further winding
only CFD model can be modelled as 2D or 3D. The liquid temperature profiles of the
winding and the radiator benefit the analysis of the thermosiphon pressure, which is

essential to calculate the liquid velocity.

The CCL CFD model has been successfully verified by a set of experiments under
different loading conditions with a thermal head of 0.5 m and a mineral oil. The maximum
difference of top and bottom liquid temperatures between simulations and experiments is
2.2 K, and the mismatch of the liquid velocity is less than 12.3%. These discrepancies
between the CCL CFD simulations and the experimental measurements are mainly caused
by (1) uncertainties of the sensors and the sensor locations of the liquid temperature
measurement in the experiment (2) a variation of h,;, value as +0.3 W /(m? - K) from the
h,ir equation. It should also be noted liquid velocities from the CCL CFD simulations are
all in the ranges of the calculated liquid velocities from the experiments, where these ranges

are determined from the variation of the liquid temperature measurements.
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Chapter 7 Liquid Temperatures and
Velocity in CCL Models under Various

Conditions

In Chapter 6, the methodology of a CCL CFD modelling was developed, which was
experimentally verified under the conditions of 0.5 m thermal head, a mineral oil filling
and different loading levels. To further investigate the applicability of the CCL CFD model
and understand the liquid thermal behaviours, CFD simulations are carried out under a wide
range of conditions, including 14 loading levels, 3 thermal heads, 5 ambient temperatures
and 3 insulating liquids. Correspondingly, the experiments in this Chapter were conducted

under 7 loading levels, 3 thermal heads and 3 insulating liquids.

The effect of loading conditions on liquid temperatures and velocity are reported in
Section 7.1, followed by the effect of thermal head in Section 7.2. Next, a set of CFD
simulations are conducted in Section 7.3 to study the impact of the ambient temperature on
the liquid temperatures and the velocity. In Section 7.4, the thermal performances of three
insulating liquids are compared in terms of the liquid temperatures and velocity under the
KNAN cooling mode. It should be emphasized that the trends of the liquid temperatures
and the velocities are focused, and hence, the influencing parameter in each section is the
only variable in the CCL CFD simulations (except in Section 7.3, the ambient temperature
in all the others simulations are set as 20 °C). In the experiments, the power injections have
a maximum 5% fluctuation, and the ambient temperatures in all 61 sets of experiments are

varied from 18.1 °C to 25.3 °C.

7.1 Effect of Loading Conditions

The loading conditions are represented by the total power loss within the winding, and
which is the focus in this section. The CCL CFD simulations are conducted to study the
effect of the loading conditions, which are parametrically swept from 100 W to 1400 W
with an interval of 100 W (14 cases in total). To study the impacts of the loading conditions

only, the ambient temperature in all 14 CCL CFD simulations is fixed as 20 °C to avoid the
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influences of the ambient temperature. Hence, the air heat transfer coefficient equation used

for the CCL CFD simulations in this section is the same, which was given in Equation 5-2.

7 sets of experiments (with a 0.5 m thermal head and a mineral oil filling) are used in this
section, in which the power losses are varied from 190 W to 1437 W, and the ambient
temperature is in the range from 20.0 °C to 25.3 °C. The experimental results in this section
are the same as in Chapter 6. However, different to the focus on the model verification in
Section 6.3, the experimental results in this section are used to analyse the trends of the

liquid temperatures and velocities under different loading conditions.

As the ambient temperatures in the experiments are slightly higher than the ones used in
the CFD simulations, the liquid temperature rises over the ambient temperature (T — Tymp)
instead of the absolute temperatures are compared, including top liquid temperature rises
ATtop in Figure 7-1 (a), bottom liquid temperature rises ATy, in Figure 7-1 (b), and the
liquid temperature rise AT,y = Ttop — Thor in Figure 7-1 (c). It is observed that AT, and
ATy, from the CCL CFD simulations are very close to those from the experimental
measurements. AT,;; from the CFD simulations are slightly higher than those from the
experimental results. AT,;; shows an exponential relationship with the total power loss.
Summing up the results in Figure 7-1 (a), (b) and (c), the maximum differences of ATy,

ATy, and AT,;; are 2.5 K, 1.8 Kand 1.7 K.
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Figure 7-1 Comparison of liquid temperature rises between CFD simulations and experimental
measurements, 0.5 m thermal head, mineral oil (a) top liquid temperature rise (b) bottom liquid temperature

rise (c) liquid temperature rise
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The comparison of the liquid velocity between the CCL CFD simulations and the
experiments is shown in Figure 7-2. Figure 7-2 (a) presents a relationship between the
liquid velocity (v,;;) and the total power loss, and Figure 7-2 (b) depicts the v,;; versus the
square root of the total power loss (vP). The values of the v,;; in the CFD simulations and
experiments are close; the maximum absolute difference between the simulations and the

experiments is 0.0030 m/s.
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Figure 7-2 Liquid velocity between CFD simulations and experimental measurements in a 0.5 m thermal

head with a mineral oil (a) velocity against power loss (b) velocity against square root of power loss

V,i; against v/P from experiments and CCL CFD simulations are both least-square curve-
fitted, as expressed in Equation 7-1 and Equation 7-2, respectively. The coefficients of the

determination (R?) in the curve fitting processes of both equations are 0.99; and the
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maximum differences between the original data and curved fitted equation are 0.0010 m/s
and 0.0006 m/s for Equation 7-1 and Equation 7-2, respectively. As indicated in Equation
2-15 [72], the liquid velocity was assumed to be approximately proportional to vP. And it
is evidently observed that v,; is in a linear relationship with VP from both the

experimental measurements and the CCL CFD simulations.
Voi—gxp = 0.0014vP — 0.0027 Equation 7-1

Voii—crp = 0.0013vP — 0.0051 Equation 7-2

where Vj;;_gxp is the liquid velocity from the experiments (m/s), Vo —crp is the liquid

velocity from the CCL CFD simulations (m/s), VP is the square root of the power loss

W).
7.2 Effect of Thermal Heads

Thermal head, referred to as the height difference of the middle of the winding and the
middle of the radiator, is one of the key geometric parameters to the ONAN/KNAN
transformer thermal design. In this section, the influences of the thermal head on the liquid
temperatures and liquid velocity are studied by both CCL CFD simulations and
experiments. The effects of three thermal heads, i.e., 0.3 m, 0.5 m and 0.7 m, are
investigated. For the CCL CFD simulations at each thermal head, there are 14 power
injections simulated from 100 W to 1400 W, where the ambient temperature is 20 °C and
the h,;,- equation are the same as given in Equation 5-2. In the experiments at each thermal
head, there are 7 power injections from around 190 W to 1442 W, and the ambient
temperature is in the range from 20.0 to 25.3 °C. In total, the results of 42 CFD simulations
and the measurements of 21 sets of the experiments (both with a mineral oil) and are

presented in this section.

