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ABSTRACT

Using steady-state and transient one-dimensional gas dynamic engine models
developed with AVL Boost™, critical assessment of the performance characteristics
of the current 2014+ Formula One™ engine and of the future 2026 Formula One™

Power Unit are investigated.

For the 2014+ regulations, a Digital Twin, aiming at replicating the trends of the real
engine despite a lack of component-level-detail data, is created and used to
scientifically explain how this engine achieves 50+% brake fuel conversion efficiency
and to rank the contribution of each enabling technologies (high compression ratio,
lean combustion, passive pre-chamber, direct injection, asymmetric valve profiles,

MGU-H and waste gates used as pressure-relief valves).

The impact of the 2026 Formula One™ Power Unit regulations on engine performance
is investigated and highlights that the reduction in fuel flow will not only result in the
obvious reduction in power output but also in in-cylinder pressure which introduces
opportunities for enhanced combustion process and higher air/fuel ratios.
Nevertheless, with the high MGU-K power, both the 2014+ and 2026 Power Units are
predicted to have similar peak output power despite an advantage at low speed for the
2026 regulations thanks to the capacity of electric motor to produce torque at low
speed. Using transient simulations, the impact of the removal of the MGU-H in the
2026 regulations is assessed and an anti-lag solution using the MGU-K called torque
consuming is investigated. It is demonstrated that always operating the engine at full
load during acceleration phases and using the MGU-K to absorb the excess power
compared to the power demand / to control the amount of power delivered to the
wheels helps to reduce turbo lag, improve engine efficiency, and reduce the need for

the MGU-K to torque fill, but at the expense of a higher fuel consumption.

Keywords:

Engine simulation, Digital Twin, AVL Boost™, Formula One™ Power Unit, Energy,
Exergy, Turbo lag mitigation
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1 Introduction

1.1 Context

Since its creation in 1950, and thanks to its teams pushing to the limits to extract
as much as possible within regulations, the FIA Formula One Championship™
has been an innovation laboratory, promoting a range of technical solutions now
used in the whole automotive industry.

One of the distinctive features of Formula One™, is that small margin
improvements in performances are pursued despite cost or inconvenience. The
motivation for truly exceptional performance has always been there.

That motivation remains, but every year, sporting, technical and now financial
regulations are published by the Fédération Internationale de I’Automobile (FIA),
to which teams and engine manufacturers must comply. The more recent editions
have aimed at continuing to ensure a fair and secure competition playground for
all competitors but also at limiting research costs by excluding research and
development in specific technologies or materials for example and, significantly
for the topic of this Doctoral thesis, by limiting testing and simulation time and
COSts.

Despite engine regulations being updated every year, an engine generation lasts
for several years with the core concept staying the same and limited modification
or precision being brought to specific items. Performance from the end-of-
generation engines has always been significantly higher than start-of-generation
ones due to constant improvement motivated by the desire of winning races as
shown in Figure 1-1 which is extracted from the papers published respectively by
Sakurahara reporting the power evolution of Honda’s Formula One™ from 1983
to 2008 [1] and by Theissen et al. regarding BMW’s engine between 2000 and

2009 [2].
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Figure 1-1 - Power evolution of Honda's engines from 1983 to 2008 (top figure) [1] and for BMW between
2000 and 2009 (bottom figure) [2]

Prior to 2014, both forced induction and naturally aspirated (NA) engines had
been used in the Championship, under different forms and at different periods.
Both the turbocharged and naturally aspirated engines were high-performance,
but they were also air-limited by one form of regulation or another, meaning that
their performance was limited by the amount of air that could be trapped in the
cylinders (from 1987 limited by regulations on air inlet conditions or engine speed
or both) and their thermo-chemical fundamentals were predictable and widely
understood by anyone familiar with high-speed engines, particularly motorcycles.
The proposition made here is that the secrets kept by engine manufacturers
mostly concerned the details at component-level product engineering: the
materials, fuel and lubrification science, and the practical know-how of engine
calibration rather than relying heavily on the underlying thermo-fluid science of
the engine.

The evolution of Formula One™ engines can roughly be described by four main
eras which are presented in Figure 1-2:

1St

Low-power NA

e —— turbocharged Hybrid turbocharger era

Figure 1-2 - The different eras of Formula One™ engines

At the beginning of Formula One™, both naturally aspirated and supercharged
engines were allowed. These engines existed under various forms (architecture,
swept volume) and right after World War 1l, Formula One™ engines were



reasonably powerful, the BRM P14 V16 being reported at 600 HP (1947 - 1955).
But over the years, the swept volume had been progressively reduced which also
progressively reduced output power. In 1965, the Lotus 33 which won the
Championship with Jim Clark was powered by a 1.5L V8 FWMV Coventry Climax
engine producing a very modest 158 kW [3].

In 1966, faced with the competition of sports cars, the regulations changed to
allow again both turbocharged (1.5 L) and naturally aspirated (3.0 L) engines,
which will lead to the creation of the famous Cosworth DFV engine. It is only in
1977 that an engine manufacturer, Renault, tacked the challenge of a
turbocharged engine. After a rough start [4], the turbocharged engines matched
the performance of their naturally aspirated rivals and proved their superiority by
1983. Despite no regulations amending engine architecture, most of these
turbocharged engines were V6 and 4-inline with BMW'’s 4-inline being the first
turbocharger engine to be crowned champion in 1983 (claimed both the Drivers’
and Constructors’ Championships).

With the change in regulations allowing naturally aspirated engines to vary from
1.5 L to 3.0 L, the power figures went up but this first generation of turbocharged
Formula One™ engine went much higher.

In qualification mode, the turbocharged engines were run at over 5 bar of boost
pressure to achieve published power figures as high as 780 kW (see Figure 1-1
[1]), but rumoured to have exceeded 1,000 kW [5], requiring very large tyres and
wings to be able to transfer the power to the ground . Nevertheless, with these
operating conditions, the engines were extremely unreliable with only a few laps
of lifespan, meaning that the boost pressure had to be significantly reduced for
the engine to last a whole race.

This first generation of turbocharged Formula One™ engines featured
conventional turbochargers but relied on highly engineered fuels with high octane
ratings (with high proportions of toluene and other aromatic components) burnt
at or below stoichiometric air/fuel ratio [6]. By running 4 < 1, the thermal efficiency
is sacrificed but the loss in released fuel energy was made up by injecting large
quantity of fuel and reliable combustion was ensured in addition to other
advantages like fuel cooling effects.

In 1987, a two-year period of transition began which eventually saw the ban of
turbocharged engines and 3.5 L naturally aspirated engines becoming
mandatory. During those two years, a boost pressure limit of 4.0 bar and then 2.5
bar was introduced, inevitably leading to a significant reduction in engine power
as demonstrated in Figure 1-1.

As shown in Figure 1-3, the turbocharged engine developed by Honda for the
1988 Formula One™ season (Honda RA168E) produced between 20 and 25 bar
BMEP and a maximum of 504 kW [6] with a fuel mass flow around 140 kg/h.
These data are obtained using a 1D gas-dynamic engine performance model of
this engine developed for this thesis using AVL Boost™ and which is validated
against the power curve given by Otobe et al. [6]. Obviously, without boost
pressure limit, the engines from the 15 turbocharged era achieved much higher



BMEP values in qualification mode with an even higher fuel flow rate. Even with
a 4-bar limit, the RA167E is reported to have reached 742 kW at 12,000 RPM,
equating to 49.47 bar BMEP [6]. 50 bar BMEP is an extraordinary specific power
output for a non-hybridised ICE.
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Figure 1-3 - Power and BMEP predictions for four different Formula One ™ engine generations [1]; [6]; [7]

Following the first turbocharged era, the sport returned to naturally aspirated
engines with the advent of very-high-speed engines. First with 3.5 L (1989-1994)
and then 3.0 L engines with VV10s, which were already the norm in the late 1990s,
becoming mandatory in 2000. In 2006, both the capacity and the number of
cylinders were reduced with the sport adopting 2.5 L V8 engines.

Combining maximum power given for the engine by Sakurahara [1] and the
normalised power curve provided by Kondo et al. [7], the 2007 2.5 L V8 Honda
engine power curve has been estimated and shown in Figure 1-3. As
demonstrated by this figure, modern era naturally aspirated F1™ engines are
diametrically different to the turbocharged engines.

The volumetric efficiency of these engines is inevitably limited as inlet air density
cannot be significantly increased. By optimising engine geometry, by common



experience, the realistic maximum of 130% volumetric efficiency is achievable
with separate intakes pipes for each cylinder that are optimised for length, leading
to modest BMEP values compared to that of turbocharged engines. To produce
high power values, naturally aspirated engines relied on very high engine speeds
which are mostly limited by the mechanical limits of specific components like the
piston and the connecting rod. A maximum of over 20,000 RPM was achieved
before successive regulations limited the engine speed to 19,000 RPM in 2007
and 18,000 RPM in 2009 with the aim to reduced engine development costs [1].

Despite their lower BMEP, at the end of the V10 era, power output was
approaching the values that were reached by turbocharger engines. As shown in
Figure 1-1, the 2005 Honda engine produced 700 kW. In addition, between 1990
and 2005, the specific power output of Honda’s V10s nearly doubled, from 143
to 240 kW/L, with increased reliability, from 400 to 1400 km, and significant weight
reduction, from 160 to 89 kg, demonstrating the possible extent of improvement
over an engine generation [1].

In 2014, the regulations changed once again and this time very significantly [8].
1.6 L V6 turbocharged engines became mandatory alongside an Energy
Recovery System (ERS) to form a wider propulsion system referred to as a Power
Unit (PU). Extending the experience gained with the KERS (Kinetic Energy
Recovery System) used in the early 2010s, Formula One™ cars were now
powered by electric-hybrid powertrains.

In addition to this change in Power Unit concept, the engine philosophy was also
completely modified with the introduction of a fuel flow limit and of the MGU-H
(an electric motor linked to the turbocharger rotor shaft). For the time, the engine
is limited in the fuel flow it can consume, therefore the engine power output is not
limited by the amount of air it can swallow (air-limited engines). Previous
regulations achieved effective air limitation by restricting engine speed or by
imposing a limit on inlet manifold pressure. In addition to introducing a fuel-flow
limit, the quantity of fuel that can be consumed during a race has also been limited
(100 kg in 2014 [9] / 110 kg in 2021 [10]). The fuel mass limit has since been
removed (2022). Indeed, there can be a lap time gain in having less fuel mass
onboard even if it means limiting engine power at specific moments. Therefore, it
could be argued that limits on the quantity of fuel allowed on board a vehicle and
a restriction on refuelling are also forms of effective fuel limitation, particularly
when re-fuelling was also banned by regulations. This was a radical change.

While of secondary importance for previous engine generations, fuel conversion
efficiency became the engine designers’ primary focus to make the most out of
the limited amount of energy available. In this process of increasing fuel
conversion efficiency, the regulations also crucially made mandatory, for the first
time, the use of direct injection which enables more precise fuelling control.
Despite using specifically developed fuels, their composition is not as different to
that of road cars as it was in the first era of turbocharged engines. Shell, Scuderia
Ferrari’s fuel supplier, claims that its Formula One™ fuel contains “99% of the
same types of compounds as Shell V-Power road fuels available to customers
worldwide” [11].



In the 2014+ PU (refers to the 2014 — 2025 Formula One™ Power Unit
generation), both the MGU-K (electric motor linked to the engine crankshaft) and
MGU-H can act in torque delivery and torque absorption modes (recovering
kinetic and thermal energy respectively). Unlimited amount of energy can be
transfer between both MGUs but the energy flow between the MGU-K and the
Energy Storage (ES — the “battery”) is limited, both in and out of the ES, on the
contrary to that of the MGU-H (see Figure 1-4). Moreover, the difference between
the minimum and maximum State of Charge (SOC) of the ES must never exceed
4 MJ when the car is on track. All these features made the overall energy
management of the 2014+ PU very complex and key for on-track performance.
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Figure 1-4 - 2014+ Formula One™ Power Unit energy flow diagram [12]

Furthermore, in consequence of the limited available fuel flow, the rapid move in
the direction of hyper-dilution (very high air/fuel ratio), to maximise fuel energy
release (combustion efficiency) and conversion of heat into work (thermal
efficiency), means a totally different combustion system had to be imagined to
promote rapid combustion thanks to high turbulence intensity; without direct-
injection, the use of a pre-chamber (spark-plug surrounded by a perforated gap)
would not have been possible. Indeed, to operate reliably, the mixture in the pre-
chamber needs to be rich with the rest of the combustion chamber running at



higher air/fuel ratio than stoichiometry, which requires a precise position and
operation from the sole injector allowed per cylinder.

With hyper-dilution combined to high compression ratio and short combustion
duration enabled by the pre-chamber, in-cylinder pressures can reach up to
300 bar (without considering connecting rod deformation) where current
manufacturing processes meet their mechanical limits. Thus, the 2014+ engine
Is also pressure-limited, meaning that the efficiency cannot be further increased
because of mechanical reasons.

When first introduced, the 2014+ regulations featured a 15,000 RPM engine
speed limit which has since been removed as the engine is known to be barely
operated above 12,500 RPM [5]. Because of the 100 kg/h fuel flow limit, the
output power cannot be increased by injecting more fuel, and maintaining reliable
lean combustion at higher engine speeds is very difficult. Compared to the
high-speed V10 and V8 eras, the 2014+ engine is limited by pressure forces
rather than by inertia forces.

As the philosophy and complexity of the Power Unit completely changed
compared to previous Formula One™ and known commercial engines, it became
difficult, using logic and experience alone, for an experienced engine designer to
imagine or predict how this new Power Unit worked in all of its details.

According to the model of the 2014+ engine developed for this research project,
this new generation of turbocharged engines produces more power out of a lower
fuel flow than the last engine of the first turbocharged era (Figure 1-3)
demonstrating its higher efficiency. In addition, the 2014+ engine higher BMEP
despite the higher swept volume highlights that by running lean mixture, high
compression ratio and a pre-chamber ignition system, the combustion applies a
higher stress on the engine.

With the limited fuel mass flow and despite its higher efficiency, the 2014+ engine,
cannot compete with the 780 kW produced by the most powerful engines of the
first turbocharged era (Figure 1-1). Nevertheless, by considering the MGU-K, the
Power Unit can deliver higher power values, closing the gap between both
generations. With the introduction of a hybrid Power Unit, the total output power
is now a balance between electric and thermal power.

However, another significant difference compared to the first turbocharged era is
reliability. The 780 KW announced for Honda’s 1986 engine is a peak value only
achievable during qualifications for a very limited number of laps before engine
re-build. The engine power output was significantly reduced to survive race
distance and the engine could be changed after each session. Even if the 1,000
hp reported by engine manufactures for the 2014+ generation [13]; [14] is also
considered to be a peak value, only achieved when the compressor is powered
by the MGU-H and the waste gates are fully open, the 2014+ Power Unit can
operate at high stress levels and deliver high levels of power for much longer
period with only four internal combustion engines allowed for the 2023 23-race
Formula One™ season.



A summary of the main properties of each Formula One™ engine era is
presented in Figure 1-5:
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Figure 1-5 - Summary of the main properties of each Formula One™ engine era

In 2026, a new set of regulations of Formula One™ PU will be introduced [15].
The engine will keep the same architecture as in 2014+ but is only allowed a
conventional turbocharger with the MGU-H ban, and the MGU-K power is
increased from 120 to 350 kW. The regulations will still impose a fuel flow limit
(no fuel mass limit announced) but based on energy flow rather than on mass
flow for an overall lower fuel limit than in 2014+, see Figure 1-6. On the contrary
to the 2014+ Formula One™ Power Unit, the 2026 engine and electric system
will be distinct parts of the Power Unit.

By featuring a conventional turbocharger without electric assistance, the 2026
engine will be exposed to turbo lag unlike the 2014+ engine. For the last decades,
Formula One™ engines have relied on rather conventional fuels but by setting
an energy flow limit and only allowing advanced sustainable fuels, defined as
“derived from a carbon capture scheme, a renewable fuel of non-biological origin
(RFNBO), municipal waste, or non-food biomass” [15], the regulations reopen the
competition for highly engineered fuel development.

Like for the 2014+ regulations, achieving lean combustion will be key to maximise
fuel conversion efficiency and extract the maximum out of the limited amount of
fuel available. Understanding the new advanced sustainable fuels to achieve
reliable, efficient, and stable combustion will be of primary importance.

In consequence of the fuel flow reduction, the engine model built for this project
and based on the 2026 regulations inevitably predicts a reduction in power output
despite fuel conversion kept high (Figure 1-3). To compensate the loss of thermal
power, the MGU-K power has been more than doubled to achieve similar Power
Unit power to that of 2014+ as shown in Figure 1-3 but with a different
thermal / electric balance.
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Figure 1-6 - 2026+ Formula One™ Power Unit energy flow diagram [15]

As the architecture does not change but power is lower, the BMEP of the 2026
engine is reduced to the level of a conventional high-performance engine. Very
different to its predecessor, the 2026 engine will be less challenging to design
from a mechanical point of view as engine speed is lower than that of the high-
speed naturally aspirated engine and it will not be pressure-limited because of
the lower in-cylinder pressures due to the fuel flow reduction. Whilst there are
always reliability issues to remember, this leaves room for the engine designers
to push combustion characteristics (dilution and combustion duration for
example) further.

The 2026 engine will face three main challenges: minimising turbo lag,
developing advanced sustainable fuel allowing engine designers to push
combustion further and energy management (including overall cooling loads) to
ensure that the 350 kW MGU-K can be fed with enough electric energy
considering that all the electric energy comes indirectly from fuel energy.



Due to the 2014+ Formula One™ Power Unit complexity, the Cranfield F1™
Design Sprint was created in 2018 at Cranfield University to try to understand the
secrets of this engine year on year using advanced engine simulations to
complete / understand what was being published or spoken about with these
engines.

The Cranfield F1™ Design Sprint is an extra-curricular student-led activity aiming
at establishing an independent scientific appraisal of the development of Formula
One™ powertrains. Every year, Cranfield students of the Advanced Motorsport
Engineering and Mechatronics MSc are invited to participate voluntarily in this
project run for two months. To keep its independent view, the project does not
receive any data input from the Formula One™ industry but each year, the results
are shared with members of that industry for feedback and advice regarding
improvements. In addition to the work done on the understanding of the Formula
One™ engine, this activity trains future engineers of the industry and has made
a significant contribution to the development of pedagogy at Cranfield University.

Due to the intrinsic competitive aspect of the sport, engine manufacturers do not
share details regarding their engine and the main knowledge transfer within the
industry happens when engineers move from one manufacturer to another. As
done with the F1™ Design Sprint, the only way to look deep into the black box
which is the 2014+ Formula One™ engine and to expose its key features is to
run the best available engine simulations and build the knowledge step by step.

1.2 The role of simulation in high-performance engine
development

In 2000, very few people in Formula One™ and in the motorsport industry was
using engine performance simulations, including 1D simulations, for engine
development. Engine dynamometer testing, track testing and know-how
underpinned the development effort.

Since, the sport has massively changed with the introduction of test restrictions,
the cost cap, and the increase in computation power. Engine simulations, 1D and
CFD (Computational Fluid Dynamics), are now used by everyone and are crucial
for improved and faster engine development.

Another argument for this massive adoption is the improvement of engine
simulation software which have been tested and validated for more than two
decades. There is now good confidence across the automotive and motorsport
industry in engine simulation results to help and increase engine design
capabilities.

This adoption has also been allowed by the increased capabilities developed by
external institutions like Cranfield University. Cranfield University has strong
expertise and capacities in simulation across different fields (engine, CFD, FEA
for instance) and has a pedagogy built around heavy use of simulation for
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teaching but also group and individual projects. As students are trained to use
simulation tools, the industry benefits from this knowledge.

When it comes to 1D engine simulations, Cranfield University distinguishes the
learning potential from different approaches:

The Step Forward philosophy: taught for generations at Cranfield
University and other universities, this approach is the classic method and
is very similar to what is done when only physical testing is available for
development. Based on simulation results, rapid design decisions are
made and tested. Those that seem promising are continued while the
others are rejected and so the design ‘steps forward’ one step at a time.
Along the route, a mental map of the engine behaviour is built and
orientates the designer's decisions. The results are not necessarily
optimum as all variables are not optimised simultaneously. But
improvements on the baseline are found and there is confidence in the
designer that the reasons for the improvements are understood as he / she
had to direct himself / herself the development. This philosophy is the one
deployed consistently (more latterly amongst others) during the Motorsport
Powertrain Design module at Cranfield University and used during the
F1™ Design Sprint.

The Brute Force philosophy: Enabled by recent advances in high
computation power and investment in user licences for simulation
software, an attempt at true multi-variable optimisation is made by testing
a very large number of combinations of variables values. Nevertheless,
the human designer is still in charge of deciding which tests are to be
undertaken and then of analysing the generated results to extract the
preferred design. Improvements on the baseline engine performance are
made but to understand where they came from, the designer needs to step
back by perturbating key variable values and assessing the performance
impact. This approach has been tested during the 2022 Cranfield F1™
Design Sprint and has been used for several MSc thesis at Cranfield
University.

The Computer Guided Design Optimisation philosophy: This approach
relies on algorithms to direct an optimal search against a composite
objective function within user-defined limits. The objective is a set of
weighted performance indicators forming a single composite objective.
Like brute force in that a global optimum is sought, it relies less on human
intervention. Tracking the rate of change in the objective function against
changes in variables selected by the algorithm allows the designer to
follow how the code is improving the design over a large period (72 hours
for example). Despite being less intuitive and less suitable as a learning
tool compared to the Step Forward approach, this philosophy tolerates
having a very sparse input data as it starts with a ‘blank sheet’ of
parameters and can lead to design that a designer would not have thought
of. This approach has been the subject of the Frankie Chapman’s MSc
thesis [16].
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As witnessed during the 2022 Cranfield F1™ Design Sprint and shown in
Chapter 2, these different approaches are not incompatible but rather
complementary. The group of students following the Step Forward philosophy
would have like the computation power of the Brute Force group whereas the
latter would have benefitted from the deeper engine behaviour understanding of
the Step Forward students.

The engine design process can benefit from the different philosophies which can
be used at different steps of a project.

1.3 Position of the Formula One™ industry regarding engine
development and the arising knowledge

When developing their engine, the manufacturer’s goal is very simple, this is to
make the car go faster. Engineers look for high-performing and reliable technical
solutions which improve the overall vehicle / Power Unit package with the
stopwatch being the only judge. As Nick Hayes would say “In every decision, we
will choose the option that makes the car go faster on the track” [5].

Nevertheless, despite pushing engine concepts to their limit, scientific knowledge
is extracted only as a biproduct of this approach as this is not the objective. The
industry does not have time to delve into scientific details if in-depth analysis is
not required to improve the technical solution.

In addition, if ever detailed scientific investigations are conducted, their results
are kept internally and only rarely shared with the scientific community once the
PU regulations change, and the solutions become obsolete.

Information about the 2014+ Formula One™ Power Unit can be found in the
specialised press with articles about different components. However, these
articles are written based on what the teams and engine manufacturers are willing
to share, i.e. no intellectual property or information that could be detrimental if in
their competitors’ hands. Their aim is to share the information to a wider audience
but do not provide any scientifically based explanations and can sometimes be
erroneous.

Teams and the sport’s institutions (FIA and Formula One™ Management)
communicate on the engine’s performance to promote the sport. The two most
famous totemic claims regarding the 2014+ Formula One™ PU are its 50%
overall efficiency and 1,000 hp power [13]; [14] but no hard evidence, like engine
dynamometer results, have ever been shared.

1.4 Methodology adopted for this project

Because of the secrecy in Formula One™, the lack of validation data available in
the literature and no knowledge of component-level details, this project does not
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aim at creating an engine model perfectly replicating the performance of the
2014+ engine in all aspects.

Rather based on years of feedback from the industry for the Cranfield F1™
Design Sprint and input from the sponsor of this Doctoral Thesis, the idea is to
create a Digital Twin! of the 2014+ Formula One™ engine to expose its
interesting features.

The objective of the 2014+ Digital Twin is thus not to perfectly replicate the
performances of the 2014+ engine but to be a model exhibiting the same trends,
allowing to understand the behaviour of an engine following the 2014+
regulations in a systematic way.

Furthermore, the 2014+ Digital Twin allows the engine developer to access data
which is normally unavailable or not measured on a real engine, enabling to push
investigations further and to get more insights on the engine’s behaviour.

For instance, the 2014+ Digital Twin can give insight into detailed turbocharger
operational characteristics which are normally only measured if placed on a
separate turbocharger dynamometer like the equipment available at the Imperial
College London [17]. The 2014+ Digital Twin can be equipped with temperature
measurement points in large number and/or in places unreachable on a real
engine, extending the range of possible analyses, including exergetic analysis.

The 0D/1D engine simulation software AVL Boost has been used to create this
2014+ Digital Twin with the previously introduced Step Forward approach being
used to develop the engine when required (for instance, for maximising the
volumetric efficiency). This method provides a layered approach to building up
understanding on how the engine behaves. In addition, 1D simulations has also
been used backwards. Rather than using the simulation results to influence the
engine design, results have been used for investigation and understanding of the
engine, to gather insights into the engine behaviour.

The 2026 Formula One™ engine model investigated in this thesis has been
created following the same Step Forward methodology approach and AVL
Boost™.

1.5 Objectives of this research

The operation of the current Formula One™ engine differs greatly from that of
conventional road car and even high-performance engines because of unusual
features like the fuel flow limit and the MGU-H. Due to the intrinsic secretive
aspect of the sport, very few data regarding these engines is available and the

1 The term ‘Digital Twin’ refers to the best equivalent engine model of an existing engine which
has benefited from input and feedback from the industry and for which the impact of the input
dataset on performance predictions has been critically assessed.
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public must satisfy with the performance claims made by engine manufacturers.
Furthermore, the internet is full of partial, misleading and incorrect data.

Specific independent research actions, like the Cranfield F1™ Design Sprint,
manage to step by step uncover the mystery surrounding the 2014+ Formula
One™ Power Unit and the engineering solutions allowing it to reach
high-performance and efficiency. But, to date, a precise scientific thermodynamic
explanation / understanding of the 2014+ engine uncommon operation does not
exist. More generally, the same observation can be made if considering an engine
combining all the following characteristics: lean mixture, pre-chamber ignition
system, direct injection, high compression ratio, electrically assisted turbocharger
and waste gates used as pressure-relief valves.

In 2026, Formula One™ will introduce new Power Unit regulations. The engine
will still be fuel-limited but will run with advanced sustainable fuels and the
turbocharger will not be allowed to receive electrical assistance. In addition, the
electric / thermal balance will greatly evolve compared to the 2014+ regulations.
Extensive literature is available on electric hybrid powertrains, however such a
technology combination has never been investigated for high-performance
motorsport applications, specifically the potential interaction modes between the
electric motor and the internal combustion engine to enhance the performance of
the whole Power Unit.

Using steady state and transient 0D/1D engine simulations, including the 2014+
Digital Twin, the objectives of this thesis are the following:

- To create a refined Cranfield 2014+ Formula One™ engine Digital Twin
using the Step Forward methodology,

- To get insights on the uncommon behaviour / operation of the 2014+
Formula One™ engine using simulation results of the 2014+ Digital Twin,

- To provide a scientific explanation on how the technical choices made for
the 2014+ Formula One™ engine enable it to reach very high level of
efficiency,

- To predict how the 2014+ technical solutions can be transferred to the
future generation of Formula One™ Power Unit which will be introduced
in 2026 and investigate how the 2026 Formula One™ Power Unit could
evolve in its own regulation framework,

- To investigate how the 350 kW MGU-K featured in the 2026 Formula
One™ Power Unit can be used to improve the performance of the internal
combustion engine and specifically, how it can interact with it to mitigate
turbo lag.
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1.6 Statement on the significant and personal contribution to
the body of knowledge

The work exposed in this thesis presents the following personal and original
contribution to the scientific understanding of the 2014+ and 2026 Formula One ™
engines:

- Compared to a conventional engine, i.e. stripped from all mentioned
enabling technologies and similar to Formula One ™ first turbocharged era
engines (see Section 5.2), the 2014+ Formula One™ engine can achieve
high level of efficiency thanks to high compression ratio, high dilution, a
passive pre-chamber ignition system, direct injection, asymmetric valve
profiles, an electrically assisted turbocharger combined with pressure
relief waste gates which respectively increase effective fuel conversion
efficiency by the values shown in Table 1-1 (Chapter 5),

Percentage point increase in effective fuel
conversion efficiency in average over all
Enabling technology simulated engine speeds brought by each

solution

(Baseline engine effective efficiency: 34.9%)

High compression ratio 3.62

High dilution 4.07

Passive pre-chamber ignition system 0.57
Direct injection 1.38
Asymmetric valve profiles 0.12

1.96 (if WG closed and the MGU-H sends energy
Electrically assisted turbocharger with to the MGU-K)

pressure relief waste gates 1.75 (if WG open and the MGU-H supplies energy
to the compressor)

Table 1-1 — 2014 Formula One™ engine efficiency improvement breakdown

- By exploiting the Power Unit Energy Flow diagram from the 2014+
Formula One™ regulations and the unlimited link between the MGU-H and
the MGU-K, the energy of the exhaust gas can be recovered and
subsequently transferred to the crankshaft to increase the engine effective
efficiency by 3.1 percentage points across engine speeds, This is a form
of turbo-compounding where it is adopted because the energy gain
outweighs the losses in converting from mechanical energy to electrical
and back again. This is a sustainable mode of operation (at least in steady
sate conditions), without requiring any energy input from the ES, making it
the most efficient engine mode (Chapter 5),
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Influenced by the fuel flow limit and the MGU-H introduction, running the
2014+ engine at high dilution leads in average over all simulated engine
speeds to only 7.5% of the fuel energy (3.4% exergy) to be transferred to
the cooling system, increasing the exhaust enthalpy to 40.9% (21.7%
exergy) in its highest engine performance mode, resulting in higher
exhaust energy recovery potential and reduced cooling requirements
(Chapter 5),

In addition to reliably igniting lean mixture, the 2014+ Digital Twin shows
that the pre-chamber ignition system lowers the engine’s knock sensitivity
which enables the use of engineering solutions resulting in higher
achievable peak cylinder pressure and higher efficiency as reported in the
literature for conventional road car engines (Chapter 5),

The 2014+ and 2026 Formula One™ engines will have similar
thermodynamic behaviour (energy and exergy) but the latter will not be
pressure-limited, opening the way for higher dilution levels and shorter
combustion duration (Chapter 6),

Introducing speed targets to 1D simulations, i.e. switching from steady
state to transient simulations, massively extends the usefulness of the
engine models by exposing addition characteristic of the engine behaviour
(Chapter 7),

Coupling an electric motor to a turbocharged, fuel flow limited internal
combustion engine, either at the turbocharger shaft or at the crankshatft,
helps to improve acceleration performances and fuel conversion efficiency
but in different ways (Chapter 7),

In the 2026 Formula One™ Power Unit, by using the MGU-K to torque
consume, i.e. deliberately absorb energy produced by the engine, turbo
lag and the dependency on the MGU-K to accelerate the car can be
reduced, but with a higher fuel consumption penalty. The impact is
different depending on the ICE/MGU-K interaction mode chosen but
torque consuming during acceleration (TCA) is the most promising mode
(Chapter 7),

According to the engine models developed for this thesis, the 2014+ and
2026 Formula One™ engines produce similar amount of specific NOx (NOx
production rate / output power) than a conventional road car engine before
after-treatment system (Chapters 5 and 6),
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This Doctoral Thesis demonstrated the robustness of the currently
available O0D/1D engine simulation software which managed to
successfully model the behaviour of high-performance Formula One™
engines despite the sparse input dataset (Chapter 3).
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2 Literature review

2.1 The future of internal combustion engine

2.1.1 Place of the ICE in the future energy mix

Greenhouse gases emissions overview

With the issues regarding climate change being more and pressing in society, all
sectors of the economy having a significant impact on greenhouse gas emissions
are examined to try to reduce their emissions and to decarbonise them.

The transport sector is the biggest source of emissions in Europe with 27% of the
total emissions and it is the only sector whose emissions have increased since
1990 [18]. The observation is very similar in the United States with the
transportation sector representing 29% of the US greenhouse gasses emissions
in 2021 and recording the highest increase than any other sector between 1990
and 2021 [19].

The emissions of the transport sector come mainly from the combustion of fossil
(and more recently other organic) fuels which contains carbon atoms and thus
leads to the emissions of carbon dioxide (CO2). It is important to note that the
increase in CO2 emissions is for the transport sector as a segment of the
economy. Individual vehicles in Europe have been subject to ever tightening
pollutant emissions since the arrival of Euro emissions standards in 1991. These
drove technological development such as standardisation on closed-loop-control
fuel injection which has been an important building block for subsequent
improvements in specific fuel consumption and hence CO2 emissions [20].

Decarbonising the transport sector is a big issue and is critical not to exceed the
scientists’ global temperature increase target. In response to the problem, the
European Union has proposed that Member States ban the sale of new petrol
and diesel cars from 2035 [21]. The solution which has been the most adopted
for now is the promotion of zero-emissions vehicles, mainly electric vehicles,
whose operation does not emit any greenhouse gases at the vehicle source.

The potential of the internal combustion engine

However, for internal combustion engine experts, this technology has not
reached its thermal efficiency limit yet. There is room for improvements if new
engineers/researchers are educated on this field [22]; [23]. especially when
considering that internal combustion engines are used for light duty vehicles but
also for heavy duty ones and energy production for which zero emissions
technologies are not yet ready.

As exposed by Reitz et al. [19], “a sustainable mobility future will require a diverse
portfolio to ensure the right technologies for the right applications”. Internal
combustion engines will be part of the solutions but will not have the monopoly
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they have today. On the contrary to the other technologies currently developed,
the internal combustion engine has a maturity that makes it usable for a wide
range of applications and at low cost. By further developing it and increasing its
efficiency, the internal combustion engine can accompany the development of
new solutions until these are ready and participate in the first steps towards
decarbonisation.

The modifications of the transport sector will come from the development of new
technologies but will also be based on the development of new infrastructures
that will make these technologies usable [23].

Global warming and the social dimension

The social dimension on the transport sector must also be considered. As
explained by Thaggersen et al. [24], the issues linked to climate change requires
individuals, companies, and institutions to change their behaviour. Fossil fuels
are currently fundamental fuels for our society so actions across all levels of
society are required to reduce emissions. The study shows that despite climate
change being a concern, it does not yet have a big influence on people’s choice
regarding their way of commuting or travelling for leisure. Travel modes are
influenced by physical reasons (distance to cover, availability or not of an ICE
car, infrastructure) but also by personal/social norms. To change people
commuting and travel habits, more climate-friendly transport means must be
made more attractive (availability, cost) and the people perception of the different
transport options must be changed.

In addition, as highlighted by Reitz et al. [22], even if internal combustion engine
emissions are a problem, the main issue is the increase in energy demand which
makes fuel demand always higher. Alongside the improvement of technologies’
efficiencies, there is a need for consumer behaviour change to reduce energy
demand.

The downsides of battery electric vehicles

As mentioned previously, electric vehicles operation does not emit any local
greenhouse gases making them attractive for the zero emissions future.
Nevertheless, to get the full picture regarding the impact of a technology on the
environment, life cycle analyses must be conducted, i.e. considering the
production of the car and of its “fuel” in addition to its operation.

The production of batteries for electric vehicles consumes large amounts of
energy and materials and emits significant quantities of greenhouse gases [25].
In addition, the emissions of an electric vehicle highly depends on the country it
is used and of the electricity production system. If the electricity is mainly
produced by low-carbon emissions technologies (renewable energy, nuclear
energy, ...), the vehicle life cycle analysis appears much “cleaner” than if the
electricity is produced from coal or other fossil fuels.

20



With current technologies, the battery production offsets the benefits of electric
vehicle, and it takes around 150,000 km, depending on the scenario selected for
assessment, for it to be competitive in terms of environmental impact compared
to an internal combustion engine vehicle [25].

It seems certain that the internal combustion engine will be part of the short to
mid-term future mix for the transport sector, but its share will decrease, and its
form will evolve. However, its efficiency must be improved, and its emissions
reduced to be relevant while developing new technologies that will progressively
replace it, at least for some applications.

2.1.2 Place of the ICE in motorsport

Despite the introduction of electric series in the past years, the most famous one
being the ABB FIA Formula E World Championship launched in 2014, the internal
combustion engine still powers most motorsport series.

However, a significant number of elite series have introduced electric
hybridisation to their powertrain but at different levels. The Formula One™
powertrain currently features two electric motor (MGUS), one on the turbocharger
and one on the crankshaft, which are integral parts of the Power Unit. The
Hypercar class of the World Endurance Championship uses electric motors for
regenerative braking and propulsion on the front axle. With the introduction of the
Rallyl regulations in 2022, the World Rally Championship switched to a hybrid
powertrain for the cars to travel in electric mode close to the service park and to
have a boost during acceleration and regenerative braking. The Indycar
Championship has also implemented an electric motor on the engine for a “push-
to-pass” use.

Nevertheless, for smaller series than elite ones, hybrid and electric powertrains
have only been implemented on rare occasions, BTCC being on example with a
hybrid system designed to provide a 40-hp 15-second boost per lap.

Regarding the future of motorsport, the internal combustion engine is likely to
stay a key component at least for the next decade, especially in amateur series,
even though more and more series with alternative powertrains should appear.
The FIA Sustainable Energies Roadmap shows that even if more and more elite
series will switch to electric powertrains, internal combustion engines will still be
used [26].

In 2026, Formula One™ will introduce new Power Unit regulations [15] in which
the fraction of electric power relative to the total Power Unit power will increase
but a high efficiency turbocharged internal combustion engine will still be used.
Considering the cost of an engine development, these regulations are likely to
last at least until 2030 meaning that internal combustion engines will be use in
the pinnacle of motorsport at least for around one more decade.
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2.1.3 Steps to reduce environmental impact of motorsport

Motorsport emissions

According to Formula One™ [27], for the 2019 season, the race car’'s Power Unit
emissions only represent 0.7% of Formula One ™ total footprint whereas logistics
accounts for 45%, event operations for 7.3%, business travel for 27.7% and
facilities and factories for 19.3%. Similar observations are made for the 2022 FIA
Motorsport Games [26].

What this report shows is that the on-track action only represents a very small
fraction of the impact of the Formula One™ on the environment. By orienting
regulations so that engine manufacturers produce always more efficient Power
Units, the environmental impact can be reduced but only marginally.
Nevertheless, it can be imagined that technologies developed in Formula One ™
can be transferred to road car manufacturers which will have a greater impact on
worldwide footprint.

However, to survive, motorsport needs to take actions on-track but more
importantly off-track as this represents the larger fraction of the sport’s impact on
the environment.

Motorsport sustainability strategies

Motorsport governing bodies, like the FIA and Motorsport UK, have established
sustainability / environmental strategies to guide the sport towards a more viable
future [28]; [29]. Formula One™ has done the same with its sustainability strategy
[27].

Through these sustainability strategies, roadmaps are defined to achieve net zero
carbon, by 2030 for all three mentioned documents. As explained previously, it is
important to reduce the on-track emissions and the development of sustainable
fuels and innovative solutions is of great importance for governing bodies and
championships. In addition, by pushing for alternative fuel development and
making them usable on a large number of applications, the impact of logistics and
transport can be significantly reduced.

As climate change is a global issue, the governing bodies, here the FIA and
Motorsport UK, offer their members the tools necessary for them to also
accelerate their transition towards a low-carbon future and thus reduce the
emissions due to off-track operation but also set deadlines in their roadmap so
that objectives can be achieved in time. The objective is to reduce the impact of
the organisation itself but also of the events organised under the authority of the
FIA by influencing the behaviours of members, the public attending the events,
the event promoters, etc. so that the whole industry can secure a sustainable
future. The aim is to help motorsport but also indirectly global mobility by
promoting innovative technologies that can address the issue globally.
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For example, the FIA has created the FIA Environmental Accreditation for
stakeholders to measure and enhance their environmental performance. The
highest accreditation (3 stars) will become mandatories for FIA events,
championships, and competitors. On the 20™ of June 2023, the FIA announced
that all Formula One™ teams have achieved this accreditation [30].