Liquid temperature rises, ATy, , ATy and AT,; , from both the experimental
measurements and the CCL CFD simulations are compared in Figure 7-3. At different

thermal heads, the trends of ATy, ATy, and AT,;; versus total power loss are the same.

AT,;; shows exponential relationship with the total power loss. It is also worth emphasizing

that the CCL CFD simulations with different thermal heads are also comparable with the
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experimental measurements. The maximum differences of ATy, ATy, and AT, are 2.6

K, 0.8 Kand 2.2 K.
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Figure 7-3 Comparison of liquid temperature rises between CFD simulations and experimental

measurements under different thermal heads, mineral oil (a) top liquid temperature rise (b) bottom liquid

temperature rise (c) liquid temperature rise
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The liquid velocities with all three thermal heads from the experiments and the CCL CFD
simulations are compared in Figure 7-4. The maximum absolute difference between the

simulations and the experiments is 0.0047 m/s, and the maximum relative difference is

11.9%.
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Figure 7-4 Comparison of liquid velocity between CFD simulations and experimental measurements at
different thermal heads, mineral oil
It was found that a linear relationship between v,;; and VP exists at the 0.5 m thermal
head, as seen in Figure 7-2 (b) in Section 7.1. To verify such relationship at different
thermal heads, the liquid velocities (v,;;) versus VP at the 0.3 m and 0.7 m thermal heads
are also least-square curve-fitted as expressed from Equation 7-3 to Equation 7-6. The

maximum error in the least-square curve fitting process of all four equations (Equation 7-3

to Equation 7-6) is 0.0014 m/s.

Voil—xp—03m = 0.0009VP + 0.0002 Equation 7-3
Voil—crp—o3m = 0.0011VP — 0.0007 Equation 7-4

Voit—Exp—0.7m = 0.0017+/P — 0.0040 Equation 7-5
Voil—cFp—o7m = 0.0015vP — 0.0060 Equation 7-6
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where V,;_gyp is the liquid velocity from the experiments (m/s), Vo—crp is the liquid
velocity from the CCL CFD simulations (m/s), VP is the square root of the power loss
(v'W), the subscriptions, i.e. 0.3 m and 0.7 m, represents thermal heads.

The curve-fitted Equation 7-3 to Equation 7-6, as well as the experiment and simulation
results, are plotted in Figure 7-5 (a) and (b), for thermal head as 0.3 m and 0.7 m,

respectively. It is clear that the linear relationship between v,; and VP explained in

Section 7.1 is valid at different thermal heads from 0.3 m to 0.7 m.
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Figure 7-5 Comparisons of liquid velocity between CFD simulations and experimental measurements at

different thermal heads, a mineral oil (a) thermal head as 0.3 m (b) thermal head as 0.7 m

It is also noted that the slopes and intercepts of the equations (either Equation 7-1,
Equation 7-3 and Equation 7-5 from experimental measurements; or Equation 7-2,

Equation 7-4 and Equation 7-6 from CCL CFD simulations) are influenced by the thermal
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heads. To understand the relationship between v,;; and the thermal head (h), the case of
800 W power loss is taken as an example, where the liquid velocities from experiments and
CFD simulations are curve fitted with the square root of the thermal head (Vh), as given in
Equation 7-7 and Equation 7-8, respectively. The maximum absolute error of the curve
fitting is 0.0006m/s. The curve fitted equation and the results from the experiments and
the CCL CFD simulation are shown in Figure 7-6. As the same as given in Equation 2-15

in Section 2.4, the v,;; under the example condition (800 W power loss) increases linearly

as the Vh rises.
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Figure 7-6 Liquid velocity between CFD simulations and experimental measurements under 800 W in

different thermal heads with a mineral oil

Voil—Exp—soow = 0.048Vh + 0.002 Equation 7-7

Voil—crp—soow = 0.038Vh + 0.006 Equation 7-8

To verify the relationship between v,;; and VA in all the conditions, v,;, are least-square

curve fitted with the square root of the product of total power loss and the thermal head

(VPh) from 21 sets of experiments and 42 sets of CFD simulations, as in Equation 7-9 and
Equation 7-10, respectively. The maximum absolute error in the curve fitting processes of

is 0.002 m/s. The curved fitted Equation 7-9 and Equation 7-10, as well as the simulation

and experiment results, are plotted in Figure 7-7. It is clear that v,;; is proportional to v Ph.

186|Page



And such a relationship is able to describe the results of 21 sets of the experiments and 42

CFD simulations in one go.
Voil—Exp = 0.0018Vh — 0.002 Equation 7-9

Voil—crp = 0.0019Vh — 0.003 Equation 7-10
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2
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Figure 7-7 Liquid velocity versus the square root of power loss and thermal head (v Ph) in three different

thermal heads

7.3 Effect of Ambient Temperature

As documented in IEC 60076-2 [24] for a liquid natural cooled transformer, when the
ambient temperatures (Ty,,,p) rises, the liquid velocity increases, and also the total power
loss increases as the winding resistance increases. The increased liquid velocity and the
total power loss would compensate each other, and hence, the temperature rises, including
liquid temperatures and the winding temperatures, will be insignificantly affected. It should
be noted that the total power loss increases around 7.8% for every 20 °C rise of ambient

temperature.

To understand the effects of Typmp On Tiop, Thor, as well as vy, the CCL CFD

simulations are conducted at T, from 0 °C to 40 °C with an interval of 10 °C. All the CCL
CFD simulations are conducted with a 0.5 m thermal head and with the mineral oil as the

coolant. In total, there have been 70 simulation cases presented in this section.
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The input h,;,- equations for CCL CFD simulations at different T,,,,; are transformed
from its dimensionless Equation 5-12, and are given in Table 7-1. As observed in Table
7-1, hgir Equation 7-13 for the T, at 20 °C is different to the h,;;,- Equation 5-2 (derived
in Section 5.1.3, and applied in Section 7.1 and 7.2).

Table 7-1 h,;, equations of CCL CFD simulations at different ambient temperatures

Ambient temperature T,,,,;, (°C) Air heat transfer coefficient hy;, (W /(m?K)) equation
0 hair = 1.63 X (Ty0 — Tamp)®*° Equation 7-11
10 hair = 1.50 X (Typ0 — Tamp )2 Equation 7-12
20 hair = 140 X (Typ0 — Tamp)®*3 Equation 7-13
30 hair = 1.30 X (Typ0 — Tamp )3 Equation 7-14
40 hair = 1.21 X (Ty0 — Tamp )+ Equation 7-15

ATtop, ATper and AT,y from the CCL CFD simulations at different Ty, are shown in
Figure 7-8. At the same total power loss, ATy, decreases by 3.5 K to 4.4 K because of an
increasing Ty, from 0 to 40 °C, whereas ATy, is found to be increased by 1.6 K to 3.6 K
under the same condition. Hence, AT,;; is decreasing with an increase of T,,;, which leads

to an increase of v,;;. It is also observed that the changing rate of the AT, at the same

loading level is gradually decreasing, as the same as the changing rate of the AT},,.
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Figure 7-8 Liquid temperature rises from CFD simulations at different ambient temperatures (a) top

liquid temperature rise (b) bottom liquid temperature rise (c) liquid temperature rise
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Results of v,;; from the CCL CFD simulations at different T,,,; are depicted in Figure
7-9. 1t is clear that v, ;; increases with Ty,,,; increasing. With the ambient temperature rises
from 0 to 20 °C, v,;; increases by 16.3% to 33.6% at the same total power loss; with the
ambient temperature changes from 20 to 40 °C, v,;; increases by 10.8% to 33.21%. The
increasing rate of the liquid velocity is much larger than the increasing rate of the winding

resistance, as a 7.8% increase for every 20 °C ambient temperature rise.
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Figure 7-9 Liquid velocity from CFD simulations at different ambient temperatures, 0.5 m thermal head,

mineral oil.

To further verify the previous finding of the relationship between v,; and VP, v,;

versus VP at different T,,,;, are curved fitted, as expressed from Equation 7-16 to Equation

7-20. The curved fitted equations are plotted in Figure 7-10, and it can be clearly seen that

V,i 18 proportional to v/P, under all ambient temperatures investigated.

Voil—0°c = 0.0012v/P — 0.008 Equation 7-16
Voir—10°c = 0.0013vP — 0.007 Equation 7-17
Voit—20°c = 0.0014v/P — 0.005 Equation 7-18
Voil—30°c = 0.0014+/P — 0.003 Equation 7-19
Voil—40°c = 0.0014+/P — 0.002 Equation 7-20
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where v,,;; is the liquid velocity from the experiments (m/s), the subscriptions represent
the simulation results at different ambient temperatures, VP is the square root of the power

loss (V).
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Figure 7-10 Liquid velocity from CFD simulations in different ambient temperatures with a mineral oil

As seen in both Figure 7-9 and Figure 7-10, v,; increases with T,,,;,. This is because the
dynamic viscosity of the insulating liquid decreases with the increase of liquid temperature.
A lower dynamic viscosity (u) leads to a lower hydraulic pressure drop, and hence, a higher
liquid velocity. As seen from Equation 7-16 to Equation 7-20, the slopes of all five

equations are close, however, the intercepts are different.
As indicated in Equation 2-15, v,;; is not only correlated with the VP and vh, but also

with the square root of the ratio of dynamic viscosity ( \/%). The 800 W power loss condition

. . . . 1 .
is taken as an example, and v,;; versus the square root of the dynamic viscosity ( \/;) is

least-square curve fitted, as given in Equation 7-21. The maximum error in the curve fitted

process is 0.0007m/s.

1 .
Voi_soow = 0.0018 i 0.011 Equation 7-21
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where v,,;; is the liquid velocity from the experiments (m/s), u is the dynamic viscosity

(kg/(m-s)).
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Figure 7-11 Liquid velocity from CFD simulations under 800 W power loss in different ambient

temperature with a mineral oil

The curved fitted equations and the CCL CFD simulation results are shown in Figure

7-11. It shows that v,; at different ambient temperatures follows a linear relationship

versus \E under the 800 W power injection condition. Next, v,;; is curved fitted with the

/P i by using all 70 cases, as in Equation 7-22.

1 .
Vo = 7.2 X 1075 X P,l_l + 0.0064 Equation 7-22

where v,,;; is the liquid velocity from the experiments (m/s), u is the dynamic viscosity

(kg/(m-s)), P is the total power loss (W).

The curve fitted Equation 7-22 is shown in Figure 7-12, however, v,;; from the CCL
CFD simulations does not show a good linear relationship with /Pi The maximum

absolute error between the CCL CFD simulation results and the calculations from Equation

7-22 is 0.0053 m/s, and the maximum relative difference is as large as 55.6%. This is
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because the total power loss (P) also has an influence on \/% If v,; was curve fitted with

the /P i, the effects of the power loss (P) are double counted. Further work is required to
understand the relationship between v,; the total power loss and the ambient temperature

where a new format instead of / P i may be needed.

O CFD simulation results
—CFD simulation results curve fitted Equation 7-22

0.06

| (m/s)
©
o
($)]

(o}

0.04 |

0.03

0.02

0.01 1

Liquid velocity at winding inlet v

0
0 100 200 300 400 500 600 700 800
Square root of ratio of power loss to dynamic viscosity +/(P/u)(~/(Wms)/kg)

Figure 7-12 Liquid velocity versus /P i from CFD simulations at different ambient temperatures

7.4 Effect of Type of Liquid

The CCL CFD model has been successfully verified by the experiments under different
power losses and at different thermal heads. The liquid velocity at the winding inlet is found
out to be proportional to the square root of the product of total power loss and the thermal
head. In this section, the CCL CFD simulation is further verified by the experiments filled
with alternative insulating liquids. Moreover, the cooling performances of different

insulating liquids in terms of liquid flow rate are compared under various conditions.
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7.4.1 Results of Gas-to-Liquid

To verify the CCL CFD simulation of the Gas-to-Liquid (Shell Diala S4 ZX-I), 20 sets
of experiments (without the case with power loss of 1400 W and thermal head of 0.3 m)
are used in this section, in which the power losses are varied from 200 W to 1400 W, and

the ambient temperature is in the range from 18.1 °C to 25.0 °C.

The CCL CFD model is used to conduct a parametric sweep of the power loss from 100
W to 1400 W (14 cases) and with three thermal heads, i.e. 0.3 m, 0.5 m and 0.7 m. There
are in total 42 simulation scenarios, and the ambient temperature of all those cases is set as
20 °C, and the hg;,- equation input in the CCL CFD simulations in this section is same as
Equation 5-2.

As the ambient temperatures in the experiments are slightly different to the one in the
CFD simulations, temperature rises ATy, ATy, and AT, are reported in Figure 7-13. As
seen in Figure 7-13, the CCL CFD simulations with the Gas-to-Liquid are also comparable
with the experimental measurements. The maximum differences of AT, AT} and AT,

are 2.7K, 2.5 K and 3.7 K.