2.1.4 Opportunities linked to internal combustion engine technology
improvement

As mentioned in Section 2.1.1, the internal combustion engine will be part of the
future energy mix, but improvements are required to increase its efficiency to
reduce the amount of energy lost and reduce its impact on the environment.

As investigated by Caton [31], the internal combustion engine efficiency can be
further improved but is physically limited by the different energy conversion
processes involved in the work generation. An internal combustion engine will
never be able to reach the level of efficiency observed for electric motors for
example (>90% [32]) primarily because of the combustion process.

Despite the combustion being at the origin of the work generation, it is also the
most limiting factor when it comes to improving the internal combustion engine
efficiency [31]; [33] because of the irreversibility created during the different
chemical reaction and energy transfer inherent to combustion (further described
in Section 2.2). Depending on the engine, around 20% of the fuel exergy is lost
during combustion [34]; [35] which inevitably limit its efficiency to ~80% without
even considering additional losses.

Nevertheless, the internal combustion engine has not yet reached its physical
efficiency limit with current peak brake efficiency around 42% [36] and several
processes can be improved to limit the different energy losses and reduce the
gap to this limit.

Based on the work done by Reitz et al. [22], Zhao et al. [23], Caton [31] and Wang
et al. [33], the potential improvement opportunities on the internal combustion
engine concern the following items:

- Combustion systems: Improve the combustion event by enhancing the
mixture preparation and implementing technologies enabling combustion
strategies which result in higher fuel energy conversion into work,

- Engine breathing: Increase the breathing capabilities of the engine to
reduce pumping losses via variable systems for example and implement
solutions to increase the engine reactivity to fast changes in load/speed
demand to limit low-efficiency operation,

- Electrification: Combine the internal combustion engine with electric

motors and battery to modify its operation. The goal is to operate the
engine over a limited speed-load range where its efficiency can be
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maximised and thus reducing the need for complex systems to achieve
high efficiency over a wide operating range. By doing so, the engine cost
can be reduced and more investment in the electric part is possible,

- Friction and lubrification: Reduction in friction losses directly results in
higher output performances with barely any drawbacks,

- Engine advanced controls: Develop advanced controls to limit cycle-to-
cycle variation and ensure the engine can operate in its maximum
efficiency conditions using real-time data control and improve the
interaction between the engine and its environment (with the electric part
of the powertrain but also globally, with other vehicles to optimise engine
behaviour with traffic),

- Fuels: Develop flexible and optimised combustion systems capable of
accommodating different fuels at separate times or together, develop fuels
suitable for newly developed combustion modes and increase the
production of bio or e-fuels to reduce the overall impact of internal
combustion engines on the environment when considering well-to-wheels
emissions,

- Engine simulations: Improve simulation capabilities, including the use of
artificial intelligence tools, for design optimisation and develop vehicle
simulations including the powertrain to design optimal control strategies
without need of physical testing.

In addition to being discussed in the scientific community, the industry is also
aware of these improvement opportunities as shown by the Thermal Propulsion
Systems Roadmap proposed by the Automotive Council UK [36] (see Figure 2-1)
which aims at increasing internal combustion engine brake efficiency up to 53%
by 2035 for light duty vehicles and to 60% for heavy duty ones.

Regarding motorsport, the FIA Environmental Strategy [28] also aims at
‘promoting the automobile technology of tomorrow with a special focus on
environmental considerations”. The regulations of the different championships
will push the development of different technologies and sustainable fuels are one
of their objectives as in 2025, 100% sustainable fuels must start being introduced
in World Championships.
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2.2 ldentification of engine improvement areas using
thermodynamic engine analysis

Energy and exergy definitions

To increase the internal combustion engine efficiency, the behaviour of the
engine and losses must be understood so that the improvement areas previously
mentioned can be tackled.

When analysing the behaviour of an engine, it is useful to understand how the
fuel energy is distributed and to assess the fraction of the fuel energy converted
into useful work to define the efficiency of the conversion process.

This is what the energy, i.e. the first principle of thermodynamic, applied to an
engine allows to do, to look at how the input energy is transformed as it changes
from one form to another through a control volume.

However, as stated by Caton [35], Rakopoulos et al. [37] and Farrell et al. [38],
the first principles of thermodynamic only result in an incomplete treatment of the
engine operation.

The second principles of thermodynamics, by considering irreversibility, allows
for an in-depth understanding of the thermodynamic operation of the engine.

The exergy, or availability, is based on the second principles of thermodynamics
and is a complement to energy-flow assessment. The exergy defines the
maximum useful work that can be extracted from a system in a given
environment, i.e. the capacity of the system in a specific state to produce useful
work. The maximum work will be extracted if the system is brought to equilibrium
with its surrounding through a series of isentropic processes. The rest of the
energy which cannot be converted into useful work is called anergy. The exergy
analysis shows that a system cannot converted all its energy into useful work.

On the contrary to energy, exergy can be destroyed when the system goes
through irreversible processes. When entropy is created, exergy is destroyed. In
addition, from the exergy point of view, heat is of lower energy quality than work
as it cannot directly produce useful work.

Energy and exergy analyses on internal combustion engines

By conducting an exergy analysis on an internal combustion engine, it is possible
to identify the processes creating entropy and thus limiting power production. To
achieve high performance and efficiency, this analysis is necessary to get insights
on when the engine capacity to produce power is minimised and understand how
the entropy creation can be reduced. As stated by Rakopoulos et al., “first-law
efficiencies do not explicitly penalize the system for internal irreversibilities” [37].
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Classically, when conducting first law of thermodynamics (energy) analysis on an
internal combustion engine, the fuel energy is transformed and distributed to four
distinct categories [34]; [37]:

- Useful work: The fraction of fuel energy converted into usable output
power,

- Heat losses to the coolant: Heat transfer through the combustion chamber
walls to the cooling systems,

- Exhaust enthalpy: The exhaust gases exiting the cylinder are hot and
contain high level of enthalpy,

- Friction: Fraction of the fuel energy dedicated to overcoming resistive
forces within the engine.

A first law of thermodynamics analysis thus describes how the energy has been
distributed within the engine but does not determine how much work potential has
been lost via undesirable energy transfer (colling losses, exhaust enthalpy and
friction) but also how much work potential has been destroyed in the necessary
energy conversion processes for the engine operation on the contrary to a second
law of thermodynamics (exergy) analysis.

As shown by Caton [35], and Razmara et al. [39] when conducting both energy
and exergy analyses on an internal combustion engine, the exergy distribution
also considers the useful work produced, the heat transfer to the coolant, friction
and exhaust enthalpy but as exergy only considers the work potential and not
only energy, the repartition of fuel exergy into these categories is different to that
of the fuel energy.

In addition, exergy analysis calculates the amount of exergy that has been
destroyed during the engine operation, i.e. the proportion of fuel energy that is
definitively impossible to convert into work anymore.

In an internal combustion engine, the irreversibility sources are multiple [35]; [37];
[38]; [40]; [41]; [42]; [43]:

- Combustion irreversibility: This is the highest source of exergy destruction,

- Heat transfer irreversibility: Work potential is lost during heat transfer
because of the finite temperature difference,

- Mixing irreversibility: Occurs when the different species in the combustion
chamber mix to tend towards a homogeneous mixture,

- Aerodynamic irreversibility: Occurs via throttling but also in the cylinder’s
inlet and outlet ports,

- Friction losses: Also account for work potential destruction but is easily
measurable as it is directly calculated as a work.
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Combustion irreversibility

Combustion irreversibility is the highest source of work potential loss and usually
represents around 20% of the fuel exergy [34]; [35]. Rakopoulos et al. [37] claim
that 90% of all in-cylinder irreversibility is due to the combustion process. Despite
being necessary for the operation of the internal combustion engine, combustion
is also its biggest limitation.

Dunbar et al. [43] determined that combustion irreversibility could be break down
into four different contributions:

- Reactant diffusion: Fuel and oxidant drawn together,

- Fuel oxidation: Chemical reactions during which the fuel molecules are
transformed into products,

- Internal thermal energy exchange: Heat transfer between the different
species in the combustion chamber, the hot products transfer heat to the
cold reactants,

- Mixing: Mixing of the different system constituents to form a homogeneous
mixture.

As reported by Dunbar et al. [43] and by Rakopoulos et al. [37], the heat transfer
between the combustion products and the reactants are the biggest source of
exergy destruction during the combustion process.

Considering this observation and the fact that heat transfer irreversibility
increases as the temperature difference decreases, a solution to reduce
combustion irreversibility is to increase combustion temperature.

Nevertheless, one of the current solutions to increase internal combustion engine
efficiency is to run with highly diluted mixture which results in lower combustion
temperature and thus higher combustion irreversibility. As observed in different
publications [35]; [38]; [40]; [44], running at high air/fuel ratios effectively
increases fuel conversion efficiency despite the higher combustion irreversibility
(higher mixing losses and lower temperature heat transfer) as it also reduces the
cooling losses and the energy lost to the exhaust which overall help the engine
to be more efficient.

It is interesting to note that, as reported by Rakopoulos et al. [37], and Farrell et
al. [38] reducing cooling losses does not necessarily result in higher efficiency.
Indeed, the work potential saved by limiting heat transfer to the coolant is usually
transferred to the exhaust gas. This observation also stresses the importance of
exhaust energy recovery system to improve the overall efficiency of the internal
combustion engine.
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Impact of fuel selection on exergy destruction

The fuel selection can have an impact on the exergy destruction as investigated
by Rakopoulos et al. [37], Farrell et al. [38], Liu et al. [44] and Caton [45]. Small
fuel molecules, such as hydrogen, usually result in lower entropy creation during
combustion as the change in molecule number between the reactants and the
products is reduced compared to bigger molecules. However, mixing
irreversibility for small fuel molecules is higher as a small fuel will be equivalent
to a larger molar proportion of the unburned mixture than a large one.

However, as shown by Farrell et al. [38] and Caton [45], the bigger the molecules
become (i.e. more and more atoms), the lower the variation in entropy creation
between molecules. This means that going from a molecule with one carbon atom
to another with two will cause a greater change in irreversibility than going from
a molecule with ten carbon atoms to one with eleven. This led them to conclude
that for fuels like gasoline or Diesel, a small molecular structure change does not
result in significant entropy creation difference.

The influence of fuel selection on combustion irreversibility can also be
considered from the combustion temperature point of view as done by Caton [45].
Different fuels at the same air/fuel ratio will lead to different combustion
temperature and as described previously, the higher the temperature, the lower
the combustion entropy creation.

Nevertheless, as previously discussed and reinforced by Liu et al. [44], reducing
combustion irreversibility does not necessarily result in higher efficiency which
led them to conclude that “it is more important and reasonable to design or reform
fuel for increasing the thermal efficiency, rather than reducing the exergy
destruction of IC engines”.

Considering the difference between energy and exergy, both are necessary to
fully understand the behaviour of an engine and how its efficiency is limited. In
addition, when investigating energy recovery system, conducting an exergy
analysis can help to make the best choice by identify the source with the most
work potential, which is not possible with an energy analysis.

2.3 High engine efficiency enabling technologies

2.3.1 Wide view of the enabling technologies

Many technologies are currently deployed to improve the characteristics of
internal combustion engine by focusing on the areas describing in Section 2.1.4
to increase its efficiency but also to reduce its overall impact on the environment.

Table 2-1 proposes a summary of the most notable technologies while in
Section 2.3.2, the specific technologies that are of interest for the work presented
in this thesis are described in detalil.
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Classification Notable technologies

Lean combustion

Combustion systems Fuel injection

Ignition system

Combustion chamber geometry

Variable geometry

Engine breathing

Forced induction

Hybrid propulsion

Electrification

Ancillaries electrification

Materials

Friction and lubrification

Surface treatment

30

Lean Spark Ignition Combustion
Homogeneous Charge
Compression Ignition (HCCI)

Gasoline Compression Ignition
(GCI)

Direct Injection Stratified Charge
(DISC)
High pressure direct injection
Dual fuelling

Octane on-demand

Active pre-chamber ignition
Passive pre-chamber ignition

High energy spark plug

High compression ratio
High millerisation
Offset crankshaft

Variable camshaft
Variable length trumpets
Electrically assisted
turbocharger
Variable geometry turbocharger
Two-stage compression with
intercooling
Electric motor on one axle and
thermal propulsion on the other

Electric motor and ICE on the
same axle

Parallel or series hybrid
architecture

Regenerative braking
Electrically assisted
turbocharger
Electric pumps
Optimised material selection for

friction but also heat transfer
properties

Optimised surface treatment for
each engine component



Classification Notable technologies

Friction and lubrification

(Follow-up)

Thermal and energy
management

Engine advanced controls

Oil technologies

Exhaust energy recovery

Waste heat recovery

Cooling losses reduction

Transient efficiency control

Improved oil characteristics at
low and high temperatures

Turbo compounding

Electrically assisted
turbocharger

Organic Rankine Cycle
Combustion chamber insulation

Electrically assisted
turbocharger

_ E-fuels
Sustainable fuels :
Biofuels

Fuels

Fuel blend composition modified

I ] @fene e el Emel to achieve high knock resistance

Improved CFD models dedicated
to specific engine components
(pre-chamber, injector for

instance)

Engine simulations Engine simulations

Vehicle / Powertrain simulations

Fuel blend combustion
properties prediction models

Table 2-1 - Notable high engine efficiency enabling technologies

2.3.2 Specific enabling technologies

2.3.2.1 Pre-ignition system and direct injection for lean combustion and
high compression ratio engines

Challenges associated with higher compression ratio and lean combustion

By considering the efficiency equation for Otto’s cycle (Equation 2-1) [46] it can
be noticed that the efficiency of an internal combustion engine can be enhanced
by increasing compression ratio (CR), the engine geometric compression ratio,
and/or by increasing y, the specific heat ratio:

1
=T

Mtn = (2-1)

Operating at higher y is possible by increasing the mixture’s air/fuel ratio, i.e.
operating at higher air/fuel ratio than stoichiometry [47]; [48]. As already
mentioned in Section 2.2, increasing air/fuel ratio results in higher combustion
irreversibility but is counter-balanced by reduced heat transfer to the cooling
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systems and the engine can be operated at higher throttle angle, thus limiting
pumping losses and increasing the overall engine efficiency. In addition, for road
car engines, running at high dilution level leads to reduced combustion
temperature which minimise NOx production [47].

Nevertheless, higher compression ratio is limited by higher knock sensitivity and
lean combustion also comes with drawbacks. As shown in Figure 2-2, laminar
flame speed varies with air/fuel ratio. The higher the dilution, the lower the laminar
flame speed which affects the combustion.
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Figure 2-2 - Evolution of gasoline and gasoline flame laminar flame speed with equivalence ratio [49]

Because of the reduced laminar flame speed with air/fuel ratio, the development
of the flame kernel and the flame propagation are negatively impacted [47]; [48]
which can lead to compromised combustion stability (high cycle-to-cycle
variation), longer burn duration, and incomplete combustion. These phenomena
decrease engine efficiency which is the opposite of the lean combustion
objective.

The automotive industry is not the only one to look at lean combustion as a way
to make its activity more sustainable and less polluting. With duty cycles much
different from the engines used in road vehicles, lean combustion is also a field
of research for maritime engines [50] and stationary engines [51]; [52]. Even
research on lean combustion for smaller engines (>30 kW) is carried out to try to
reduce the impact of all applications of internal combustion [53].

Lean combustion is also of interest for other means of propulsion which rely on
different thermodynamic cycles than that of internal combustion engines. For
examples, lean combustion for turbines, where the combustion happens
constantly on the contrary to an ICE, is investigated using different combustion
techniques [54]; [55]. For instance, lean-rich combustion is one tested solution
where the combustion is split into 2 zones, physically separated or not, with one
zone being a rich combustion and the second being lean.
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Pre-chamber ignition system to enable lean combustion

To overcome these challenges, the ignition energy and the in-cylinder turbulence
must be increased [47]. Ignition systems can be classified into two categories,
point and space ignitions [48]. For the first category, which includes conventional
spark ignition, the flame starts from a unique point from which it propagates. For
space ignition, the ignition is characterised by a higher ignition energy and
reduced flame traveling distance. Pre-chamber ignition systems are part of this
latter category and are regarded at one of the most promising solutions to
overcome the challenges of lean combustion for gasoline engines [47]; [48]; [56].

A pre-chamber ignition system refers to a perforated cap placed on top of the
spark plug in the combustion chamber. By doing so, the cylinder is divided into
two combustion chambers, the main and pre ones, connected via one or more
orifices.

The objective of a pre-chamber ignition system is to ignite the pre-chamber rich
(thus easily ignitable) mixture so that the combustion leads to an increase in
pressure in the pre-chamber resulting in jets of hot chemical species being
ejected into the main combustion chamber via the orifices. The jets create
multiple, distributed ignition sites that ignite the lean mixture of the main
combustion chamber.

Thanks for these multiple ignition sites, the flame traveling distance is reduced,
the combustion duration is reduced, and combustion variability is significantly
reduced, thus making lean combustion possible and increasing the engine’s fuel
conversion efficiency [47]; [48]; [56]; [57].

In addition, as the combustion duration is reduced, the unburned mixture is
exposed to high temperature conditions for a reduced period which results in
lower knock sensitivity of the engine and thus the possibility to run higher
compression ratio to push efficiency even further as reported in [47]; [56]; [57];
[58].

With a pre-chamber, the overall combustion chamber surface area is increased,
leading to higher cooling losses but its impact on the overall energy balance was
judged negligible by Benajes et al. [59] and outweighed by the benefits of running
a pre-chamber [47].

Furthermore, Toulson et al. [47] state that implementing a pre-chamber ignition
system is easier than other low-temperature combustion technologies, like HCCI,
as it does not require as complex hardware and control systems and it can
operate over a wider range of conditions with similar dilution levels.

Active and passive pre-chambers

Different types of pre-chambers exist. Depending on the size of the orifices
connecting both the pre-chamber and the cylinder, the flow expelled from the pre-
chamber following its combustion can be sub or supersonic. In the first case, the
technology is referred to as Torch Ignition, whereas in the second case, the flame
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is quenched, and it is hot radicals contained in the jets that ignite the main
combustion lean mixture at a distance from the pre-chamber rather than a flame
and the technology is referred to as Jet Ignition [56].

Then, going further, the pre-chamber can possess its own dedicated fuelling
system, in which case the pre-chamber is qualified of active and in the opposite
case, the term passive pre-chamber is used.

As fuel but also air can be directly injected into an active pre-chamber, the
maximum dilution level at which it can operate is higher than that of a passive
one [48]; [58] with some studies reporting that passive pre-chamber does not
yield higher lean limit than a conventional spark-ignition engine despite more
stable combustion and lower knock sensitivity [47]; [48]; [56]; [60]. For passive
pre-chamber, scavenging is an issue and is directly controlled by the movement
of the piston and the force it applies on the gas during the compression stroke
[48]; [59]. According to Benajes et al. [59] there is a given amount of residual gas,
directly related to the engine compression ratio, that cannot be scavenged in
passive pre-chambers, and this affects the effectiveness of the system.

For passive pre-chamber, fuelling control is also very important to ensure that the
air/fuel ratio within the small combustion chamber can be precisely controlled to
ensure good combustion efficiency and stability. As explained by Palakunnummal
et al. [57], the filling of a passive pre-chamber is highly dependent on the
conditions at its vicinity, with the interaction between the fuel spray and main
combustion chamber mixture motion having an impact. Nevertheless, the pre-
chamber ignition system is less sensitive to large scale variation than
conventional spark-plug systems.

As demonstrated by Almatrafi et al. [61], the operation of a passive pre-chamber
can be improved, and its lean limit increased by switching from port-fuel to direct
injection and using two-phase injection strategy. The first phase is used to inject
most of the fuel and create the lean mixture of the main combustion chamber.
The second phase, which happens later, during the compression stroke, is used
in collaboration with the upwards motion of the piston to create the rich mixture
required for the pre-chamber operation. A similar fuelling strategy is report by
Toulson et al. [47] with the Bowl pre-chamber ignition concept.

Impact of the pre-chamber design

The geometry of the pre-chamber (volume, position, number of orifices, orifice’s
diameter, orifice’s orientation) is of primary importance for the pre-chamber to
work efficiently as it affects the scavenging, the jet characteristics, and the charge
motion within the chamber [47]; [48]; [56]; [57]; [60]; [62]; [63]; [64]. However, as
highlighted by Novella et al. [63], a universal perfect design does not exist, and it
is critical for the pre-chamber characteristics to be chosen for a clearly defined
target operation.

For Zhu et al. [48], the most important parameter is the diameter of the orifices
as it affects the scavenging characteristics of the pre-chamber, the flame
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guenching, and the jet velocity. Depending on the diameter of the holes, the
pressure build-up in the pre-chamber will change and so will the jet velocity and
penetration in the main combustion chamber. The diameter must be small
enough so that the jet velocity can overcome the pressure in the main combustion
chamber and achieve a jet penetration that limit the flame traveling distance, thus
leading to reduced burn duration [56]; [64]. On the other hand, if the diameter is
too small, the jet velocity will be too high which can compromise the ignition of
the main chamber charge and lead to higher heat losses if the jets make contact
with the cylinder walls [47].

The active pre-chamber concept opens the door for dual fuel solutions as two
different injectors can be used for the main and pre chambers [47]; [56]. As the
characteristics of the jets coming out of the pre-chamber also depend on the fuel
combustion properties, two different fuels could be used to optimise the overall
combustion process. Dual fuel solutions are not further investigated in this thesis
due to the current and future Formula One™ regulations only allowing one
injector per cylinder which prevents the injection of two different fuels at two
different points of the engine. Nevertheless, considering the engineered nature
of the future 2026 Formula One™ fuels, the impact of two different fuels could be
assessed if combined in a blend, but not separately.

Benefits of Gasoline Direct Injection

Gasoline Direct Injection (GDI) effects the operation of a passive pre-chamber
ignition system but is also useful for a conventional spark-ignition engine. As
presented by Heywood [34] and by Zhao et al. [65], direct injection possesses
several advantages over port-fuel injection precisely because the fuel is directly
injected in the cylinder.

Firstly, with direct injection, the control of the mixture preparation is more rapid
and more precise as there is no delay for the fuel to travel from the port to the
cylinder. This precise control leads to better engine drivability and better fuel
economy [66]. Secondly, the fuel distribution within the cylinder can be more
precisely controlled and the injection event characteristics can influence the
air/fuel ratio distribution in the combustion to modify the combustion properties
by, for example, either creating a homogeneous or a stratified mixture to allow
overall lean operation without compromising the ignitability of the mixture in the
vicinity of the spark plug [34].

A third advantage of direct injection is that as the fuel is injected under the form
of small liquid droplets, these need to evaporate before the combustion event. By
extracting the necessary energy for evaporation from the air trapped in the
cylinder, the charge temperature can be reduced which, in turn, reduces the
knock sensitivity of the engine. In consequence, high compression ratio and/or
higher boost pressure can be used and thus achieve higher efficiency [34]; [65];
[66]. Direct injection, in addition to improving fuel preparation, is an enabling
technology for higher fuel conversion efficiency solutions.
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The interaction of the spray with the combustion chamber geometry, especially
the piston, can have a great influence as it impacts the droplet distribution and
evaporation and the air/fuel ratio distribution [34]; [65]. As seen with the Bowl pre-
chamber ignition concept [47], the interaction of the spray with the piston and the
stratification of the charge can be key for the operation of a passive pre-chamber.

The design of the injector (number of holes, hole geometry for examples) and its
position in the cylinder will play a role in the successful implementation or not of
direct injection [34]; [67].

Another very important characteristic is injection pressure. A change in injection
pressure will affect the properties of the spray and the fuel preparation [34]; [65];
[67]; [68]. As the injection pressure is increased, a better atomisation is achieved
(smaller droplet size) and the spray angle is increased which results in easier
air/fuel mixing and more controlled air/fuel ratio distribution. In addition, as
presented by Kaminaga et al. [69], by increasing injection pressure, intensity level
and small-scale turbulence can be increased resulting in fastest flame
propagation and thus reduced combustion duration.

The development of the fuel spray is also heavily affected by the conditions in the
cylinder [34]; [67]; [68], i.e. the cylinder pressure (the higher, the lower the spray
penetration) and the large-scale movement of the trapped air which influence
spray development.

2.3.2.2 Engine breathing

Downsizing and engine breathing

Engine breathing is of primary importance for an internal combustion engine as
the quantity of air trapped in the cylinders determined the quantity of fuel that can
be burned.

The current trend regarding engine development is the “downsizing” concept. The
aim is to reduce the engine swept volume while producing similar performance
as a larger engine with potential benefits on fuel consumption and fuel conversion
efficiency [70]; [71]; [72]. By reducing the engine volume, friction losses are
reduced, pumping losses can be decreased and as the engine is operated at
higher BMEP, the efficiency can be raised.

Nevertheless, as shown by Equation 2-2 which is a governing equation for
internal combustion engines [34], if only the engine swept volume Vg, is
reduced, the output power is also reduced. To achieve similar performance level
as a larger engine, the engine operation must be modified.

— nthncnvNszethlvhpa(F/A) (2_2)

2
! 2

One solution is to implement forced induction solutions and more specifically,
turbocharging followed by a cooling stage. By doing so, the inlet air density p, is
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increased, more air is introduced, more fuel can be burned, and the power output
of the downsized engine can be increased [71]; [72].

Turbocharging

Different forced induction solutions exist but turbocharging is interesting as it
relies on the turbine extracting energy from the exhaust enthalpy to power the
compressor, thus making use of the otherwise wasted exhaust gas enthalpy.
Nevertheless, this solution comes at the price of an increased exhaust pressure
which can limit the engine breathing if the turbocharger is not selected
appropriately [71]. However, if correctly implemented, pumping losses can be
significantly reduced as the cylinder is provided with high-pressure air which can
produce positive work on the piston.

Turbocharging is also interesting when the engine is aimed at running a lean
mixture. With a naturally aspirated engine, to run high air/fuel ratios, the
volumetric efficiency can be improved to trap more but only limited gains are
possible with optimising wave tuning; otherwise the fuel supply can be reduced
but this results in lower output performance. However, with a turbocharged
engine, there is the possibility to raise the boost pressure, leading to higher air
mass flow and air/fuel ratios without modifying the fuel flow and compromising on
the performance.

Turbocharging also enables the use of a Miller cycle which brings several
advantages to the internal combustion operation.

Miller cycle

The Miller cycle relies on a lower effective compression ratio than the expansion
ratio thanks to an early or late intake valve closing (IVC). As the compression
work is reduced compared to the expansion, efficiency is theoretically increased.

With an early IVC, the intake valve lift and duration are reduced leaving less time
for air to enter the cylinder while with a late IVC (after BTC), as the piston is
moving upwards, a fraction of the charge could be pushed back in the intake port;
in both cases, the engine volumetric efficiency is reduced. However, by using a
turbocharger, boost pressure can be raised to compensate for the lower
volumetric efficiency and achieve similar performance [70]; [73]; [74]; [75]. In
addition, with an early IVC, as the valve lift is reduced, so is the flow coefficient
meaning that higher throttle angles are necessary to reach the target air mass
flow which reduces throttling losses and thus the overall pumping losses despite
increased losses at the intake valve [75].

As the effective compression ratio is reduced, the temperature and pressure at
the end of the compression stroke are reduced compared to a conventional cycle
[73]; [74]; [75]; [76]. By consequence, the knock sensitivity of the engine is
reduced opening the door for higher compression ratio and/or boost pressure, i.e.
higher fuel conversion efficiency and performance.
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The impact of the Miller cycle depends on how it is implemented. According to
Huang et al. [73], with an early IVC, there is a significant reduction in tumble ratio
and turbulent kinetic energy which slows down flame propagation and thus
increases combustion duration. However, as reported by Tavakoli et al. [74], an
early IVC results in lower peak pressure and temperature, i.e. lower knock
sensitivity. A Miller cycle with late IVC is reported to achieve the best output
performance without significant change in pressure and temperature [74]; [75].

Wave tuning for turbocharged engines

Despite not relying as much on wave tuning for air intake as naturally aspirated
(NA) engine, Rosetti et al. [77] showed how intake trumpets length can be used
to optimise the operation of a turbocharged engine, specifically to reduce engine
knock sensitivity.

Trumpets can be designed to tune the intake wave to improve volumetric
efficiency as for a NA engine wave action tuning (tuning), but it can also be
designed to produce nearly constant pressure at the inlet (un-tuning) or even
negative pressure at IVC (anti-tuning). Despite having a negative impact on
volumetric efficiency, these solutions allow to reduce in-cylinder temperature at
IVC and thus to reduce knock sensitivity. The loss in volumetric efficiency is
compensated by slightly higher boost pressure but this comes at the expense of
higher intercooler load.

For fixed length trumpets, the authors report that the un-tuning concept (constant
intake pressure) is the most promising solution as it requires very short trumpets
which reduces packaging issues and intermediate boost pressure and intercooler
load increases.

However, if a variable trumpet length system is available, the engine can switch
between the different tuning concepts depending on its needs.

2.3.2.3 Electrification of the internal combustion engine

Benefits of a hybrid powertrain

One limitation of internal combustion engines is that compromises must be made
regarding the engine speed — load range optimisation. Specific operating
conditions can be optimised at the expense of others resulting in the engine being
particularly inefficient in given conditions.

One solution to improve the transient operation of the internal combustion engine
is to couple it with an electric motor in a parallel configuration, i.e. both the engine
and the electric motor are connected to the vehicle’s wheels on the same axle.
By doing so, the powertrain has an additional degree of freedom with the
possibility to split the power demand between the ICE and the electric motor [78].
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The electric motor, which efficiency is far superior to that of an internal
combustion engine, can be use in collaboration with the engine so that this latter
only operates in a limited range of high efficiency operating points, i.e. the
dependence of the engine operation on the power demand is reduced [78]; [79];
[80]. By consequence, the design of the engine can be optimised only for a very
specific narrower operation window resulting in higher peak efficiency. The
efficiency of a hybrid powertrain is highly dependent on the internal combustion
efficiency. By doing so, the fuel consumption and the emissions of the powertrain
can be reduced.

To fully maximise the benefits of a hybrid powertrain, the electric motor can also
be used for regenerative braking to recover kinetic energy during braking events
that would otherwise be wasted under the form of heat in the braking system [80];
[81]. This recovered energy is stored in the battery to be later used when the
electric motor is required to provide tractive power.

Nevertheless, optimal control of the powertrain is required so that the internal
combustion engine is only used in high efficiency conditions and that the battery
state of charge (SOC) is correctly managed [78]; [79]; [80]. A good energy control
allows both the internal combustion engine and the electric motor to operate in
high-efficiency zones and can result in significant efficiency improvement.

Electrified turbocharger

As previously discussed, turbocharging is an important feature for the downsized
engine to trap enough air in the reduced swept volume and match the
performance of bigger engines. In addition, the turbocharger makes use of the
exhaust enthalpy which would otherwise be wasted to the environment, thus
increasing the overall efficiency of the engine.

Nevertheless, when selecting a turbocharger, there is a compromise to be made
in terms of design between transient responsiveness at low exhaust enthalpy
(small turbine) and peak power targets (big turbine). Not to compromise the peak
performance of the engine, the turbine cannot be too small, resulting in the turbine
not to be very efficient in low exhaust enthalpy situation meaning that the
turbocharger is not capable of immediately matching boost pressure demand
during sudden change in load [82]; [83]; [84]. The delay in boost responsiveness
is called turbo lag.

The turbo lag results in poor drivability and low engine efficiency, because of
sub-optimal air/fuel ratios if the injected fuel mass flow is not reduced to match
the trapped air mass flow, meaning that improving the turbocharger
responsiveness is key to achieve better engine performance.

According to Park et al. [82], turbo lag is caused by several factors. The primary
factors are related to the physical properties of the turbocharger, i.e. the rotor
moment of inertia and the intake duct volume, the fluid in the intake system has
inertia and so does the turbocharger. These inertias must be overcome when
operating conditions are changed. The secondary factor is a decrease in turbine
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efficiency as a result of a change in operating point, i.e. the turbine does not
operate at its peak efficiency / design point because of the reduced exhaust
enthalpy. These factors mutually affect each other and are responsible for turbo
lag.

Turbo lag can be mitigated by minimising the turbocharged moment of inertia
[85]; [86]; [87], selecting a turbine with a lower aspect ratio or utilizing specific
turbine technologies to match a wider range of engine operating conditions with
only one design (variable geometry turbine, multi-stage turbocharger or twin-
scroll turbine) [85]; [88]; [89], increasing exhaust enthalpy [90] and externally
assisting the turbocharger [85]; [87].

This is in this last category that electrification can prove useful with an electrically
assisted turbocharger, i.e. connecting an electric motor to the turbocharger shaft
[83]; [84]; [88]; [91]. By doing so, as for hybrid powertrains, a new degree of
freedom is added and there is the possibility to decouple the work required by the
compressor and the work recovered by the turbine.

The electric motor can provide the turbocharger with power when the turbine is
lacking exhaust enthalpy, thus nearly eliminating turbo lag, improving the
responsiveness of the turbocharger and the performance of the engine, including
its efficiency.

As presented by Lee et al. [83], different configurations are possible each with
their advantages and drawbacks. According to Katrasnik et al. [88], the ratio of
electric motor torque over moment of inertia must be maximised to achieve the
best performance of an electrically assisted turbocharger.

With the electric motor connected to the turbocharger rotor, it is possible to
recover with the turbine more energy than required by the compressor to do
electric energy recuperation. By doing so, more exhaust enthalpy is recovered,
and the battery connected to the electric motor can be recharged [91]. To yield
significant recovery levels, the matching of the turbocharger must be modified,
i.e. selecting a bigger turbine able to swallow a higher flow, to recover more
energy but this comes at the expense of higher exhaust pressure and moment of
inertia.

As suggested by Lee et al. [83], because the turbocharger speed can be
controlled using the electric motor, implementing waste gates to prevent the
turbocharger from overspeeding is hot necessary anymore.

2.3.2.4 Sustainable fuels and potential for fuel composition optimisation

Review of available sustainable fuels

As mentioned previously, decarbonising the transport industry is a critical
objective to ensure a sustainable future, which requires moving away from fossil
fuels [92]; [93]; [94]. One solution is the adoption of theoretically carbon neutral /
renewable fuels whose production requires removing carbon dioxide from the
atmosphere.
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This can be achieved either by using biofuels of second generation which are
derived from biomass produced from waste (rather than from food compared to
the first generation [95]) or by using e-fuels which are synthetized using hydrogen
produced via electrolysis using renewable energy and CO2 from carbon capture.
For both, CO: is taken from the atmosphere for their production, either by plant
growing process or carbon capture, which theoretically compensate for the CO:
that will be emitted during their combustion in an internal combustion engine.

In addition to being a source of power, e-fuels can be seen as an effective energy
carrier, i.e. e-fuels can be produced to balance the intermittent production of
renewable electricity. In addition, compared to electricity, e-fuels can be easily
stored, transported, and used in different industries in need for power using the
current infrastructures [92]; [93]; [94].

Currently, e-methane, e-methanol and e-ammonia are the fuels the most
produced using this process [92]; [93].

Both biofuel and e-fuel productions can be combined to produce bio-e-fuels using
products of biomass and hydrogen obtained via renewable electricity electrolysis
to make e-fuels more competitive [93].

Challenges associated with large-scale sustainable fuel production

Despite their potential for decarbonisation, e-fuels are not yet produced and used
at large-scale because of several challenges. As highlighted by Brynolf et al. [93],
their exact impact on the environment is not yet known and it is too early to make
definitive decisions. In addition, to drive down the cost of e-fuels and make them
attractive, the electrolysis (hydrogen production) and carbon capture processes
must be improved. Currently, the production of e-fuels in large quantities is
impossible because of the limited production of green hydrogen and carbon
capture technologies [94].

For e-fuels to play a significant role in decarbonisation, their attractiveness needs
to be increased which will require the development of competing fuel options,
renewable electricity production, the implementation of carbon capture systems,
the availability of biomass and adapted policies [93].

However, it must be highlighted that the different processes involved in the
production of e-fuels are highly energy-consuming thus requiring large amounts
of energy which must be renewable for e-fuels to make sense, and that for each
process, the efficiency is different from 100%. The more steps in the production,
the more losses there are, so the sustainability of e-fuels must be assessed with
that in mind when comparing it to other solutions involving less steps to obtain
the moving energy.
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Optimisation of fuel composition to improve the combustion process

As highlighted by Splitter et al. [96], the increase of engine efficiency has been
closely linked to the development in engine technologies and on fuels; there is a
co-evolution of engine and fuel. With internal combustion engines pushed
towards always higher fuel conversion efficiency, the needs in terms of fuels will
evolve [97]. For example, as the efficiency of spark ignition engines is improved,
the issue of abnormal combustion (knock and pre-ignition) becomes more likely,
which increases the need for fuels with higher knock resistivity.

However, with the development of synthetic fuels where specific molecules are
produced separately through sustainable processes, the possibility of
engineering / designing fuel opens. The composition of future fuels could be
optimised through the blending of synthetic fuels to obtain the desired fuel
properties [98].

As investigated by Corrubia et al. [99] and Rockstroh et al. [100], the fuel’s octane
number can be increased by optimising the fuel composition of the fuel blend, in
particular by adding alcohol molecules, which results in higher efficiency as
higher compression ratio can be used. In addition, as highlighted by Heywood
[34] and Rossi et al. [101], if the fuel composition is adapted to yield higher heat
of evaporation, higher compression ratio can also be used as the evaporation of
the fuel will result in an increased cooling of the charge.

The fuel composition can also influence the combustion characteristic,
specifically laminar flame speed, making possible the optimisation of fuel blends
to improve flame propagation [98]; [100]. As reported by Naiki et al. [102], the
lean limit of a fuel can be increased if the laminar flame speed of the blend is
optimised for that, making lean combustion more easily achievable with the
benefits previously described. Rockstorh et al. [98] showed that a synthetic fuel
aimed at replacing gasoline could have the same RON but improved laminar
flame speed and thus have more interesting combustion characteristics.

Flame speed is related to the molecular structure. The use of olefins results in
faster flame with a higher lean limit whereas aromatics (excluding benzene) will
slow down the flame [98]; [102].

Nevertheless, the development of fuel blends must be accompanied by
improvements in terms of simulation. For instance, the RON of a blend is not
obtained as straightforwardly as linearly combining the values of the individual
species; there is an octane blending effect [99]. Models to help with the
optimisation of fuel blend [100] and to capture combustion characteristics [103]
to support engine development must be researched to create less
computationally expensive simulations and to push internal combustion engine
efficiency further [101], with potentially the help of machine learning and artificial
intelligence tools [104].
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2.3.2.5 Successful implemented high engine efficiency solutions

A number of solutions presented in the literature review have been implemented
in commercially available systems and are discussed here.

Regarding pre-chamber ignition systems, MAHLE Powertrain has developed
both passive and active solutions [105]; [106] which have been validated on
demonstrators. The passive pre-chamber allows for up to 40% combustion
duration reduction at stoichiometric air/fuel ratio, the use of higher compression
ratio for higher efficiency and the system fits in a conventional spark plug package
space. The active pre-chamber achieves fast and stable combustion up to 1 = 2
for gasoline while also reducing knock sensitivity and achieving higher efficiency
thanks to higher dilution and compression ratio.

Maserati with the Nettuno engine that will be placed in its MC20 supercar also
implemented a passive pre-chamber ignition system [107]. The engine features
both high-pressure direct (350 bar) and port fuel (6 bar) injections and two spark
plugs, one in the main chamber and one in the pre-chamber. The pre-chamber
ignition system is used to achieve faster combustion and improve performance
at high load, most probably combining it with the high-pressure direct injection to
create a fuel distribution adequate for the pre-chamber operation. At low load,
when the control of the pre-chamber is more difficult, the engine is operating as
a conventional spark ignition gasoline engine and ensure good drivability over a
wide range of operating conditions.