194|Page



60

I I I I
-©-Thermal head 0.3 m CCL CFD simulation results
—t—Thermal head 0.5 m CCL CFD simulation results

Thermal head 0.7 m CCL CFD simulation results

(K)

8-50 Mo Th . [e) % q
o ermal head 0.3 m experimental measurements
= -+ Thermal head 0.5 m experimental measurements
< % Thermal head 0.7 m experimental measurements o
@ L A i
@ 40 ¥
o
2
© 301 1
(0]
Q
=
2L otk ]
ke
=i
g
a 10F J
(o]
—
0 1 L 1 L 1 L 1
0 200 400 600 800 1000 1200 1400 1600
Total power loss P(W)
(a)
40 T T

T T T T
-©-Thermal head 0.3 m CCL CFD simulation results
—Thermal head 0.5 m CCL CFD simulation results

Thermal head 0.7 m CCL CFD simulation results %
O Thermal head 0.3 m experimental measurements +
I + Thermal head 0.5 m experimental measurements
* Thermal head 0.7 m experimental measurements|

w
6]
I

w
o

N
[¢)]
T

-
[&)]
T

Bottom liquid temperature rise AT, _(K)
2 S

\

0 1 L 1 1 Il Il 1
0 200 400 600 800 1000 1200 1400 1600
Total power loss P(W)
(b)
35 T T T T

-©-Thermal head 0.3 m CCL CFD simulation results

—tThermal head 0.5 m CCL CFD simulation results
< 30k Thermal head 0.7 m CCL CFD simulation results i
= O Thermal head 0.3 m experimental measurements
l_'5 + Thermal head 0.5 m experimental measurements
q * Thermal head 0.7 m experimental measurements o
o 251 b
L
—
g
2 20r 8
o
0}
Q
§ 15¢ 1
S
&
5 10F :

5 1 Il Il 1 L 1 Il
0 200 400 600 800 1000 1200 1400 1600
Total power loss P(W)
(c)

Figure 7-13 Comparison of liquid temperature rises between CFD simulations and experimental
measurements, 0.5 m thermal head, Gas-to-Liquid (a) top liquid temperature rise (b) bottom liquid

temperature rise (c) liquid temperature rise
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The results of v,;; from the CCL CFD simulations are presented in Figure 7-14 (a). The
increasing trends of v,;; from the CFD simulations and experiments are the same, and the
average and maximum absolute differences between the simulations and the experiments

are 0.0017 m/s and 0.0058 m/s, respectively.
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Figure 7-14 Liquid velocity between CFD simulations and experimental measurements in a 0.5 m
thermal head with a Gas-to-Liquid (a) velocity against power loss (b) velocity against square root of power

loss and thermal head
Figure 7-14 (b) depicts the relationship of v,;; versus the square root of the product of

total power loss and the thermal head (VPh). v,;; versus VPh from experiments and CCL
CFD simulations is least-square curve fitted, as expressed in Equation 7-23 and Equation

7-24, respectively. The maximum differences between the original data and curved fitted
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equation are 0.0026 m/s and 0.0018 m/s for Equation 7-1 and Equation 7-2, respectively.

Evidently, v,;; of the Gas-to-Liquid is also proportional to the vPh, the same conclusion

with the mineral oil.

Veri-gxp = 0.0017VPh — 0.0017 Equation 7-23
VGTL—CFD = 0.0017V Ph - 0.0030 Equatlon 7-24

where Vj;;_gxp is the liquid velocity from the experiments (m/s), Vo —crp is the liquid

velocity from the CCL CFD simulations (m/s), VP is the square root of the power loss

(W).
7.4.2 Results of Synthetic Ester

To verify the validity of the CCL CFD model for another alternative insulating liquid,
i.e. a synthetic ester, MIDEL 7131, 20 sets of experiments (without the case with power
loss of 1400 W and thermal head of 0.3 m) are used in this section, in which the power
losses are varied from 195 W to 1424 W, and the ambient temperature is in the range from

21.5°Cto 25.2 °C.

The parametric studies are carried out by using the CCL CFD model, the power loss is
varied from 100 W to 1400 W (14 cases) and with three thermal heads, i.e. 0.3 m, 0.5 m
and 0.7 m. There are in total 42 simulation scenarios, and the ambient temperature of all

the cases is set as 20 °C, and the h,;,- equation is referred to Equation 5-2.

Temperature rise results of AT, ATy, and AT, from both the experiments and the
CFD simulations are given in Figure 7-15. The same as the mineral oil and the Gas-to-
Liquid, AT, is approximately in an exponential relationship with the total power loss. The

maximum differences of ATy, ATy and AT, are 2.8 K, 2.7 K and 3.2 K.
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Figure 7-15 Comparison of liquid temperature rises between CFD simulations and experimental
measurements, 0.5 m thermal head, synthetic ester (a) top liquid temperature rise (b) bottom liquid

temperature rise (c) liquid temperature rise
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The comparison of the liquid velocity between the CCL CFD simulations and the
experiments is shown in Figure 7-16 (a). The increasing trends of v,; with total power
loss from the CFD simulations and experiments are the same; the average and the maximum
absolute difference between the simulations and the experiments are 0.0015 m/s and

0.0043 m/s, respectively.
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Figure 7-16 Liquid velocity between CFD simulations and experimental measurements, 0.5 m thermal
head, synthetic ester (a) velocity against power loss (b) velocity against square root of power loss and

thermal head

V,i; versus VPh of the synthetic ester is also least-square curve fitted, as expressed in
Equation 7-25 (from experimental data) and Equation 7-26 (from the CFD simulation
results). The maximum differences between the original data and curved fitted equation are

0.0018 m/s and 0.0019 m/s for Equation 7-25 and Equation 7-26, respectively. As shown
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in Section 7.2, Section 7.4.1 and Section 7.4.2, v,; of different insulating liquids is
proportional to VPh supported by both the experimental measurements and the CCL CFD
simulations. The confirmed relationship may shed light to further work on developing
dynamic thermal loading algorithms and also helps the transformer thermal design related

with the thermal head.

Vsg_pxp = 0.0014VPh — 0.0049 Equation 7-25
Veg_crp = 0.0012VPh — 0.0040 Equation 7-26

where Vgg_gyp, is the liquid velocity from the experiments (m/s), Vsg_crp is the liquid

velocity from the CCL CFD simulations (m/s), VP is the square root of the power loss
(vW), Vh is the square root of the power loss (vm).

7.4.3 Comparison of Different Insulating Liquids

To compare the thermal performances of different insulating liquids under the same
thermal design, the results of simulations and experiments with the 0.5 m thermal head are
taken as example. Temperature rises AT¢,y, ATy and AT,y of all three insulating liquids
at different total power losses are compared in Figure 7-17. The liquid temperature rises,
ATtop and ATp,, of the mineral oil are similar to those of the Gas-to-Liquid. However, the
differences of the liquid temperature rises between the mineral oil and the synthetic ester
are noticeably larger. AT, of the synthetic ester is 3.1 K to 4.2 K higher than those of the
mineral oil, whereas ATy, of the synthetic ester is 1.0 K to 2.5 K lower than those of the

mineral oil. As for the AT,;;, synthetic ester is 4.6 to 6.4 K higher than the mineral oil.
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Figure 7-17 Comparison of liquid temperature rises among different insulating liquids, 0.5 m thermal

head (a) top liquid temperature rise (b) bottom liquid temperature rise (c) liquid temperature rise
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Because the CCL CFD simulations have been verified thoroughly under various
conditions and the power injection and the ambient temperature have slight variations in
the experiments, the CFD simulation results are summarised to compare the thermal
performances among the three liquids. The top/bottom liquid temperatures of an alternative
liquid, i.e. the Gas-to-Liquid and the synthetic ester liquid, are compared with those of the
mineral oil in Table 7-2. Evidently, with respect to the liquid temperatures, the Gas-to-
liquid behaves similarly to the mineral oil, though at different thermal heads. However, the
top liquid temperature of the synthetic ester is around 2.9 K to 4.3 K higher than that of the

mineral oil, whilst the bottom liquid temperature is around 0.9 K to 2.7 K lower.

Table 7-2 Comparison of the liquid temperatures among different insulating liquids

Liquid temperature difference between the Liquid temperature difference between the
Gas-to-Liquid and the mineral oil synthetic ester liquid and the mineral oil
(mineral oil as the benchmark case) (mineral oil as the benchmark case)
Top liquid Bottom liquid Top liquid Bottom liquid
Thermal
head temperature temperature temperature temperature
ea
difference difference difference difference
0.3 m -13K<T<0.6K 02K <T<0.6K 33K<T<43K —23K<T<-09K
0.5m —-05K<T<12K 02K <T<05K 30K<T<42K —25K<T<-09K
0.7m —-04K<T<11K 02K <T<05K 29K <T<39K —-23K<T<10K

Another point worth discussing is the top oil/liquid exponent in IEC 60076-2 thermal
model [24], as discussed in Section 2.1.5. As discussed in Section 2.1.5, the exponents were
derived from the extended transformer temperature-rise tests conducted at 0.7 p.u., 1 p.u.
and 1.25 p.u.. For the extremely low or high loading conditions, the validities of the same
exponent have not been verified. And the whether the liquid exponents would change or
not when the same design of a transformer is filled with an alternative insulating liquid, has
not been clarified. Moreover, there is neither no suggestions of the components for the
bottom liquid temperature. Hence, in this section, the liquid components in different
insulating liquids are derived from the verified CCL CFD simulations, as in Equation 7-27

and Equation 7-28 for top and bottom liquid temperatures, respectively.

loss ,
ATto;o = A’111:017—1"a1:e X ( )*top Equation 7-27

rated loss
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loss Equation 7-28

ATbot = ATbot—rai:e X (M)xbm

where AT, and ATy, are the top and bottom liquid temperatures rise over ambient
temperature (K), respectively; AT¢op—rare ad AThot—rqe are the top and bottom liquid
temperatures rise over ambient temperature ( K ) at the rated loading conditions,
respectively, in this section, the 800 W case is taken as 1 p.u.; X;op, and xp,, are the liquid

exponents of the top and bottom liquid temperature, respectively.

The derived liquid components (x,,, and x;,.) from different loading conditions, varied
from 0.50 p.u. (200 W power loss) to 1.32 p.u. (1400 W power loss), are shown in Table
7-3. The maximum absolute error of the curve fitting of all the exponents in Table 7-3 is
less than 0.3 K, which indicates that the top and bottom liquid components are valid from
0.5 p.u. to 1.32 p.u.. As also can be seen in the table, the top liquid component is varied
from 0.54 to 0.66, which indicates the top liquid temperature is approximately in an
exponential relationship with the total power loss. The bottom liquid component is in the
range from 0.88 to 1.07, which fluctuates around the unit. Hence, the bottom liquid

temperature tends to be in a linear relationship with the total power loss.

Table 7-3 Liquid temperature components from the CCL CFD simulations

Mineral oil Gas-to-Liquid Synthetic ester liquid
Bottom Bottom Bottom
Top liqui Top liqui Top liqui
Thermal | 7 iquid liquid op liquid liquid op liquid liquid
component component component
head component component component
(xtop) (xtop) (xtop)
(xbot) (xbot) (xbot)
0.3m 0.62 0.92 0.63 0.90 0.54 1.07
0.5m 0.64 0.89 0.65 0.88 0.55 1.03
0.7m 0.65 0.88 0.66 0.86 0.58 1.00

Moreover, with a fixed geometry of the winding and the radiator, the increased thermal
head leads to a decreased top liquid component, and an increased bottom liquid component.
It also should be noted that change of liquid may lead to change of liquid exponent.
Compared to the mineral oil, the top liquid component of the synthetic ester liquid has an

average decrease of 12.6%, whilst the bottom liquid component has an average increase of
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15.2%. Therefore, if a mineral oil filled and natural cooled transformer retro-filled with

ester liquids, the liquid components need to be re-defined.

Liquid velocities v,;; of the three insulating liquids are at different total power losses are
compared in Figure 7-18. The results show that v,;; of the Gas-to-Liquid is similar to that
of the mineral oil and v,;; of the mineral oil is approximately two times of that of the

synthetic ester.
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Figure 7-18 Comparison of liquid temperature rises among different insulating liquids, 0.5 m thermal
head
To study the retro-filling scenario of the liquid natural cooled transformer, the liquid
velocity ratio of an alternative liquid to the mineral oil is of great interest [72]. In this case,
the liquid velocity ratio of the CFD simulations at three different thermal heads are

compared in Figure 7-19.
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Figure 7-19 Ratio of liquid velocity of alternative liquid to the mineral oil from CFD simulations (a)

versus power loss (b) versus ratio of the dynamic viscosity

As seen in Figure 7-19, the ratio of the liquid velocity for a fixed geometry of the winding

and the radiator is not affected by the thermal head. With the total power loss (the loading
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condition) goes up, the ratio of the liquid velocity of the Gas-to-Liquid remains stable
(95.2% to 94.1%), whilst the ratio of the synthetic ester liquid is rising from 52.5% to
67.0%. It is also found that the dynamic viscosity of the liquid is probably an important
influencing factor to the liquid velocity ratios. As seen in Figure 7-19 (b), the larger the

ratio of the dynamic viscosity is, the lower the ratio of the liquid velocity.

As previously documented in [72], an analytical equation (Equation 2-15) was proposed
to estimate the ratio of the liquid velocity. The estimated ratio from Equation 2-15 is
compared with the ratio from the CCL CFD simulations in Figure 7-20. As seen in Figure
7-20, the analytical equations of the Gas-to-Liquid provides the comparative ratios of the
liquid velocity with the CCL CFD simulations. However, to the synthetic ester liquid, the
results of the ratio of the liquid velocity from CFD simulations are obviously different from
the analytical estimations based Equation 2-15. Analytical estimation underestimates the
ratio of the liquid velocity of the synthetic ester liquid by 6.6% to 13.0%. The discrepancies

are caused by the assumption:

e The liquid temperatures in the winding and the radiator are in a linear distribution
manner;

e The geometric characteristic (C,) of different insulating liquids is the same.