To achieve higher engine efficiency and low emissions, Mazda developed a new
combustion process called Spark Controlled Compression Ignition combining the
advantages of spark ignition and compression ignition engines [108]. The engine
can ensure reliable and fast combustion of lean mixtures thanks to high
compression ratio and controlled combustion start using the spark plug.

Regarding engine breathing, Garrett Motion has developed an electrified
turbocharger which has been tested on engine dyno but also on demonstration
vehicles [109]. This device allows for transient control of air/fuel ratio, can recover
additional energy from the exhaust gas to recharge the battery and results in
improved manoeuvre time.

Variable Valve Actuation systems were not discussed earlier in this section as
they are banned from the Formula One™ regulations (see the following section)
and not further investigated in this thesis, but Fiat developed a system called
MultiAir allowing the engine to operate without throttle body by actively modifying
the valve actuation to control pumping losses and combustion efficiency [110];
[111].

2.4 Evolution of Formula One™ Power Unit regulations
Every year, the Fédération Internationale de I’Automobile publishes an update

set of regulations for the coming Formula One™ season. The regulations include
a sporting component which regulates how a Grand Prix weekend is managed, a
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technical component which dictates the design of the car and of the Power Unit
and recently a financial component has been added.

The sustainability of the sport is steered from an environmental point of view as
discussed previously but there is a financial aspect too with the aim to limit teams’
spending so that the future of the smallest teams can be secured and the gap
with the leading teams reduced.

This section focuses on the technical regulations and more specifically on the
sections that define the engine / Power Unit. The evolution of the regulations will
be assessed using the four latest generations of Power Unit regulations starting
from the V10 era (2000-2005), then the V8 era (2006-2013), the first hybrid era
(2014-2025) and the future regulations that will be introduced in 2026 and that
will constitute the second hybrid era.

To observe the evolution of the regulations between generations but also within
a given generation, the regulations documents of the first and last years of each
generation are considered when possible. The 2000 regulations document was
not found online so the 2001 one will be used, the 2025 regulations have not yet
been published when writing this thesis and for the upcoming 2026 generation,
obviously it is not known when this generation will end and only the document for
the first year has been published. This means that the 2001 [112], 2005 [113],
2006 [114], 2013 [115], 2014 [8], 2024 [12] and 2026 [15] Formula One™
Technical regulations are investigated.

The first notable insight regarding the evolution of the engine / Power Unit
definition in the Formula One™ regulations concerns the number of pages
dedicated to this subject.

As shown in Figure 2-3, for the V10 era, only one page described the requirement
for the engine. This number changed to 5 at the beginning of the V8 era to reach
8 by the end of this generation. Between 2014 and 2024, the page number
increased from 8 to 18 and for the 2026 regulations, 21 pages are dedicated to
describing the requirements of the Power Unit.

This increase has two reasons. Firstly, in the V10 era and at the beginning of the
V8 one, the engine was the only element of the Power Unit whereas with the
current and future regulations, as the Power Unit is composed of the ICE and of
electric motor(s), there are more components to define thus resulting in an
increased number of pages. Secondly, as discussed below with Figure 2-4, an
increased number of parameters are regulated which requires more articles in
the regulations. This is done by the FIA to control the diversity between the
different engines and maybe ensure a greater equity between them but also to
control the cost and only allowing engine manufacturers to research a specific
number of parameters.
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Figure 2-3 - Evolution of the number of pages dedicated to the engine / Power Unit in Formula One™
technical regulations

Inspired by the work done by Montgomery [116], a summary of the regulations’
evolution is shown in Figure 2-4. The data used to create this graphic are shown
in Appendix A with the associated article numbers from the regulations. Only a
selection of the parameters described in the regulations are inspected here.

The colour of each box in Figure 2-4 represents the number of regulations
documents dictating a value / behaviour / limit for the given parameter. If the box
is red, it seems that only one document / set of regulations out of the seven
investigated here has an article about this parameter. Whereas if it is dark green,
all of them regulate it. The legend of Figure 2-4 shows the colours associated
with each number. The graphic will be discussed in a sequence from top to
bottom.

It must be highlighted that for the parameters shown in Figure 2-4 with a small
number of regulations having a paragraph on it (colours close to red), it is most
of the time a paragraph added in the latest regulations to regulate a parameter
that was not in the previous years, not the opposite.

Means of propulsion

As shown in Figure 2-4, all seven investigated regulations documents dictate the
allowed means of propulsion, but the requirements are different. For the first three
regulations (2001, 2005 and 2006), solely the internal combustion engine was
allowed to power the car whereas in the 2013 regulations, the KERS system
(introduced in 2009 [117]) was also allowed to transmit power to the wheels. From
2014, with the introduction of mandatory electric hybrid powertrains, the means
of propulsion includes the ICE but also the MGU-K.
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Architecture

Regarding the architecture of the engine, all investigated regulations dictate the
use of 4-stroke engines, a specific swept volume and a given number of cylinders.
The first two were already regulated in pre-2000 regulations but it is only in 2000
that the regulations made mandatory a number of cylinders, in this case 10.
However, for the generation previously referred to as the V10 era, the regulations
did not stipulate that the engine must have a V-arrangement even though all
engine manufacturers chose this configuration. Since 2006, the regulations made
mandatory the use of a V-arrangement but also the 90° angle between the two
banks.

With the reduction in cylinder number and swept volume with the years and the
introduction of an electrical system to create a hybrid Power Unit, the Formula
One™ regulations followed the downsizing and electrification trends also
observed in the road car industry.

Geometry

The geometry of the combustion chamber has been regulated via two
parameters, the piston bore and the geometric compression ratio. As for engine
architecture, it is only since 2006 that a specific piston bore is defined by the
regulations, thus resulting in an indirectly regulated stroke as the engine swept
volume is fixed. This addition is likely to have been made to prevent engine
manufacturers investigating different values and thus control cost.

However, it is only since 2017 [118] that a maximum geometric compression ratio
is stated in the regulations (visible from the 2024 regulations in Figure 2-4).
Previously, engine manufacturers were only limited by their fuel's knock
properties. However, as it will be described in Chapter 5, a specific pre-chamber
ignition system is used in the 2014+ Formula One™ engine alongside direct
injection which help reducing the engine knock sensitivity and thus allow to push
compression ratio to higher values to reach higher efficiency. Once again, the
compression ratio limit is likely to have been implemented to limit engine
development and manufacturing costs.

Engine breathing

Regarding engine breathing and specifically engine speed limit, the trend is
different compared to the other parameters. A limit was set in the regulations in
the second part of the V8 era from 2007 and was progressively reduced to keep
the cost and/or power down. A 15,000 RPM Ilimit was kept in the first years of the
V6 hybrid era but was then removed from 2022 [119] as it was unnecessary for
reasons explained in Chapter 5. As the 2026 engine will be very similar to the
2014+ one, the engine speed limit will not be reintroduced for the next Power Unit
generation.
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Regarding forced induction, all regulations comment on this topic, either to ban it
when the engine is naturally aspirated (2000-2013) or to authorise it and regulate
the type of turbocharger allowed in case of turbocharged engines (2014-2026).
However, only the 2026 regulations state a maximum intake pressure that engine
manufacturers cannot exceed (comments on this limit are made in Chapter 6).

All the investigated regulations documents ban the use of variable exhaust
geometry systems, but the situation is different for the inlet. In the V10 era,
nothing was mentioned regarding variable intake valve and geometry systems
indirectly meaning that they were de-facto authorised. However, from 2006,
variable cam systems have been banned presumably as they are very expensive
systems to develop and make reliable. Variable intake geometry systems were
banned in the V8 regulations and in the first year of the V6 hybrid era before not
being mentioned any more, i.e. being de-facto authorised, but will again be
banned in 2026. Such systems are time-consuming to develop but allow to
increase engine efficiency even for turbocharged engine as demonstrated by
Rosetti et al. [77].

Fuelling

Being a very important element of the engine performance, fuel composition has
been regulated for the whole period under review here (2000-2026). It is
understood that this is to ensure that fuel suppliers do not engineer very specific
fuels only compatible with Formula One™ and that the development made for the
sport is also applicable to road car fuels. In addition, this maintains a level of
parity between the different teams as everyone uses a fuel with common
characteristics.

From 2026, the regulations will impose the use of 100% advanced sustainable
fuels, i.e. with no fossil origin, with the aim to push forward the development of
sustainable fuels and accompany the decarbonisation of the transport industry.

Fuel preparation with regards to the injection system has been regulated from
2006. Previously, nothing was mentioned in the V10 era regulations, but all
manufacturers were using port injection. From 2006, the number of injectors, their
position and the injection pressure have been fixed by the regulations.

By imposing only 1 injector per cylinder, the regulators prevented researching
complex fuel preparation methods and dual fuel solutions and the limited injection
pressure limits the development cost. In the V8 era, the engines were port-
injected as imposed by the regulations but from 2014, the regulations made direct
injection mandatory in the attempt to improve the engine efficiency and follow the
development trend of road car engines. In addition, direct injection makes
possible the precise control of pre-chamber fuelling as previously discussed.

Importantly, from 2014, the maximum fuel flow usable by the engine became
limited by the regulations. Previously, engine manufacturers had the possibility to
burn as much fuel as desired to produce more power, but with the introduction of
a fuel flow limit, the regulators turn the attention of engine manufacturers towards

48



efficiency. This also is in line with the development of road engines and, as
discussed in Chapters 5 and 6, has a significant impact on the engine behaviour
and performance.

Ignition

From the introduction of the V8 engines, the combustion event has also been
controlled via the articles on ignition systems. Engine manufacturers are only
allowed to use a single conventional spark plug and a single ignition coil per
cylinder, with more advanced techniques being forbidden.

From 2015, a limit of five spark events was introduced which is interesting
regarding the fuel-limited characteristic of the 2014+ engine. As discussed
previously, running at high air/fuel ratios helps to improve efficiency but makes
flame propagation more difficult hence the use of a pre-chamber to speed up the
combustion and benefit from the higher level of dilution. Considering the
dynamics of the combustion event, the passive pre-chamber can only be filled
once per cycle with fresh charge, so the five spark events are not made to fire it
multiple times per cycle. Multiple spark events might be necessary to ensure that
the pre-chamber will fire at some point, to decrease the probability of misfire if the
air/fuel mixture of the pre-chamber is suboptimal and regulations imposed a
maximum number of spark events to again prevent manufacturers to research
more complex control and technologies. Even without the use of a pre-chamber,
the observation can be the same with multiple spark events authorised to
maximise the chances to ignite a lean mixture only using the conventional spark

plug.

Interestingly, even though the 2026 engine philosophy will have similarities with
the 2014+ one and a pre-chamber ignition system will still be used, only one spark
event per cycle will be allowed. This means that a specific attention to fuel
preparation and pre-chamber filling will be necessary to ensure optimal behaviour
and minimise risks of misfire as there will only be one chance to ignite the charge.

Reliability

Over the years, Formula One™ regulations imposed ever more constraining
limits on Power Unit component allowances with the objective to increase the
reliability and enhance the sustainability of the sport. In 2004 [120], a driver was
allowed to use a new engine for each Grand Prix weekend whereas in 2023 [121],
one driver is only allowed four internal combustion engines despite the number
of Grand Prix increasing from 18 to 23 in the same period. Reliability has
significantly increased.

Overall, the evolution of Formula One™ technical regulations pushed the sport
towards higher reliability, higher efficiency, and reduced development cost to
ensure the sustainable future of the sport.
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As in the wider automotive industry, Formula One™ adopted the trends of
downsizing, electrification, and turbocharging to improve engine efficiency. The
most important change for efficiency improvement has been the introduction of a
fuel flow limit which shifts the focus to maximising efficiency to enhance output
performance.

Compared with the technology roadmap proposed by the Automotive Council UK
for thermal propulsion systems [36] (Figure 2-1), it can be highlighted that
Formula One™ is a leader. Formula One™ engines already reached 50% peak
brake thermal efficiency, achieves reliable and efficient lean combustion, uses
high-performance downsized engine coupled with electric motors and relies on
an electrically assisted turbocharger to optimised energy flows whereas these
objectives are only set for 2025 or later for the automotive sector. Nevertheless,
it must be highlighted that Formula One™ engines have very specific operating
conditions, with most of the period of use spent at full load.

2.5 Engine modelling in powertrain development processes

2.5.1 The different types of engine simulations

A range of simulation techniques are used to model engine behaviour and/or
predict engine performance, with different levels of complexity and accuracy.
Those that strive to be most physically realistic tend to be the most complex but
also require more computing effort and time. Those that replace the most
complex physical processes (such as combustion rate-kinetics chemistry) with
empirical data are faster and can be very accurate (or at least they can be relied
on) although these need appropriate amounts of often detailed input data.

Depending on the amount of data available on the engine and the desired output
predictions, different tools can be suitable / appropriate.

Governing equations

A set of ‘governing equations’ [34], presented in Chapter 4, can be used to
describe the engine behaviour from an analytical perspective, the physical
phenomena are hidden from view by functions relating input to output and do not
require component-level details to be used. They constitute the tools with the
lowest complexity, require low computing power and can be applied using a
spreadsheet. Experience with the Cranfield F1™ Design Sprint suggests that
familiarity with the inter-relationships between the governing equations helps
engineers understand the origins of excellent performance more readily.

With minimal data on the engines and sound assumptions, the overall engine
behaviour can be modelled, either to estimate the range of power output possible
for a given design or to predict the necessary requirements to reach a desired
level of performance. Governing equations exist for the engine, but others are
applicable for additional parts of the Power Unit, like the turbocharger.
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0D simulations

The next level of complexity is embodied by zero dimensional (OD) simulations
for which calculations are time dependent, but no spatial dimension is considered.
The models rely on semi-empirical equations and thermodynamic laws [122]. On
the contrary to the governing equations, these simulations can model gas
exchange processes, combustion, the behaviour of charging devices
(turbocharger, supercharger) but with some limitations has no spatial effect is
modelled. For instance, the effect of pressure waves on volumetric efficiency
cannot be represented as the intake and exhaust geometries are not provided,
also the impact of the combustion chamber shape on the rate-of-heat-release
cannot be investigated.

Compared to the simple application of the governing equations, the use of 0D
simulations requires more detailed information about the engine to provide
accurate results as more phenomena are being investigated using the
semi-empirical relationships. Nevertheless, as some performance predictions of
these models highly dependent on the user-input data regarding the engine under
study fed to the semi-empirical models, if the model’s operating conditions are
changed compared to that of the real engine, the levels of uncertainty regarding
the simulation increase as the input data may not remain suitable for the
operating conditions and the model is not made to adapt by itself with these
modifications. The limit in the modelling complexity also limits range of conditions
that can be investigated for a given input dataset.

It must also be kept in mind when using (semi-) empirical models that these
models have often been developed for specific conditions. If the engine operating
conditions differ too much from that of the model, the probability of producing
insignificant results increases.

1D simulations

Expanding from OD to 1D simulations, the spatial dependency of a length
parameter is added making possible to model gas flow in pipes [123]. The effect
of pipe sizes on pressure waves can be captured, fuel spray can be modelled to
a first level of complexity using the dimensions of the combustion chamber. More
in-depth investigation of the engine behaviour is possible with these models, the
level of reliability of the performance prediction and of the model adaptability to
different operating conditions are increased. Nevertheless, for this to be
achieved, it is necessary to possess more detailed data about the engine design
and as the modelling complexity is increased, the required computation power
increases too.

3D CFD simulations

The last level of complexity is 3D CFD engine simulations for which a CAD
(digital) model of the engine flow and combustion chamber geometry is required.
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With these models, complex flow structures, energy transfer and the impact of
engine geometry can be investigated in great details. Because of the 3D nature
of these simulations, the constantly varying geometry (movement of the piston)
and the varying in-cylinder conditions (combustion, compression, expansion, ...),
they require a lot of computation power and can take up to several days on
high-performance computers to run. In addition, with this technique, generally
only one part of the engine is modelled [57]; [101]. For instance, the combustion
chamber and the combustion are modelled but the cooling system is not and
inversely, using boundaries conditions to model the effect of one on the other.
Another solution to mitigate the required computing power is to simplify the
simulation to only focus on a specific aspect of the engine as done by Badiger
who investigated the use of two-phase cooling using a simplified geometry
instead of the exact engine design [124].

Even though very time consuming, 3D CFD simulations are necessary for in-
depth understanding and development of high efficiency engine components and
the continuous development of improved models allowing the accurate
representation of innovative solutions is necessary to drive engine efficiency up.

Regarding the different simulation approaches mentioned in Chapter 1 and
considered at Cranfield University, namely Step Forward, Brute Force and
Computer Guided Design Optimisation, they are not applicable to 3D simulation
tools. These three methods rely either on fast decision-making or fast
computation of a large number of cases. This is thus not applicable in reasonable
time for 3D CFD combustion simulations which take hours / days to complete.
These simulation approaches require simulations capable of running in minutes,
which is the case for steady state 0D/1D simulations.

Rate-kinetics simulations

In addition to complete engine simulations, combustion can be simulated alone
using 2-zone zero dimensional rate-kinetics simulation. Based on very detailed
fuel combustion mechanism file [125], rate-kinetics simulations can predict
combustion progress and track the time evolution of the concentration of the
different reactant, product and intermediate species for different temperature,
pressures, and air/fuel ratios. In addition to the combustion process, rate-kinetics
simulations can also predict the levels of emissions, such as NOx, if included in
the mechanism. This is by using this type of simulation that combustion can be
incorporated into 3D CFD simulations [101].

Rate-kinetics simulations present an attractive alternative to the use of engine
testing for the derivation of mass-fraction burned curve and their associated heat
release curves. Those curves are likely to remain at the heart of OD engine
simulations as they have proven to be both rapid to calculate and reliable for a
long time. But the engine testing required to provide the empirical basis of 0D
models, commonly accomplished with single cylinder engines for Formula One™,
has always been costly and with limits on testing imposed by regulations,
alternatives must be kept under appraisal.
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To set up a rate-kinetics simulation, the fuel/air combustion mechanism must be
defined using a so-called ‘chemistry set’. A chemistry set is made of three data
files describing the reaction mechanism, the thermodynamic properties (entropy,
heat capacities) and the transport properties (density, viscosity) of the species
contributing to the chemical reaction. The mechanism and thermodynamic
properties files are necessary for all simulations, whereas the transport properties
one is only required for simulations in which diffusion is investigated.

The mechanism file has three sections. The first is a list of the elements
composing the species of the mechanism (carbon, oxygen, hydrogen for
example), the second one announces all the molecules which will appear in the
mechanism (reactants, final products and intermediate products) and the third
one is the mechanism, i.e. a list of reactions, each associated with coefficients
describing the modified Arrhenius law [125] of the specific reaction:

Eq
k = Agrrhenius X T™ X e(_ﬁ) (2'3)

where k is the rate constant, T the temperature, n the temperature exponent,
Aqrrnenius the pre-exponential factor, E, the activation energy, R the universal gas
constant.

The thermodynamic file contains the NASA / Janaf coefficients [126] of every
species featured in the mechanism. These coefficients describe the evolution of
the species constant pressure heat capacity, enthalpy, and entropy with
temperature.

The transport file contains coefficients used to calculate the viscosity and
diffusion properties of every species intervening in the mechanism.

Even if fuels in the same families have reactions that are common across their
mechanisms, the path to reach the final products through key intermediate
species of the reaction is highly sensitive to the fuel molecular structure and to
the combustion environment (pressure, temperature, air/fuel ratio for instance).
For each fuel, a specific mechanism file is necessary, and it can vary depending
on the conditions under which the fuel has been studied.

As described on the Lawrence Livermore National Laboratory (LLNL) website
[127], which is an important reference for fuel combustion mechanism research
with more than 90 publications made on this subject between 2016 and 2022 and
mechanisms for more than 30 species publicly available on their website, several
steps are necessary to obtain a species combustion mechanism. Once the
reaction paths are identified, reactions are classified into different categories
which have specific reaction-rate rules. These reaction rules are based on
calculations at the atomic level (ab initio calculations) and fundamental
measurements of species thermodynamic properties and reaction rates. Once
the reaction rates are attributed and merged into a complete chemical kinetic
model (mechanism), the model’s predictions are compared against experimental
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results from fundamental combustion devices such as shock tubes or rapid
compression machines.

Mechanism files are highly detailed and only those with access to complex
knowledge of the reaction sequence can configure them for a new or unusual
blend of fuels. This restricts the use of rate-kinetics calculations as a tool for
innovation. A lot needs to be known about a fuel before rate-kinetics can be used
to accurately represent a fuel combustion behaviour.

As further explained by the Lawrence Livermore National Laboratory, common
fuels like Diesel or gasoline are not pure chemical species, but are compounds
and blends of hundreds of components, and it is very impractical to simulate the
oxidation of each. Most of the combustion reaction mechanisms available in the
literature concern single species fuel [128]. For gasoline and Diesel, mechanisms
can be found under the form of ‘surrogates’ in which their composition has be
narrowed down to a few components [129]; [130]. There appears to be
opportunities to use surrogates as the basis for fuels innovation and that topic
could be explored by future researchers but is beyond the scope of this present
thesis.

Rate-kinetics simulation software like Ansys Chemkin [131] and fuel chemical
kinetic models can be used to predict the combustion behaviour of the fuel (flame
speed, rate-of-heat-release) under different conditions (pressure, temperature,
air/fuel ratio) using models of well-known combustion devices (shock tubes,
constant-volume ‘bomb’, etc.). This can be used in place of experimental testing
with a degree of uncertainty depending on the mechanism, the combustion
conditions, and the rate-kinetics code. The results of the rate-kinetics simulation
can then be used in the engine simulation for a more detailed description of the
combustion with varying combustion conditions.

An example of simulation results is shown in Figure 2-5 for a simple, single
species fuel, in this case propane. The flame speed of propane is calculated at
1 bar at 300 and 700K.

Propane flame speed for 300 K and 700 K

06 0.7 08 0.9 1 14 1.2 13 14
Equivalence Ratio (-)

Figure 2-5 - Example of Ansys Chemkin's simulation results for propane flame speed calculations (Blue
curve: 300 K — 1 bar / Green curve: 700 K — 1 bar)
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The simulation results shown in Figure 2-5 are compared for equivalence ratios
of 0.75, 1 and 1.2 against experimental data from the literature which are
summarised in a graphic made by Zheng et al. [132] and shown in Figure 2-6.
The green dots highlighted by the green arrows in Figure 2-6 represent the values
predicted by Ansys Chemkin (refer to Figure 2-5) and are to be compared against
the other points of the graphics.

It must be highlighted that the six simulation results placed within Figure 2-6
match the experimental measurements. This demonstrates that the combustion
mechanism developed for propane and used in this simulation correctly models
the combustion of propane under these specific conditions. The results produced
using Ansys Chemkin and this mechanism can thus be considered reliable and
used for engine simulation for example.

Nevertheless, Chemkin which could have been an interesting tool for this thesis
has not been used for reasons described in Chapter 4.

The scope of Ansys Chemkin is not limited to combustion. This software targets
at solving complex chemical kinetics problems, this includes combustion but also
any chemical reaction for which a reaction mechanism exists.
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Figure 2-6 - Comparison of Ansys Chemkin propane flame speed prediction (green dots) against literature
data (background graphics from [132])

Using open 0D reactors and flow reactors, Ansys Chemkin can be used to
simulate chemical reactions occurring in large-scale chemical-producing plants.
Using CVD and LPCVD reactors, the software can investigate chemical vapor
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deposition (CVD) which is used to deposit layers of a substance onto a surface.
Using shock tubes and flame simulators, Ansys Chemkin can calculate flame
speeds for different conditions and validate reaction mechanisms against
experimental data. Using OD engine models, it can be used to model the mixture
within the cylinder during the closed-valve phase of an engine cycle and predict
the performance of this part of the engine operation but does not simulate gas
exchange processes. If the selected mechanism incorporates NOx formation,
those emissions levels can be predicted.

In addition to the simulation models, Ansys Chemkin also features tools to modify
reaction mechanisms (merging, reduction, optimisation), optimise the
composition of the fuel surrogate to match user-defined targets and estimate
thermodynamic and liquid properties of a given chemical structure.

Kintekus is another software very similar to Chemkin. There is also KinTek, which
is based on the same principles, but this is specialised in enzyme chemical
kinetics. Rate kinetics software is often specialised in specific fields but if a
chemical reaction occurs and if a detailed mechanism of this latter exists in the
correct format, it can be studied using any rate kinetics tool.

To design effective combustion systems in an environment such as Formula
One™ where engine testing is restricted, the motorsport industry needs to
simulate combustion events in 3D environments, i.e. conduct simulations where
combustion is part of a CFD simulation. By integrating fuel combustion
mechanisms, it becomes possible for the CFD simulations to predict the
propagation of the flame and its interaction with the flow within the combustion
chamber. Commercial CFD codes such as AVL Fire and Converge CFD apply
rate kinetics approaches although these are used differently to tools such as
Chemkin which are used for more fundamental studies.

Nevertheless, reaction mechanisms will still need to be located, adapted or
specifically developed to provide accurate results under engine operating
conditions as mentioned by Yang [133]. As in-cylinder CFD simulations are
already extremely heavy in their use of computing power, adding a detailed
combustion mechanism to describe the flame propagation in addition to the flow
in the combustion chamber significatively increases the simulation duration. This
is why, as described by Lin et al. [134] and Ismail et al. [135], that it is often
necessary to rely on reduced mechanism which only model the main reactions of
the mechanism while not compromising too greatly the predictions.

2.5.2 Cranfield University and 1D engine simulations
As discussed in Chapter 1, Cranfield University considers the learning potential
from three different approaches regarding 1D engine simulations:

- Step Forward philosophy: Based on simulation results, rapid design
decisions are made and tested. Those that seem promising are continued
while the others are rejected and so the design ‘steps forward’ one step at

56



a time. This is the classic method and is very similar to what is done when
only physical testing is available for development,

- Brute Force philosophy: Based on high computation power, an attempt at
true multi-variable optimisation is made by testing a very large number of
combinations of variables values with the engineer analysing and
extracting the preferred design from the pool of results,

- Computer Guided Design Optimisation philosophy: Based on optimisation
algorithm finding the optimal design against a composite objective function
within user-defined limits.

The first two philosophies were compared during the 2022 Cranfield F1™ Design
Sprint with two groups of students, one for each philosophy, asked to develop an
engine model based on the 2026 Formula One™ Power Unit regulations. The
idea was to assess how each philosophy will impact the development of the
engine model, what the students would learn from it and if the performance of the
final models would be different.
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Figure 2-7 - 2022 Cranfield F1™ Design Sprint - Step Forward group geometry

D (mm) = 80
L{mm) =30

-1

The geometries of each group are shown in Figure 2-7 and Figure 2-8. For the
Brute Force group, the optimal geometry was selected by extracting the most
interesting results from the large number of simulations they ran. On the other
hand, the Step Forward group designed its engine by “trial and error”. Both
philosophies result in different geometries which have an impact on the engine
performance.
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Figure 2-8 - 2022 Cranfield F1™ Design Sprint — Brute Force group geometry

Key performance results for both engines are compared in Figure 2-9. As shown
in the top left graph, the difference in geometry led to significant difference in
internal volumetric efficiency at low and medium engine speeds. Whereas the
Step Forward group geometry results in a relatively constant volumetric
efficiency, that of the Brute Force group has a decreasing trend as engine speed
increases.

Despite the difference in volumetric efficiency and air/fuel ratio, the model of both
groups required similar level of boost pressures to reach their targets.

Both engines produced very similar peak power level which may also be due to
the fuel-limited nature of the 2026 Formula One™ engine which limits the
theoretical maximum power output. Nevertheless, it is interesting to note that
effective efficiencies were significantly different with the biggest gap being of 2
percentage point at 11,000 RPM mainly because of the air/fuel ratio difference.
The Step Forward group chose more extreme combustion advance settings
resulting in higher octane number requirements (calculated with a 1.6 pressure
exponent in the knock onset model), but its engine breathing is less optimised.
The Brute Force model also had higher friction loss settings.
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Figure 2-9 - 2022 Cranfield F1™ Design Sprint — Step Forward and Brute Force results comparison

Beyond the simulation results, the feedback received from the students was that
each group would have liked having the skills developed by the other group. The
Step Forward would have benefited from more computational power to test more
of their ideas following the analysis of previous simulation results whereas the
Brute Force group would have enjoyed developing a more in-depth
understanding of the engine behaviour to better understand the results produced
by the simulations and how the development should be oriented. A hybrid
philosophy with intermediate computing power and higher control of the engineer
on the tested design choice seems to be an interesting solution to test.

Regarding the Computer Guided Design Optimisation philosophy, this approach
was developed by Frankie Chapman during his MSc thesis at Cranfield University
for the development of a road car engine [16]. AVL Boost™ engine simulations
were coupled with a MATLAB script running optimisation algorithms aimed at
finding the optimal results within user-defined limits to constrain engine design
and using a scalarisation function to weigh the different performance indicators.

The interesting finding of this thesis is that beyond improving performances
compared to real results, the designs proposed by the optimisation algorithms
were uncommon, with solutions that an experienced engine designer would not
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have necessarily thought about because very different from conventional
practices.

This work demonstrates the benefits that could be brought by introducing
Machine Learning and Artificial Intelligence tools at specific steps of the engine
development process with a physical person validating the final result to ensure
its feasibility.

2.6 Scientific knowledge about the performance characteristics
of Formula One™ engines

2.6.1 Formula One™ engines in the literature

Due to the competitive nature of the sport, compared to the efforts put into the
development of these engines, only a small humber of papers on the actual
design or operation of Formula One™ engines is published by the Power Unit
manufacturers.

When it is done, the papers are often published once the engine generation of
interest has become obsolete to ensure that no competitive advantage is given
away to the competitors. This was done by Coventry Climax in the 1960s [3] to
describe the development of their engine between 1961 and 1965, by Honda at
the end of the first turbocharged era to present the behaviour and the sensitivity
analyses conducted on their RA168E engine [6] but also in 2009 when Honda
retired from the sport at the end of the 2008 season to show the development
made on their V10 but also V8 engines during their third period of presence in
Formula One™ [136]. In the same period, BMW which was present in Formula
One™ from 2000 and withdrew in 2009 presented details on their engine
performances in 2010 [2]. Prior to that, in 1996, Chrysler published papers on the
performance and the control systems of their 1993 engine, i.e. the engine that
raced in their final year in the sport [137]; [138].

As the current generation of Power Unit, introduced in 2014, is still in place and
because the future regulations that will be introduced in 2026 will not constitute a
complete change, it is likely that in-depth insights about these high-efficiency
Power Units, which is currently unavailable for the public as highlighted by
Palakunnummal et al. [57], will stay this way for again several years.

Nevertheless, it is possible to find articles written by engineers working in the
industry or researchers related to specific Formula One™ teams about concepts
applicable to the current Power Unit but that do not reveal any in-depth
knowledge about the engine [58]; [77]; [139]; [140].

Researchers are also looking at the technologies potentially enabling the high
efficiency of the 2014+ Formula One™ Power Unit without evident input from the
industry [57]; [141]; [142].
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But to the author knowledge, there is no in-depth analysis of the thermodynamic
behaviour of the 2014+ Formula One ™ or of an electrically assisted turbocharged
lean-mixture high-compression engine featuring a pre-chamber ignition system,
which would share similarities with the current Formula One™ engine, available
in the literature.

2.6.2 Cranfield F1™ Design Sprint

As presented in Chapter 1, the Cranfield F1™ Design Sprint is an extra-curricular
student-led activity aiming at establishing an independent scientific appraisal of
the development of Formula One™ powertrains. Every year, Cranfield students
of the Advanced Motorsport Engineering and Mechatronics MSc are invited to
participate voluntarily in this project run for two months. To keep its independent
view, the project does not receive any data input from the Formula One™ industry
but each year, the results are shared with members of that industry for feedback
and advice regarding improvements. In addition to the work done on the
understanding of the Formula One™ engine, this activity trains future engineers
of the industry and has made a significant contribution to the development of
pedagogy at Cranfield University.

This project has been run every year since 2018 (in 2022, the project turned its
attention to the 2026 Formula One™ Power Unit regulations) and with the
feedback of the industry on the results produced by the students, several facts
about the 2014+ Formula One™ engine have been established:

- Lean mixture: The engine runs at higher air/fuel ratio than stoichiometry
(Adpear = 1.45) to ensure complete combustion and increase fuel
conversion efficiency,

- In-cylinder pressure limit: The engine is operating at its mechanical limit in
terms of peak in-cylinder pressure. The pressure limit is of 300 bar which
corresponds to 280 bar if the connecting rod deformation is accounted for,

- Waste gates operation: The turbine can swallow the entirety of the engine
mass flow and the waste gate role is to be a pressure-relief valve rather
than a flow diverting device,

- MGU-H power: The MGU-H peak power is around 65 kW.

Nevertheless, the Cranfield F1™ Design Sprint focused on the analysis of the
operation of the 2014+ Formula One™ engine and never on the detailed
investigation of its thermodynamic behaviour, the same observation is done when
looking at the literature. There is thus a gap in the body of knowledge regarding
the scientific understanding of the 2014+ Formula One™ Power Unit.

In addition, the engine models created for the Cranfield F1™ Design Sprint did
not benefit from industry inputs or from sensitivity analyses regarding the impact
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of the input dataset on the model’s predictions unlike the 2014+ Digital Twin
proposed in this thesis. This means that the confidence inspired by these models
regarding their capacity to exhibit similar performance trends as the real engine
and to be used as a reliable source of data is lower than that of the proposed
2014+ Digital Twin.
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3 Assessment and management of uncertainties for the
creation of the 2014+ Digital Twin

3.1 Categories of parameters defining an engine and associated
uncertainties

When modelling the performances of an internal combustion engine, creating a
Digital Twin, a number of parameters are required to describe its geometry and
behaviour. These parameters can be differentiated into three categories:

- Design parameters: This refers to the geometry of the engine (intake,
exhaust, combustion chamber for example). The best way to estimate
these parameters is to directly measure them on the engine or better from
a 3D CAD model. These are linear functions. They are in facts lines or
planes in space,

- Operational / calibration parameters: These represent the parameters
set by the engineers to control the engine and extract the maximum out of
a fixed design. Ignition timing, injected fuel flow and waste gate angle
belong to this category. The best way to know about the operation /
calibration parameters is to ask practitioners as they are part of the control
strategies and not visible from the outside. The data would be delivered
as look-up tables of calibration parameters against engine speed and load.
So, these are in fact 2D surfaces in space,

- Compound parameters: These parameters are a consequence of prior
selection of both design and operation parameters; engine designers
cannot directly modify them but only influence them with other parameter
selections. Combustion duration is one of these as it is influenced, among
others, by turbulence intensity which is a consequence of intake geometry
(design parameter) and air-fuel mixture (calibration parameter). It varies
with both engine speed and load. It is very difficult to estimate these
compound parameters even when having access to the engine. If ever
measured, this is done while the engine is running with intrusive
instrumentation and even sometimes indirectly (Ex: rate-of-heat-release
(ROHR) curve derived from pressure trace). At their simplest, because
they inevitably vary with both engine speed and load, there are a set of 2D
surfaces in space but in fact are often more multi-dimensional than that.

When modelling an engine using a simulation software, the precision with which
these parameters are included in the model will influence the realism and
accuracy of the performance prediction and/or the behaviour of the Digital Twin.

As previously explained, for this research project, only a limited number of these
parameters are available to set up the engine models. The rest of the parameters
need to be estimated, leading to inherent uncertainties on the chosen values and
therefore on the predicted performances. The uncertainties are more limited for
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those parameters that are simple linear functions. There is likely to be a single
optimum value that can be uncovered through sensitivity testing of the model. But
the 2D surfaces will have many local optima and only one global optimum which
is notoriously hard to find with confidence.

The model of the 2014+ Formula One ™ engine presented in this thesis is referred
to as a ‘Digital Twin’ as it is the best equivalent to the physical V6 engine that can
be obtained using the available data. This model benefited from the input and
feedback of the industry through the Cranfield F1™ Design Sprint and the
sponsor of this thesis and from an assessment of uncertainty linked to its input
dataset which discussed in this chapter.

To obtain the qualification of Digital Twin, the model must validate the three
aforementioned criteria. The complete 2014+ Formula One™ engine model is the
only model discussed in this thesis which is a Digital Twin.

The 2014+ Digital Twin created for this project does not claim nor aim to perfectly
replicate the performance behaviour of the 2014+ engine but aims at inspiring
confidence in its ability to faithfully exhibit similar performance trends against
varying engine speed and load. To fulfil this objective, the Step Forward method
has been implemented and sensitivity analyses have been conducted on the
different parameters influencing the model’s performance. The Step Forward
method is commonly used to choose parameters which are not known in detail
but expected to be linear functions. Experience in the Cranfield F1™ Design
Sprint shows that it is less well suited to selecting values for parameters which
are 2D surfaces.

3.2 Desigh methodologies adequacy to cope with uncertainties
and analysis of the 2014+ regulations using engine governing
equations

As explained in Chapters 1 and 2, the learning potential of three design
methodologies are considered at Cranfield University when developing 1D
engine simulations (Step Forward, Brute Force, Computer Guided Design
Optimisation). All three can help to cope with the lack of information on Formula
One™ engines but in different manners which don’t necessarily result in the same
performance prediction and the way the results are obtained influences the
manner in which the user builds up his / her understanding of the engine and how
it operates.

The Brute Force and Computer Guided Design Optimisation approaches, by
testing a large number of combinations, are potentially more likely to find an
optimal design which maximises performance, making them attractive for design
tasks. Nevertheless, when creating an engine’s Digital Twin, maximising
performance is not the sole or even main target; on the contrary replicating the
behaviour trends of a specific engine is as important.
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As one of the objectives of this thesis is to bring a scientific understanding of the
2014+ Formula One™ engine, the Step Forward methodology is deemed the
most suitable option. This approach relies significantly more on the engine
designer and the development of his / her understanding of the engine by
referring to the governing equations to orientate the model improvement.

The engine model developed using the Step Forward methodology is more likely
to only be a local optimal within the field of variables tested (rather than the global
optimum of all possible variables) but by basing the development on the
designer’s understanding of the engine rather than entirely on computer science,
it is easier to surface the scientific reasons than might have influenced F1™
engineers design decisions and to minimise uncertainties by setting parameter
values in line with the observation brought by the governing equations for engine
performance.

By looking at the 2014+ regulations through the governing equations, a number
of conclusions can be drawn regarding how to deal with a fuel-limited engine and
make the most out of the limited energy.

From a broad point of view, for a given indicated power P,, the brake output power
P, can be increased by minimising the friction losses Py (Equation 3-1). As the
2014+ regulations limit the amount of energy usable, the indicated power that can
be produced is also inevitably limited. Thus, reducing the friction losses (i.e.
increasing n,,, the mechanical efficiency) helps, as for all engines, to maximise
the power output of the engine but becomes even more significant when it cannot
be overcome by burning more fuel.

Pb:PI_Pf:TImXPI (3'1)
The indicated power P, can be further described by the following equation:
P = npmeQupn (3-2)

As a fuel-limited engine, the fuel mass flow m, of the 2014+ engine is fixed by
the regulations. In addition, Q,,, the fuel lower heating value, is a characteristic
of the supplied fuel and does not change with engine design which leaves the
fuel conversion efficiency n, as the only lever.

Equation 3-3 gives a more detailed description of fuel conversion efficiency:
N = Ne X Nen (3-3)

where 7, represents the combustion efficiency, i.e. the ability to release fuel
energy, and n,, the thermal efficiency, i.e. the efficiency to convert heat into work.

Combustion efficiency is influenced by the air/fuel ratio at which the engine
operates. By running at stoichiometric air/fuel ratio or higher, enough oxygen is
introduced in the combustion chamber to oxidise all injected fuel molecules. The
more fuel molecules are oxidised, the more fuel energy can be released, thus
maximising the combustion efficiency. For fuel-limited engines, running at A > 1
is key to maximise the amount of fuel energy released during combustion and
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make a step towards high fuel conversion efficiency. Nevertheless, increasing
lambda changes the burn rate significantly as past stoichiometry, the leaner the
mixture, the lower the laminar flame speed (see Chapter 2). On a real engine, to
make the most out of dilution, the loss in laminar flame speed must be
compensated, by increasing in-cylinder turbulence, with a pre-chamber ignition
system for example.