Therefore, to obtain a reliable liquid velocity for the liquid natural cooled transformer,

the CCL CFD simulations are preferred.

206 |Page



1
0.9 .
>0.8r 1
=
(&)
L)
o 0.7r 1
2 et
3506 - A -
=2 g H e
s REETT e
005 .-ce-mm-777 -©-Gas-to-Liquid with thermal head 0.3 m
'(*_B' -+-Synthetic ester liquid with thermal head 0.3 m
Y 0.4 - -©-Gas-to-Liquid with thermal head 0.5 m
’ -+-Synthetic ester liquid with thermal head 0.5 m
-5-Gas-to-Liquid with thermal head 0.7 m
0.3+ --+-Synthetic ester liquid with thermal head 0.7 m
—Gas-to-Liquid estimated from Equation 2-15
- - -Synthetic ester liquid estimated from Equation 2-15
0.2 1 1 T T T
20 30 40 50 60 70 80

Bottom liquid temperature (°C)
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7.5 Summary

The liquid temperatures and velocities under ON/KN cooling mode are comprehensively
studied through both CFD simulations and experiments under different conditions,
including the total power loss, the thermal head, the ambient temperature and the type of

insulating liquid.

Under an increasing total power loss (proportional to the square of the loading levels),
the top liquid temperature increases exponentially, and bottom liquid temperature increases
linearly. The liquid velocity is found to be proportional to the square root of the total power
loss. With a higher thermal head, the top liquid temperature increases, whereas the bottom
liquid temperature decreases. The liquid velocity appears to increase when the thermal head
rises, and it is proportional to the square root of the thermal head. There is a combined
effect that the liquid velocity is proportional to the square root of the product of the total
power loss and the thermal head, which is verified from both simulations and experiments
and is valid for different insulating liquids. Moreover, with the same thermal geometry of

the transformer windings and radiators, the liquid components as specified in [24] have
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very slight changes (for mineral oil: top liquid exponent changing from 0.62 to 0.65; bottom
liquid exponent changing from 0.88 to 0.92).

When the ambient temperature goes up, the top liquid temperature rise over the ambient
temperature decreases, and the bottom liquid temperature rise over the ambient temperature
increases. The liquid velocity increases by 10.8% to 33.6% in every 20 °C increase of the

ambient temperature, depending on the loading condition.

The thermal performances of three different insulating liquids are compared. In the liquid
natural cooling mode, the liquid temperatures and velocities of the Gas-to-Liquid are
similar to those of the mineral oil. The verified CCL CFD simulation results show that the
changes of the liquid temperatures between the Gas-to-Liquid and the mineral oil are within
1.4K, and the changes of the liquid flow rate is within 6%. However, the cooling
performance of the synthetic ester liquid is different from the mineral oil and the Gas-to-
Liquid. Compared with the mineral oil, the top liquid temperature of the synthetic ester
liquid is higher (from 2.9 K to 4.3 K) and the bottom liquid temperature is lower (from -
3.5 K to -0.9 K). The liquid velocity of the synthetic ester liquid investigated in this thesis
18 33.0% to 47.5% lower than the ones of the mineral oil. It is also found that the dominating
material property to the liquid velocity is the dynamic viscosity. The closer the dynamic
viscosity is, the closer the liquid velocity will be. The top and bottom liquid exponents
specified in [24] are found to be changed if a transformer is filled with an alternative
insulating liquid. Moreover, the ratios of the liquid velocity are compared between the
analytical estimation in [72] and the CCL CFD simulations, where analytical estimation

underestimates the velocity of the ester liquid.
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Chapter 8 Conclusions and Future Work

In a liquid natural air natural (ONAN/KNAN) cooled power transformer, it is important
to understand the interdependent relationship between the liquid temperature and liquid
velocity to estimate the winding hot-spot temperature and its location under different
conditions. In this PhD study, CFD simulations and experimental verifications of the liquid
temperature and velocity in a complete-cooling-loop (CCL) setup are thoroughly

investigated under various thermal design and operational conditions.

To construct such a CCL CFD model, firstly, an optimal transformer radiator CFD
modelling strategy is found by using the air heat transfer coefficient equation to replace the
detailed air flow simulations. Then, the reduced radiator model is implemented in the CCL
CFD model, which solves the liquid temperatures and velocities simultaneously under
different conditions. In parallel, an experimental CCL setup was established to fully verify

the radiator and the CCL CFD simulations.

8.1 Research Conclusions

8.1.1 CCL Experimental Setup

A laboratory-scale CCL experimental setup is established to achieve a spontaneous
insulating liquid flow, in which the only driven force of the liquid flow is the thermosiphon
force. The design is representative to an ONAN/KNAN cooled transformer. It mainly
consists of a modularised winding model, a 4-panel 1-meter-high radiator, the connecting
pipework and a temperature measurement system. As it is a scaled down setup compared
to a transformer, size matching between the winding model and the radiator is critical. This
has been successfully achieved by the preliminary analysis so that the measured liquid
temperatures and flow velocities in experiments are controlled within the typical ranges of
these parameters for transformers in operation. The designed setup enables itself to vary
the power loss (corresponding to the loading condition) and the thermal head, and it can
also be filled with different insulating liquids to compare their thermal performance. In
each temperature-rise test, the liquid, ambient and the radiator surface temperatures are

measured.
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8.1.2 Radiator Modelling and Verification

Full radiator CFD simulations

The liquid temperature distribution in the transformer radiator is important to determine
the thermosiphon force of a liquid natural cooled transformer, and hence, the total liquid
flow velocity. However, there is lack of research work on radiator modelling in terms of
the liquid temperature and radiator surface temperature distributions, and in particular on
experimentally verified modelling and simulations. Therefore, a full radiator CFD model

including air domain is established first as the benchmark model.

The full radiator CFD model considers the thermal conduction, the insulating liquid and
the air convections, the radiation on the outwards facing panel surfaces, and simulate both
liquid and air flows inside and outside of the radiator. The simulations results are fully
verified by a set of experiments in terms of the bottom liquid temperature, total heat
dissipation and a surface temperature distribution under seven different loading conditions.
The maximum absolute difference of the bottom liquid temperature between the full
radiator CFD simulation and the experiments is within 0.9 K, the maximum relative
difference of the total heat dissipation is within 4.3%, and the maximum absolute difference
of the surface temperature is within 3.3 K. The accuracy of the full radiator CFD
simulations is better than those published in the literature [80, 83, 84, 86, 87].