Despite not being practically achievable, being based on ideal assumptions
including instantaneous combustion and isentropic compression and expansion
strokes, no heat cooling losses and idealised intake and exhaust processes for
the Otto cycle [46], analysing the equations describing ideal thermodynamic
cycles alongside engine governing equations highlight potential ways of
maximising the power output of a fuel-limited engine.

By considering the Otto cycle (Figure 3-1), despite being an ideal cycle, means
to increase thermal efficiency can be highlighted. Its thermal efficiency is
calculated using the following equation [46] (already shown as Equation 2-1):

T, 1

—1-2=1—
e T, CRV1

(3-4)

where T; represents the mixture temperature at the end of the combustion, T,
the mixture temperature at the end of the expansion stroke, CR the engine
geometric compression ratio and y the mixture heat capacity ratio.

3

Pressure

Volume

Figure 3-1 - Otto's cycle PV diagram

Equation 3-4 shows that thermal efficiency, i.e. the conversion of heat released
during the combustion into useful work, increases as the ratio of the temperature
at the end of the expansion stroke over the temperature at the beginning of this
same stroke increases. The higher the temperature difference, the more efficient
the expansion stroke and the more heat is converted into work.
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Increasing the geometric compression ratio of the engine, CR = % will lead to a
3

higher temperature/pressure at combustion TDC and a higher expansion ratio,
thus maximising the temperature difference and the thermal efficiency as shown
by the second expression of n,;,. Equation 3-4 also shows that increasing the heat
capacity ratio of the mixture y will drive the efficiency up.

The heat capacity ratio of air being higher than CO: (at 25°C and 1 bar, 1.400
against 1.289 [46]), increasing the proportion of air, i.e. increasing air/fuel ratio,
will increase the heat capacity ratio of the whole mixture for the expansion stroke
and lead to higher thermal efficiency. In addition to maximising fuel energy
release, increasing A also helps with the conversion of heat into work by reducing
the temperature of combustion, and thus heat transfer to the cooling system, and
enables to reach higher fuel conversion efficiency. Running high level of dilution
is thus a natural decision when looking at maximising efficiency.

Even though, its value is fixed depending on engine speed, the fuel mass flow i,
can be expressed by the following equation which is not limited by simplifying
assumptions on the contrary to the previous Otto cycle equations:

_ MwNVsyweptPa

" 2 X AFR A (3-5)

My
where n,, is the engine volumetric efficiency, N the engine speed, Vs, the

engine swept volume, p, the inlet air density, AFR,; the fuel stoichiometric air/fuel
ratio and A the relative air/fuel ratio (AFR/AFR;).

For a given air/fuel ratio target, the higher the volumetric efficiency n,,, the lower
the air density p, needs to be. By carefully designing the engine intake and
exhaust systems with associated valves, ports and camshafts, volumetric
efficiency can be increased, reducing in return the requirement in terms of inlet
air density, i.e. of compressor power. If the compressor power is reduced, either
more power can be recovered by the MGU-H at equivalent turbine, or the turbine
design can be modified, and the backpressure reduced.

As demonstrated by Heywood [34], compared to ideal pressure-limited and
constant pressure cycles, the Otto cycle is the most efficient. This demonstrates
the necessity to achieve a combustion as close as possible to constant volume,
that is minimising the combustion duration.

Nevertheless, when using these governing equations, the designer needs to keep
in mind that they do not consider practical limitations like mixture ignitability,
spontaneous ignition or mechanical limits which will condition the design of the
real engine.

As stated in the introduction (Chapter 1), two totemic claims are made by the
Formula One™ industry: the 2014+ PU produces more than 1,000 hp and the
engine reaches over 50% brake efficiency [13]; [14].
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By combining Equations 3-1, 3-2 and 3-3, the engine brake power can be
expressed as:

Py = NiNenNeMyQuun (3-6)

The lower heating value of the fuel used in Formula One™ engines is estimated
at 44 MJ/kg [5]. By using this value, the maximum fuel flow allowed by the
regulations, 50% as brake efficiency, the maximum power at the crankshatft of the
engine is predicted at 819.5 hp (611.1 kW). With the MGU-K providing 160.9 hp
(120 kW), the total PU power is estimated at 980.4 hp (731.1 kW) which is 20 hp
shy of the claimed 1,000 hp.

According to the same equation, a brake efficiency of 51.2% is required to reach
1,000 hp. By considering 5% mechanical losses, typically 10% for automotive
engines [34], an engine fuel conversion efficiency (indicated efficiency) of 53.9%
IS needed.

As observed in the literature, internal combustion engines with specific
combustion technology, namely HCCI, are promising combustion solutions which
can reach thermal efficiency approaching 50% [143]; [144]; [145]. The engines
used in these publications are Cooperative Fuels Research (CFR) engines or
commercially available Diesel engines converted to HCCI, i.e. engine which have
not been specifically developed for HCCI. With specifically developed engines, it
can be imagined that the 50% thermal efficiency barrier can be overcame.
Nevertheless, HCCI engines are mostly operated at low BMEP values (< 5 bar).

From the point of view of the governing equations, the claims made by Formula
One™ engine manufacturers are pertinent. Nevertheless, to understand in detail
how these figures can be achieved, building a Digital Twin of the engine is
necessary.

3.3 Uncertainty management strategy

Under more conventional circumstances, engine performance models are
created and validated by measurements made on the engine of interest, either
by directly conducting experiments as part of the research project or by using
data provided by a third party. The model is considered validated when its
predictions match the measured data.

For this research project, it is not possible to test a current Formula One ™ engine
to make measurements and access to third party data is extremely limited, thus
there is no opportunity to validate the Digital Twin of the 2014+ engine against a
full set of measurements.

When selecting the input parameters necessary to construct and run the 2014+
Digital Twin, assumptions must be made because of this limited access to
geometrical data about the engine and calibration data on how the engine
operation is managed. This lack of hard data leads to inevitable uncertainties. It
is unlikely that the values selected for even simple geometrical dimensions, for
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example exhaust pipes diameters and lengths, are exact matches for the ones
on the real engines, plus, specific calibration parameters vary with engine
operating conditions, such as air/fuel ratio, which make uncertainties in the input
dataset for the 2014+ Digital Twin greater.

This uncertainty in the input dataset results in uncertainty over the realism of the
model’s performance prediction output dataset. Under different circumstances,
the inputs would be validated by measurement or inspection and the outputs by
performance measurements of the engine on a dynamometer or of the vehicle on
a track. However, in this unusual case of sparse data, to make sure the
predictions made by the engine model can be trusted and used for additional
analyses, the level of uncertainty on output performances caused by the
uncertainties in the input dataset must be assessed and managed.

The methodology adopted in this case is to verify the input dataset making sure
that the values chosen for the design and operational input dataset parameters
are within expected ranges individually and are coherent with one another as a
set. For instance, there are common lengths and diameters used for exhaust
systems. Expected dimensions can be set and although Formula One™ engines
are very high-performance, not all their characteristics differ too significantly from
a more conventional engine for which complete input datasets are available.

After establishing the plausibility of the input dataset, the next step is to check
that the compound parameters, which are influenced by the select input dataset,
also lie in expected / common ranges according to the literature, private
communication, or feedback from the industry. The term ‘compound parameter’
is used here to describe measurable engine metrics that result from more than
one input parameter. For example, internal volumetric efficiency (which is here
referenced to the intake plenum conditions as the 2014+ Digital Twin is
turbocharged) depends on many parameters including the intake and exhaust
geometries, valve diameter and lift, flow loss coefficients, camshaft timing and
others. If simulation results, with plausible input dataset where all parameters are
within expected ranges, predict compound parameters to be also in expected
ranges, then confidence in the modelling is raised further.

A third element to managing uncertainty is the use of sensitivity analysis on
individual parameters. By sweeping across a range of values for the parameter
under consideration, it can be reasonably assumed that the real engine actual
value is covered. It is also possible to assess the importance of any particular
input parameter on the output performance and therefore how great the
performance gap could be if there is a difference between the value selected for
the 2014+ Digital Twin and that of the real engine.

The lower the importance of single or multiple uncertainties over input data, the
more the model’s performance prediction can be trusted. Inversely, the higher the
significance, the more precautions must be taken for selecting the value of the
parameter(s).

The sensitivity analyses are also used to confirm some of the choices made for
the 2014+ Digital Twin. It can show that when a specific parameter is modified,
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the engine performance prediction does not respect anymore the facts listed in
Table 3-1 (see below) which are considered as references for the creation of the
2014+ Digital Twin. This makes sure that the overall behaviour of the engine is
coherent with that of the real engine. This is complementary to the verification
made on the compound parameters and their expected ranges discussed
previously.

3.4 Review of the data necessary for the creation of the 2014+
Digital Twin and of the selected values

The AVL Boost™ simulations used for this research project are based on
parameters of all three categories presented in Section 3.1. Even though some
of the parameters are easily measurable when having access to the engine, the
secretive aspect of Formula One™ means that even this information is not made
available to the public.

For the setting up of the 2014+ Digital Twin, the selection of the input parameters
has been guided by data provided by the sponsor of this Doctoral Thesis and
insights gathered during the Cranfield F1™ Design Sprint which are summarised
in Table 3-1 [5].

Information Source

The 2014+ engine relies on shorter combustion duration than
conventional spark ignition engine

The 2014+ engine is pressure limited with a maximum pressure
of 300 bar (around 280 bar if connecting rod compression is
considered)

The compression ratio used by the 2014+ engine is lower than
the regulation limit

The turbine of the 2014+ engine can swallow the whole engine
mass flow at any engine speed

The engine operation window is mainly between 9,000 and
12,000 RPM

The 2014+ engine dilution limitis 4 = 1.45

Specific range for the fuel RON

The MGU-H maximum power is 65 kW

Feedback from the industry for the
Cranfield F1™ Design Sprint

Feedback from the industry for the
Cranfield F1™ Design Sprint

Sponsor

Feedback from the industry for the
Cranfield F1™ Design Sprint

Sponsor

Feedback from the industry for the
Cranfield F1™ Design Sprint

Sponsor

Feedback from the industry for the
Cranfield F1™ Design Sprint

Table 3-1 - List of the information used to guide the development of the 2014+ Digital Twin

Table 3-2 gives the list of the parameters necessary to run engine models with
AVL Boost™ and explains how the values have been selected for the 2014+
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Digital Twin in addition to presenting how the potential uncertainty liked to each
can affect the simulation predictions:

Parameter Adopted value(s) and explanation Potential uncertainty impact

Design parameters

Geometries

The intake pipe geometries have been
selected following the Step Forward
methodology and targeting at improving
the engine volumetric efficiency using
common lengths and diameters Affect the engine volumetric
efficiency and thus the boost
pressures required from the
compressor to achieve the
target air/fuel ratios

Intake geometry

Dimensions shown in Chapter 4,
Figure 4-5

The exhaust pipe geometries have been
selected following the Step Forward Internal volumetric efficiency

methodology and targeting at improving assessed in Section 3.5.1
the engine volumetric efficiency using

Exhaust geometry !
common lengths and diameters

Dimensions shown in Chapter 4,
Figure 4-5

Bore and stroke defined using the
regulations [8]

Compression ratio chosen as 16:1
because known to be lower than 18:1

Combustion chamber (regulations limit) and [57] suggests that it Can affect the engine
is higher than 13:1. Plus, the 2026 performance prediction but
geometry . . o .
regulations set the compression ratio limit considered accurate

at 16:1 which can suggest that this is the
currently used value

Con-rod length and piston offset provided
by the sponsor of this Doctoral Thesis

Heat transfer

Affect the heat transfer and
performance predictions and

Heat transfer surface ] . . J
g Defined using the recommendations of  thys the engine energy balance
area — Combustion g ay
hamber AVL Boost User Manual [146]. o -
= Sensitivity analysis in
Section 3.5.2

Affect the heat transfer and
performance predictions and

Defined using the pipe dimensions ‘
thus the engine energy balance

RIED IEMSHET SAEES attributed to the ports (considered as
area — Ports fErs U o .
cylinder’s surface area) Sensitivity analysis in

Section 3.5.2



Parameter Adopted value(s) and explanation Potential uncertainty impact

Turbocharger
Affect the exhaust back
The turbine swallowing curve has not pressure, thus the volumetric
been taken from an existing commercial  efficiency, the amount of power
Turbine swallowing turbocharger but is a user-defined curve produced by the turbine and
curve aiming at swallowing the whole engine the power of the MGU-H
mass flow and recovering adequate Internal volumetric efficiency
amount of power from the exhaust gas and MGU-H power assessed

in Section 3.5.1

Air delivery

Affect the volumetric efficiency
of the engine and thus the

Provided by the sponsor of this Doctoral boost pressure required from

Valve lift profiles — the compressor

Internal volumetric efficiency
assessed in Section 3.5.1

Intercooler

Affect the boost pressures
required to achieve the target
air/fuel ratios, volumetric
efficiency and octane
Set for a target outlet temperature of requirements

40 °C with a 0.2 bar pressure drop The exact behaviour of the
intercooler is not of interests

for this Thesis and internal

volumetric efficiency
assessed in Section 3.5.1

Intercooler settings

Friction

Influence the friction losses
predictions and thus the engine

Set as Double Direct Acting Overhead energy distribution
Valve train geometry Cams, 10 camshaft bearings, Flat
Eollower Camshaft bearing number
sensitivity analysis in
Section 3.5.2

Operation / calibration parameters

Combustion

Affect the engine performance
prediction and is likely to
change with engine operating
conditions

Based on the ROHR curve provided by
Start of combustion the sponsor of this Doctoral Thesis
Kept constant for all engine speeds Sensitivity analysis in
Section 3.5.2
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Adopted value(s) and explanation Potential uncertainty impact

Air delivery

Affect the amount of air
necessary in the combustion
chamber and thus the boost
pressures required from the

compressor. Will also affect the
engine performance prediction

For all engine speeds, lambda is kept
between 1 and 1.45

Lambda evolution with
engine speed

For the highest engine speeds, lambda is
decreased to consider the difficulty to
maintain stable and reliable lean
combustion

Compressor pressure ratios have been
defined manually to match the air/fuel
ratio targets and are influenced by the
engine volumetric efficiency
Compressor operating

points Isentropic efficiencies have been set to

values ranging from 0.75 to 0.8,
corresponding to efficiencies of a
commercially-available high-efficiency
compressor

Sensitivity analysis in
Section 3.5.2

Affect the power recoverable by
the MGU-H

Values congruent with the
feedback from the Cranfield
F1™ Design Sprint and
MGU-H power assessed in
Section 3.5.1

Set at 14.7 as one of the possible values
o : for gasoline
Fuel stoichiometric

air/fuel ratio Shell’s F1™ fuel contains 99% of the

same types of compounds as their high-
performance road fuel [11]

Set at 419 kJ/kg, the recommended value

Fuel heat of

evaporation by AVL Boost User Manual for Premium

Gasoline [146]

Fuel temperature Setat 25 °C

Affect the amount of air
required in the combustion
chamber to achieve a specific
air/fuel ratio and thus the boost
pressures required from the
compressor

Sensitivity analysis in
Section 3.5.2

Affect the amount of heat
required to evaporate the fuel
droplets and thus the
in-cylinder conditions

Sensitivity analysis in
Section 3.5.2

Affect the amount of heat
required to evaporate the fuel
droplets and thus the
in-cylinder conditions

Sensitivity analysis in
Section 3.5.2

Set as SAE 10/W60
The oil with the highest viscosity is

Oil type . {
the moving parts of the engine and the

necessity to maintain a sufficient oil film

thickness
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selected considering the loads faced by

Depending on the oil chosen,
the viscosity will vary, influence
the friction calculations and the

engine energy distribution

Sensitivity analysis in
Section 3.5.2



Parameter Adopted value(s) and explanation Potential uncertainty impact

The higher the oil temperature,
the lower the viscosity, the
lower the friction losses
Oil temperature set at 100 °C as a

il temperatur
Oil temperature common value

Influence the engine energy
distribution

Sensitivity analysis in
Section 3.5.2

Compound parameters

Combustion

Influenced by the conditions

. ) within the combustion chamber
Provided by the sponsor of this Doctoral during the combustion event so

thesis for a specific engine speed likely to vary with engine speed
HOHIR Bl Represented as a Weibe curve and affect engine performance
prediction

Used for all engine speeds . L
Sensitivity analysis in

Section 3.5.2

Influenced by the conditions
within the combustion chamber
during the combustion event so
likely to vary with engine speed

and affect the engine
Kept constant for all engine speeds performance prediction

Set at 41°CA based on industry advice for
Combustion duration the Cranfield F1™ Design Sprint

Sensitivity analysis in
Section 3.5.2

Heat transfer

Affect the heat transfer

i rediction and thus the engine
Combustion chamber Temperat_ures set fpllowmg the' p eneray repartition g
recommendations provided by Harrison gy rep
wall temperatures . .
[147] Sensitivity analysis in
Section 3.5.2

Affect the heat transfer

prediction and thus the engine
Temperatures set at 150 and 240 °C for energy repartition

et el GEmpErEes the intake and exhaust ports respectively

Sensitivity analysis in
Section 3.5.2

MGU-H

The MGU-H power depends on the

T This parameter does not impact

the performance prediction of
MGU-H power It is set as the difference between the the model
compressor requirement and the power
recovered by the turbine and varies with
engine speed

MGU-H power assessed in
Section 3.5.1



Parameter Adopted value(s) and explanation Potential uncertainty impact

Fuel evaporation

Fraction of the heat Affect the heat transfer
necessary to prediction and thus the engine
evaporate the fuel Set at 0.3 by default energy repartition
coming from the ’
combustion chamber Sensitivity analysis in
walls (Heat from wall) Section 3.5.2

Air delivery

Flow coefficients set using
recommendations provided by Harrison
[148]. These coefficients depend on the
geometry of the ports and of the valves
Valve flow coefficients  and are unknown. It was thus decided to
use conventional values

Influence the volumetric
efficiency, affecting the boost
pressure required from the
compressor

Internal volumetric efficiency

The valve flow coefficients used for the assessed in Section 3.5.1

2014+ Digital Twin are shown in
Appendix C

Parameters related to engine modelling

Heat transfer

Different models can lead to

o different predictions and thus
The Woschini 1978 heat transfer heat transfer Va|ues’ affecting

coefficient model has been selected as a the engine energy distribution
well-established model

Heat transfer
coefficient model

Sensitivity analysis in
Section 3.5.2

Friction

The friction model does not

A friction model is used rather than user- impact the indicated
defined values due to the lack of performance of the engine but
. validation data can affect friction prediction,
Friction model and thus the engine brake

The Patton, Nitschke, Heywood (PNH)
model was chosen as a well-established
model Sensitivity analysis in

Section 3.5.2

energy distribution

Knock onset

Estimate the fuel octane

number required to prevent
The parameters of the knock onset model  knock to occur in the simulated

have been left as default except the conditions
Knock onset model pressure exponent which has been i ;
lowered for reasons detailed in This resultis only
Section 5.2 informative and does not
impact the performance
prediction
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Adopted value(s) and explanation Potential uncertainty impact

Pollutants

The values predicted by this
model will only be used for
relative comparisons and will
not be considered as
representative

The parameters of the pollutant model

Pollutant model (NOx, CO, HC) have been left as default

Table 3-2 - List of parameters necessary for the 2014+ Digital Twin engine model

As indicated in Table 3-2, some parameters of the input dataset influence
compound parameters of which a non-exhaustive list is given in Table 3-3. The
parameters in italic are parameters which are compounded when considering a
real engine, i.e. influenced by engine operating conditions, but that must be set
to specific values for the 2014+ Digital Twin to run. In Section 3.5.1, compound
parameters are compared against expected ranges, when possible, to assess if
the decisions made for the input dataset yield acceptable performances.

Compound parameter

Power / BMEP Wall heat transfer
Effective efficiency / BSFC FMEP
Intercooler cooling load Residual gas concentration
Volumetric efficiency Blow-by
In-cylinder pressures / temperatures Emissions

In-cylinder turbulence Exhaust back-pressure

Rate-of-heat-release (ROHR - shape and duration) Turbine operating point
Octane number requirements MGU-H power

Wall temperatures

Table 3-3 - Non-exhaustive list of the 2014+ Digital Twin compound parameters

For parameter whose value contains a degree of uncertainty, a sensitivity
analysis has been conducted to assess the impact on performance prediction
and estimate the potential gap with a real 2014+ engine. These parameters are
listed below, and the corresponding sensitivity analyses’ results are presented in
the Section 3.5.2:

- Weibe function shape,
- Combustion duration,

- Start of combustion,
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- Air/fuel ratios,

- Stoichiometric air/fuel ratio,
- Fuel heat of evaporation,

- Fuel temperature,

- Fraction of heat coming from combustion chamber walls for fuel
evaporation,

- Combustion chamber wall temperatures,
- Combustion chamber surface areas,

- Heat transfer coefficient model,

- Wall temperatures for port heat transfer,
- Surface areas for port heat transfer,

- Oil type,

- Oil temperature,

- Friction model,

- Number of crankshaft bearings.

3.5 Assessment of uncertainty significance on the 2014+ Digital
Twin performance prediction

3.5.1 Analysis of the predictions made for compound parameters
3.5.1.1 Engine power

Figure 3-2 shows in grey line, the power prediction of the 2014+ Digital Twin in
this most powerful mode (Open Waste Gate (OWG) mode — see Chapter 5)
compared to curves created using Equation 3-6.
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Figure 3-2 - Comparison between governing equations and 2014+ Digital Twin power predictions

The yellow dashed curve has been calculated using the effective efficiency (or
brake efficiency) predicted by AVL Boost™ while the two others used the
maximum and minimum predicted efficiency. It can be noted that the grey and
yellow curves are perfectly superimposed showing that the Digital Twin
predictions are in line with the simple calculations that can be done using the
governing equations (Equations 3-1 and 3-2). This is a useful gross-error check.

There is confidence that the shape of the power curve predicted by the 2014+
Digital Twin is sensible considering that it follows relatively well the shape of the
fuel flow limit which is the most constraining limit of this engine in terms of
maximum power output.

3.5.1.2 Internal volumetric efficiency

Figure 3-3 shows the internal volumetric efficiency (referenced to the intake
plenum conditions) of the 2014+ Digital Twin for its two different modes that will
be further described in Chapter 5.

The volumetric efficiency is, for most points contained within the [0.95, 1.05]
window which can be considered, by common practice, reasonably expected. For
reasons detailed in Chapter 5, the volumetric efficiency difference increases
between both modes as engine speed increases. For the Open Waste Gate
mode, the volumetric efficiency keeps rising due to reduced back-pressure, which
is an advantage, whereas for the Closed Waste Gate (CWG) mode, it drops down
to 0.9. This will require more work from the compressor to reach the air/fuel target,
but the reasons and the advantages of each mode will be discussed in Chapter 5.
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Figure 3-3 — 2014+ Digital Twin internal volumetric efficiency predictions

As the internal volumetric efficiency of the 2014+ Digital Twin is within an
expected range, it can be considered that the decisions made on the input
dataset, and which influence this compound parameter are adequate.

3.5.1.3 Peak in-cylinder pressure

As stated in Table 3-1, 300 bar is considered as the maximum reachable in-
cylinder pressure [5]. As shown in Figure 3-4, for both engine modes of the 2014+
Digital Twin, the selected input dataset leads the engine model to respect this
criterion, except for one engine speed in the closed waste gate (CWG) mode.
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Figure 3-4 — 2014+ Digital Twin peak in-cylinder pressure predictions

At 10,500 RPM for the CWG mode, the pressure reaches 302.5 bar which
exceeds the limit by less than 1%. Thus, peak in-cylinder pressure being
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influenced by a large number of parameters, Figure 3-4 confirms that the values
chosen for the 2014+ Digital Twin’s input dataset are appropriate.

3.5.1.4 Heat transfer coefficient

From private communication [5], at 10,500 RPM, the following cooling loads were
expected for a specific engine of the beginning of the 2014+ hybrid era:

Water cooling system 85
Oil cooling system 35
Intercooler 60

Table 3-4 - Beginning of hybrid era engine cooling loads [5]

It can be assumed that the water-cooling system dominates cooling of the
cylinder head and the liner whereas the oil system is used to cool the piston and

cam-box. Figure 3-5 shows the predictions made by the 2014+ Digital Twin in
CWG mode for the different cooling loads.
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Figure 3-5 — 2014+ Digital Twin heat transfer predictions in CWG mode

The intercooler load is much higher than the value shown in Table 3-4.
Nevertheless, it is believed that the engine from which the data comes was not
running at the high air/fuel ratios seen in later engines of this type and used in
the 2014+ Digital Twin. With a fixed fuel flow and lower air/fuel ratios, the required
air mass flow is lower leading to less load on the intercooler by considering
equivalent compressor and intercooler outlet temperatures.

The 2014+ Digital Twin predicts lower water-cooling system loads (Cylinder
head + Liner + Ports) than the value reported for the real engine. However, as
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the engine relating to the test data in Table 3-4 is believed to have run lower level
of dilution than the 2014+ Digital Twin, in-cylinder temperatures are expected to
be higher and thus to results in higher cooling loads which would explain the
20 kW difference between both values at 10,500 RPM.

Regarding the piston oil cooling system, the values shown in Figure 3-5 are
similar to the value given in Table 3-4.

Also from private communication with a Formula One™ Power Unit manufacturer
[5], itis known from detailed CFD that heat transfer coefficients on the real engine
are between 6,000 and 13,000 W/(m?.K) depending on the location in the
combustion chamber. The highest values are restricted to the small diameter
cooling channels that orbit around each valve seat. The lowest values are found
in the flow recirculation zones between individual cylinder liners. As an aside, the
CFD work used to uncover these unmeasurable quantities is a good example of
using a Digital Twin.

Figure 3-6 shows the average over all simulated engine speeds of the global heat
transfer coefficient in the combustion chamber during a cycle in closed waste
gate (CWG) mode. For most of the combustion phase, the heat transfer
coefficients are within the expected range mentioned in the previous paragraph.
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Figure 3-6 - Average over all engine speeds of heat transfer coefficients during a cycle

Figure 3-7 shows the evolution with engine speed of cycle mean heat transfer
coefficient values. Heat transfer coefficients are highly influenced by the in-

cylinder temperature and pressure as shown by Equation 3-7 which is Woschini
1978 model [34]:

h, =3.2X B7%2 x p%8 x T70:55 x (08 (3-7)
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Figure 3-7 — 2014+ Digital Twin mean heat transfer coefficient predictions

During most of the cycle, in-cylinder pressures are low leading to low heat transfer
coefficient values as shown in Figure 3-7, hence the lower mean heat transfer
coefficient values over the whole cycle than the values previously mentioned
which are instantaneous coefficients.

3.5.1.5 MGU-H power

From the feedback of the Cranfield F1™ Design Sprint, the MGU-H power is
known to be around 65 kW. The 2014+ Digital Twin can be operated in two
modes, either with the waste gates closed for the whole engine speed range
(CWG mode) or with the waste gates fully open (OWG mode), which requires
respectively the maximum from the MGU-H in terms of energy recovery (negative
values) or deployment (positive values).
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Figure 3-8 — 2014+ Digital Twin MGU-H power predictions
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Figure 3-8 shows the MGU-H power predicted by the 2014+ Digital Twin for both
modes. Except for two engine speeds in the open waste gate (OWG) mode where
70 kW is reached, all other values are contained in the [-65, 65 kW] window.

This confirms that all the assumptions made previously which impact the power
required by the compressor and/or the power recovered by the turbine are
congruent with the feedback from the industry when it comes to the MGU-H
power.

3.5.2 Sensitivity analysis on the 2014+ Digital Twin parameters

The 2014+ Digital Twin in CWG mode, which is presented in detail in Chapters 4
and 5 and whose parameters are listed in Table 3-2, is the reference against
which the performance of the models with modified parameters for the sensitivity
analyses are assessed.

To be able to fully evaluate the impact of each parameter, only one parameter is
changed at a time compared to the 2014+ Digital Twin and it is ensured that the
engine is running under the same conditions. For instance, in the stoichiometric
air/fuel ratio sensitivity analysis, the value of this parameter is modified but the
operating points of the compressor too so that the engine is operating at the same
relative air/fuel ratios in all cases.

The difference between the modified model and the reference is assessed using
percentage relative difference which is calculated using the following equation:

(3-8)

X ey - X
%Ax = 100 X < modified reference>

Xreference

Where X,cference 1S the result obtained for the reference model (2014+ Digital
Twin in CWG mode) and x,,q4ifieq the modified model result.

Results are then presented under spider diagrams [149] like the one shown in
Figure 3-9. For each axis, if the point is in the red zone, it represents a
performance reduction compared to the reference and inversely if in the green
zone. Please note that the axis extremums are not necessarily all the same as
demonstrated in the example, for clarity of presentation. In addition, some axes
are reversed, with positive values in the red zone. An increase in fuel octane
number requirement is not an improvement for instance, this is why this specific
axis is reversed.

If the values obtained for one of the modified cases were to be the exact same
ones as that of the model taken as reference, its curve on the spider diagram
would lie on the frontier between the red and green curve, at the exact 0 of each
axis, as there would be no relative difference between both models.
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Figure 3-9 - Spider diagram example

For clarity reasons, the spider diagrams are not presented in this section but are

available in Appendix B. Here will only be discussed the conclusions brought by
the sensitivity analyses.

The results of the sensitivity analyses are presented in Table 3-5.
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Parameter Variation investigated during

the sensitivity analysis

The reference curve is compared
against Weibe functions of same
combustion duration but of
different evolutions, slower at the
beginning of the combustion event
(see on the right).

Weibe function shape

The reference combustion
duration (41 °CA) is compared to
Combustion duration three other values, 45, 50 and
55 °CA and the average impact of
a 1 °CA increase is calculated

Conclusions

By modifying the Wiebe function, all the parameters assessed are significantly impacted. The biggest change
concerns the peak in-cylinder pressure which is reduced by over 20% in both cases.

Nevertheless, as the 2014+ engine is known to be pressure-limited, it is important to note that this would no

longer be the case if one of these two other Weibe functions was adopted. In addition, with a slower rise at

the beginning of the combustion, the efficiency is also significantly reduced, showing that engine designers
would have pushed for rapid combustion start to drive the efficiency of this fuel-limited engine up.

If the shape of the ROHR is modified compared to the one used in the 2014+ Digital Twin, it is likely to still
feature a rapid rise and to lead to much lower performance difference than what is suggested with this
sensitivity analysis.

1.2

0.8

0.6

0.4

Mass fraction burned (-)

0.2

Crank angle (degCA)

—Reference a=6.9/m=1.25 a=6.9/m=25

Combustion duration must be increased by 9 °CA to observe a significant change in efficiency (1%) which is
accompanied by a larger reduction is in-cylinder pressure. As the engine is pressure-limited, especially in the
high-power zone, it is unlikely that combustion duration will change significantly. As it also drives the
efficiency up (Section 3.2), reducing combustion duration can be considered as a development target for
engine designers as demonstrated by the use of a pre-chamber.
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Parameter Variation investigated during

Conclusions

the sensitivity analysis

The reference combustion
duration (41 °CA) is compared to
three other values, 45, 50 and
55 °CA and the average impact of
a 1 °CA increase is calculated

Combustion duration

(Follow-up)

The reference combustion timing
is compared to four other values,
namely -3, -5, -7.5
and -10 °CA ATDC and the
average impact of a 1 °CA
increase in combustion advance is
calculated

Start of combustion

A 0.05 increase and a 0.15
decrease in lambda compared to
the evolution used in the 2014+

Digital Twin are investigated

Air/fuel ratios

A +/- 10% variation in
stoichiometric air/fuel ratio is
assessed

Stoichiometric air/fuel
ratio

Reference value: 14.7

The combustion will slightly vary with engine speed, but the impact is limited with an average relative
efficiency increase lower than 0.2% for each 1°CA reduction.

Like for combustion duration, combustion advance is unlikely to vary significantly in the high-power range of
the engine because of the pressure limit. All tested combustion advances lead to an increased peak
in-cylinder pressure. With -10 °CA ATDC, the efficiency improvement is reduced compared to -5
and -7.5 °CA ATDC, suggesting that MBT timing has been exceeded.

Because the engine is not pressure-limited at all engine speeds, it is possible to increase the combustion
advance, however, the maximum relative improvement in efficiency is estimated below 2% which
corresponds to around 1 percentage point in overall performance. In average, increasing combustion
advance by 1 °CA yields about 0.25% relative increase in effective efficiency.

Especially in the non-pressure-limited zone, it is possible that lambda is higher than what has been chosen
for the 2014+ Digital Twin.

By increasing lambda by 0.05 point, a relative efficiency increase of 1% can be achieved at the expense of
6% more compressor power requirement and intercooler load in addition to the pressure increase.

It can be highlighted that the amount of power recovered by the turbine is also increased but not as much as
the compressor power resulting in less energy recoverable by the MGU-H or more energy to deploy.

The fuel used in Formula One™ being specifically developed for these engines, it is possible that the value
differs from that of gasoline (used in the 2014+ Digital Twin) despite still being mainly composed of fossil
components.

With a 10% variation in AFRst, engine efficiency varies by approximately 1% because of a 5% variation in
peak in-cylinder pressure caused with the difference in air quantity that must be introduced in the cylinder to
run at equivalent air/fuel ratios.

However, the power required by the compressor and the intercooler load change by nearly 20% which is
significant. On the other hand, because of the engine mass flow engine change, the turbine power varies by
around 8%, It must be noted that the turbine swallowing curve is the same for all cases, so not necessarily
optimal for all.
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Parameter

Variation investigated during

the sensitivity analysis

Conclusions

Stoichiometric air/fuel
ratio

(Follow-up)

Fuel heat of
evaporation

Fuel temperature

Heat from wall

A +/- 10% variation in
stoichiometric air/fuel ratio is
assessed

Reference value: 14.7

A +/- 20% variation in fuel heat of
evaporation is assessed

Reference value: 419 kJ/kg

The reference value (25 °C) is
compared to 15 and 50°C and the
average impact of a 5°C increase

is calculated

The reference value (0.3) is
compared to two extreme values,
0and 0.7

With the current AFRst , the 2014+ Digital Twin peak in-cylinder pressures and boost pressures are of the
correct magnitude according to the feedback from the Cranfield F1™ Design Sprint which leads to believe
that the 14.7 value is satisfactory (see Section 3.5.1).

The impact of this parameter is very limited as the maximum variation observed is below 1% and the
efficiency barely even changes.

Like for AFRst, despite the F1™ fuel not being gasoline, it can be assumed that its properties are similar. The
fuel heat of evaporation is thus not expected to vary by as much as 20% and its impact on performance can
be considered negligible.

As for fuel heat of evaporation, the impact of fuel temperature is limited. The average impact of a 5°C
increase in fuel temperature and most variations are reported below 0.05%.

The highest variation is observed for turbine power, but this difference can be attributed to convergence
difference as the different case curves are only different for a small number of engine speeds as shown in
Appendix B.

Otobe et al. [6] reported that for Honda’s RA168E engine, fuel pre-heating, up to a point, helped with
efficiency because of the distillation characteristics of their fuel (composed at 84% in volume of toluene). It
might also be the case for the 2014+ engine and fuel temperature is believed not the be lower than 25°C but
its impact on performance prediction is considered negligible.

As the walls of the combustion chamber are hot, it is impossible that 0% of the heat necessary for fuel
evaporation comes from the wall and inversely as a direct injection engine, the fuel is injected during the
compression stroke at which point the temperature of the inlet air has already increased, it is impossible that
100% of the heat comes from the walls.

0.3 is thus considered as a sensible estimation and a modification of 0.1 lead to very small changes in
performance prediction.

The higher the amount of heat coming from the wall, the less the mixture will be cooled leading to slightly
higher in-cylinder pressure, octane requirement and heat transfer. Nevertheless, the changes are predicted
below 1%.
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Parameter

Variation investigated during

the sensitivity analysis

Conclusions

Combustion chamber
wall temperatures

Combustion chamber
surface areas

Heat transfer
coefficient model

A +/- 10% variation in wall
temperatures is assessed

A +/- 10% variation in surface
areas is assessed

The reference model
(Woschini 1978) is compared to
the other models available in AVL
Boost™

Wall temperatures have very limited impact on performance prediction. The turbine power variation presents
the larger impact which can also be attributed to model convergence, like for fuel temperature.

Obviously, the biggest impact concerns wall heat transfer which is modified by around 6%. This would affect
the design of the engine cooling system however, the amount of power recovered by the turbine does not
change significantly.

This demonstrates that despite the higher cooling losses, the exhaust enthalpy does not vary significantly, so
does the engine power, meaning that the engine energy distribution and behaviour are not considerably
modified. As it will be seen in Chapter 5, Section 5.3, exhaust enthalpy is much higher than cooling losses for
the 2014+ engine so the impact of x kW on exhaust enthalpy will represent a lower percentage than for
cooling losses.

The conclusions are very similar to that of the combustion chamber wall temperatures. Most performance

indicators are barely changed (below 1%) by the modifications in surface areas, except wall heat transfer

which varies between 6 and 10%. However, this change does not significantly impact the engine energy
balance.

Except the AVL 2000 and Bargende models, the predictions are very similar with impacts lower than 1%
everywhere except for heat transfer.

AVL 2000 model, which is a modified version of Woschini to better model heat transfer during the gas
exchange part of the cycle [150], predicts lower heat transfer by 4%, 3% higher turbine power and 0.45%
higher peak in-cylinder pressure, but its impact on effective efficiency is negligible.

As described in AVL Boost™ theory manual [150], the Bargende model considers additional factors
compared to the other correlations including a term considering flame propagation and another considering
in-cylinder turbulence. If the turbulence term chosen in AVL Boost™ is not adapted to the engine operating

conditions, the heat transfer prediction can be mis-estimated.

Depending on the model chosen, different heat transfer predictions are made, the model used for the 2014+
Digital Twin, Woschini 1978, predicts similar heat transfer as most models except for the Bargende model. A
maximum of 1.6% reduction in efficiency can be observed by changing the heat transfer coefficient model.
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Parameter

Variation investigated during

the sensitivity analysis

Conclusions

Port heat transfer —
Wall temperatures

Port heat transfer —
Surface areas

Friction — Oil type

Friction — Oil
temperature

Friction — Friction
model

A +/- 10% variation in wall
temperatures is assessed

A +/- 10% variation in surface
areas is assessed

The reference oil type (SAE
10/W60) is compared to SAE 40

A +/-20% variation in oil
temperature is assessed

Reference: 100°C

The reference friction model
(PNH) is compared to the other
model available in AVL Boost™

(SLM)

As expected, and like for the combustion chamber wall temperatures sensitivity analysis, the port heat
transfer is affected by 6% by this modification.

The efficiency is modified by less than 0.1%, so it can be extrapolated that even if the temperatures are
modified by +/-100%, the efficiency would be modified by less than 1%.

The turbine power variation can again be attributed to simulation convergence and the octane requirement is
the most impacted parameter by the modification of the port wall temperature with a 0.2% change. Where
again, the impact can be judged negligible as a 100% change in temperature would only lead to a 2%
difference.

The conclusions for this sensitivity analysis are very similar to that of the port wall temperatures. Except for
port wall heat transfer, the impact on performance is very limited as performance predictions are affected by
less than 0.1%.

The type of oil plays a more significant role in the friction prediction. As for the fuel, the oil used in Formula
One™ engines are specifically developed between the engine manufacturer and its oil supplier.

Because of its high viscosity, SAE 10/W60 leads to higher FMEP prediction compared to SAE 40, for which
efficiency is increased by 1%.

At 80 °C oil temperature, FMEP significantly increases, and the efficiency is reduced by more than 1%,
however this temperature is considered by the author too low for a high-performance engine. Inversely, if the
oil temperature is set at 120 °C, efficiency can be improved by 0.89%. However, the higher the oil
temperature and the lower its viscosity and the lower the oil film thickness. 100 °C is believed to be a good
compromise.

Two friction models are available in AVL Boost™, the Patton, Nitschke, Heywood (PNH) model and the
Shayler, Leong, Murphy model (SLM) model. The SLM model predicts nearly 2% higher efficiency than that
of PNH but considering the lack of validation data, it is not possible to know which friction mode predicts the

closest FMEP values to that of the real engine.

However, as indicative performances are not impacted by friction calculations, it will be possible to compare
them to the claims of the engine manufactures which are stated in Section 3.2.
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Variation investigated during .
Parameter L - Conclusions
the sensitivity analysis

Modifying this number does not
significantly affect the performance
predictions, with only a 0.07%
change in effective efficiency for
+/-2 modifications.

Friction — Number of camshaft The reference value (10) is
bearings compared to 8 and 12

Table 3-5 - Summary of the sensitivity analyses conducted to assess input dataset uncertainty significances on
performance prediction for the 2014+ Digital Twin

Figure 3-10 shows a summary of the impact of each parameter on effective efficiency
(brake fuel conversion efficiency). This does not represent the total impact of a given
parameter (the full analysis is given in the spider diagrams in Appendix B), but as
effective efficiency is the key feature of the 2014+ engine, it is interesting to understand
how much the parameters investigated in the sensitivity analyses influence it.
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Figure 3-10 - Sensitivity results regarding effective efficiency predictions

As explained in Table 3-5, modifying the Weibe curve shape as a great impact on
effective efficiency, the greatest, which confirms that a rapid rise in MFB at the
beginning of the combustion is key to achieve high efficiency. Changing the friction
model from PNH to SLM yields the best improvement on efficiency with nearly 2% in
relative difference (Equation 3-8), which in this case is nearly 1 percentage point in
actual performance but due to the lack of validation data, it is not possible to decide
which model is the most suitable for the 2014+ engine. The same conclusion can be
drawn for the impact of oil type and temperature. Nevertheless, the friction model only
affects the effective performance prediction, indicative performances can still be
assessed without considering this parameter.

Bargende heat transfer coefficient model predicts heat transfer values significantly
different to all the other models (+12%) resulting in an average 1.64% difference in
brake efficiency prediction. This model considers additional factors which might cause
the difference with the other models.

The two other parameters which have a relative impact close to 1% are stoichiometric
air/fuel ratio which is believed to be close to that of gasoline and to vary by less than
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10% of the chosen value (14.7) and relative air/fuel ratio which is an operational
parameter chosen by the engine designers. However, increased air/fuel ratios lead to
higher in-cylinder pressure for an already pressure-limited engine so, higher values
than what used for the 2014+ Digital Twin are only possible in the zones the engine is
not operating close to 300 bar. However, it is interesting to note that air/fuel ratio is the
operational parameter with the most impact on engine efficiency according to
Figure 3-10.

The impact of the other parameters is below 1% in relative difference (average from
Figure 3-10 is 0.74%), i.e. below 0.44 percentage point in actual effective efficiency
points and around 0.36 bar in terms of BMEP. The conclusion is the same regarding
IMEP for which a 1% relative difference results in 0.48% percentage points and 0.4
bar IMEP (average relative difference using the cases presented in Figure 3-10 is
0.61%).

3.6 Conclusions regarding the uncertainty significance and
management

In the previous sections, the values used to set up the 2014+ Digital Twin have been
justified by reviewing the prediction of compounded parameters and sensitivity
analyses have been conducted for the parameters containing a degree of uncertainty.

For most parameters, even though differences in performances were observed when
values were modified, their significance, especially for effective efficiency, proved to
be under control (under 1% compared to 2014+ Digital Twin) and not to significantly
impact the behaviour and energy distribution of the engine.

As previously stated, the objective of the 2014+ Digital Twin is not to claim having
reproduced the exact behaviour of the 2014+ Formula One™ engine but to have a
model experiencing the same trends.

Based on the data provided by the sponsor of this Doctoral Thesis and the feedback
received from the industry for the Cranfield F1™ Design Sprint, this chapter showed
that despite the uncertainties associated to the values used in the 2014+ Digital Twin,
the behaviour of the engine is not significantly affected by these uncertainties, with
most parameters affecting the performance prediction by less than 1% in relative
difference.

As discussed in the previous section, 1% in relative difference represent approximately
0.4% in effective efficiency for the 2014+ Digital Twin. In Formula One™, with input
energy being limited by regulation now, every difference in efficiency provides the
equivalent difference in performance, and any positive change is significant, and worth
investigating to make the car faster.

Figure 3-11 which comes from the AVL Boost™ validation manual [151], compares
the software IMEP predictions against measurements for different operation
conditions (engine load, boost pressure, air/fuel ratio, spark timing and compression
ratio) for an engine not specified.
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Figure 3-11 - AVL Boost™ IMEP prediction vs measurement [151]

Despite the predictions being close to the measurement values, there is a difference.

The average relative error in AVL Boost™ prediction is of 0.43% with peak values
approaching 1.5% as shown in Figure 3-12 (cases are presented in the same order
as in Figure 3-11):
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Figure 3-12 - Relative error between AVL Boost™ prediction and measurement

The average absolute difference in IMEP between AVL Boost™ and the 15
measurement cases presented in Figure 3-11 is of 0.15 bar.

The engine under study produces an IMEP of around 23 bar which is approximately
half what the 2014+ engine is capable of (see Chapter 5). If the relative error between
the simulation and measurement is considered independent of the engine model, this
would result in 0.3 bar inherent modelling error in IMEP predictions between the 2014+
Digital Twin and the 2014+ engine if a full input data set was available for the Formula
One™ engines. This value is of the same order of magnitude as the 0.4 bar value
reported in Section 3.5.2 for the mean impact of input dataset uncertainties on the
2014+ Digital Twin IMEP predictions.

The impact of input dataset uncertainty is thus similar in scale as the margin of
uncertainty of the inherent modelling uncertainty of AVL Boost™. Whilst working on
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Formula One™ Digital Twins seems to double the margin for modelling error when
compared with commonplace engine for which complete input datasets are available,
the magnitude of the uncertainty is not too great to raise concerns over the validity of
the exercise. The 2014+ Digital Twin can be confidently used to investigate the
behaviour of the 2014+ engine and get insights on its most uncommon characteristics.
However, fine changes in absolute predicted performance levels need to be assessed
in light of the circa 0.7 bar IMEP total uncertainty which represents less than 2% of
the average 2014+ Digital Twin IMEP prediction despite the sparse input data
available from the industry. Relative changes between one configuration and the next
will be less prone to uncertainty.

In addition to IMEP, the AVL Boost™ validation manual [151] proposes a comparison
between the software NOx production predictions and experimental data as shown in
Figure 3-13.
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Figure 3-13 - AVL Boost™ NOx production prediction vs measurement [151]
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4 Tools developed for this research project

4.1 Introduction

As set out in Chapter 2 (Section 2.5.1), and summarised in Figure 4-1, a range
of simulation techniques are used to model engine behaviour and/or predict
engine performance, with different levels of complexity and accuracy.

The different levels of engine simulation

Governing equations:

- Description of the engine from
an analytical point of view

- Physical phenomena hidden
from view by functions relating
input to output

- Low complexity, do not require
component-level details

- Low computing power
requirements

0D simulations:

- Time dependent simulations
but no spatial dimension
consideration (i.e. no spatial
effect modelling — pressure
wave for example)

- Based on semi-empirical
equations and thermodynamic
laws

- Can model gas exchange
processes, combustion,

1D simulations:

- Spatial dependency added
making possible the modelling
of gas flow in pipes

- Pressure waves can be
captured and fuel spray can be
investigated to a first level of
complexity using the
dimensions of the combustion
chamber

>

3D CFD simulations:
- CAD model required

- Complex flow structures,
energy transfer and geometry
can be investigated in great
details

- Due to the required computing
power, only part of the engine
or specific components are
modelled

charging devices

- Exist for the engine but also
different component of the
power unit

»
>

Increasing accuracy but also computing power, running time, need for component-detail level data

- AVL Boost™ combines both OD and 1D approaches

- Precise combustion progression can be studied separately using 0D
rate-kinetics simulations with detailed fuel reaction mechanism files

Figure 4-1 - Summary of the different levels of engine simulations

With the introduction of fully advanced sustainable fuels in the 2026 Formula
One™ regulations, fuel development will be of primary importance for this next
engine generation. The 2026 Formula One™ engineered fuels will be blends of
individual species whose compositions will be exactly known as opposed to
conventional gasoline or Diesel which are variable blends of different fuel
components. Having the possibility to quickly assess the potential of different fuel
compositions will be important to find the optimal blend.

Because of the time-consuming and costly nature of engine testing, even with
single cylinder engines, rate-kinetics simulation has the potential to improve the
fuel development process by allowing fast assessment of fuel combustion
properties and selection of the most promising blends (here high flame speed at
high lambda and high resistance to auto-ignition for example).

The usefulness of industry-standard rate-kinetics simulation tool Ansys Chemkin
to assess combustion properties of advanced sustainable fuels for the 2026
Formula One™ Power Unit regulations has been assessed during this thesis, but
several elements made it impractical. This was a very disappointing result and
after several months of trials that the decision to discontinue the further use of
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Ansys Chemkin for 2026 Formula One™ fuels was made. This is not intended to
detract from the usefulness of the software for other purposes, but it has proved
unreliable for the conditions reported here.

As stated previously, fuel combustion mechanisms are necessary to describe the
combustion event in rate-kinetics simulations and their results are highly
dependent on this reaction file.

In first approximation, because the 2026 Formula One™ fuel will be engineered
and its composition can be exactly determined and thanks to the literature
providing with combustion mechanisms for a significant number of single species
fuel which model fuel behaviour accurately, the mechanisms of each component
of the fuel blend could be merged to form that of the blend.

Then using a model of the 2014+ fuel as a reference point, the simulation results
could be used to modify the rate-of-heat-release curve used for the 2014+ Digital
Twin for it to be representative of the 2026 engine operating conditions.
Furthermore, NOx emissions between fuel blends and between combustion rates
could be compared if their formation is included in the reaction mechanism.

However, obtaining blend combustion mechanisms is not as simple as linearly
merging the mechanism of each component contained in the engineered fuel.
The intermediate species of each fuel could interact with that of the others and
modified the reaction path in a manner that may not be appreciated by a simple
merged mechanism. If so, the rate-kinetics simulation predictions could be
significantly different to reality and lead to mistakes. Plus, in consequence of this
uncertainty regarding the validity of the merged mechanism, physical testing
would still be necessary to draw the ultimate conclusions.

In addition, as the 2026 fuels are currently under development, no information is
available regarding their possible composition, so the composition that could be
determined using rate-kinetics simulation could have very different properties
compared to the fuels that will be used post 2026, making the engine simulation
results irrelevant. In addition, as this Doctoral Thesis does not aim at conducting
experimental work on fuel reaction mechanism, which could be a research project
on its own, the uncertainty associated with the use of a reaction mechanism
simply obtained by combining individual fuel mechanism would be too significant.

Combined with important software reliability issues where the models for certain
fuel combinations at certain starting conditions would run on the computers at a
collaborating laboratory but not at Cranfield University, with no explanation found
for this lack of reproducibility, these limitations made rate-kinetics simulations
conducted with the leading commercial software too cumbersome, too unreliable
and too reliant on sophisticated input data (they rely on a lot of prior-knowledge
of intermediate reactions) for use in this Doctoral Thesis.

For the development of fuels fulfilling the requirements of the 2026 Formula
One™ Power Unit regulations, the conclusions reached at this point is that fuel
suppliers will have to rely on their engineering capacity and physical engine
testing to compose a fuel blend with particular performance characteristics by
choosing within the range of available “Advanced Sustainable components”
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which are defined by the 2026 Formula One™ Power Unit regulations as “derived
from a carbon capture scheme, a renewable fuel of non-biological origin
(RENBO), municipal waste, or non-food biomass” [15]. The composition of the
fuel will be extremely important as it will define the combustion properties and
possible operating conditions for the engine.

Nevertheless, if a fuel supplier were to develop a rate-kinetics simulation tool
based on machine learning, having all the necessary mechanisms for single
species fuels and for blends, and empirical “rules” for fuel blends, it could be
possible to identify patterns regarding how combustion mechanisms of individual
species are impacted when combined with that of other to form a blend to obtain
more accurate merged mechanisms.

By having such a tool and considering that the composition of the future Formula
One™ fuels will be engineered and thus perfectly known, there is the possibility
to significantly impact the development of these fuels.

Based on the machine learning tool, fuel suppliers could investigate a large
number of combinations fulfilling the regulation requirements, create the
associated reaction mechanisms to run appropriate rate-kinetics simulations to
estimate key combustion parameters such as laminar flame speed. Based on
these observations, the most promising blends could be physically created and
tested to confirm or not the expectations. The feedback obtained from the
creation of one blend would be used to refine the model of the machine learning
tool to improve its prediction accuracy.

As explained previously, creating a blend combustion mechanism is not straight
forward but considering the low number of species the 2026 Formula One ™ wiill
be composed of, this technique could prove valuable. Obviously, there would be
degree of uncertainty linked to the results provided by the rate-kinetics simulation
as the mechanism would not be extensively validated and physically testing will
always draw the ultimate conclusions.

But combining this technique with high computation power and the fuel supplier
practical knowledge could give them the edge on its competitors by exploring
unusual blend composition that a fuel expert would not necessarily have thought
about as it was demonstrated with optimisation algorithms and engine design by
Chapman [16].

Despite not being applicable for fuel development, as accurate blend reaction
mechanisms are required, rate-kinetics simulations are very useful for the
analysis of a reaction whose mechanism is accurately modelled (single species
combustion, large scale chemical reactors).

Considering the issues faced with rate-kinetics simulations, the uncertainty
regarding the composition of the 2026 fuels, it was decided to model the 2026
engine using ROHR based simulation and to use simpler tools that allow
engineers to blend combinations of fuels to obtain basic thermodynamic
guantities like heating value. One example tool is the AVL Boost™ Gas
Properties Tool (see Section 4.3).
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With knowledge of fuel composition, estimates of laminar flame speed for a
blended fuel can be made from published data for the main components of the
blend [152] and this result can be used to re-scale ROHR curves. Then engine
testing can be used to gain more complete knowledge of rate-of-heat-release
relationships with changing engine speed, load, lambda and both GDI and ignition
timing. There is likely to be a role for Artificial Intelligence in guiding the blending
of future fuels once the database for fuel components and blending properties is
more widely available. Machine Learning wrapped around ROHR-based
simulation could be used to provide the optimum ROHR performance
specification of the fuel for a given engine and its speed and load combinations.

4.2 Engine governing equations

Section 4.1 explains why rate-kinetics simulation are not being taken as the
starting point of a scientific study of the operations of current and future
generation Formula One™ engines. To provide an alternative, the equations that
govern the thermodynamic behaviour of engines of this type are inspected as the
first step.

Engine governing equations are set out in most internal combustion engine
textbooks and those described by Heywood [34] are shown below for 4-stroke
engines:

_ NrmeNQpp (F/A)
2

where P, is the engine indicated power (before accounting for mechanical losses),
ns the fuel conversion efficiency, i.e. the efficiency to convert fuel energy into
useful work, m, the mass of air trapped per cycle, N the engine speed, Q;,, the
fuel lower heating value and (F/A) the fuel/air ratio.

P[ (4'1)

It can be observed that the power equation is a function of engine speed. This
demonstrates from a mathematical point of view why the V10 and V8 Formula
One™ engines generations relied on very high engine speeds to produce power.

Based on the relations between power and torque, and between power and
IMEP, these quantities can be expressed as:

p _ nfmanvh(F/A)

4-2
2N a1 (4-2)

T1:

X P _ nfmanvh(F/A)

IMEP =
Nszept szept

(4-3)

where Vgep: is the engine swept volume.

In addition, fuel conversion efficiency and volumetric efficiency can be calculated
using the following equations:
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where n,, is the thermal efficiency (capacity to transform heat into useful work),
n. the combustion efficiency (capacity to release fuel energy), m, the fuel mass
flow, m,;, the air mass flow and p, the inlet air density.

Using Equations 4-4 and 4-5, Equation 4-1 can be transformed into:

_ nthncnvNszethlvhpa (F/A)
2

The ability of engine designers to extract the maximum performance out of a
given piston area independently of the cylinder size can be assessed by
considering specific power which is power divided by piston surface area:

P np1uSyQuonpa(F/4)
4, 4

P, (4-6)

(4-7)

where S, is the piston mean speed.

To achieve high engine performance, Equations 4-6 and 4-7 demonstrate the
importance of high fuel conversion efficiency, high volumetric efficiency (good
engine breathing), high inlet air density (thus the interest in air compression
solutions), high fuel/air ratio and high mean piston speed.

4.3 Introduction to AVL Boost™

AVL Boost™ is a thermodynamic engine cycle and gas exchange simulation
developed by AVL, an Austrian mobility technology company specialised in
development, simulation, and testing for the automobile industry [153]. AVL
Boost™ has been used extensively at Cranfield University over the 20 past years
for research and teaching purposes. One example being the Cranfield F1™
Design Sprint previously mentioned but in addition there have been over a
hundred MSc thesis projects based on this simulation technology.

This software is part of the wider AVL simulation software package designed to
support the development of new vehicles and powertrains. AVL Boost™ can
interact with the other software, with AVL Fire™ notably for 3D flow simulations,
and can also be run in collaboration with MATLAB for optimisation and/or
automation tasks.

AVL Boost™ is a 0D/1D engine simulation software like GT-Power (Gamma
Technologies) or Wave (Ricardo), designed to provide engine performance,
exhaust emissions and acoustics predictions based on engine modelling [123].
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The combustion event is described with 0D models using semi-empirical models
and the energy conversation law; the spatial distribution within the combustion
chamber and the flame propagation are not considered for example. On the
contrary, the inlet and exhaust pipes are treated as 1D elements, their dimensions
(diameter and length) influencing gas exchange processes.

As explained in the Literature Review (Chapter 2), because no volumes are
considered, 0OD/1D simulation cannot replicate every physical phenomenon,
in-cylinder turbulence for example. This is why careful input dataset and results
control is necessary with this type of tool to ensure that predictions are relevant
and usable. However, what is lost on precision is gained in computation time.
OD/1D engine simulation software requires less computation power than their 3D
counterparts, enabling to run more iterations of a given design in a given time.

AVL Boost™ can run both steady-state (or quasi-steady-state (QSS) when
steady-state simulation results are subsequently used as input to a second time-
marching performance simulation) and transient simulations. In the first case, the
engine is operated at constant engine speed and load with specific initial
conditions. The case is run over a user-defined number of cycles to allow
acoustics phenomenon to stabilise and the simulation to converge. This type of
simulation is very useful for design tasks as it allows engine designers to sweep
through a range of values for given parameters and to select the optimum design
for their performance targets. By running steady-state simulations, the results can
be used to analyse the behaviour of a given engine, to conduct analyses not
practically realisable on a real engine, like it is done with the 2014+ Digital Twin.

Regarding transient simulations, the engine is given a set of starting conditions
and then a control-command which will make its operating conditions evolve with
time. It allows the engine designer to assess transient effects that do not appear
with steady-state simulations like turbo lag and to test more detailed engine
control strategies, but it also requires a different input parameter dataset as it will
be highlighted by Section 4.5 and higher computation power. This type of
simulation brings more insights regarding how the engine will behave on the
road / track, rather than on the dynamometer.

On the contrary to the steady-state simulations and except for specific cases, the
operating conditions are constantly changing in the transient simulation, like on a
real engine, with each cycle run only once, meaning that the traditional notion of
convergence (where simulations run until the IMEP settles on a converged value)
is not applicable.

However, as demonstrated in Figure 4-2, transient simulations run with AVL
Boost™ are not heavily dependent on initial conditions. Two transient simulations
have been run with two different initial conditions. For the first one, the initial
pressures and temperatures are derived from the steady-state simulation results
for the exact initial engine speed. For the second simulation, the conditions are
kept the same, but the initial engine speed is reduced, i.e. the initial conditions
are not perfectly adapted for this new speed. The green curve x-axis is offset so
that both simulations reach 225 km/h at the same time.
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Figure 4-2 - Effect of initial conditions on transient simulation results

Except for the first few cycles, the transient predictions made by both models are
very similar. This is why for the later studies (Chapter 7) which are based on
transient simulations, the simulation is always started several cycles before the
zone of interest begins, to make sure that the initial conditions are overwritten by
the time-marching values from the simulation and the results are not dependent
anymore on initial conditions.

Regarding this notion of non-convergence for the transient simulations, the
pressure waves in the intake and exhaust ports observed for steady-state and
transient simulations at specific engine speeds have been compared in
Figure 4-3. Inspecting the convergence of pressure waves in the intake and
exhaust systems is a much more rigorous test of overall simulation convergence
than relying on the IMEP settling to a final value. The first is a test of the
convergence of the 1D wave action whereas the second is only a test of
convergence of the OD thermodynamics which can be acceptably converged
even though the wave action is ‘wrong’.

It can be observed that steady-state and transient simulations predict similar
pressure waves behaviour in the engine ports. At the intake, both simulations
follow the same trends, i.e. peaks are in phase, but the amplitudes are lower for
the transient cases (which would be expected from the resonant response of a
fluid-pipe-network: the resonant response takes time to build up). In addition, the
steady-state curves are smoother, with less perturbations. Regarding the
exhaust, the curves are even more similar than that at the intake with peaks in
phase and lower amplitude difference.

Obviously, the pressure and temperature curves are different as time is given to
the acoustic effects to settle in the steady-state simulations which can explain the
higher amplitude at the intake port. But it is reassuring to observe that despite
being very different type of simulations, the models experience similar trends.
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Figure 4-3 - Port pressures and temperatures comparisons between steady-state and transient simulations
(from top to bottom: 10,000 RPM / 10,500 RPM / 11,000 RPM / 11,500 RPM)

In addition to its engine performance prediction capabilities, AVL Boost™
provides two tools which have been useful for this Doctoral Thesis.

The first one is the AVL Boost™ Gas Properties Tool which enables the user to
compose fuel blend to be used in simulations in addition to the common fuels
proposed by the software. Within a list, the user can choose several fuels in
specific proportions. Then, based on JANAF / NASA coefficients [126], the tool
calculates the properties of the created blend which are summarised in a .bgp file
that can be used as simulation input. This file describes the thermodynamic
properties of the blend (specific heat capacities, specific internal energy, specific
entropy), the physical properties of the blend (molar mass, density, lower heating
value, heat of vaporisation, stoichiometric air/fuel ratio, carbon, oxygen, nitrogen
to total mass ratio), and the composition (H, O, N, Hz, OH, CO, NO, O2, H20,
CO2, N2 and Ar) and properties of the exhaust gases (molar mass, specific gas
constant, specific heat capacities, specific enthalpy, specific internal energy,
specific entropy, heat capacity ratio) depending on air/fuel ratio, pressure, and
temperature. This tool does not contain any element of rate-kinetics prediction
and does not rely on fuel reaction mechanisms.

The second tool to highlight here is the AVL Boost™ Turbocharger Tool which
can be used to create a complete model of the turbocharger. AVL Boost™ gives
the user two options to model the turbocharger, either a simplified or a full model.
The Turbocharger Tool is useful for the full model for which a compressor map
and turbine swallowing curve are required. The tool enables the user to create
.btc files containing these two characteristics and to input them into the engine
model. Using this file, the simulated turbocharger behaviour is more realistic than
with the simplified model and can calculate turbocharger rotor speed and indicate
when the compressor operates at the surge line.
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4.4 Steady-state AVL Boost™ models

4.4.1 Digital Twin of the 2014+ Formula One™ engine

Figure 4-4 shows the AVL Boost™ layout of the 2014+ engine steady-state model
(2014+ Digital Twin) and Figure 4-5 details its geometry. The model is symmetric,
so the dimensions in Figure 4-5 are only given for one side of the engine.

The input dataset of this model has already been discussed and analysed in detail
in Chapter 3 and is summarised in Appendix C where it can be compared to that
of the 2026 engine steady-state model.

= " e

Figure 4-4 - AVL Boost™ layout of the 2014+ engine steady-state model (2014+ Digital Twin)

In addition to the parameters mentioned in Appendix C which are true for every
simulated engine speed, the model is provided with a speed-dependent dataset
whose parameters are listed in Table 4-1.:

Parameters

Engine speed

Mass of fuel injected per cycle per cylinder
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Parameters

Compressor boost pressure
Compressor isentropic efficiency
MGU-H power
Cylinder head wall temperature
Piston wall temperature
Liner TDC wall temperature

Liner BDC wall temperature

Table 4-1 - 2014+ Digital Twin speed-dependent parameters
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Figure 4-5 - Geometry of the 2014+ engine steady-state model

The engine model is only run for engine speeds between 7,000 and 12,500 RPM,
with a 500 RPM step except between 7,000 and 10,000 RPM (9 cases) as the
engine is known to be only very rarely operated outside of this window during
normal qualifying / race operation [5]. Each case is run at a specific engine speed
and a specific value for each parameter mentioned in Table 4-1. For each case,
the simulation lasts 40 cycles with 15 mm average cell size.
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The engine does not feature a throttle body as it was not necessary for the
simulations run with the 2014+ Digital Twin but this component is included in the
2026 Formula One™ transient model as it is necessary for its operation (see
Section 4.5).

In the 2014+ Digital Twin, the turbocharger is split to accommodate the action of
the MGU-H (referred to as ED1 in Figure 4-4). The compressor and turbine
operate separately, the compressor power consumption can be different to the
power produced by the turbine, and are mechanically linked to the engine icon
with the compressor consuming work from the engine, as a supercharger, and
the turbine provides work to the engine, see the direction of the arrows on the
orange mechanical links in Figure 4-4. The mechanical efficiency of the
turbocharger is only considered once, on the turbine side. The MGU-H power is
set as the difference between the turbine power and compressor requirement so
that the engine energy balance is not impacted by this unusual modelling.
Considering the direction of the mechanical link between the MGU-H and the
engine icon, positive values mean that the MGU-H provides energy to the
compressor, whereas if negative, the MGU-H recovers energy from the turbine.

The detailed physical behaviour of the MGU-H is not investigated in this model.
It is defined as an 100% efficient electric motor and so are the mechanical
connections.

The operating points of the compressor are user-defined to achieve the target
air/fuel ratios (no complete compressor map inputted in the 2014+ Digital Twin)
and the turbine operating points are calculated by AVL Boost™ using the turbine
swallowing curve shown in Figure 4-6 which has been user-defined to allow the
turbine to swallow the whole engine mass flow at any engine speed and achieve
satisfying power regeneration from the exhaust gases and MGU-H power.
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Pressure ratio (-)
Figure 4-6 - 2014+ Digital Twin turbine swallowing curve

The engine internal volumetric efficiency is calculated based on the conditions
measured at measuring point MP21, which is marked by a red “R” in Figure 4-4,
at the plenum inlet.

Despite AVL Boost™ offering a plenum model, it was decided to model the 2014+
engine plenum as a series of pipes to have better control of the dimensions and
to be able to place, if necessary, measuring points inside the plenum. This
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approach also includes for wave action within the ‘plenum’ which is absent from
the OD plenum model included in AVL Boost™.

The two throttle valves located at the bottom of Figure 4-4 on each side of the
turbine are the waste gates.

The two junctions located on each side of the engine between the exhaust
secondary pipes and the turbine inlets (J3 and J4) are set with specific flow
coefficients. To avoid unrealistic back-flow, fluid travelling from the turbine
upwards the turbine inlet pipe, when the waste gates are open, only the inlet
pipes, pipes 30 and 34, have junction inlet flow coefficients set at 1. For the pipes
exiting these junctions, the inlet flow coefficient is set at O but the outlet one is set
at 1. This specific setting is not done on the other junctions of the model.

For the firing order detailed in Appendix C, the reader should refer to the cylinder
numbers given in Figure 4-4 (“CX” mark next to each cylinder) with cylinder 1
being at the top left and cylinder 6 at the top right.

4.4.2 2026 Formula One™ engine model

Figure 4-7 presents the layout of the AVL Boost™ model of the 2026 engine
which is deliberately laid out differently compared to that of 2014 to make it easier
to differentiate them and because of the different disposition of the turbocharger.

E1

MP21
7 13 Rre U .
+>(O——
97 mpe 10

Figure 4-7 — AVL Boost™ layout of the 2026 engine steady-state model
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The creation of this model is different to that of the 2014+ Digital Twin as, at the
moment of writing this Doctoral Thesis, the 2026 engine is still under development
and has not yet been on track. Engine manufacturers are obviously already
working on their version of the 2026 engine, but their technical choices are not
yet definitive, and no information is available. The choices made for the 2026
engine model thus did not benefit from feedback or input from the industry,
discarding the 2026 Formula One™ engine model presented here from the
‘Digital Twin’ qualification.

This model will thus not be referred to as a Digital Twin as it does not aim at
replicating the behaviour of a given engine, its objective is to predict, based on
the knowledge developed on the 2014+ Digital Twin and the 2026 regulations
[15], what could be the performance of this new generation of Formula One™
engines and investigate how some of the challenges linked to the new regulation
can be overcome.

As for the 2014+ Digital Twin, the 2026 engine model requires an input dataset
composed of geometric, calibration and compound parameters. As no data on
this new engine is available, certain parameters have been transferred from the
2014+ to the 2026 model. This section presents the 2026 model input dataset
and discussed how the parameter values have been selected in addition to
introducing the model operation.

In addition to Figure 4-7, Figure 4-8 presents the geometry of the 2026 engine
model and its detailed input dataset can be found in Appendix C alongside the
description of the 2014+ Digital Twin input parameters.

As the MGU-H is removed under the 2026 regulations [15], there is no need to
separate the compressor and the turbine as done for the 2014+ Digital Twin.
Furthermore, this model does not contain any electric motor as it is aimed at
studying only the behaviour of the internal combustion engine.

The 2026 model is run for the same engine speeds as the 2014+ Digital Twin and
the same engine speed dependent parameters (see Table 4-1) plus a parameter
defining the turbine calculation mode (see below) are provided to the software for
each case.

The structure of the 2026 engine model is very similar to that of the 2014+ Digital
Twin, the main difference being that the pipe diameters have globally been
reduced in consequence of the engine reduced mass flow (Figure 4-8).

As the turbocharger is not split, the work consumed by the compressor and the
work produced by the turbine (multiplied by the mechanical efficiency of the
assembly) must be equal. AVL Boost™ proposes different calculation modes so
that it can be achieved. For this model, it was chosen to set the compressor the
same way as in the 2014+ Digital Twin, i.e. the simulation is given a specific user-
defined compressor boost pressure which allow to reach the target air/fuel ratio.
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Figure 4-8 - Geometry of the 2026 engine steady-state model

However, the turbine is modelled differently. Instead of using a swallowing curve,
AVL Boost™ models the turbine as a restriction with a specific reference cross
sectional area. Until 11,000 RPM included (engine speed close to peak power),
the Turbine Layout Calculation mode is used, i.e. based on the reference area,
AVL Boost™ calculates the required discharge flow coefficient so that
compressor and turbine powers match. Above 11,000 RPM, the mode is switched
to Waste Gate Calculation where AVL Boost™ uses the turbine reference area
(defined as the turbine outlet pipe cross section area) and a user-defined turbine
discharge coefficient to determine the amount of mass flow that must be diverted
from the turbine, once again to match compressor and turbine powers. This last
mode simulates the use of waste gates.

As shown in Figure 4-7, the 2026 engine model also features valves on each side
of the turbocharger which are waste gates. Despite being modelled, it was chosen
in this model not to use them, the waste gates were left on the model’s layout for
visual reasons and remind that the effect of this device is modelled. Rather, the
use the waste gate is modelled via the turbine module in Waste Gate Calculation
mode as explained previously, which proved much easier to control and achieved
the same results. In the model, all the flow is directed towards the turbine and
based on the user-defined turbine properties and when the turbine model is set
into Waste Gate Calculation mode, AVL Boost™ calculates the fraction of the
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flow that must grow through the turbine to recover enough energy to power the
: H _ Murbine
compressor (turbine to total ratio  Riurpine/totar = ). f

Meotal exhaust flow

Reurbine/totar = 1, it represents the waste gate fully closed, all the exhaust flow
goes through the turbine, if Reyrpine/rorar = 0, all the flow is diverted, 1y, pine = 0.
The rest of the flow (1 — Ryyrpine/torar) represents the fraction of fluid that would

go through the waste gate on a real engine. When looking at the simulation
results, the total flow at the turbine inlet is equal to the turbine outlet flow, it is just
for the calculations that AVL Boost™ determines a coefficient used to calculate
the energy recovered by the turbine.

As for the 2014+ Digital Twin, pipes have been used to create the plenum and
the reference measuring point for internal volumetric efficiency is also located at
the plenum inlet with MP14.

One of the important innovations brought by the 2026 regulations is the switch
from fossil fuels to fully advanced sustainable fuels. Freedom is given to fuel
suppliers to select the advanced sustainable components of their choice to create
a fuel that meets the regulation requirements.

For the 2026 engine model, given the issues faced with rate-kinetics simulation,
it was decided to model the fuel using AVL Boost™ Gas Properties Tool, as a
mix of 80% in liquid volume of high-performance gasoline (used in the 2014+
Digital Twin) and 20% of ethanol (E20). By using the properties listed in
Table 4-2, the properties of this blend have been estimated:

Parameters Ethanol [154] 2026 fuel

Density (kg/m?3) 748 [154] 789 765.2

Qwvh (MJ/kQ) 44 [5] 27.753 40.61

AFRst (-) 14.7 8.9986 13.51

Heat of evaporation
(kJ/kg)

419 [146] 963 532.5

Table 4-2 - Properties of gasoline, ethanol, and the 2026 engine model's fuel

As shown in Table 4-2, despite not being directly applicable as it contains fossil
gasoline, this composition yields a 765.2 kg/m?® density which is within the
regulation limits and a lower heating value Q,,, of 40.61 MJ/kg also within the [38;
41 MJ/kg] window allowed by the regulations [15]. However, as the 2026 fuel flow
limit is set in terms of energy, the lower Q,,,, the greater the quantity of fuel
required to match the fuel energy limit.

The fuel supplier will thus aim at designing a fuel with the highest possible energy
density, this is why it was decided to adopt 41 rather than 40.61 MJ/kg for the
2026 engine model fuel. For stoichiometric air/fuel ratio and heat of evaporation,
the values shown in Table 4-2 are used.
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In addition, the regulations state that the oxygen content of the fuel must be
between 6.7 and 7.1 wt%. Ethanol is made of 34.8% of oxygen in mass whereas
gasoline / F1 fuel considered here has 0% oxygen content. Thus, for the E20
chosen here, the oxygen content of the fuel is of 7.3 wt%, i.e. close to the
regulations limits thus further justifying the choice of this fuel composition for the
2026 engine model.

Because the fuel composition will change between 2014+ and 2026, its
combustion properties, laminar flame speed for instance, will evolve leading to
different combustion behaviour and the design of the pre-chamber is also prone
to evolve, thus influencing the combustion process. The rate-of-heat-release is
very likely to be impacted by the introduction of this new regulations.

However, as discussed in Chapter 3, rate-of-heat-release is a compound
parameter which is influenced by a large number of variables including fuel,
combustion timing, in-cylinder geometry and fluid flow. Even when knowing the
exact fuel composition, it is difficult to estimate it without measuring it on a running
engine, so as the 2026 fuel composition is unknown, it proves impossible to make
a sound assumption on its combustion characteristics. One way of doing so would
consist in using rate-kinetics simulations but as explained above, the efforts put
in this solution are not successful.

As the 2026 engine will still be fuel-limited, it will again be run at high-dilution
levels to make the most of this limited energy resource, use a pre-chamber to
maximise mixture ignition reliability and the regulations do not make combustion
chamber geometry evolve significantly compared to 2014+. The combustion is
thus likely to be more similar to that of the 2014+ engine than to a conventional
engine. This is why it was decided to use the 2014+ Weibe curve in the 2026
engine. In addition, as a fuel-limited engine, high efficiency will still be the target,
and this is made possible by a fast rise in mass fraction burned at the beginning
of the combustion as shown in Section 3.5.2, further justifying the unchanged
ROHR curve compared to the 2014+ Digital Twin.

In the same way, due to the similarities in design, the valve characteristics (lift
and flow coefficients) used in the 2014+ Digital Twin have been transferred to the
2026 engine model. The same has been done for wall temperatures as it is a
compound parameter difficult to accurately estimate without experimental
measurement or detailed thermal simulations.

As it was done for the 2014+ Digital Twin and is detailed in Chapter 5, the
pressure exponent of the knock onset model has been modified to be more
suitable to the level of in-cylinder pressures experienced by the engine. Because
of lower in-cylinder pressure (see Chapter 6), the value of the 2026 pressure
exponent has not been reduced as much as for the 2014+ Digital Twin but was
changed from 1.7 to 1.62.
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4.5 Transient AVL Boost™ model of the 2026 Formula One™
Power Unit

The layout of the transient AVL Boost™ 2026 engine model is shown in
Figure 4-9. The geometry of this model is the same than its steady-state
counterpart, but some elements have been modified or added to allow the
transient simulation to run properly.
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Figure 4-9 - AVL Boost™ l|ayout of the 2026 engine transient model

The aim of this model is to simulate a transient engine dynamometer test with
varying load on the engine. The simulation does not include a driver or vehicle
model and the electric storage (ERS) is not modelled.

As explained in Section 4.3, for transient simulations, the model is given a set of
initial conditions in addition to a control-command, in this case an engine load.
Based on the control maps defined by the user, the model defines itself its
operating points for the different parameters.

To be able to define these operating points, an ECU icon (ECU1 at the top right
of Figure 4-9) has been added. This simulation module can control based on 1 or
2D maps the behaviour of “actuator” engine parameters based on the input of
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“sensor” parameters. The data link between the ECU and the elements it controls
are possible thanks to the blue data connections visible in Figure 4-9.

As the ECU icon is limited to 1 and 2D maps, more complex control strategies,
like the ones described in Chapter 7, cannot be implemented using this element
alone, this is why the “Formula Interpreter” module (FI1) has been added. The
Formula Interpreter allows the user to write code in C language to control engine
parameters, “actuators”, based on the inputs of the same “sensors”.

In the model shown in Figure 4-9, the ECU and the Formula Interpreter control
the following parameters:

Parameters

Engine load signal
Load applied to the engine crankshaft
Simulated clutch position
Simulated gear ratio
Fuelling
MGU-K power
Throttle angle

Waste gate opening (within the
turbocharger model)

Table 4-3 - Parameters controlled by the ECU and the Formula Interpreter in transient simulations

To run transient simulation, the engine must be coupled with an “energy
consumer” which in the case of Figure 4-9 is the vehicle module (V1). This icon
aims at modelling in a simplified manner the load that a specific vehicle would
apply on the crankshaft of the engine. The vehicle main parameters are shown in
Table 4-4:

Total mass kg 936
Frontal area m? 1.2
Drag coefficient Cp = 1
Downforce coefficient C. = 5

2.65/2.29/1.975/1.7/1.46/

Gear ratios ; 1.255/1.08/0.93:1

Final gear ratio - 5835

113



Gear upshift / downshift engine

speeds RPM 9000 / 12000
Gear shifting time ms 12
Brake bias F/R - 60% / 40%
Tyre rolling radius mm 360
Tyre friction coefficient - 1.2

Table 4-4 - Vehicle settings for transient simulations

The total mass of the vehicle is assumed to be 796 kg for the car [155], 80kg for
the driver plus equipment, seat, and ballast [155] and 60 kg of fuel.

The tyre rolling radius is set at 360 mm, i.e. the value given on Pirelli’'s website
for their Formula One™ tyre [156]. It is assumed that the tyre does not deform
significantly under rolling so that this geometric value is also the effective tyre
rolling radius.