Reduced radiator CFD simulations

The full radiator CFD model considers all the heat transfer processes and the cooling
media, which requires a high demand of computational efforts. Hence, it hinders its
implementation into a CCL CFD model. Therefore, a reduced radiator CFD model is
developed in this thesis, which replaces the air flow simulation (air convection) by using
the air heat transfer coefficient. By comparing the full and reduced radiator CFD simulation
under the same condition, the simulation results indicate that one h,;, is sufficient to
represent the convection of the complex air flow around the transformer radiator under one
loading condition. An h;,- equation is then derived to represent varying loading conditions
by conducting the parametric sweep of the top liquid temperature and total liquid flow rate

at the radiator top using the full radiator CFD simulations.

The reduced radiator CFD simulations adopted with the h,; equation have been

comprehensively verified by both the full radiator CFD simulations and experiments of
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different operating conditions. Compared with the full radiator CFD simulations, the
bottom liquid temperatures of the reduced radiator CFD simulations are within 0.3 K
difference, and the total heat dissipation is within 2.2% difference. In the experimental
verification, the maximum deviations of the bottom liquid temperature and the total heat
dissipation introduced by the reduced radiator CFD simulations are 1.0 K and 6.4 %,
respectively. It is also found that the reduced radiator CFD model significantly reduces the
processing time to 2 hours compared with the full radiator CFD simulation of 50 hours for
a typical simulation case. In addition, compared with the existing empirical equations in
the literature [80, 83, 93-95, 100-105], the h,;, equation derived in this thesis shows a

better agreement with experimental results.

Effects of liquid type and ambient temperature on h,;.. Equation

The impacts of the liquid type and the ambient temperature on the derived h,;,- equation
are investigated by additional CFD simulations. The h;,- equation derived from the mineral
oil is found to be applicable for alternative transformer liquids including a GTL oil and a

synthetic ester liquid.

The effect of the ambient temperature on the h,;,- equation is more obvious. As the
ambient temperature rises, the increased air dynamic viscosity leads to a decreased h;, .
To consider the influences of the air material properties, the h,;,- equation has to be
transformed into a dimensionless form, which successfully solves the impacts of the

ambient temperature on the hg;,..

8.1.3 CCL Modelling and Verification

CCL CFD simulations

The reduced radiator CFD model is incorporated into a CCL CFD model, which focuses
on the evaluations of the interdependency of liquid temperatures and the liquid velocity
under different loading conditions, with different thermal heads, in different ambient
temperatures and of different insulating liquids. The effects of the above mentioned three
influencing factors, i.e., the loading condition, the thermal head and the type of the

insulating liquid, are also investigated by the experiments.

The CCL CFD simulations are first verified by a set of experiments where the ambient
temperatures and the power losses as the inputs of the experiments and simulations are

exactly matched. The maximum difference of top and bottom liquid temperatures between
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simulations and experiments is 2.2 K, and the mismatch of the liquid velocity is less than
12.3%. It should be noted that liquid velocities from the CCL CFD simulations are all in
the uncertainty ranges of the calculated velocities based on the experiments, where the
uncertainty ranges are determined from the variation of the liquid temperature

measurements.

Liquid temperatures and velocities under different conditions

The liquid temperatures and velocities are comprehensively studied under different
conditions, including the power loss, the thermal head and the ambient temperature by

using a mineral oil.

With the increase of power loss injection (proportional to the square of the loading
levels), the top liquid temperature increases exponentially, and bottom liquid temperature
increases linearly. The liquid velocity is found to be proportional to the square root of the
total power loss. With a higher thermal head, the top liquid temperature increases, whereas
the bottom liquid temperature decreases. The liquid velocity increases when the thermal

head rises, and the liquid velocity is proportional to the square root of the thermal head.

The relationship of the liquid velocity with the power loss or the thermal head is also
valid at different ambient temperatures. When the ambient temperature increases, the top
liquid temperature rise over the ambient temperature decreases, and the bottom liquid
temperature rise over the ambient temperature increases. Depending on the loading
condition, the liquid velocity increases from 10.8% to 33.6% in every 20 °C increase of the

ambient temperature.

Comparison of different insulating liquids

The thermal performances of three different insulating liquids are compared. The
relationship of the liquid velocity with the power loss or the thermal head is also valid for
different insulating liquids. In the liquid natural cooling mode, the liquid temperatures and
velocity of the Gas-to-Liquid are similar to those of the mineral oil. The verified CCL CFD
simulation results show that the changes of the liquid temperatures between the Gas-to-
Liquid and the mineral oil are within 1.4 K, and the changes of the liquid flow rate is within
6% under different conditions. However, the cooling performance of the synthetic ester
liquid is noticeably different from the mineral oil and the Gas-to-Liquid. Compared with
the mineral oil, the top liquid temperature of the synthetic ester liquid is higher, and the

bottom liquid temperature is lower. The liquid velocities of the ester liquid investigated in
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this thesis is 33.0% to 47.5% lower than those of the mineral oil. It is also found that the
dominating material property to the liquid velocity is the dynamic viscosity. The closer the

viscosities between liquids, the closer the liquid velocities would be.

The liquid exponent, x, defined in the IEC standard 60076-2 [24] for this test setup is
derived from the experimentally verified CCL CFD simulations. In addition to x (also
defined as x4, in Section 7.4.2), x;,; (liquid exponent for calculation of the bottom liquid
temperature) is also studied. The simulation results indicate that, with a fixed winding and
radiator design and with the same insulating liquid, the top and bottom liquid components
are similar even with different thermal heads. However, among different insulating liquids,
the liquid exponents could vary. Compared with the ones of the mineral oil, the top liquid
exponents of the synthetic ester liquid have an average 12.6% decrease, whilst the bottom

liquid exponents have an average 15.2% increase.

Moreover, the analytical method proposed in the literature [72] is compared with the
CCL CFD simulations on the liquid velocity calculation. Compared with the CCL CFD
simulations, the analytical method may have an underestimation ranging from 6.6% to

13.0% of the total liquid flow velocity.
8.2 Future Work

The work reported in this thesis focused on understanding the thermal behaviour of the
radiator and the complete-cooling-loop modelling for liquid natural air natural cooling
mode in the steady-state condition. The future work can be conducted in both the steady-

state condition and the dynamic condition.

Future work related to the winding in steady-state condition

The hot-spot temperature and its location at a transformer winding is of great interest for
thermal design, operation and asset management. In the CCL CFD model, the winding disc
is modelled as a homogenous block with uniform heat flux densities, to focus on the
calculations of the liquid temperature and flow distributions. This geometric simplification
brings the benefits of less computational requirements in terms of meshing and processing

time.

The next step of the CFD simulations should adopt the paired bottom liquid temperature
and liquid velocity at the winding inlet (from CCL CFD simulations in Chapter 6 and 7)
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into a winding only CFD model, focusing on the winding temperature distribution, as well

as the hot-spot temperature and its location.