The simplified vehicle load is assumed to only be due to constant rolling
resistance and drag. Rolling resistance is approximated to be 2% of the vertical
load with an average downforce estimated at 2.5g [157]. Considering these, the
vehicle load is calculated using the following equation:

Vehicle load (N)
1
= 0.02 X Mg X g X (2.15+ 1) +5Xpx Co X Acar X V2 (4-8)

Vehicle load (N) = 578.5 + 0.72 x V/?

where m.,, is the vehicle mass, g the earth’s gravitational acceleration (taken as
9.81 m/s?), p the air density (1.2 kg/m?), Cp, the vehicle drag coefficient, 4,,, the
vehicle frontal area and V' the vehicle speed.

When deceleration is considered, the maximum available braking force is
calculated using the following equation:

1
Braking force (N) = u X (E X p X CpL X Agr X V2 4+ Mgy X g) (4-9)

where u is the tyre friction coefficient and €, the vehicle downforce coefficient.

Based on this equation and the vehicle’s brake bias and the MGU-K power,
during deceleration event, the vehicle load is modified to reflect the braking due
to the physical braking system.

In addition, for transient simulations, the moment of inertia of rotating parts must
be inputted to calculate variation is angular velocity. The moments of inertia of
the given engine and drivetrain have been calculated using the equations
presented by Harrison [158] and are equal respectively to 0.034 and 0.1 kg.m?2.
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Compared to the steady-state model, as the transient model will be used to
assess interaction modes between the internal combustion engine and the
MGU-K, an electric motor has been added to the layout to represent the MGU-K
(ED1). The detailed behaviour of an electric motor is not modelled here. The
MGU-K is set with a 98% electrical efficiency and is mechanically linked to the
engine through a 97% efficient mechanical connection with a 4:1 constant gear
ratio. Its power output is controlled by the Formula Interpreter considering the
power and torque limits imposed by the regulations [15] but the Energy Store
(ES) which is normally linked to the MGU-K is not considered here.

In addition, for transient simulations, the moment of inertia of rotating parts must
be inputted to calculate variation in angular velocity. For the MGU-K, the value of
the CTSM242 electric motor developed by Helix has been used [32] and is shown
in Table 4-5 alongside the other MGU-K parameters:

Maximum power kw 350
Maximum torque Nm 500
Peak electrical efficiency - 0.98
Moment of inertia kg.m? 0.042
Mechanical connection efficiency - 0.97

Mechanical connection gear

ratio sl

Table 4-5 - MGU-K parameters for the 2026 transient engine model

For transient simulation, the turbocharger must be fully modelled so that the
engine model can itself calculate what are the compressor and turbine operating
points according to the instantaneous engine conditions. To do so, the
compressor map of Garrett G30-770-58mm turbocharger [159] and a
user-defined turbine swallowing curve are implemented in AVL Boost™ using its
Turbocharger Tool and shown in Figure 4-10.
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Figure 4-10 - Compressor map (plus steady-state simulation compressor operating points) and turbine
swallowing curve for the transient 2026 engine model

The turbocharger moment of inertia has been estimated at 6.55e-5 kg.m? via a
self-created CAD model of the rotor based on the dimensions of the Garrett
G30-770-58mm turbocharger [159] using nickel for the rotor and turbine wheel
and titanium for the compressor wheel. A schematic of the turbocharger is shown
in Figure 4-11:

160 mm

71 mm | 58 mm I 15 mm 55 mm | 60 mm

32.5 mm

40 mm

Figure 4-11 - Schematic of the turbocharger used in the transient 2026 engine model

The opening of the waste gate, modelled by the coefficient defining the mass flow
going through the turbine relatively to the total exhaust flow Riyrpine/totars IS
controlled using a 2D map implemented in the ECU which is a function of turbine
inlet mass flow and turbocharger rotor speed. The target is to modify Reyrpine/totar
to keep the rotor speed around 125,000 RPM when the engine operates at full
load.

As the transient model is also used for part-load operation, a throttle body has
been added between the compressor and the intercooler at 200 mm from the
compressor outlet. Another throttle body has been added in front of the
compressor to try to model the effect of a pre-compressor valve (see Chapter 7).

For specific values like wall temperature, only one value can be input on the
contrary to steady-state simulations where these parameters are speed
dependent. The values used for 10,500 RPM in the steady-state simulations have
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been used for the transient model as it is the middle engine speed of the studied
window.

The objective with this transient model, and with the others too, is to be the
minimum viable model for the simulation objectives. The model must be able to
express the phenomenon of interests but without complexifying it too much so
that unnecessary computing power is required.

To simplify the fuel control strategy because of the non-practical AVL Boost™
coding interface, it was chosen to cut fuel injection during deceleration event. By
doing so, the exhaust enthalpy drops very significantly and thus the power
produced by the turbine also decreased. If the throttle valve is kept open to
conventional levels during braking events, the air mass flow going through the
compressor leads to still significant power requirement from the compressor. In
consequence of the power imbalance between the compressor requirement and
turbine production, the turbocharger rotor speed drops unrealistic values, nearly
zero if the deceleration event is long enough.

To avoid that, during deceleration events, the throttle valve is closed to the
minimum angle that does not make fail the simulation, namely 5°. However, at
such low angle, the flow coefficients are significantly reduced which leads the
compressor to operate beyond the surge line. By doing so, the compressor load
is significantly reduced, and the turbocharger rotor speed drop is limited to more
expected levels. Figure 4-12 shows the compressor operating points for a
simulation running under the described conditions.

Compressor map

4

3.5

PRESSURE RATIO
N
(4]

tesmin 0 10 20 30 40 50 60 70 80
KGISEC .08 15 23 .30 .38 45 .53 60

CORRECTED AIR FLOW
Figure 4-12 - Example of simulation control leading to compressor surge

The point colour evolves from white to red with simulation time. It can clearly be
seen that a large number of points are operating in the high-efficiency zone of the
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compressor map which corresponds to the full load engine operation but also that
the compressor is surging at other moments of the simulation.

By cutting the fuel supply during deceleration events, an unusual control of the
throttle valve is required so that turbocharger rotor speed can evolve in a manner
that appears rational. However, this choice of simulation control leads to
unrealistic compressor operating points. Surge can be tolerated for a short time
if it allows the car to be faster but not for prolonged period of time as it is the case
in Figure 4-12. This modelling approach also leads to unrealistic short-duration
spikes in compressor outlet temperature at the beginning of deceleration events
when the compressor starts surging due to temporary reduction in air mass flow
rate. As a results, the intercooler outlet temperature also spikes for a short time.
Implementing a recirculation valve for surge protection is a practical option on the
physical engine but this 3D flow detail cannot be modelled readily in AVL Boost™
and the unrealistic temperature spikes remain in the modelling results.

Regarding the intercooler, it has been modelled with a very high efficiency of up
to 95% (target outlet temperature of 40°C and a 35°C coolant temperature) which
is not realistic for an onboard intercooler but possible in an optimised test cell.
This choice of intercooling parameters was made in absence of more detailed
data on the intercooler, inlet temperature and the precise cooling effect of GDI in
the real Formula One™ engine.

With the intercooler model proposed by AVL Boost™, only the target outlet
temperature, the coolant temperature and the target pressure drop can be
defined which characterise the heat capture. However, the heat rejection side of
the intercooler system depends on the air flow over the radiator in the sidepod
and the pressure and flow rate of the coolant flow. The decision is taken here to
assume that the combination of vehicle and engine speeds, alongside careful
system design would enable the intercooler to control the air temperature on a
moving race car to a constant outlet temperature in the same way it is handled in
the simulation.

As investigating turbo lag is one of the objectives of this model, the priority has
been put on the overall turbocharger behaviour, ensuring relevant rotor speed
evolution, rather than on relevant compressor operation during deceleration
phases.

For the 2026 Formula One™ transient engine model and with the chosen
compressor map (Figure 4-11), the turbocharger mostly operates close to
120,000 RPM. If turbo lag were to be limited by only allowing the turbocharger
rotor speed to drop to the 110,000 RPM iso-speed line, the compressor must be
provided between 19.4 (at the surge line) and 28.1 kW (at the choke line). These
values are far from the reported 65 kW peak MGU-H power in Chapter 3. Even
though the compressor map is different for the 2014+ Formula One™ engine, it
shows how simple it can be to control the turbocharger rotor speed during low
exhaust enthalpy period using an electrically assisted turbocharger.

Another limitation of the transient model presented here concerns the realism of
gear changes. Because of the large MGU-K moment of inertia and the way AVL
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Boost™ models gear changes, a significant and sudden increase in vehicle
speed can be observed as shown in Figure 4-13:
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Figure 4-13 - Example of vehicle speed evolution with the transient 2026 engine model

Different solutions have been tried to solve this issue, unsuccessfully. However,
the vehicle model and a relevant moment of inertia for the MGU-K are necessary
in the transient model to properly model the evolution of engine load and engine
speed, this is why they were kept despite this issue during gear change when the
model features an MGU-K. Nevertheless, this affects all the cases run with this
model in the same way. Thus, it does not impact the comparisons made between
models.

4.6 Energy and exergy analysis MATLAB tool

A MATLAB code has been written to conduct energy and exergy analyses using
results from AVL Boost™ simulations. The energy / exergy analysis conducted in
this Doctoral Thesis only focuses on the efficiency with which the engine
transforms fuel into useful work. Thus, the elements external to the cylinders, i.e.
the turbocharger, the electric motors, the intercooler, are not considering in the
analyses.

In addition, the energy and exergy analyses conducted here do not aim at
investigating in depth the conversion processes happening within the cylinders,
like the fuel/air mixing or the flame propagation. They only relate the input (fuel
energy) to the outputs (power, friction losses, exhaust enthalpy, etc).

For energy analysis:

Ein = Eout (4-10)
Efuel = Epower + Eexhaust + Eheat_transfer + Efriction (4'11)

where Efuel is the fuel energy flow, Epower the brake power produced by the
engine, E.ynqause the exhaust enthalpy flow, Epcqt transrer the amount of heat
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transferred from the cylinder to the engine cooling system and Efn-ction the power
lost due to friction.

For exergy analysis [41]:

Exin - Exout = Exdest (4_12)
Exfuel + Exair ) . .
.xpower + Exexhaust + Exheat_transfer + Exfriction (4_13)
+ Exdest
where Exfuel is the fuel exergy rate, E,, the air exergy rate, Expower the brake
power produced by the engine, Exfuel the exergy rate of the exhaust gas,
Exheat transfer the exergy rate of heat transfer from the cylinder to the cooling
system, E'xfn.ction the power lost in friction and Exdest the rate of exergy
destruction.
Exfuel = mfuel X @ X Qn (4-14)
T T r
¢ = 1.0401 + 0.1728 X o + 0.0432 x o + 0.2196 X o x (1

= (4-15)
~2.0628 x )

where ¢ is the fuel exergy factor and H" /C", 0" /C"and 0" /C"are ratios of mass
fractions of hydrogen, oxygen, and nitrogen with respect to carbon [160]. The fuel
exergy factor is introduced as the fuel lower heating value does not fully represent
the amount of work extractable from the oxidation of the fuel molecules. For
instance, it does not account for the work potential (i.e exergy) of the hot exhaust
gases.

. T, .
Exheat_transfer = (1 - F) X Eheat_transfer (4-16)

N

where T, is the reference temperature of the environment (set here at 300 K) and
Ts the wall temperature.

For inlet air and exhaust gas, their exergy is calculated using the following
eqguations:

. . n
Exmixture = Z m; X (Sit e + gichem) (4'17)

where m; represents the mass flow of each species, and /"™ and "™ are
respectively the thermomechanical and the chemical specific exergy.

g™ = (hy — hoy) = To X (5 = Soi) (4-18)
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R .
MM = 22X Ty X In a5 (4-19)

L ol

hi — hy; = Cpi(Ti) xT; — Cpio (Ty) X T, (4-20)

T, P;
Si — Soi = Cp .(T}) X 1In (—) —RXIn(=) (4-21)

L To Py
where the subscript “i” refers to the species under consideration in the mixture
and “oi” in the reference state, i.e. the environment. h refers to the specific
enthalpy and s to the specific entropy, R is the ideal gas constant
(8.314 J/(K.mol)), M the molar mass, y the molar fraction, C, the constant

pressure heat capacity and P, the reference pressure of the environment (set
here at 1 bar).

For the calculations concerning the intake air and exhaust gas, data needs to be
measured at specific measuring points. The measuring points considered for both
the 2014+ and 2026 engine models are presented in Table 4-6. For the exhaust,
as the pipes of each side of the V never merge, a measuring point is selected on
each side and the pressure and temperature used for calculations is the average
over both sides. For mass flow and enthalpy, the sum of both sides is considered.

Intake MP21 MP14

Exhaust MP19 and MP20 MP15 and MP26

Table 4-6 - Measuring points considered on each engine model for energy and exergy analyses

The results of energy / exergy analysis are presented as bar diagrams in kW or
% of fuel energy / exergy. An example is shown in Figure 4-14 where for each
simulated engine speed, the repartition of the input fuel exergy between the
different considered exergy categories is presented.
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Figure 4-14 - Example of exergy analysis bar diagram

4.7 MATLAB results data extraction tool

To simplify the extraction of data from AVL Boost™ simulation results and use it
for different purposes like automatic plotting or external analyses like exergy
assessment, a MATLAB code has been developed to directly recover the
information from AVL Boost™ .gid result files.

The MATLAB code is given the path leading to the files of interest, the variables
that are to be extracted, coefficients to modify, if desired, the unit of the variable
of interest and parameters for automatic plotting. The data extraction is then done
by calling a specific function which contains the code to open the files as text files,
extract the desired data and close the files. An example of how this code is used
is shown in Figure 4-15:

Figure 4-15 - Example of AVL Boost data extraction using the dedicated MATLAB code

This tool does not do calculations or bring insights but is presented because it
has been extremely useful during this research project, led to a lot of time saving

and a significant number of graphics presented in this Thesis have been plotted
using it.
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4.8 Engine efficiency chain

Across this thesis, different types of engine efficiencies are mentioned. For clarity,
the different denominations, and the conversion processes they refer to are
summarised in Figure 4-16.

(
Fuel energy
Combustion efficiency 1,
- Fuel conversion efficiency
Energy released during / Indicated efficiency
combustion

"y

Effective efficiency /

Brake fuel conversion 1 Thermal efficiency 1.,

efficiency

Ne Energy converted from
heat to work

(Indicated work)

Mechanical efficiency n,,

)[ Effective work ]

Figure 4-16 - Engine efficiency chain
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5 In-depth investigation of the 2014+ Formula One™
engine operation using a Digital Twin

5.1 Introduction

As stated in Chapter 1, prior to 2014, the thermo-fluid-chemical fundamentals in
the behaviour of the prevailing Formula One™ engines were predictable using
the generalised equations governing internal combustion engines (ICE) which are
widely understood by anyone familiar with high-speed engines (including
motorcycles). The art of engine design and development was a highly evolving
practice experienced by few, but the under-pinning science was more widely
shared in the literature on account of it relating to more conventional automotive
product.

Even if some aspects of these engines were kept secret by engine manufacturers
in the period they were used, most details tend to be shared once a
regulation-family is completed or when a manufacturer exits as seen in Chapter 2,
for example the publications made by Honda and BMW [1]; [2]; [6]; [7]; [161].

Now, when looking back at the first era of Formula One™ turbocharged engines,
their design architecture is easily read by most people with engine knowledge as
the principles used for these engines have now been used for decades. Table 5-1
presents a list of the key technologies / techniques featured in that generation of
Formula One™ engines and examples of associated experts in the domain:

Technology Examples of centres of technology / experts

Port injection Bosch, Denso, Magneti Marelli, TAG, university partners
Highly engineered fuels Formula One™ petrochemical partners

Rich / stoichiometric

) OEMs, AVL, Horiba, University partners
combustion

Garrett, KKK, Borg Warner, Holset, IHI

Wastegated turbocharger
Watson & Janota [162]

Intercooler technology BEHR, Mezzo Technologies

Open loop engine control Magneti Marelli, Bosch, Pi Research, TAG, Ford Electronics

Table 5-1 - Key technologies of the first generation of turbocharged Formula One ™ engines (1977 - 1988)

For the 2014+ Formula One™ engine, little knowledge has been made publicly
available, especially experimentally validated scientific / fundamental principles.
However, through several years of the Cranfield F1™ Design Sprint, it has been
possible to identify that key features of the engine required to reach the desired
fuel conversion efficiency are high-charge-dilution, high in-cylinder pressure,
short combustion duration and specific waste gate operation.
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The computerised performance prediction models developed during the Cranfield
F1™ Design Sprint never benefitted from data input from the industry (including
key items like rate-of heat-release curve or valve lifts) or from detailed uncertainty
investigation as presented in Chapter 3. This discounts them as ‘Digital Twins’
contrary to the model developed for this research project and reported here
because they are not sufficiently precise.

The aim of this chapter, building on the 2014+ Digital Twin presented in Chapter 3
and Chapter 4, is not about engine design but is about understanding the science
behind the choices made by engine designers for this unique high-performance
fuel / energy-limited Power Unit. The research has been to scientifically
investigate the impact of each feature of the engine on the very high efficiency
that is reached and to push the understanding further by carrying out analyses
only possible using a numerical model / Digital Twin of the engine and/or which
are not a priority for the industry when developing the engine.

When the 2014 regulations were published, having a detailed and definite opinion
of how the engine would operate within this new Power Unit was difficult to
imagine, even for engine specialists. Although it was understood that high fuel
conversion efficiency would be key because of the limited fuel mass flow, the
potential in terms of complex energy management, the level of efficiency that
could be reached and the associated specificities of the combustion process were
not easily predicted [163]; [164]; [165]. This chapter has the objective of clearly
presenting a review of the key features of the 2014+ engine so that the reader
can form a structured scientific understanding of the technologies that enable the
high levels of efficiency and of the challenges and solutions to make the most out
of a limited energy source.

Like Table 5-1, Table 5-2 represents a list of the key features of the 2014+
Formula One™ engines alongside a list of examples of specialists for each
technology / technique. In contrast to Table 5-1, even if the technologies are
referenced by the researchers or companies listed, they are not mainstream yet
and certainly not combined in a unique Power Unit, especially for a high-
performance application, as it is the case for the 2014+ Formula One™ Power
Unit, showing that this set of regulations brought something new to the industry.

Technology Examples of centres of technology / experts

High pressure direct injection Bosch, Magneti Marelli, AVL
High octane number gasoline Fuel suppliers
High geometric compression Mazda
ratio Zhaolei Zheng, Xudong Zhen, Zhi Wang
: Mahle
Passive pre-chamber / Lean - : :
combustion Cédric Libert, Michael P. Bunce (Mahle), Ricardo Novella, Ponnya
Hlaing

MGU-H / Electrically assisted

turbocharger Garrett

126



Technology Examples of centres of technology / experts

MGU-H / Electrically assisted
turbocharger Hui Xie, Kang Song
(Follow-up)

Waste gate on a turbine with

. . Garrett, KKK, Borg Warner
full swallowing capacity

MGU-K as a torque filling

device OEMs (hybrid vehicles), Helix

MGU-K as a torque absorber

device OEMs (hybrid vehicles), Helix

Sophisticated intercooler Reaction engine, PWR

Complex power unit energy
management

Table 5-2 - Key technologies of the second generation of turbocharged Formula One™ engines

The following section of this chapter will present how these different technologies
interact within the 2014+ engine, how the fuel energy conversion is maximised
and what are the consequences on the engine operation by using the 2014+
Digital Twin and pushing AVL Boost™ quasi-steady state simulations to their
limits.

5.2 Path to 50+% brake efficiency: how does the 2014+ Formula
One™ engine reach very-high fuel conversion efficiency?

This section presents the impact of the different features of the 2014+ Formula
One™ engine on effective (fuel conversion) efficiency and explains the rationale
behind the adoption of each. To demonstrate the impact of each individual
solution, different engine models based on the 2014+ Digital Twin have been
created.

The ultimate model: the 2014+ Digital Twin

The ultimate model has all the features of the 2014+ Formula One™ engine that
are known and identified during this Doctoral research project. It is given the
name ‘Digital Twin’ as it is the best equivalent possible to the real engine
considering the available data and its input dataset is the one presented and
investigated in Chapter 3 and Appendix C.

Only the model possessing all the components of the 2014+ Formula One™
engine discussed in this thesis is qualified as a Digital Twin. If one component or
more are missing, the model does not refer to the 2014+ Digital Twin anymore.
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The Baseline model

The baseline model reported here is set up to be in the style of the first era of
turbocharged Formula One™ engine: it has the same base-engine (plus intake
and exhaust) geometry as the 2014+ Digital Twin (optimised for the 2014+ Digital
Twin) but all the special features of the 2014+ Formula One™ engine are
removed.

The baseline model does not have an MGU-H, has a 10:1 compression ratio,
operates at A = 1 with conventional (symmetrical) valve-lift profiles, has a 50 °CA
combustion duration, is port injected and has conventional waste gate control
(where the waste gate is used to balance compressor requirement and turbine
power).

As the chapter unfolds, new elements will be progressively added to this baseline
model to show the modifications brought by each design innovation (hyper
dilution, short combustion duration, etc) until the 2014+ Digital Twin is completely
“built back up”. The average effective efficiency of this baseline engine (34.9%)
is that of a good but conventional spark-ignited engine.

Intermediate models

In this chapter, the baseline model is progressively improved by the addition of
one performance design feature after another until the 2014+ Digital Twin model
is “recreated” in the final step.

The order in which the performance design features are introduced has been
chosen to be rational, to offer a clear and logical exposition of the enabling
technologies of this 2014+ Formula One™ engine but other authors could have
chosen a different order. This technique of starting from a baseline engine until
the 2014+ Digital Twin is reached is used to give the reader insight of the different
performance features.

Only nominated performance design features have been modified in this process.
The geometry of the models does not get changed to re-maximise volumetric
efficiency at any step in the process and the turbine swallowing capacity has not
been modified to suit the exact operating conditions of each engine model. All the
intermediate models feature the same geometrical data optimised for the 2014+
Digital Twin and presented in Chapter 4. The names associated with each
intermediate model identify the latest additional performance feature
implemented in the model compared to the previous one.

Table 5-3 presents the different engine models investigated during this chapter,
the name they are referred to and that will appear in the graph’s legends, and if
they possess the features of the 2014+ Digital Twin or not (Green cell: same
settings as the 2014+ Digital Twin / Red cell: same setting as the baseline model):
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Table 5-3 - Summary of the properties of each engine model investigated for the 2014+ Formula One ™
engine breakdown

The last two investigated engine models (referred to as MGU-H and OWG) both
correspond to the 2014+ Digital Twin. They have all the special features of the
2014+ Formula One™ engine but they represent two different engine operating
modes (CWG and OWG modes) that will be detailed later.

When referring to the 2014+ Digital Twin, the reader must only consider these
two engine modes as shown in Table 5-3 and not any of the baseline or
intermediate models.

2014+ performance study

As emphasised throughout this thesis, the operation of the 2014+ Formula One ™
engine is significantly impacted by the fuel flow limit imposed by the regulations
and which is shown in Figure 5-1.

Because the fuel flow is limited, maximising brake fuel conversion efficiency n, is
essential as suggested by Equation 5-1 and is the main focus for the design of
the 2014+ Formula One™ engine and maximum power output.
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Figure 5-1 - 2014+ Formula One ™ regulations fuel mass flow limit

Py = Uemelvh (5-1)

In addition, because of the fuel flow being limited, as explained in Chapter 3, the
shape of the power curve will be broadly that of the fuel flow rate assuming that
the speed dependence on effective efficiency is weak compared to the speed
dependency of fuel flow rate. By considering a range of viable effective
efficiencies, Equation 5-1 and the fuel’s lower heating value Q,,;, (here 44 MJ/Kkg),
it is possible to forecast the performance envelope for the power curve, as shown
in Figure 5-2 using two effective efficiencies considered as potential extremums
for the 2014+ Formula One™ engine:
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Figure 5-2 - Expected window for the engine power curve

As seen in Chapter 4, the effective efficiency in Equation 5-1 can be developed
into:

P, = 77m77th77cmf Quwn (5-2)
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Qivyn depends on the fuel properties and i is limited by the regulations meaning

that to increase power output, the efficiency of each step of the engine cycle must
be maximised.

In the next sections of this chapter, the impact of the addition of each performance
feature that combine to form the 2014+ Digital Twin is investigated. For each
section, the model with the new feature is introduced and compared to that of the
previous section following the order shown in Table 5-3. For example, first, the
engine model with the increased compression ratio (referred to as Increased CR)
is compared to the baseline model. Then, the following model, which operates at
high dilution and also features the high compression ratio (High dilution model),
is compared to the increased CR model and not the baseline one. By following
this methodology, the impact of each solution can be investigated independently
of the others.

5.2.1 High compression ratio

One well-known way to increase thermal efficiency 7, i.e. the conversion of
combustion heat into work, is to increase the engine’s geometrical compression
ratio. As discussed in Chapter 3 when looking at idealised engine cycles, a high
compression ratio leads to a higher expansion ratio, higher pressures and
increases the temperature difference between the beginning and the end of the
expansion stroke leading to more work extracted from the hot exhaust gases as
demonstrated by the diagrams in Figure 5-3.
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Figure 5-3 - PV and TV diagrams at 10,500 RPM - Baseline engine (Red curve: CR = 10:1) and increased
compression ratio (Green curve: CR = 16:1) models

Using the baseline engine model created for this chapter which features a 10:1
compression ratio and modifying it to that of the 2014+ Digital Twin (16:1), both
models are still operating at stoichiometry, allows to demonstrate the benefits of
a higher compression ratio as shown in Figure 5-4 which represents the average

131



value over the simulated engine speed range (7,000 - 12,500 RPM) for twelve
parameters and for both cases of interest.

Average over all engine speeds
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Figure 5-4 - Performance improvements brought by a higher compression ratio (Red curve: 10:1 CR /
Green curve: 16:1 CR)

Every time volumetric efficiency is mentioned in this chapter, it refers to internal
volumetric efficiency, i.e. volumetric efficiency for which the pressure and
temperature references are taken at the plenum inlet (MP21) as presented in
Chapter 4, rather than using atmospheric conditions.

The label “Engine pressure ratio” refers to the pressure ratio across the engine
which is calculated by dividing the exhaust pressure by the inlet pressure (cycle
average values). The aim is for it to be as low as possible, i.e. the inlet pressure
is higher than that of the exhaust, as it facilitates engine breathing. In the models
presented here, the intake pressure is measured at the reference point for the
internal volumetric efficiency (at the plenum inlet, MP21) and the exhaust
pressure is the average of the pressures in the secondary pipes on both sides of
the engine (MP19 and MP20 in Figure 4-4 in Chapter 4), after the exhaust
primaries have merged.

As shown by Figure 5-4, for which a value on the outside of the graphic is an
improvement, the performance increase due to a higher compression ratio is
significant. The indicated and effective efficiencies are respectively increased by
4.49 and 3.62 percentage points; this a massive increase.

But this efficiency increase comes with a price, the biggest consequence being
the higher octane number requirements. The benefits from a higher compression
ratio comes from the higher in-cylinder temperatures and pressures but these are
also the causes of higher risks of knock. Equation 5-3 shows the integral
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developed by Livengood et al. [166] to predict auto-ignition based on an ignition
time model ;. Auto-ignition occurs when the integral reaches 1. Equation 5-4
shows the ignition time model proposed by Douaud [167] while Equation 5-5 is
the empirical function used by AVL Boost™ which is derived from the two
previous equations to predict the fuel’s octane number requirements to cope with
the simulated conditions.

tignition
1
f =1 (5-3)
Tignition
tstart
3.402 3800
Tignition(p: T,) = 0.01768 x (m) p_1'7e Tu (5-4)
1
1 tg5% MFB 17 3800 3.402
ON =100 * | ———— X f P X exp (— )| dt (5-5)
0.01768 Dres T,
t

vc

where tg . is the initial time of integration, t;,tion i the time when auto-ignition
occurs, ON is the fuel's octane number, p is the in-cylinder pressure, p,. is the
atmospheric pressure, T,, the temperature of the unburned zone in the two-zone
combustion model, t;, the closing time of the intake valve and tgso, yrg the time
at which 85% of the charge is burned.

These models rely on two-zone combustion models as the temperature of the
unburned zone is required for the calculations. Such models allow to have an
estimate of the knock sensitivity of an engine but cannot appreciate the complex
temperature distribution of a real-world application which is very important for
abnormal combustion phenomenon. Investigating auto-ignition delays could have
been possible using Ansys Chemkin if it had worked for this project.

This equation shows that the higher the temperatures and pressures, the higher
the results of the integral in Equation 5-5 and thus the higher the predicted
necessary octane number to sustain the operating conditions.

Nevertheless, as discussed in Section 5.2.3, the coefficients used in Equation 5-5
are not appropriate for the 2014+ Formula One™ engine, as the predictions it
produces are obviously too high. The pressure exponent (here set at 1.7) must
be modified for the equation to give relevant predictions. But the principles behind
the increase in octane number requirements with compression ratio described
here are unchanged.

Because of the higher compression ratio, the clearance volume of the combustion
chamber is reduced making harder to trap as much air as required for the
combustion, i.e. reducing the volumetric efficiency. This is why more work is
required from the compressor despite still operating at stoichiometry, which also
increases the intercooler load.
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Despite the similar in-cylinder temperatures, cooling losses increase with higher
compression ratio. This is a consequence of the in-cylinder pressure dependency
of the heat transfer coefficient in Woschini model, see Equation 5-6 (Equation
already shown in Chapter 3 as Equation 3-7).

h, = 3.2 X B7%% x p%8 x T~0:55 x (08 (5-6)

Higher in-cylinder pressures lead to higher heat transfer coefficient. Because the
temperature delta between the mixture and combustion chamber walls and the
heat transfer surface area are similar in both engine models but heat transfer
coefficients are higher, it results in higher cooling losses for the increased CR
case. It is assumed that the cooling systems will be adapted to keep cylinder wall
and head surface temperatures consistent throughout the different cases.

As mentioned in Chapter 3, the 2014+ Formula One™ Technical regulations
allows compression ratios up to 18:1 [8]; [155] but lower compression ratios are
used [5] which, at first sight, seems counter-intuitive considering the performance
benefits brought by higher compression ratios.

However, the choice of the compression ratio is a question of compromise.
Indeed, it increases thermal efficiency but requires higher anti-knock properties
from the fuel and results in higher stress for the engine. Thus, the 2014+ Formula
One™ engine, which is already operating at the limit of knock [5], features a
higher compression ratio than conventional gasoline engines but does not reach
the 18:1 limit as the benefits from an even higher compression ratio must be
overpowered by its drawbacks and requirements to operate reliably.

5.2.2 High dilution

The next very important objective for this fuel-limited engine is to ensure that all
the fuel energy is released during the combustion, that means maximising
combustion efficiency n.. As discussed in Chapter 3, this is done by running the
engine at least at stoichiometric ratio, i.e. ensuring that enough air molecules are
trapped in the combustion chamber to oxidise all the fuel molecules.

The baseline and increased CR models used in the previous section are already
operating at stoichiometric conditions, ensuring that no fuel is left unburned which
would be detrimental for efficiency as this fraction of the injected fuel would be
wasted.

However, by further increasing dilution (higher air/fuel ratio than stoichiometry) to
match the evolution implemented in the 2014+ Digital Twin (Figure 5-5) thermal
efficiency can be further improved. High air/fuel ratios bring two advantages
which are higher in-cylinder pressures and lower temperatures as shown in
Figure 5-6 where the high dilution model operates at the same air/fuel ratios as
the 2014+ Digital Twin.

134



Lambda (-)

1.4 :
7000 8000 9000 10000 11000 12000 13000
Engine speed (RPM)

Figure 5-5 - Lambda evolution implemented in the 2014+ Digital Twin

300 3000
Increased CR Increased CR
—High dilution —High dilution
250 92500-
s <
S o
© 200 = 2000 |
3 v
2 a
£ 150 £ 1500 |
e e
q’ —_
o (]
£ 100 21000
2 3
C 1
= 50 £ 500
0 ” - . . . 0 L L i i 1
0 0.05 0.1 015 02 025 03 0 0.05 01 015 02 025 03
Volume (dm3) Volume (dm3)

Figure 5-6 - PV and TV diagrams at 10,500 RPM — Increased compression ratio (Green curve: A = 1 for all
engine speeds) and high dilution (Blue curve: Lambda evolution of the 2014+ Digital Twin) models

As also mentioned in Chapter 3, the benefits of high dilution level are predictable
by considering Otto’s cycle thermal efficiency equation (already shown as
Equations 2-1 and 3-4):

1
N = 1- CRY-1 (5-7)

By increasing air/fuel ratios, the ratio of specific heat capacity of the mixture y is
raised leading to higher thermal efficiency.

w= [ pav (5-8)
By looking at the PV diagram from Figure 5-6, plotted using the simulation results
from both models at 10,500 RPM, it can be noticed in the higher dilution case that

because more air is introduced in the cylinder, the total trapped mass is
increased, thus for the same evolution in volume, the pressure increases. This
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results in higher compression load required from the engine (see Equation 5-8).
However, this is an investment. In the expansion stroke, the reflection is reversed.
Because the piston is moving downwards, dV is positive and the higher
in-cylinder pressures leads to more work produced for the same volume
evolution. The compression stroke requires 146 J/cycle more in the high dilution
case but results in additional 247 J/cycle produced.

Thanks to the lower in-cylinder temperatures enabled by the high level of dilution,
the delta in temperature between the mixture and the combustion chamber wall
is reduced, reducing in consequence the cooling losses as shown in Figure 5-7.
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Figure 5-7 - Performance improvements brought by high dilution (Green curve: A = 1 for all engine speeds
/ Blue curve: Lambda evolution of the 2014+ Digital Twin)

On average, the indicated and effective efficiencies are increased by 4.01 and
4.07 percentage points thanks to the higher air/fuel ratios. The effective efficiency
increases more than the indicated one as they are not calculated on the same
basis. The indicated efficiency, in addition to not considering mechanical losses,
uses the amount of fuel trapped in the combustion chamber as a reference
whereas the effective one is referenced to the amount of fuel injected.

However, as discussed in Section 5.2.4, fuelling control with port-injection is
relatively poor meaning that all the injected fuel does not end up trapped in the
cylinder, thus here, the indicated and effective efficiencies are not calculated on
the same basis explaining why the effective efficiency increases more than the
indicated.

When considering Equation 5-9 which is one of the governing equations for
engine performance predictions (Equation 4-6 in Chapter 4), it can appear at first
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sight that increasing air/fuel ratios is not the right solution because of the
presence of (F/A) at the numerator of the equation:

— nthncnvNsze;thvhpa (F/A) (5_9)

Nevertheless, as stated previously, this is the multiplication of all these factors
that must be increased. In this studied case, the fuel/air ratio has relatively been
decreased by 25% on average, however, this drop is compensated by relative
increases in inlet air density p, and indicated efficiency n., X n. by respectively
37.2 and 8.96%, leading to a higher power output.

P

Refering to the second law of thermodynamics, it can be readily seen that
increasing air/fuel ratio does not appear to be an effective solution. The entropy
variation for a transformation state 1 to state 2 can be described for an ideal gas
and by considering constant specific heat capacity by the following equation [46]:

T3 P,

S, =81 =m[C,In (—) — rin(=)] (5-10)
T Py

Using the PV and TV diagrams shown in Figure 5-6 and Equation 5-10, it is

possible to estimate the entropy creation during the combustion process of the

increased CR and high dilution engine models.

Considering the theoretical exhaust composition of both cases at their respective
air/fuel ratio, their average combustion temperature, their constant pressure heat
capacities are estimated at 1,457 J/kg/K for the increased CR case and 1,389
J/kg/K for the high dilution one and their respective specific gas constant r is
nearly identical because of very similar exhaust gas molar masses (~289.8
J/kg/K). As air/fuel ratio is different between both cases, the masses trapped in
the cylinder are too. The increased CR case operates with 0.824 gram of mixture
against 1.156 grams for the high dilution one.

Using Equation 5-10, it is estimated that the higher dilution case at 10,500 RPM
causes the creation of 15.6 % more entropy (1.299 vs 1.501 J/K). This
observation is consistent with the work done by Dunbar et al. [43] and by Farrell
et al. [38]. As demonstrated by Dunbar et al. and as presented in Chapter 2,
combustion irreversibility increases with air/fuel ratios because of the increased
mixing loss and the fact that the lower combustion temperature results in a heat
transfer at low temperature which increases availability destruction.

Nevertheless, considering the complete engine cycle, despite the higher
combustion irreversibility, high dilution results in higher pressure and lower
temperature which increase work production and lower the proportion of fuel
exergy lost in heat cooling losses and exhaust flow as discussed in Section 5.3.

Because a higher air mass flow is necessary to operate at high air/fuel ratios, the
compressor power requirement significantly increases, nearly doubling and so is
the load on the intercooler to ensure the intake air is at the desired temperature.
However, the increased air mass flow also leads to higher exhaust mass flow and
thus enthalpy despite the lower combustion temperatures which allows the
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turbine to recover enough power for the compressor. But compared to the
previous engine model, the breathing of the engine is negatively impacted by the
high pressure ratio across the engine which is reflected by the lower volumetric
efficiency. Nevertheless, an additonal benefit from running at high dilution level
and having higher exhaust enthalpy will be presented in Section 5.2.6.

In additon as shown in Figure 5-7, running at higher air/fuel ratios requires
improved detonation (knock) resistance highlighting the domination of pressure
over temperature in the knock onset model used in AVL Boost™ (Equation 5-5).
Even though increased dilution reduces in-cylinder temperature, the exposition
to higher pressures requires higher octane numbers to operate safely under these
conditions.

Another drawback from high dilution concerns speed and reliability of
combustion. As visible in Figure 5-8 which shows the evolution of iso-octane
laminar flame speed with equivalence ratio (inverse of lambda), flame speeds
reduce very significantly as equivalence ratios are decreased (i.e. as lambda is
increased). This means that from the mixture ignition, the flame will require longer
to reach the combustion walls and complete the combustion, with higher risks of
incomplete combustion .
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Figure 5-8 - Evolution of gasoline and gasoline flame laminar flame speed with equivalence ratio [49]

However, as explained in Chapter 3, achieving the highest fuel conversion
efficiency requires a combustion as short as possible. In addition, lower flame
speed makes the combustion less reliable, it increases the risks to quench the
propagating flame, thus increasing the IMEP variability between cycles as
suggested by Heywood and shown in Figure 5-9 [34].

The combustion duration in the two models compared in this section has been
kept constant despite the increase in air/fuel ratios, the slower flame speed is
thus not considered. However, as it will be further explained in the next section,
high turbulence level helps to increase flame speed and thus reduce combustion
duration. In the high dilution model, because more air is introduced during the
same period of time and at higher pressure, it can be assumed that the in-cylinder
turbulences would be higher, thus increasing the flame speed. Keeping the
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combustion duration constant is thus defended as a reasonable approach in the
absence of test data.
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Figure 5-9 - Increase of combustion cyclic variability with dilution [34]

5.2.3 Pre-chamber, improved ignition reliability for lean mixtures and
shorter combustion duration

To further improve the engine’s thermal efficiency and take full advantages of the
benefits brought by high dilution, a solution must be found to increase the flame
speed which is low because of the high air/fuel ratios and thus shorten the
combustion duration.

As explained by Sodré [168], the relationship between laminar flame speed and
turbulent flame speed can be expressed by the following equation:

1
St Pu\2 <u’> (_ﬁ)
_=1+c(—) Y- (5-11)
St Pb St [ |

where S is the turbulence flame speed, S; the laminar flame speed, C a non-
dimensional coefficient relating to engine operating conditions and geometry, p,
the density of the unburned mixture, p, the density of the burnt mixture, R, the

flame radius, . the parameter of order of turbulence integral scale in meter and
u' the turbulence intensity in m/s.
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The laminar flame speed represents the velocity of the flame in controlled
conditions like theoretical combustion devices but the actual flame speed in the
engine combustion chamber is the turbulent one. The difference is that the
turbulence in the combustion chamber will wrinkle the flame front, increasing the
surface area of contact between the flame front and the unburned charge, thus
increasing the rate at which the unburned charge can be burned. Equation 5-11
further highlights the importance of turbulence intensity to increase the difference
between laminar and turbulent flame speed. As the laminar flame speed is limited
in the 2014+ Formula One™ engine because of the high dilution level, increasing
turbulence during the combustion is one solution to cope with this reduction by
increasing the turbulent flame speed and thus reduce the combustion duration to
get as close as possible to a constant-volume combustion.

Using a pre-chamber which is common in engines running with natural gas is a
very effective solution to increase in-cylinder turbulences during the combustion
event and thus to increase the turbulent flame speed and reduce combustion
duration.

In addition to increased turbulence intensity, the flame jets created by the
pre-chamber also provide higher ignition energy for the main combustion
chamber charge, each flame jet coming out of the pre-chamber is an ignition
point, which creates distributed ignition sites and is important to reliably ignite the
highly diluted mixture.

Because only one injector per cylinder is allowed [155], it is allocated in the main
combustion chamber as only a small fraction of the fuel is dedicated to the
pre-chamber. The pre-chamber featured in Formula One™ engine is thus a
passive pre-chamber with no fuel directly sprayed in it.

The performance impact of a reduced combustion duration, allowed by the
pre-chamber as an ignition system, is shown in Figure 5-10 and Figure 5-11. The
combustion duration is reduced from 50 °CA to that of the 2014+ Digital Twin
(41 °CA). The value is kept the same for all engine speeds (see Chapter 3)

Because the same amount of fuel energy is released in a shorter period, the peak
in-cylinder pressure and temperature increase. From the PV diagram, this
increase in pressure leads to a higher area under the curve in the high-pressure
part of the cycle which combined with similar lower pressure parts of the cycle
yields higher work extracted during the expansion stroke thus increasing the
thermal efficiency.
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Figure 5-10 - PV and TV diagrams at 10,500 RPM - High dilution (Blue curve: 50 °CA combustion
duration) and short combustion duration (Black curve: 2014+ Digital Twin combustion duration) models

On average, the reduction in combustion duration results in 0.58 and 0.57
percentage point improvements in terms of indicated and effective efficiencies
respectively. These increases are small compared to the values presented in the
previous sections, but it must be kept in mind that the pre-chamber enables the
combustion duration to be shorter but also that it makes the ignition of the lean
mixture reliable.
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Figure 5-11 - Performance improvements brought by short combustion duration (Blue curve: 50 °CA
combustion duration / Black curve: 2014+ Digital Twin combustion duration (41 °CA))

Without a pre-chamber, it would not be possible to operate at 1 = 1.4 which, as
seen in Section 5.2.2, brings a significant improvement in terms of efficiency. The
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net impact of the pre-chamber use is thus greater than what is only due to shorter
combustion duration.

Figure 5-10 shows the increase in peak in-cylinder pressure due to the shorter
combustion duration and it gets very close the 300 bar which is considered the
mechanical limit of what is possible in terms of mechanical reliability [5]. Further
reducing the combustion duration could be investigated but would result in the
300 bar limit being exceeded which is deemed not practical for engine
manufacturers from a reliability point of view.

Because of the higher in-cylinder temperatures during combustion, it can be seen
in Figure 5-11 that cooling losses have increased by 5.6% but all the other
performance parameters have similar values except for the octane number
requirements which has significantly reduced with shorter combustion duration.
This is due to the change in pressure exponent for the knock onset model
presented below (Equation 5-5).

As seen in previous sections and seen in Figure 5-4 and Figure 5-7, running at
high compression ratio and high dilution result in very high requirement on fuel's
octane number to operate under these pressures and temperatures without
knocking. In the 2014+ Digital Twin, if the Douaud [167] equation coefficients are
used, a peak of 160 octane number is reached. However, it is known that the
2014+ Formula One™ engines are running a fuel with a RON number much
closer to the 102 of conventional high-performance gasoline [5].

This highlights that Douaud’s model with its default coefficients as used in AVL
Boost™ is not appropriate to the 2014+ Formula One™ engine operation. The
Douaud equation was developed using a Cooperative Fuel Research (CFR)
engine which is closer to a conventional (albeit low speed) spark-ignited engine
than to the high-performance engine under study in this research project. The
model must be adapted to give more sensible predictions, more in line with the
experience.

In addition to Douaud’s model, the equations developed by Wayne [169], Hoepke
[170], Chen [171] and Soylu [172] for knock onset prediction under different
conditions have been investigated. To better understand the knock onset models,
a sensitivity analysis was conducted on the coefficients of the formulae. Using
simulation results from the 2014+ Digital Twin, each coefficient was varied by
+/-10% and their influence on the auto-ignition delay (crank-angle at which the
model predicts auto-ignition) is ranked. The results of the sensitivity analysis are
shown in Figure 5-12:

Douaud VWayne Hoepke Chen Soylu
Pressure exponent 1 1 2 1 2
Exponential coefficient 2 2 1 2 1
Constant C1 3 3 3 3 4
Additionnal parameter 4 4 4 4 3
{octane number, lambda, x EGR.x propane)

Figure 5-12 - Sensitivity analysis results on knock onset models
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The numbers in Figure 5-12 relate to the influence of each parameter on the
auto-ignition delay predictions, 1 being the highest and 4 the lowest. Two
parameters are more important than the others, namely the pressure exponent
and the exponential coefficient (which brings temperature in consideration) which
are either the most or second most influential parameters in the investigated
models.

In all equations, the exponential contains the unburned zone temperature which
means that the most influential parameters are those related to pressure and
temperature which are known to be the main drivers when considering knock.

Regarding knock, the integral in Equation 5-5 shows that the longer the charge
is exposed to higher pressures and temperatures, the more likely it is to
auto-ignite, so time must have an influence on the models studied above. Time
is not directly showed in the investigated auto-ignition delay formulae in
Figure 5-12 but as all models are based on an integral over time, that is how this
parameter is considered and it is a consistent and important factor in determining
knock resistance.

By calculating auto-ignition timing for different engine speeds, i.e. different cycle
duration, using the same pressure and unburned zone temperatures traces for
all of them, it is possible to assess the influence that time has on the auto-ignition
prediction. Using the in-cylinder pressure and unburned zone temperature results
of the 2014+ Digital Twin at 10,500 RPM with Douaud’s equation, the
auto-ignition timing was calculated for different engine speeds. At 8,000 RPM,
auto-ignition is predicted at 2 °CA ATDC, at 5 °CA ATDC for 10,500 RPM and at
8 °CA ATDC for 15,000 RPM.

This is in accordance with experience, the higher the engine speed, the later
auto-ignition might happen, the knock onset model is thus relevant on this matter.
Knock resistance is lower at lower engine speeds as one engine cycle takes
longer to complete thus the charge is exposed to high pressure and temperature
for longer. One of the engineering solutions to cope with this is to delay the
ignition advance at lower engine speeds to reduce combustion temperatures and
pressures and hence reduce the probability of knock. But this also reduces fuel
conversion efficiency. Time is one parameter to consider for knock onset
prediction but is not the reason for the unrealistic higher prediction made by
Douaud’s model for the 2014+ Digital Twin.

As seen with the sensitivity analysis, the pressure exponent and exponential
coefficient can affect the results significantly and all the models studied are based
on (some historic) datasets measured on engines very different from the current
Formula One™ engine. Between a conventional engine and the 2014+ Digital
Twin, the in-cylinder temperature evolution difference is less significant than that
of the pressure. Considering iso-octane, its adiabatic flame temperature between
A= 0.9 and 1 = 1.4 reduces by 12%, where as in-cylinder pressure in the 2014+
Formula One™ engine are three to four times higher than that of the conventional
gasoline engine. These observations demonstrate that it is the 1.7 value used in
Douaud’s model for the pressure exponent which is most likely not to be
well-adapted to the 2014+ Digital Twin operating conditions.
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To select a new relevant value for the pressure exponent of Douaud’s knock
onset equation, the 2014+ Digital Twin has been run at different start of
combustion and peak air/fuel ratio settings within a relevant window ([-10, -5, -3,
-1, 5] °CA ATDC and [1.3, 1.35, 1.4, 1.45, 1.5] peak lambda) representing
sensible operating conditions for the engine. For each combination of settings,
Douaud’s equation is used in combination of a dichotomy algorithm to determine
the necessary value of the pressure exponent to reach an octane number
requirement prediction matching the data provided by the industry.

The average pressure exponent value calculated over all cases is 1.485 which
represents a 12.6% reduction compared to the conventional 1.7 used in Douaud’s
model. This new value is used for the 2014+ Digital Twin and for the intermediate
models starting from the ‘Short combustion duration’ one and explains the
significant reduction in octane number requirement observed in Figure 5-11.
Figure 5-13 shows how impactful the change in pressure exponent is on the
octane number prediction for the 2014+ Digital Twin and that the 1.485 value
results are now relevant.
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Figure 5-13 - Impact of the modification of the pressure exponent in Douaud’s knock onset model on the
octane number requirement predictions

The fact that the knock onset model had to be modified to give relevant results
shows that because the 2014+ Formula One™ engine features an advanced
ignition system which provides multiple points of ignition (pre-chamber) and a
specifically developed fuel, its knock resistivity is increased, and the engine can
run unusual operating conditions leading to high performance and efficiency. This
fact is congruent with the observations made in the literature review (Chapter 2)
regarding the advantages of pre-chamber ignition systems.

By allowing the engine to run lean mixtures, to achieve short combustion duration
and reducing its knock sensitivity (thus enabling the use of high compression
ratio), the pre-chamber is responsible for an overall 4.64 percentage points
increase in effective efficiency.
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5.2.4 Direct injection

The last section demonstrated how important the pre-chamber is for the 2014+
Formula One™ engine efficiency by making possible the ignition of lean mixture
via multiple ignition points which also help to reduce combustion duration and the
engine’s sensitivity to knock but direct injection is one of the enabling
technologies on which the 2014+ Formula One™ operation relies.

To operate, the pre-chamber requires the formation of a rich mixture in its volume
to maximise ignition reliability while the main combustion chamber operates
above stoichiometric ratio. This stratification of the charge would be very difficult,
if not impossible, with a port-injection engine. Indeed, as only one injector per
cylinder is allowed [155], and as most of the fuel must be injected in the main
combustion chamber, this is where the injector is positioned, and it is not possible
to directly injected fuel into the pre-chamber for it to be ‘active’.

The charge that will ignite in the pre-chamber thanks to the spark plug must be
forced in through the pre-chamber orifices during the compression stroke. For the
pre-chamber to operate below stoichiometry, the creation of a rich mixture
surrounding the pre-chamber while the rest of the combustion chamber mixture
is lean charge is necessary. Otherwise, if the whole combustion chamber charge
iIs homogeneous, the mixture forced into the pre-chamber would have the same
composition to that of the main chamber, i.e. a lean composition, which is the
opposite of what is required.

Given the turbulence in the cylinder inlet port, it would be impossible to precisely
achieve such a stratification with a port injection. Direct-injection is thus primordial
for the pre-chamber efficacy and the injector must be positioned so that the
rich-mixture around the pre-chamber is created without impeding the rest of the
mixture. If the inhomogeneity of the main combustion chamber charge is too high,
the combustion can be negatively impacted.

As shown by Equation 5-9, maximising volumetric efficiency is one of the levers
to increase power output. For a given engine speed, there is a maximum mass
flow that can go through the intake valve. In a port-injection engine, as the fuel is
injected before the valve, a fraction of this flow is dedicated to the fuel, limiting
the air mass flow and thus the volumetric efficiency which only considers air mass
flow in its equation (Equation 5-12). In a direct injection engine, the whole mass
flow going through the intake valve is composed of air, thus for the same
condition, more air is trapped in the cylinder, the volumetric efficiency is
increased. Otherwise, the same amount of air can be introduced in the cylinder
with less effort from the intake (less wave action tuning for NA engines or less
compressor work for TC engines).
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My = (5-12)
where m,, is the mass of air trapped in the cylinder, p, the inlet air density, Vsyepe
the engine swept volume, m, the air mass flow trapped in the cylinder and N the
engine speed.

As the fuel is directly injected in the combustion chamber, under the form of liquid
droplets, heat is extracted from the charge and the combustion wall for them to
evaporate. This extraction of heat leads to lower in-cylinder temperatures and
lower knock sensitivity during the compression stroke (see Figure 5-14). Plus, the
lower pressures and temperatures reduces the work required to compress the
charge.
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Figure 5-14 - PV and TV diagrams at 10,500 RPM - Short combustion duration (Black curve: Port injection)
and GDI (Pink curve: Direct injection) models

In addition, direct injection maximises the amount of fuel trapped in the cylinder
and usable for the combustion on the contrary to port injection as the risk of the
fuel going through the valves (either through the exhaust valve during valve
overlap or through the intake valve because of backflow) is minimised. If a
maximum of the fuel injected is available for combustion, the fuel conversion
efficiency is increased (for equal combustion efficiency). Figure 5-15 shows that
despite injectors delivering the same fuel mass flows, the amount of fuel actually
trapped in the cylinders varies significantly between port injection (short
combustion duration model - Black curve) and direct injection (Pink curve).

As shown in Figure 5-14, despite the lower pressures and temperatures during
the compression stroke, the conditions for the combustion and then the
expansion stroke are very similar. This is the results of trapping more fuel in the
cylinders. More fuel energy can be released during the combustion, leading to
higher increase in pressure and temperature.
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Figure 5-15 - Trapped fuel mass flow for port-injection (Black curve: Port injection) and direct injection
(Pink curve: Direct injection)

The average simulation results shown in Figure 5-16 confirms, from a simulation
point of view, the benefits of direct injection. The volumetric efficiency is
increased, and the octane requirements are reduced. In addition, the combination
of lower compression stroke work and more fuel being trapped in the cylinders
leads to higher power and MEPs.
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Figure 5-16 - Performance improvements brought by direct injection (Black curve: Port injection / Pink
curve: Direct injection)

On average, the indicated and effective efficiencies are modified by -0.01 and
1.38 percentage points. The indicated efficiency does not improve despite the
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higher IMEP which is unintuitive. But the higher IMEP figure is related to more
fuel being burned, both trapped fuel mass flow and IMEP have increased by the
same relative amount (in average 3 and 2.98% respectively) and as explained in
Section 5.2.2, the indicated efficiency considers the amount of fuel trapped in the
cylinders as a reference for calculations on the contrary to the effective efficiency
which considers the injected fuel mass.

Because of the difference in injection technology, the trapped fuel masses
considered for the calculations of the indicated efficiencies for both models are
not the same (Figure 5-15) but as combustion properties are the same, the
conversion of fuel energy into useful work is similar between both models. This
Is why indicated efficiency barely changes but the IMEP does. In real applications,
direct injection could affect the combustion properties which is not modelled in
AVL Boost™,

Because the effective efficiency considers the total amount of fuel injected as a
reference, and not only the trapped fuel, changing the type of injection has not
modified the quantity of fuel injected so as more BMEP is produced, thanks to
the more fuel being effectively trapped and burned in the cylinders, the effective
efficiency has increased.

It can be highlighted in Figure 5-16 that the compressor in the GDI model
consumes slightly more turbine power than that in the previous model which is
port injected. Once again, this is due to the difference in fuel flow. Both models
operate at the same air/fuel ratios but because direct injection traps more fuel in
the cylinder, more air is necessary to achieve similar dilution levels. As the air
mass flow is higher, the intercooler load is also increased.

In the simulation presented here, AVL Boost™ models relies on the assumption
of a 2-zone 0D homogeneous charge combustion which allows fast computation
but also gives a low value assessment of direct injection as it cannot capture all
the specificities of the combustion event allowed by this injection technology.

By placing the injector directly in the combustion chamber, it opens the possibility
to complex fuel injection control that can lead to other types of combustion like
HCCI or diffusion flame combustion.

With the tools available for this Doctoral research project, it is not possible to
investigate how the use of a pre-chamber and direct injection can lead to a
combination of combustion modes within a single combustion event (such as pre-
mixed, diffusion, HCCI). Nevertheless, there is no doubt that if there are
performance benefits to use direct injection in such fashion, especially to reduce
combustion duration, engine manufacturers are exploiting it. What is sure is that
direct injection is a mainstay of the 2014+ Formula One™ engine.

Moreover, the 2014+ Formula One™ regulations allow a maximum injection
pressure of 500 bar and as seen in the literature review, high injection pressure,
in addition to improving fuel preparation, creates small-scale turbulence which
promotes faster flame speed and reduced combustion duration. There is also no
doubt that high injection pressures were exploited by engine manufacturers to
further improve combustion characteristics in combination with the pre-chamber.
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5.2.5 Asymmetric valve lift profiles (not Millerisation)

The models previously presented in this chapter are provided with a set of valve
lift profiles nearly identical for the intake (pink curve) and exhaust (black curve)
as shown in Figure 5-17. However, it is known from private conversation that the
2014+ Formula One™ engine is equipped with asymmetric valve lift profiles with
an intake valve lift profile reduced in lift and duration (brown curve) while the
exhaust valve stays conventional [5] (see Figure 5-17).

BDC TDC BDC

Valve lift (mm)

Crank angle (°CA)

=—Fxhaust valve lift =—=Standard Intake valve lift =—=Modified intake valve lift

Figure 5-17 - Valve lift profile comparison

The drawback from the conventional intake valve lift profile is that it closes after
Bottom Dead Centre (BDC), i.e. during the compressor stroke, which can cause
back flow while the piston travels upwards. Thus, to trap as much air as desired,
high boost pressure are required to compensate for the back flow. In
conseqguence, the compressor consumes more work which requires more power
from the turbine leading to higher back pressure which negatively impacts the
breathing capacity of the engine. This type of valve is used as for the engine
speeds for which the valve timing is optimised, the action of wave tuning leads to
more air trapped right before the valve closes thanks to the high-pressure wave
in the intake port and results in higher volumetric efficiency. However, this is
advantageous only for the engine speeds for which the system is optimised.

By allowing the intake valve to close earlier (early IVC), closer to BDC, the back
flow can be limited for the engine speeds that were compromised by the
conventional profile but the engine speeds that were previously optimised cannot
any more benefit from the late high-pressure wave. Overall, thanks to the
reduction in back flow, the boost pressures required from the compressor are
lowered.

Because IVC is setting earlier in the cycle and that valve overlap cannot be
extended too much to avoid large amount of air travelling directly from the intake
to the exhaust ports, the period of intake valve opening is decreased. Because of
the high speeds at which the engine is run, the valves face extreme values of
acceleration. If the valve opening duration decreases but the maximum valve lift
stays constant, the valve acceleration increases and so does its stress. To ensure
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the reliability of the valve, the maximum lift value must also be decreased to keep
valve acceleration under control.

Such a modification of the intake valve lift profile is only possible for highly
turbocharged engine in which the high boost pressures make up for the reduced
air intake window.

As can be seen in Figure 5-18, the average volumetric efficiency is significantly
increased using asymmetric valves (15.7 percentage points) leading to a
reduction in the compressor power and intercooler load. By consequence, the
turbine produces less power (the waste gate operates at greater angles), and the
back pressure is reduced. However, because the intake pressures reduce more
than the back pressures, the average pressure ratio across the engine increases.
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Figure 5-18 - Improvements brought by asymmetric valve profiles (Pink curve: Conventional intake valve
lift profile / Brown curve: Modified intake valve lift profile, early IVC)

By reducing back flow, the modification of the intake valve profile also leads to
more fuel being trapped in the cylinder, especially at low engine speeds, as fuel
injection starts during the intake stroke. Overall, as seen in the previous section
with direct injection, it results in increased average IMEP and BMEP (especially
increased at low engine speeds) but the indicated and effective efficiencies
evolve by -0.28 and 0.12 percentage point respectively for the same reason as
mentioned in Section 5.2.4.

At first sight, the earlier IVC could point to the use of Millerisation (see Chapter 2
for the description of a Miller cycle) but the effects observed here do not meet the
principles of this method. With the shortened intake valve profile, IVC occurs
closer to BDC than for the conventional profile, meaning that the compression
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lasts longer. This results in higher temperatures and pressures and thus higher
octane requirements as the charge is exposed to harsher conditions.

For it to be authentic Millerisation, IVC should occur much before BDC so that the
expansion before the compression could cool the trapped air, reducing octane
requirements, and decrease the effective mechanical compression ratio which is
not the case with the intake valve used here.

In [77], Rosetti et al. explain how the intake geometry of the 2014+ Formula
One™ engine can be adapted to either tune, de-tune, or anti-tune the engine, the
implications regarding the flow through the intake valve and how it can be used
to improve the knock resistance of the engine. Such methods have not been
investigated in this research work, but it shows how much valve flow can have an
impact on engine behaviour.

5.2.6 MGU-H and unconventional waste gate operation

One very important component of the 2014+ Formula One™ Power Unit is the
MGU-H, the electric motor connected to the rotor of the turbocharger. The
presence of the MGU-H allows one to effectively semi-decouple the compressor
from the turbine because the power of the compressor is no longer solely
dependent on the turbine, an additional degree of freedom is added.

Indeed, as the MGU-H can provide and recover energy, the behaviour of the
compressor can be precisely controlled independently of the conditions at the
turbine. Two uncommon operating modes made possible by the MGU-H are
presented in these sections. These two modes are extremes, a range of
additional operating conditions will exist in between them. With the addition of the
MGU-H to the model presented in the previous section, the 2014+ Digital Twin,
i.e. the model of the 2014+ Formula One™ engine proposed in this thesis, is
obtained.

As it will be discussed in Chapter 7, an electrically assisted turbocharger is
valuable to maximise fuel conversion efficiency and acceleration during transient
events, i.e. sudden change in load demand. Nevertheless, even with steady-state
simulations, benefits provided by the MGU-H can be highlighted.

In a conventional turbocharged engine, the turbocharger is selected so that its
compressor map is wide enough to cover the engine air requirement and that
high boost pressures are provided at low engine speed, which maximise
low-speed engine torque and the turbine is selected to allow the compressor to
work at the target operating points. The system size is minimised as much as
possible so that moment of inertia and turbo lag are reduced. At high rotor speed
and mass flow, not to exceed the turbine swallowing capacity and thus restricting
the engine high speed performance, a waste gate can be used to divert a fraction
of the exhaust flow from the turbine.
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However, the fraction of the exhaust which goes through the waste gates is
wasted energy which cannot be recovered by the turbine. For a fuel-limited
engine, energy losses must be minimised to make the most out of every gram of
fuel burned.

This is why, thanks to the MGU-H, which decouples the compressor need and
the turbine power, the 2014+ Formula One™ engine features a turbine capable
of swallowing the whole engine mass flow at any engine speed [5]. The engine
can operate without any waste gate as suggested in Chapter 2. By keeping the
waste gates closed at all engine speeds, the energy recovered by the turbine is
increased by 50% in average (Figure 5-19) and it is not anymore equal to the
compressor required power as the fraction of the recovered energy not necessary
to power the compressor is absorbed by the MGU-H to recharge the ES.

Average over all engine speeds

Power (kW)

BMEP (bar)

41
0:30—0:33—0.36—0:39—0:42 0,\}45 |Effective efficiency (-)

g//

Engine pressure ratio (-)

Intercooler load (kW) IMEP (bar)

Turbine power (kW) 1289

Compressor power (kW)] [Indicative efficiency (-)

7. 94
7A:2 ‘ \% /
k& 1.{

-65.0

85

Cooling heat losses (kW)| lVolumetric efficiency (-)

— Asymmetric valve profiles |Octane requirements (-)|
—MGU-H

Figure 5-19 - Modifications brought by the addition of the MGU-H (Brown curve: No MGU-H, normal waste
gate operation / Green curve: MGU-H and waste gate closed)

Nevertheless, recovering this additional energy comes with a price. Because a
large mass flow must go through the turbine, the back pressure is increased
leading to reduced breathing capacity, i.e. lower volumetric efficiency. As visible
in Figure 5-20, this mode leads to a significant increase in pressure ratio across
the engine which becomes higher and higher as engine speed and engine mass
flow increase. Above 10,000 RPM, the pressure ratio is even higher than 1
meaning that the pressure at the exhaust is higher than that at the intake.

Because of the high pressure ratios across the engine, engine scavenging is also
more challenging.
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Figure 5-20 - Pressure ratio across the engine with and without the MGU-H (Brown curve: No MGU-H,
normal waste gate operation / Green curve: MGU-H and waste gate closed)

Both models are operating at the same air/fuel ratios, leading to similar IMEP
produced in the closed-valve part of the engine cycle which is confirmed by the
very similar PV diagrams shown in Figure 5-21.
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Figure 5-21 - PV diagrams (zoomed on the right graph) at 10,500 RPM — Asymmetric valve profiles (Brown
curve: No MGU-H, normal waste gate operation) and MGU-H (Green curve: MGU-H and waste gate
closed) models

Nevertheless, the low-pressure part of the cycle is negatively impacted by the
lower volumetric efficiency caused by the higher exhaust back pressure. This
leads to higher pumping losses and thus lower overall IMEP values. In average,
the indicated and effective efficiencies are reduced by -1.06 and 1.14 percentage
points respectively.

This high back pressure engine mode can seem absurd because of the reduction
in power output compared to an engine without MGU-H. However, the engine is
now part of wider system, the Power Unit, meaning that the ICE is not any more
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the only source of power of the car. To optimise the operating of the entire system,
it must be ensured that the ES is kept at an acceptable level so that the MGU-K
can be used.

At 10,500 RPM, the MGU-H in the 2014+ Digital Twin recovers 47.5 kW for a
14.4 kW engine power reduction (Figure 5-22). By accepting to momentarily
sacrifice engine power, additional energy can be recovered to later power the
120 kW MGU-K and maximise the total power output of the Power Unit.

Turbine to compressor:
98 kW @ 10,500 RPM

Turbine to MGU-H:
47.5 kW @ 10,500 RPM

Turbocharger

MGU-H to ES:
46.3 kW @ 10,500 RPM

Figure 5-22 - Schematic of the 2014+ Digital Twin behaviour at 10,500 RPM in CWG-recharge mode

However, this view of the addition of the MGU-H is a bit reductive as it must be
kept in mind that in the 2014+ regulations, it is also possible to transfer an
unlimited amount of energy between the MGU-H and MGU-K (see Figure 1-4),
energy that can then be used by the MGU-K to add power to the crankshaft, which
increases the brake efficiency of the engine and help accelerate the car
(Figure 5-23). By doing so, no energy goes in or out of the ES, its SOC is stable,
but the power of the car is increased.

Compared to the CWG recharge mode, the CWG power mode adds an additional
45.1 kW (0.95 efficiency considered between the energy recovered by the
MGU-H and the one delivered by the MGU-K) to the crankshaft which increases
the efficiency of the engine in average by 3.09 percentage points (from 43.54 to
46.64%) without any modifications to the engine operating, the indicated power
is unchanged.
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Figure 5-23 - Schematic of the 2014+ Digital Twin behaviour at 10,500 RPM in CWG power mode

In the same way that the MGU-H allows the turbocharger to operate with the
turbine recovering more energy than needed by the compressor, the opposite is
also possible.

As previously discussed, the biggest drawback associated with the closed waste
gate (CWG) mode is the significant increase in back pressure which results in
lower volumetric efficiency and lower output performance from the engine only
point of view (in CWG recharge mode).

To reduce the back pressure, the engine can operate in an opposite mode in
which the waste gates are fully open (OWG mode). By doing so, a large
proportion of the exhaust mass flow is diverted from the turbine which reduces
back pressure, improving the breathing of the engine, but also reduces the power
produced by the turbine. The waste gates are used as pressure release valve. In
this mode, because the engine is still operating at high dilution levels and that the
turbine cannot provide the compressor with enough power, the MGU-H steps in
and provides the difference.

Figure 5-24 demonstrates the breathing capacity improvement enabled by
opening the waste gates. The back pressure drops so significantly that the
pressure across the engine is always favourable (Pintake > Pexhaust), leading to a
volumetric efficiency always above 1 and much improved at high engine speeds
compared to the CWG mode.
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Figure 5-24 - Internal volumetric efficiency (left) and pressure ratio across the engine (right) evolutions with
engine speeds for CWG and OWG modes of the 2014+ Digital Twin

It must be noted that the left graph in Figure 5-24 is the same as the one shown
in Figure 3-3 (Chapter 3), as the two modes presented in this section are the two
modes studied with the complete 2014+ Digital Twin.

As visible in Figure 5-25, the low-pressure part of the engine cycle is drastically
changed between the CWG and OWG mode because of the exhaust back
pressure drop. This reduction leads to much lower in-cylinder pressures during
the exhaust stroke and as the compressor still provides the engine with
high-pressure air, work is produced during the gas-exchange phase of the engine
cycle.
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Figure 5-25 - PV diagrams (zoomed on the right graph) at 10,500 RPM - MGU-H (Light green curve:
Waste gates closed, excess turbine power recovered by the MGU-H) and Open Waste Gate (Dark green
curve: Waste gates open, the MGU-H supplies most of the power required by the compressor) models

It can also be noticed in Figure 5-25 that pressures are slightly reduced in the
high-pressure part of the cycle for the OWG mode, including peak pressure which
reduce the stress on the engine and octane requirement. Because the volumetric
efficiency of the engine is increased by the opening the waste gates, lower boost
pressures are required from the compressor to achieve the same air/fuel ratios
which results in lower in-cylinder pressure at Inlet Valve Closing (IVC) and for the
rest of the cycle.

156



Figure 5-26 shows the performances of the OWG mode compared to that of the
CWG recharge mode and that of the last engine model without MGU-H and with
a conventional waste gate operation. Compared to the two other models, the
better breathing of the OWG mode resulting from the significantly lower pressure
ratio across the engine yields improvements for most of the performance
indicators shown in Figure 5-26.
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Figure 5-26 - Improvements brought by fully opening the waste gates (Brown curve: No MGU-H,
conventional waste gate operation / Light green curve: MGU-H, closed WG / Dark green curve: MGU-H,
open WG)

Respectively, the indicative and effective efficiencies are increased by 2.8 and
2.9 percentage points by opening the waste gates. The average indicated
efficiency is now, finally, above 50%. In addition, because of the lower in-cylinder
pressures, octane requirements and cooling losses are reduced.

Nevertheless, this mode is not sustainable for long periods. Indeed, to properly
operate with the waste gates open, the power provided by the MGU-H is
necessary to ensure the compressor reaches the target air mass flow and
pressure. Thus, energy must be taken out of the battery to power the MGU-H and
the compressor without any energy recovered to replenish the ES.

At 10,500 RPM, 69.8 kW is required from the MGU-H to operate the engine in
the desired conditions (Figure 5-27). The MGU-H power in both CWG and OWG
modes are shown in Figure 5-28. A positive value means that the MGU-H
provides energy and the negative one that it recovers energy to recharge the ES.
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Figure 5-27 - Schematic of the 2014+ Digital Twin behaviour at 10,500 RPM in OWG mode
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Figure 5-28 - MGU-H power evolution with engine speed for CWG and OWG modes

In addition, in terms of effective efficiency, the OWG mode is less efficient that
the CWG power mode (46.44 vs 46.64%) because despite the engine power
improvement, the MGU-H is providing energy and not recovering so the MGU-K
cannot be used to artificially increase the brake power output.

If the engine and the MGU-K are used at their full power, this OWG engine mode
is the most powerful one, as the engine output is maximised but can only be used
for short periods in specific conditions where battery management is not crucial
(qualifications for example) or when the racing conditions are suitable (attacking
or defending from a competitor).
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The link between the MGU-K and the MGU-H allowed by the regulations [155]
and which makes energy transfer from one to the other possible is essential for
the optimisation of energy management and is at the heart of this Power Unit. As
shown in this part, when the energy recovered by the MGU-H is transferred to the
crankshaft using the MGU-K, the brake efficiency is increased by more than 3
percentage points and lead to the most efficient mode of this Power Unit.

Although not studied in this Doctoral study, there is undoubtedly a compromise
between MGU-H and ICE performance levels. If the MGU-H power input/output
were to be increased, the penalty on the engine breathing would be higher but
because recovered energy would be higher, the overall efficiency of this engine
could be increased by doing so. However, there would be a limit to this which is
where the additional energy recovered does not overcome the additional
pumping losses faced by the engine.

5.2.7 Summary and conclusions

The previous sections of this chapter presented the different performance
enhancement features known to be adopted for the 2014+ Formula One ™ engine
to maximise fuel conversion efficiency and thus produce the maximum power
output from a limited source of energy and demonstrated from a scientific
perspective, with the support of the 2014+ Digital Twin, how each solution
influences the behaviour of the engine.

By running at higher air/fuel ratios than stoichiometry, combustion efficiency is
improved by introducing enough air in the combustion chamber to oxidise every
trapped fuel molecule to potentially release all the injected fuel energy. High
dilution and high compression ratio then maximise thermal efficiency (conversion
of heat into useful work) by increasing in-cylinder pressure and keeping
temperatures under control which minimises the amount of heat lost to the cooling
systems and to the exhaust and thus maximised the amount of work that can be
produced.

The use of a pre-chamber, made possible by direct injection, provides distributed
high ignition energy, and increased in-cylinder turbulence to maximise the
combustion reliability of the lean mixture and to increase turbulent flame speed
to achieve short combustion duration. Both the pre-chamber and direct injection
help to reduce engine knock sensitivity and thus reduce the octane requirements
to run at the extreme conditions described previously compared to a conventional
gasoline engine.

In addition, direct injection improves fuelling control and increases the amount of
fuel effectively trapped in the cylinder, resulting in higher power output. It also
improves internal volumetric efficiency, as does asymmetric valve profiles.

The presence of the MGU-H on the turbocharger rotor allows to decouple the
compressor needs and the turbine power which leads to a specific strategy for
waste gate operation. By keeping the waste gates shut at any engine speed, the
engine pumping losses are increased but the amount of enthalpy recovered from
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the exhaust gas is maximised, allowing either to recharge the ES via the MGU-H
or to transfer the energy to the MGU-K to significantly increase the engine brake
efficiency.

On the other hand, the engine can be operated with the waste gate fully open to
minimise back pressure and thus significantly increase indicated efficiency by
powering the compressor using the MGU-H. But this mode can only be use for
short periods as it draws energy out of the ES and proves to be less powerful
than the CWG power mode which does not require any energy from the ES.

The impact of each solution on efficiency and a summary of their benefits are
presented in Table 5-4:

Effective efficiency increase
in percentage points

Solution Benefits

compared to the previous
model

Results in higher in-cylinder
pressures and a higher
expansion ratio which improves
thermal efficiency

High compression ratio +3.62

Allows to maximise combustion
efficiency and to run at high
pressures and low temperatures
resulting in less cooling and
exhaust losses and thus higher
output power despite higher
combustion entropy creation
(higher thermal efficiency)

High dilution +4.07

The pre-chamber makes
possible and reliable the ignition
of the lean mixture thanks to
multiple ignition points and

increases in-cylinder turbulence

Pre-chamber and shorter 1057 to overcome low laminar flame
combustion duration 0 speed due to high air/fuel ratios
resulting in shorter combustion

duration

In addition, alongside direct
injection, it reduces the engine
knock sensitivity

Improves fuelling control, i.e.
results in more injected fuel
effectively trapped in the
cylinders and allows the specific
stratification necessary for the
pre-chamber operation

Direct injection +1.38

Allowed by high-pressure
turbocharging and results in
higher volumetric efficiency by
limit intake valve back flow

Asymmetric valve profiles +0.12
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Solution

Effective efficiency increase
in percentage points

compared to the previous
model

Benefits

MGU-H introduction
(CWG recharge mode)

MGU-H introduction + use of
the MGU-H / MGU-K energy
link

(CWG power mode)

Open Waste Gate mode

-1.15

+3.09

Detrimental in terms of engine
power but allows all the engine
mass flow to go through the
turbine to recover larger amount
of energy from the exhaust gas
and recharge the ES

The energy recovered by the
MGU-H is transferred to the
crankshaft via the MGU-K
leading to a significant increase
in effective efficiency as
additional power is brought to
the crankshaft without any
energy drawn out of the ES

Allowed by the MGU-H which
powers the compressor instead
of the turbine

The back pressure drops
drastically by fully opening the
waste gates resulting in
significantly lower pumping
losses and higher indicated
efficiency

This mode is not sustainable as
it draws energy out of the ES,
has a lower effective efficiency
than the CWG power mode but
has the highest total PU power
(ICE + MGU-K at peak power)

Table 5-4 - Summary of the key solutions enabling the 2014+ Formula One ™ engine high efficiency

The impressive difference between a conventional high-performance engine
running at stoichiometric conditions, with a 10:1 compression ratio, 50 °CA
combustion duration, port-injection and a conventional turbocharger compared to
the 2014+ Formula One™ engine Digital Twin in OWG mode is shown in
Figure 5-29.
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Figure 5-29 - PV and TV diagrams at 10,500 RPM - Conventional (Red curve: Base engine model) and the
2014+ Digital Twin in its highest performance mode (Green curve: 2014+ Digital Twin in OWG mode)

The important difference between the two engines comes from the capacity of
the 2014+ Formula One™ engine to operate at very high pressures and
controlled temperatures without knocking (at the limit of knocking) thanks to the
solutions previously presented. By doing so, the entropy created during the
engine cycle is limited (Equation 5-10) and the surface area of the PV diagrams
is significantly increased which results in higher power production.

Figure 5-30 and Table 5-5 show respectively the power and effective efficiency
curves of the CWG and OWG modes compared to the expected power window
defined with potential effective efficiency extremums of 40 and 55% presented in
Figure 5-2 and the peak performances of each engine mode.

Engine speed (RPM)

Figure 5-30 — 2014+ Digital Twin power and effective efficiency curves for the CWG and OWG modes
compared to the expected power window from Figure 5-2
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Peak power unit

: Peak indicated Peak effective Peak engine power (hp)
EREInE [Tk efficiency (%) efficiency (%) power (kW)
ICE + MGU-K
48.9 44.8 540 885
CWG recharge
(@ 9,000 RPM) (@ 9,000 RPM) (@ 10,500 RPM) (@ 10,500 RPM)
48.9 47.9 585 885
CWG power
(@ 9,000 RPM) (@ 10,500 RPM) (@ 10,500 RPM) (@ 10,500 RPM)
51.6 47.3 578 936
OoWG
(@ 10,500 RPM) (@ 10,500 RPM) (@ 10,500 RPM) (@ 10,500 RPM)

Table 5-5 — 2014+ Digital Twin performance predictions

Because of the fuel flow limit, the power curves have very similar shape to what
was expected as demonstrated by Figure 5-30. For all engine speeds and for
both modes, the power curves are between both limits meaning that the effective
efficiency of the 2014+ Digital Twin is always between 40 and 55%.

In CWG power mode, it can be observed that until 9,000 RPM, the power
recovered by the MGU-H and provided to the crankshaft helps to improve the
efficiency compared to the CWG recharge mode but the penalty in IMEP-BP is
not overcome by the increased effective efficiency meaning that the OWG is the
most efficient. But from 10,000 RPM, the observation changes and the CWG
power mode, once the MGU-H can recover more amount of energy, becomes the
most powerful mode and thus, without requiring energy from the ES to operate.

The peak engine power figures are achieved at 10,500 RPM, when the 100 kg/h
fuel flow limit is reached, then the power slightly decreases linearly. One reason
being that for the highest engine speeds, as shown in Figure 5-5, air/fuel ratios
are reduced, and so is the efficiency in consequence, as it becomes more and
more difficult to ensure the reliability of the lean combustion as engine speed
increases. Another reason is the increase of FMEP with engine speed. Even
though the fuel conversion efficiency was kept constant meaning that the IMEP
would be stable too, the effective power would decrease because of the increase
in friction losses with engine speed.

The 2014+ Formula One™ engine is mostly operated in a narrow engine speed
window between 9,000 and 12,500 RPM where it spends in average 85% of a
lap (value depending on the track) [5]. This characteristic is due to the shape of
the power curve. The fuel flow restriction limits the power that can be produced
below 10,500 RPM (before the fuel flow limit is reached) and the increase in
friction with engine speed and the combustion stability limit performances above
12,500 RPM.

When the 2014+ Power Units were first introduced [8], the regulations stated a
maximum engine speed limit of 15,000 RPM which since has been removed in
2022 [119] as no engine manufacturer was running its engine close to the limit
because of the reasons listed above and the fact that turbocharged engines are
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far less reliant on engine speed to improve engine breathing than
naturally-aspirated engines.