Different to the experiments in this thesis, a non-uniform loss profile which reflects the
eddy current loss is suggested for the future work. Additionally, the Particle Image
Velocimetry (PIV) based on a laser system should be used to measure the flow distributions
of the insulating liquid within the winding. The application of the PIV system and the input
of a non-uniform loss profile are both considered when designing the experimental setup
(temperature sensors already embedded in the winding discs) reported in Chapter 3,
however the restriction to laboratory access during the pandemic limited the present study.
On top of the liquid temperature, the measured velocity and winding temperature profiles
provide extra information to verify the CFD models. In addition, if the ambient temperature
can be controlled, a wide range from a cold start to 40 °C ambient temperature should be

experimentally studied.

The strategy can be used to model a transformer, and ultimately to be implemented into

a thermal package of the transformer digital twin.

Future work related to radiator modelling in steady-state condition

The full radiator CFD model is established and verified. A dimensionless equation is
found to empirically define the relationship between the Nusselt number and the Rayleigh
number. However, its validity is only verified based on the geometry of the 4-panel 1-meter
radiator. In this dimensionless equation, the length of the radiator panel (L) was chosen as

the geometric characteristic.

However, in a power transformer, the radiator is longer in length and with more panels.
Additional full radiator CFD simulations are needed to find out if the dimensionless
equation can be universally applicable to different radiator sizes. To model multiple panels
in different lengths, the geometric characterises defined as the pitch distance (s), associated
with a correction factor defined as the ratio of the pitch distance to the panel length (s/L),

may be more suitable.

In addition, the radiative heat dissipation, as well as the radiative coefficient, is
influenced by the ratio of the outwards facing surface area to the all surface area of the
radiator (A,,:/A). Moreover, the radiative and convective heat dissipations are affected by
the average liquid and ambient temperatures. Therefore, additional full radiator CFD

simulations in different dimensions should also be conducted in different ambient
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temperatures to further validate if the ratio of the radiative heat dissipation to the convective

heat dissipation is influenced by the ambient temperature

Future work related to dynamic condition

As introduced in Chapter 1, the future network loading levels would increase in general
and become more dynamic due to the net-zero target. Hence, a Cigre Working Group
(A2.60) is investigating the dynamic thermal behaviour of liquid-immersed power
transformer. To the best knowledge of the author, only [106, 107] built the CFD models to

study the dynamic thermal behaviour of the transformer.

In the present experimental setup developed in Chapter 3, the liquid and winding
temperatures can be captured in every minute. Hence, the effects of the dynamic loading
profile on the winding and liquid temperatures can be studied. Moreover, the hot-spot
temperature and its location can be obtained from a cold start to different transient loading

scenarios.

As for the simulation-based work, the CCL CFD model developed in Chapter 6 has been
experimentally verified and further work needs to be conducted to determine whether it can

be used to model the dynamic thermal behaviour.
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Appendix -1: Simplification of Qil

Channel Shape of Radiator

To the stamped plate transformer radiator, the oil channel shape looks much closer like

an elliptical shape rather than a rectangular shape, as shown in Fig. 0-1. However, there are

more mesh constraints of the CFD model built on elliptical oil channel than the model using

rectangular oil channel. By the modelling experience, more constraints result in a long

processing time and a hard convergence.

Therefore, the reduced radiator CFD model is adopted to study the differences between

two radiator geometries, i.e. one is built with elliptical oil channels and the other is built by

rectangular oil channels. The cross-sectional view of the middle of an oil channel from two

model geometries is shown in Fig. 0-1.

(a) Elliptical oil channel

|-

e

(b) Rectangular oil channel

Fig. 0-1 Different shapes of oil channel in radiator CFD model (grey part for the oil domain, purple part

for the radiator steel wall)

The key geometric characteristics to the thermal behaviour of the transformer radiator,

i.e., surface area and liquid volume per panel, is given in TABLE 0-1. It is worth

mentioning that the geometry of either the elliptical oil channel or rectangular oil channel

is based on the measurement of the 4-panel 1-meter-high transformer radiator introduced

in Section 3.1.2.

TABLE 0-1 Geometric characteristics of 4-panel radiator and its CFD models

Geometric characteristics Manufacture ‘Elliptical oil-channel’ ‘Rectangular roil-channel’
datasheet CFD radiator model radiator CFD model
(per panel)
Surface area (m?) 1.12 1.13 1.13
Liquid volume (1) 344 344 3.45
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The input conditions of the reduced CFD simulations are summarized in TABLE 0-2. A
larger difference is expected at a higher top oil temperature between two geometries, and
hence, the top liquid temperature is fixed at 80 °C when ambient temperature is set as
20 °C. Two different air heat transfer coefficients are investigated; and five liquid flow rates

are simulated to represent such radiator operated at different conditions.

TABLE 0-2 Input conditions for the reduced radiator CFD model

Material properties Insulating liquids Mineral oil (Gemini X)
Top liquid temperature (T, ) 80 °C
Air heat transfer coefficient (h,;,.) 6 and 8 W/(m?K)
Model Input
Oil flow velocity (Q,;;) 10 — 50 X 1075 m3/s
Ambient temperature (Tymp) 20°C

The CFD simulation results are compared in term of the bottom oil temperature (T} ,;)
and total heat dissipation of the radiator (P). As seen in TABLE 0-3, the maximum
difference of T}, between the CFD simulations of two different geometries is less than 0.2

K, and the mismatch of the P under all scenarios is within 3.3%.

As for the processing time, each case of radiator CFD model with ‘Elliptical oil channel’
takes more than 8 hours, whereas each case of radiator CFD model with ‘Rectangular oil
channel’ maximally takes 3 hours. Therefore, the radiator CFD model built by the

rectangular oil channel is chosen in this PhD project.

TABLE 0-3 Radiator CFD model simulation eesults of ‘Elliptical oil-channel’ radiator model and

‘Rectangular oil-channel’ radiator model

Reduced radiator CFD Model Simulation Results
Model input hgi=6 (W/(m? - K)) hyir=8 (W/(m? - K))
Qour Elliptical oil- Rectangular oil- Elliptical oil- Rectangular oil-
p
(1075 m3/s) channel channel channel channel
T, T, T,
PO Pwy | Pwy | PW) | T (O) | P (W)
) 0 0
10 70.7 1402.4 70.5 1444.3 68.2 1783.3 67.8 1839.1
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20 75.3 1457.6 75.2 1501.9 73.9 1873.6 73.9 1933.1
30 76.8 1479.5 76.8 1525.2 75.9 1909.3 75.8 1970.9
40 77.6 1493.3 71.6 1539.9 76.9 1931.5 76.8 1994.8
50 78.1 1503.5 78.0 1550.7 71.5 1948.1 71.5 2012.6
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