The CWG power mode has the highest engine power but not the highest PU
power as a fraction of the MGU-K power is used to transfer energy from the
MGU-H to the crankshaft. In OWG mode, when the MGU-K is activated, the
power is increased by the full power of the MGU-K, i.e. 120 kW, instead of 74.9
kW in CWG power mode.

As discussed in Chapter 3, with Equation 5-1 (governing equation for brake
power), if a fuel's lower heating value of 44 MJ/kg and the fuel flow regulation
limit are considered, a 51.2% effective efficiency is required to reach a PU total
power of 1,000 hp with a 120 kW MGU-K. By accounting for 5% friction losses, it
means the engine indicated efficiency must reach 53.2%.

In [13], it is stated that the engine achieves “in excess of 50% brake thermal
efficiency” and in [14], it is reported that the PU “is producing in excess of a
thousand horsepower” and the engine reaches over 50% thermal efficiency.
These numbers are thus coherent with the predictions of the governing equations.

When stating these numbers, it is believed that the engine manufacturers are
referring to their maximum performance mode which corresponds to the Closed
Waste Gate power mode of the 2014+ Digital Twin. Looking at the numbers given
in Table 5-5, the 2014+ Digital Twin in CWG power mode does not reach the
values necessary for the PU to produce 1,000 hp. An additional 3.3 percentage
points are necessary to reach 51.2% effective efficiency apparently required for
1,000 hp [5].

Considering the indicated efficiency, the 2014+ Digital Twin shows that values in
excess of 50% are achievable, confirming that the manufacturer claims are
plausible beyond governing equations using OD/1D engine simulations. By
accounting for the 0.7 bar IMEP uncertainty on the 2014+ Digital Twin predictions
because of the inherent AVL Boost™ modelling error and the uncertainty linked
to the input dataset (see Chapter 3), the peak indicated efficiency prediction
potentially reaches 52.4%.

As previously stated in Chapters 3 and 4, the aim of the 2014+ Digital Twin is not
to match the exact performance of the real engine but to inspire confidence in its
ability to faithfully exhibit similar performance trends. Due to the nature of the
2014+ Digital Twin input dataset which is not a complete dataset from an engine
manufacturer, the difference between its predictions and the manufacturer claims
are not surprising.

Nevertheless, this 2014+ Digital Twin, whose behaviour is coherent with the
feedback received from the industry, predicts performances of the same order of
magnitude than the numbers given by the industry in its communication to the
public showing that these values are reachable from a scientific point of view with
the conditions the engine is running under. In addition, this reinforces the fact that
the impact of each solution featured in the 2014+ Formula One™ engine and
presented in this chapter on the engine performance are relevant.
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The difference between the manufacturer claims and the 2014+ Digital Twin can
be attributed to the reasons stated in Chapter 3, i.e. inaccuracy of the friction
model, of the selected air/fuel ratios, modification of the combustion
characteristics with engine speed for instance but also maybe from the
inaccuracy of the elements on which the model was based and that were not
questioned (ROHR profile, cam profiles, compression ratio value).

5.3 Energy and exergy analyses of the 2014+ Formula One™
engine

As presented in Chapter 2, energy and exergy are two different thermodynamic
concepts that can be applied to a system, in this case an internal combustion
engine, to investigate how the input (fuel) energy is transferred, both concepts
are complementary.

Because exergy (also referred to sometimes as ‘availability’ but ‘exergy’ is
preferred here) is based on the second law of thermodynamics, it quantifies
irreversibility, i.e. when entropy is created and when useful energy is ‘lost’ (in as
much as it cannot be reclaimed) during energy transfer or transformation.

Carrying out an exergy analysis on an engine is thus useful as it enables to
identify which parts of the energy conversion process creates the more
entropy / destroys the most exergy. By considering both the energy and exergy
analysis, it is then possible to take actions to reduce these losses and increase
the overall efficiency of the engine. It is even more revealing in Formula One ™
as it is a sport where marginal gains matter and minimising irreversibility is key
because of the limited fuel flow. So, all components of efficiency must be studied
to look for any opportunity to extract as much as possible of the fuel energy.

To demonstrate the utility of exergy analysis and support the analyses of the
2014+ Formula One™ engine Digital Twin made in Section 5.2, the entropy
created by idealised pressure-limited cycles can be investigated using
Equation 5-10.

The cycles are limited to 300 bar which is taken to be a reasonably practicable
limit for an engine that will meet the durability and reliability required for the
prevailing 2014+ Formula One™ regulations. The quantity of fuel has been
adapted using a dichotomy algorithm so that all cycles produce the same IMEP
within 103 bar. The first cycle operates at stoichiometry with a 10:1 compression
ratio, the second cycle at stoichiometry and 16:1 CR and the last cycle at A = 1.4
and 16:1 CR.

The PV diagrams calculated for these three pressure-limited cycles are shown in
Figure 5-31. Because all cycles produce the same IMEP, the area under each
curve is the same. Both cycles running at 16:1 compression ratio are reaching
the 300 bar limit whereas the 10:1 case peak pressure is of 257 bar.
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Figure 5-31 - PV diagram - Idealised pressure-limited cycles

All cycles produce the same IMEP but not from the same mass of fuel in
consequence of difference in fuel conversion efficiency. In order, the cycles yield
40.8, 46.7 and 49.7% fuel conversion efficiency. The differences can be

explained by looking at the entropy generated by each cycle as shown in
Figure 5-32.
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Figure 5-32 - TS diagram - Idealised pressure-limited cycles

By increasing compression ratio from 10:1 to 16:1, less entropy is created.
Remembering Equation 5-10, if pressures are increased but temperatures remain
similar as it is the case with the increased compression ratio, it results in lower
entropy creation as confirmed by Figure 5-32.

P,

S, — S, = m[C,In (%) — rin(D)] (5-10)

1

Increasing air/fuel ratio leads to lower in-cylinder temperature but causes more
entropy creation, confirming what was observed in Section 5.2.2, because the
combustion heat transfer is realised at lower temperatures and affects a higher
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mass. Fortunately, the higher entropy creation is outweighed by the increased

in-cylinder pressures leading to higher work and thus higher fuel conversion
efficiency.

This study using idealised pressure-limited cycles is interesting as it
demonstrates that the same IMEP can be reached via different cycles which do
not require the same input. Compared to the CR = 10 / A = 1 case, the two other
cycles require respectively 11.7% and 15.2% less fuel. It again justifies why
Formula One™ engine manufacturers are running their engine with lean mixtures
to make the most out of their limited source of energy; solution which could also

be useful in a non-fuel-limited engine to minimise the necessary onboard fuel
mass.

Referring to the second law of thermodynamics is a useful tool when it comes to

margin gains and trying to increase the understanding of the engine to further
improve its efficiency.

5.3.1 Energy and exergy analyses of the CWG and OWG modes

Using the equations presented in Chapter 4, the energy and exergy distributions
of the 2014+ Digital Twin can be analysed. In this part, only the thermodynamic
behaviour of the engine is considered meaning that potential use of the MGU-K
to increase the engine power output is not considered. This is why, the CWG
mode studied here is the CWG recharge one and not the CWG power.

The energy distribution in terms of percentage of fuel energy for the Open Waste
Gate (OWG) mode of the 2014+ Digital Twin is shown in Figure 5-33.
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Figure 5-33 — 2014+ Digital Twin energy distribution - OWG mode

It must be highlighted in Figure 5-33 that a category of energy has been added
compared to Equation 4-11 (Chapter 4). This is “Residual energy”. Indeed, when
only considering brake power, friction and ancillaries losses, exhaust enthalpy
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and cooling losses, the sum total is not exactly equal to the fuel energy. In
average, the residual energy represents 0.83% of the fuel energy for the OWG
engine mode.

The residual energy can be attributed to several factors which are not accounted
for in the equations used to calculate energy distribution and create Figure 5-33.
For instance, blow-by losses or the exhaust pipe radiation are contributing
parameters of the residual energy. Because enthalpy flow is not measured
directly in the cylinder outlet port but in the exhaust secondaries when exhaust
pipes of each bank have merged, heat is transferred from the hot exhaust gas to
the pipe and then radiated to the environment and this heat transfer is not exactly
measured for the present energy and exergy studies.

However, as this residual energy contribution is relatively low, lower than 1% of
the fuel energy, not investigating it in detail to break down the contribution of each
factor to it will not affect the conclusions drawn from the energy analysis.

As seen in Figure 5-33, most of the fuel energy provided to the 2014+ Digital Twin
in OWG mode is converted into brake power and exhaust enthalpy. The heat
transfer to the coolant and friction / ancillaries losses are relatively low with a
maximum of 9.8% and 5.2% respectively.

Heywood [34] reports the values shown in Table 5-6 for the energy distribution in
conventional gasoline and Diesel engines.

Heat transfer to | Exhaust enthalpy

Engine tvpe cooling system losses due to
9 yp (oil + cooling incomplete
medium) combustion
Gasoline 25-30 25-35 22-35 6-15
Diesel 35-40 22-35 22-41 1-2

Table 5-6 - Average energy distribution for conventional gasoline and Diesel engines

By comparing the values displayed in Figure 5-33 and that of Table 5-6, the
specificity of the 2014+ Formula One™ can be highlighted further. With an
average effective efficiency of 46.4% in OWG mode, the 2014+ Digital Twin is
much more efficient than a conventional gasoline engine and converts a higher
percentage of fuel energy into work than Diesel engines.

By running with lean mixtures and as explained in Section 5.2, the 2014+ Formula
One™ engine maximises combustion efficiency whereas for a conventional
gasoline engine, up to 15% of the fuel energy is wasted by running at air/fuel
ratios lower than stoichiometry.

By making the assumptions for this comparison that friction / ancillaries losses
are fully transformed in heat, the total cooling losses are in average 15% for the
2014+ Digital Twin which is twice lower than the numbers shown in Table 5-6. As
discussed previously, engine manufacturers have pushed hard to minimise
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friction losses and maximise output power which ultimately reduce the need for
cooling.

In addition, because the engine runs at high dilution, the in-cylinder temperatures
are significantly reduced compared to a more conventional engine as
demonstrated in Figure 5-29, and because convective heat transfer depends on
the temperature difference between the combustion chamber wall and the gas
(see Equation 5-13), heat transfer is limited and so is the need for cooling in terms
of percentage of fuel energy.

Eheat transfer — hcAHT(Tgas - Twall) (5'13)

where h, is the heat transfer coefficient, Ayr the heat transfer surface area, T,
the gas temperature and T,,,; the wall temperature.

In addition, the 2014+ Formula One™ engine runs a larger bore than its stroke
(80 vs 53.052 mm) whereas it is generally the opposite for more conventional
road car engines. However, as shown by Figure 5-34, for a given volume and if
modelled as a conventional cylinder without considering the exact shape of a
combustion chamber to give a rough estimation, the total cylinder surface area
(liner + head + piston) does not evolve linearly. There is a range of bore values
which minimises the cylinder surface area and thus further limits heat transfer as
suggested by Equation 5-13. The dimensions of the 2014+ Formula One™
engine (shown in Figure 5-34 by the orange point) results in a cylinder surface
area only 2% higher than the minimum value for this specific 0.266667 L
(1.6 L/ 6) volume.

Surface area = f(Bore) at V = 0.266667 L
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Figure 5-34 - Evolution of the cylinder surface area with bore for a given volume

Despite only representing a relatively small proportion of the fuel energy, the
average cooling load over the engine speed range used on the track is of 82 kW
which when added to the 75 kW cooling required by the intercooler still represents
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a very significant amount of heat to remove from the car. This highlights the need
for high performance heat exchangers as bigger sidepods to allow for higher air
mass flow and bigger exchangers result in higher drag penalty.

If the 2014+ Formula One™ engine was behaving like the engines described in
Table 5-6 with about 33% of the fuel energy being lost to the cooling system, this
latter would need to be designed to remove 403 kW out of the engine which is
extremely high and the engine would produce significantly lower power.

As shown in Figure 5-33, after brake power, most of fuel energy is converted into
exhaust enthalpy. As shown by Equation 5-14, enthalpy flow depends on mass
flow, the specific heat capacity at constant pressure and temperature. As the
2014+ Formula One™ is operating at high air/fuel ratios, temperatures are
reduced compared to a conventional engine but for the same reason, the engine
mass flow is increased significantly as large amount of air is required to operate
at the targeted air/fuel ratios. The combination of lower temperatures but higher
mass flow results in increased exhaust enthalpy, higher than that of conventional
engines as suggested by Table 5-6. Because of the operating conditions of the
engine, the heat released by the combustion which is not transferred to the
cooling systems compared to a conventional engine is converted into useful work
and increased exhaust enthalpy.

H =mC,T (5-14)

where H is the enthalpy flow, m the engine mass flow, C, the constant pressure
heat capacity of the mixture and T the mixture temperature.

Having a high exhaust enthalpy flow is important for the operation of the 2014+
Formula One™ Power Unit as a larger proportion of this energy can be recovered
by the turbine thanks to the MGU-H, thus maintaining the ES state of charge high
and maximising the opportunities to re-deploy this energy using the MGU-K.
Once more, all the power produced by this Power Unit comes directly (engine
power) or indirectly (MGU-K power) from fuel whose mass flow is limited. This is
thus primordial to minimise energy waste.

The exergy analysis conducted on the 2014+ Digital Twin in OWG mode is shown
in Figure 5-35 as exergy distribution for each investigated engine speed.

As for energy, most of the fuel exergy is converted into useful work with an
average 43.5% efficiency which is 2.9 percentage points lower than the average
energy effective efficiency (46.4%). This exergetic efficiency value is within the
upper limit of the range observed by Farrell et al. [38] (between 35% and 42%)
but their maximum value was achieved with an engine running in ultra-lean
condition (upto A = 5) whereas for the study reported here itwas 1 < 1.5.
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Figure 5-35 — 2014+ Digital Twin exergy distribution - OWG mode

After accounting for brake power, most of the fuel exergy is destroyed with an
average of 27.4%. This amount represents all the irreversibility faced by the
engine during the different processes it goes through, except friction, which is
accounted for separately. Whatever is done with the engine, this component of
the fuel exergy cannot be recovered and converted into work. Exergy destruction
mainly represents the availability lost during combustion (which is increased with
air/fuel ratios) and heat exchange.

Regarding the fluid flow losses, it is believed that they are already quite low on
the engine under study as it is turbocharged, runs with lean mixture, and is mostly
operated at full load so, there is barely any throttling. To further reduce fluid
low / pumping losses, volumetric efficiency must be increased which is possible
within the 2014+ Formula One™ regulations using variable length trumpets.
Another solution is the use of variable valve timing, but it is currently forbidden by
the regulations and considering the stress already faced by the valves of these
high-performance engines, this solution is very difficult to implement as it adds
weight and complexity to the system.

The pre-chamber ignition system used by the 2014+ Formula One ™ engine relies
on high-speed jets of hot gas coming out of the pre-chamber which result in high
turbulence intensity. This improves the ignition reliability of the lean mixture by
providing more ignition points and thus ignition energy and increases flame
speed, but turbulence results in more irreversibility than a conventional ignition
system, i.e. increases the amount of exergy destruction during combustion.
Nevertheless, the pre-chamber allows the engine to run with lean mixtures which
outweighs the drawbacks linked to higher combustion irreversibility.

It can be noticed in Figure 5-35 that exhaust exergy represents a lower amount
of fuel exergy (21.7%) than that of exhaust enthalpy flow for fuel energy (40.9%).
This demonstrates that at the maximum, from the energy carried by the exhaust
gas approximately only half of it can be converted into useful work because of
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the inevitable irreversibility that will be associated with the energy transformation
from heat to work.

Nevertheless, the available energy in the exhaust gas is much higher than that of
the cooling system which represents on average only 3.4% of the fuel exergy. It
is thus more interesting to try to recover energy from the exhaust gas using the
turbine and the MGU-H rather than implementing energy recovering cycle, like
Organic Rankine Cycle, using the heat from the cooling system.

Figure 5-36 and Figure 5-37 show a comparison for the energy and exergy
distribution of both 2014+ Digital Twin modes, i.e. Open Waste Gate (OWG) and
Closed Waste Gate (CWG).
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Figure 5-36 — 2014+ Digital Twin energy distribution - OWG and CWG comparison

Confirming the lower efficiency of the CWG mode seen in Section 5.2, the fraction
of fuel energy and exergy converted into useful work is lower for the CWG mode.
Because of its lower volumetric efficiency, the CWG mode operates at higher
boost pressures resulting in higher in-cylinder pressures. In consequence,
residual losses are increased (blow-by losses are increased with pressure) and
so are convective heat transfer coefficients which increase with pressure
according to Woschini model (see Equation 5-6). With higher heat transfer
coefficients, heat transfer is higher as confirmed by Figure 5-36.

Similar amount of fuel energy is converted into friction and exhaust enthalpy for
both modes.
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Figure 5-37 — 2014+ Digital Twin exergy distribution - OWG and CWG comparison

Regarding exergy, it is interesting to note that despite being less efficient, the
CWG model destroys less exergy mainly because of the higher exhaust exergy
which is due to the high pressure and temperature conditions in the exhaust
system as the waste gates are closed. The higher the flow temperature, the more
work can be extracted out of it as shown by Equation 4-16 in Chapter 4.

The high pressures and temperatures in the exhaust system result in higher
energy available in the exhaust gas which is interesting considering that this
CWG mode is made to recover as much energy as possible using the MGU-H to
re-charge the ES.

5.3.2 Energy and exergy distribution of the 2014+ Formula One™
engine compared to that of an engine from the first era of Formula
One™ turbocharged era

Using the AVL Boost™ model of the 1988 Honda RA168E built using the
information provided by Otobe et al. [6] and validated against the engine power
curve from the same article, it is possible to compare the energy and exergy
distributions of both Formula One™ turbocharged eras.

The results of the energy and exergy analyses conducted on both engines are
shown in Figure 5-38 and Figure 5-39.

As previously mentioned, the RA168E engine is similar to the engine model used
in the Section 5.2 of this chapter and stripped off the 2014+ Formula One™
special features (referred to as “Baseline engine”). It is operating at air/fuel ratios
lower than stoichiometry, with a 9.4:1 compression ratio, port-injection, and a
conventional turbocharger.

173



60 T T T T T |
55 BN2014+ - OWG mode
I RA168E

50 =1

Average energy rate distribution (%)

Brake power Friction Losses Exhaust Cooling Losses Residual
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As seen in Section 5.2, all these special features are the enabling innovations for
the 2014+ Formula One™ engine efficiency, thus when not implemented, there
is a significant difference in effective efficiency as shown in Figure 5-38 with
13.5% less of the fuel energy being transformed into useful work for the RA168E
compared to the 2014+ Digital Twin,.

As the RA168E engine is operating at air/fuel ratios lower than stoichiometry,
in-cylinder temperatures are significantly higher with an average difference of
257 K over the simulated engine speed range according the AVL Boost™
models. But because of a low compression ratio and a 2.5 bar (absolute) boost
pressure limit, in-cylinder pressures are significantly lower than that of the 2014+
Digital Twin (185 vs 300 bar).

As heat transfer coefficients increase with in-cylinder pressure but reduce with
increasing temperature (Equation 5-6), their values for the RA168E engine are
lower than that of the 2014+ Digital Twin. But because of the increased in-cylinder
temperatures, the reduction in heat transfer coefficient is compensated which
leads to similar levels of cooling losses for both engines.

Because of the lower in-cylinder pressures, the friction losses of the RA168E
engine are lower than that of the 2014+ Digital Twin.

Regarding exhaust enthalpy, more than half the fuel energy of the RA168E
engine is transformed into exhaust enthalpy. Despite the lower engine mass flow
compared to the 2014+ Formula One™ engine, the higher in-cylinder
temperatures and differences in exhaust gas composition because of the air/fuel
ratios at which the RA168E operates result in significantly higher exhaust gas
temperature and heat capacity leading to very high exhaust enthalpy.

As a turbocharged engine, the RA168E recovers a fraction of the exhaust
enthalpy using its turbine but as it does not feature an MGU-H, the waste gates
are operated as on a conventional turbocharger, i.e. a fraction of the exhaust flow
is diverted from the turbine at high engine speeds not to exceed the limited turbine
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swallowing capacity, meaning that the energy contained in the diverted flow is
wasted.

Looking at the exergy analysis shown in Figure 5-39, it can be noticed that the
RA168E fuel conversion into useful work results in a significantly higher
proportion of destroyed availability (10 percentage point difference).
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Figure 5-39 - Exergy distribution - OWG mode 2014+ Digital Twin and Honda RA168E comparison

As stated previously, the RA168E does not possess any of the special features
of the 2014+ Formula One™ engine which make it efficient, i.e. it does not feature
the solutions increasing the fraction of fuel energy transformed into useful work
which are a high compression ratio and high dilution made possible by the
pre-chamber ignition system and direct injection.

First, as the RA168E is operating with air/fuel ratios lower than stoichiometry (1 =
0.87), more than 10% for the fuel cannot be oxidised, i.e. the work potential
contained in this fraction of the fuel is wasted, which is seen as exergy
destruction. In addition, like lean mixtures, overly rich ones reduce adiabatic
flame temperatures. The combustion thus happens at sub-optimal temperature
which, as discussed previously, increases combustion irreversibility.

The energy analysis shown in Figure 5-38 highlighted that a large fraction of the
fuel energy in the RAL168E is converted into exhaust enthalpy. However, the
conclusion given by the exergy analysis and Figure 5-39 is that only a small
amount of this energy is recoverable, representing only 25% present of the fuel
exergy. As explained in Chapter 2, from the second law of thermodynamic point
of view, heat is energy of lower quality than work.

Indeed, a large fraction of the fuel energy goes into exhaust enthalpy which is
recoverable using the turbine but as it is heat and not work, a smaller fraction is
recoverable and results in higher exergy destruction.

The strength of the 2014+ Formula One™ engine compared to its predecessor is
to run at higher air/fuel ratio than stoichiometry to release the whole injected fuel
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energy (which is further helped by direct injection for better fuelling control) and
its ability to operate at high pressure and low temperature to minimise the amount
of energy transformed into heat, an energy of lower quality than work (not directly
useful), resulting in less exergy wasted during heat transfer for cooling losses and
in the exhaust. By minimising the fraction of fuel energy converted into heat, the
conversion of fuel energy into work is increased and in consequence effective
efficiency is higher.

5.4 Evolution of turbocharger operating characteristics with
varying engine load and influence of the fuel flow limit on the
engine behaviour

As already briefly discussed in this thesis, the 2014+ Formula One™ engine
operates for 85% of the time, in average, in a narrow engine speed window
between 9,000 and 12,500 RM. This is a consequence of the fuel flow limit
imposed by the regulations which prevents the engine from increasing output
power with engine speed and of the 8-gear gearbox featured in current Formula
One™ cars.

Using the results of the 2014+ Digital Twin, it is useful to investigate how this fuel
flow limit impacts the turbocharger behaviour and how the compressor operating
points evolve with engine modes, load, or engine speed.

In this study, engine load is considered linearly linked to the fuel flow limit. 70%
load was simulated with the 2014+ Digital Twin using 70% of the maximum fuel
mass flow. Compressor boost pressures and MGU-H power are adapted for each
case so that the air/fuel ratio evolution is always the same and that the
turbocharger is balanced (P.ompressor = Peurbine + Pucu—n With Pygy_k positive or

negative).

To simulate part-load conditions, adding a throttle body to the 2014+ Digital Twin
was tested but for the tested load (between 70% and 100%), it proved not to
make any difference on the results so the 2014+ Digital Twin without throttle body
is used here.

According to data provided by the sponsor of this doctoral study [5], the engine
operates for 72% of the time above 70% load demand, this is why only loads
between 70% and 100% are investigated (see Figure 5-40).
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Figure 5-40 — Load demand distribution over a lap (x = Load demand)

In addition, the engine operation below 5% (i.e. no load, no torque demand from
the driver during braking event) and above 95% load (full throttle) corresponds to
81.7% of the lap time, so except for 18.3% of the lap, the engine is either operated
at full throttle or at no load. Part load operation below 70% only represents 11.3%
of the lap time. This part is important for the engine transient operation (“tip-in”
manoeuvre), but first, the focus is on the engine and turbocharger operation at
high load (> 70%).

Using the data from five different tracks with different specificities covering the
spectre of tracks appearing in the Formula One™ calendar, the normalised
average engine speed distribution is calculated and shown in Figure 5-41.
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Figure 5-41 - Normalised average engine speed distribution over a lap

As previously discussed, the distribution is concentrated in the [10,500 — 12,000]
RPM window with 66% of the lap time spent at these speeds. If the window is
extended to [9,000 — 12,500] RPM, 86.3% of the lap is covered. The lowest
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engine speeds, below 8,000 RPM, are only used for low-speed corners at low
gears (8.2% of the lap time in average). During full-throttle operation, the 8-gear
gearbox allows engine speed to be kept between 10,000 and 12,000 RPM.

To analyse the compressor operating point variation with load and speed for the
2014+ Digital Twin, the compressor map of the Garrett G40-1150 71mm
turbocharger [173] was chosen but pressure ratios of the original compressor
map have been raised by 1 bar to match the 2014+ Formula One ™ engine needs.
The map is only used for visualisation and is not implemented in the 2014+ Digital
Twin which features a simple model of the turbocharger, as explain in Chapter 4,
that does not require a compressor map to operate. As a forward note, the
transient model of the 2026 regulations engine does have a complete compressor
map.
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Figure 5-42 — 2014+ Digital Twin compressor operating points vs engine load and speed
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The variation of the 2014+ Digital Twin compressor operating points with engine
speed and load is shown in Figure 5-42. The 2014+ Digital Twin is simulated
between 7,000 and 12,500 RPM which represent more than 95% of the engine
speed distribution so relevant conclusions can be drawn out of the following
figures. The different colours refer to different loads and within a same load case,
the point colour evolves from white to the specific case colour with engine speed.
The Closed Waste Gate (CWG) mode of the 2014+ Digital Twin has been used
for the following figures and for all loads.

First, with the compressor map chosen, it can be highlighted that most operating
points are located in the middle of the graph, i.e. in the highest efficiency zone.
As the turbochargers featured on the 2014+ Formula One engines are specifically
developed for this application, with some engine manufacturers developing their
turbocharger in-house, this observation is considered likely to hold true for
manufacturers’ engines.

As load reduces, the operating points move to the bottom left of the compressor
map. Indeed, when the driver demands less torque, as less fuel is injected, thus
less air is required to operate at the same air/fuel ratios than at 100% load.
Regarding compressor pressure ratio, as the engine internal volumetric efficiency
is relatively constant as load varies, as there are no throttle losses and as the
required air mass flow reduces, the required boost pressures to reach the target
air/fuel ratios decrease.

For a given engine load, the evolution of the operating points is closely linked to
the fuel flow limit and the choices made for air/fuel ratios. Between 7,000 and
10,500 RPM (see points in Figure 5-42 for 100% load), the fuel flow increases
and so does target lambda (see Figure 5-5) which leads to increasing air flow
demand and thus boost pressure, the compressor operating points are evolving
linearly.

From 10,500 RPM, the fuel flow limit, i.e. 100 kg/h, has been reached and target
air/fuel ratios do not vary as much as previously for low engine speed, so the air
mass flow demand is relatively constant. This is why darker coloured points,
which represent the highest engine speeds, are located around the same
abscissa value. However, because engine speed increases, piston speed does
too, making it easier for air to be trapped in the cylinder thanks to inertia effects.
So, despite the engine volumetric efficiency decreasing with engine speed (see
CWG mode, i.e. the model referred to as “MGU-H” in Figure 5-24), lower boost
pressures are required as engine speed increases as shown in Figure 5-42.

Now considering the conditions the 2014+ Digital Twin is operated at and
focusing on load to begin with, Figure 5-40 tells that for more than 70% of a lap
time, the engine is used above 70% load, i.e. all the points shown in Figure 5-43
represents 70% of the compressor operating points in terms of time.
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Figure 5-43 — 2014+ Digital Twin compressor operating points vs engine load and speed (Focus on the
engine operating points)

However, it is also known from the load demand distribution (Figure 5-40) that
65.1% of the lap time is spent at 95% or higher load demand which corresponds
to the 100% points in Figure 5-43 (red dots circled in light blue).

Now considering engine speed distribution around a lap and not engine load any
more, Figure 5-41 shows that the engine is operated between 10,000 and 12,500
RPM for 76.2% of the lap time, this corresponds to the points circled in red in
Figure 5-43. These points are also gathered in the high-efficiency zone of the
compressor map independently of the engine load.

However, if the analysis is pushed further and the actual engine operating points
(combination of engine speed and load at a given moment in time) are
considered, it shows that when the engine operates above 95% load, engine
speed only varies between 10,000 and 12,500 RPM. The engine operates in this
window 65.1% of the time, meaning that for two thirds of the lap time, the
compressor is operating within the very narrow zone circled in black in
Figure 5-44 which is at the very heart of the highest efficiency zone of the
compressor map.

As the compressor is operated in this zone for most of the lap (two thirds of the
lap), it makes sense to optimise the compressor map so that these points are in
the highest efficiency zone. This means that for a given compressor operating
point, the power required by the compressor is minimised and a bigger fraction
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of the power produced by the turbine can be recovered by the MGU-H and thus
recharging the ES.
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Figure 5-44 — 2014+ Digital Twin compressor operating points vs engine load and speed (Focus on the
most used compressor points)

The fact that the 2014+ Formula One™ engine only operates in a harrow engine
speed window due to the shape of the fuel flow limit combined with the specific
operation of a Formula One™ engine which is mostly used at 100% load leads
the compressor to be operating for 65% of a lap time is a very narrow high
efficiency zone.

The power recovered by the MGU-H when the engine is operating in CWG mode
is directly linked to the compressor need and the turbine recovery. As seen in
Figure 5-42, air mass flows and boost pressures reduce with load and so does
the compressor power. However, because less fuel is burned and less air is
necessary, the exhaust enthalpy is also reduced with engine load.

As shown by Figure 5-45, the MGU-H power follows the same trend. Even at
lower load, the turbine produced more power than necessary for the compressor,
allowing the MGU-H to recover energy (hence the negative values) but less and
less power is available for the MGU-H in consequence of the reduced exhaust
enthalpy.
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Figure 5-45 - MGU-H power evolution with engine load

When the 2014+ Formula One™ Power Unit switches from CWG to OWG mode,
the compressor operating points are different. Air/fuel ratios are the same for both
modes, but as volumetric efficiency is significantly improved in OWG mode (see
Figure 5-24), lower boost pressures are required as shown in Figure 5-46.
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Figure 5-46 — 2014+ Digital Twin compressor operating points at 100% load — CWG (red) vs OWG (light
blue) modes
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This leads to operating points in slightly less optimal efficiency zone, especially
at high speed, but as this mode can only be used for short periods, it seems more
appropriate to prioritize high efficiency for the CWG mode.

It can also be noticed that despite similar air/fuel ratios between both modes, the
OWG mode requires higher compressor mass flow. As previously explained,
thanks to the open waste gates, back pressure is significantly reduced. This
improves the engine breathing and leads to higher internal volumetric efficiency.
Nevertheless, the engine breathing is so much improved that during the period of
valve overlap, where the intake and exhaust valves are open at the same time,
part of the high-pressure inlet air goes directly to the exhaust. This phenomenon
happens but is limited in the CWG mode because of the higher exhaust pressure.
Thus, to match the target air/fuel ratios, the compressor mass flow increases to
compensate for the air that goes straight from the intake to the exhaust.

Even though this part relies on compressor points extracted from steady-state
simulations which can differ from fully transient operating points, it allows to
visualise how the compressor operation changes with load and to demonstrate
that in addition to have implications on the engine performances, the fuel flow
limit imposed the regulations also leads to a specific turbocharger operation. As
the engine operates in a narrow engine speed window and mostly at full load, the
compressor operating window is also very narrow, and its behaviour can be
optimised for this specific zone.

5.5 NOx production rate of the 2014+ Formula One™ engine
compared to conventional road car engines

As presented in Chapter 2, in addition to fuel conversion efficiency, the future of
internal combustion engines is also linked to their capacity to reduce their
emissions, of which NOx is part of.

In case NOx emissions become regulated in the future, it is interesting to assess
how much NOx is produced by the current Formula One™ engine compared to
that of a conventional engine.

The comparison will be done using an AVL Boost™ model of the Honda F20C
engine validated against experimental data for torque [5]. Despite the NOx
emissions validation done by AVL for Boost™ for a given engine at different
operating points (see Chapter 3, [151]), the NOx production values predicted by
the software for both the 2014+ Digital Twin and the F20C are not taken as exact
considering the lack of validation data for these specific engines, but are used for
comparing order of magnitude.
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The absolute and specific NOx productions of both engines are respectively
shown in Figure 5-47 and Figure 5-48:
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Figure 5-47 — NOx production — 2014+ Digital Twin and Honda F20C comparison
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Figure 5-48 - Specific NOx production — 2014+ Digital Twin and Honda F20C comparison

As shown by Figure 5-47, it can be noticed that the 2014+ Digital Twin predicts
that the 2014+ Formula One™ engine produces in average 4.4 times more NOx
than a conventional engine. However, the 2014+ Digital Twin operates with, in
average, 5 times more air flow and produces 3 times more power as it operates
with 2 times more fuel flow and at high dilution level whereas the F20C operates
at stoichiometry or below.

As the Formula One™ engine is a high-performance engine, it burns large
amount of fuel, requiring larger air mass flow that a conventional engine. The
higher the air mass flow, the higher the NOx production as there are more N2 and
O:2 that can react together.

However, by normalising the NOx production by the power produced by the
engine to calculate the specific NOx production as shown in Figure 5-48, it can
be highlighted that the 2014+ Formula One ™ Digital Twin predicts that the engine
produces similar amount of NOx to that of the F20C relatively to their power
output, especially in the range the engine is the most used, i.e. above 9,000 RPM.

184



The 2014+ Formula One™ engine produces large amount of NOx because of its
high air mass flow. Nevertheless, thanks to its lean operation which also leads to
higher fuel conversion efficiency, the in-cylinder temperatures are reduced
leading to less NOx production than if operated at stoichiometric air/fuel ratios.
What Figure 5-48 suggests it that if the Formula One™ engine was scaled down
to produce similar power output to that of the F20C, it would also produce similar
amount of NOx.

Nevertheless, the big differences between a Formula One™ engine and a
conventional road engine is after-treatment systems. The latter can be fitted with
a range of different after-treatment systems depending on the engine type to
transform NOx into less harmful molecules via chemical reactions.

On the contrary, the Formula One™ engine emits directly into the atmosphere
the NOx it produces. After-treatment systems are not a really viable solution for
Formula One™ due to the increase weight and the additional back pressure
created by such system which limits the engine efficiency as it compromises its
breathing. For Formula One™ engines, the solution to reduce NOx must come
from the combustion directly.

The NOx formation mechanism being highly influenced by temperature to initiate
dioxygen dissociation to start the reaction process, the combustion temperature
must be reduced to decrease NOx but without compromising combustion and thus
fuel conversion efficiency.

5.6 Conclusions on the insights brought by the 2014+ Digital
Twin

By removing its special features (high compression ratio, high dilution, pre-
chamber ignition system, direct injection, asymmetric valve profile, MGU-H,
unconventional waste gate use) from the 2014+ Digital Twin to obtain a baseline
engine model and then progressively adding them back until the 2014+ Digital
Twin was built back up, this chapter explained from a scientific point of view the
impact of each solution on performance and the thinking behind their adoption by
the engine manufacturers. The pre-chamber ignition system is very important as
it allows reliable and rapid lean combustion, but the enabling technology is direct
injection.

Two engine operating modes are proposed in this chapter with different waste
gate use, either closed or open. Both modes are extremes and showed what is
possible if recharging or maximum performance are the main objectives. These
modes also demonstrate the importance of the engine being part of a wider
system, the Power Unit. This can either be used to improve engine efficiency
further or the engine can be used to contribute maintaining the energy storage
system state of charge high.

The analysis of the 2014+ Formula One™ Digital Twin was then pushed further
by investigating its behaviour from the second law of thermodynamics, i.e.
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exergy. Despite resulting in more entropy creation, the lean mixture used by this
engine allows the engine to operate at high pressure and low temperature
resulting in less exergy loss under the form of heat and a higher fraction of the
fuel exergy being converted into useful work.

It was shown that the fuel flow shape imposed by the regulations has several
impacts on the engine operation. Engine peak power is achieved around
10,500 RPM, speed at which the fuel flow limit is reached, before progressively
decreasing because of power output being limited by the limited fuel flow,
increasing friction losses and decreasing air/fuel ratio to maintain combustion
stability at high speed. This results, in addition to the 8-gear gearbox and to the
specific use of a Formula One™ engine (most of the time at 0 or 100% load), in
the engine being for most of a lap used in a very narrow engine speed window
located around peak power.

Accordingly, the compressor spends most of the lap is a narrow zone of its map
which can be optimised to correspond to the highest efficient zone of the
compressor map.

Finally, it was shown that despite the 2014+ Formula One™ engine producing
large amount of NOx compared to a conventional gasoline engine, if power output
is considered, the specific NOx production of both engines is similar thanks to the
high dilution used in the 2014+ Formula One™ engine which limits in-cylinder
temperature and thus O2 dissociation.
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6 Assessment of the impact of the 2026 Formula One™
Power Unit regulations on engine performance

As explained in Chapter 1, new Formula One™ Power Unit will be introduced in
2026 [15] with an unchanged engine architecture but the MGU-H being removed,
the MGU-K power being raised from 120 to 350 kW, a reduced fuel flow limit now
expressed in terms of energy rather than mass and advanced sustainable fuels.

The aim of this Chapter is to assess the impact on engine performance of these
new regulations and investigate how these changes can bring opportunities for
the engine manufacturers to modify the behaviour of their engine and further
improve fuel conversion efficiency of these fuel-limited engines.

6.1 Evaluation of the performance differences between the
2014+ and 2026 Formula One™ Power Unit Regulations

To enable easy assessment of the differences between the 2014+ and 2026
Formula One™ regulations, both steady-state models presented in Chapter 4,
and whose detailed input dataset are described in Appendix C, are used. As the
2026 engines are currently under development, the information about their
geometry, operating conditions or output performance are not yet known.
Chapter 4 discusses the choices that had to be made regarding the 2026 engine
model input dataset and this chapter aims at giving a look at engine performance
prediction. The term ‘Digital Twin’ is not used for the 2026 engine model as it did
not benefit from any input or feedback from the industry regarding its input dataset
or performance predictions considering that the 2026 Formula One™ engine is
currently being developed by the Power Unit manufacturers.

The performance of the 2026 Formula One™ engine model will be compared to
that of the 2014+ Digital Twin in CWG (Closed Waste Gate) mode. This is the
most efficient mode and is more representative of the 2014+ Formula One™
engine operation as the OWG mode is only usable for short periods. Unless
explicitly mentioned, the comparison between the 2026 model and the 2014+
Digital Twin is done with the CWG recharge mode.

For the engine operation in steady-state conditions, the biggest difference
between both regulations comes from the fuel flow limit. As stated, the fuel flow
limit went from a mass flow limit to an energy flow limit. Fuel suppliers have some
liberty regarding their fuel energy density but the regulations state lower heating
value Q,, must be between 38 and 41 MJ/kg. As maximising this value will result
in less fuel to carry onboard, 41 MJ/kg is the value selected for the 2026 engine
model.
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Using the information for the 2014+ regulations and that of the 2026, the fuel
flows can be compared (Figure 6-1):
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Figure 6-1 - Fuel mass and energy flow - 2014+ vs 2026 comparison

The fuel energy flow limit of 3000 MJ/h with a 41 MJ/kg Q,,,;, results in a significant
reduction in fuel mass and energy flows compared to that of the 2014+ engine.
The mass flow is reduced by 26.8% and the energy flow by 31.8%. Only
considering this factor, if the fuel conversion efficiency of the 2026 engine is kept
at the same level to that of the 2014+ Digital Twin, the engine output performance
will inevitably be reduced by a similar order.

As afirst approach, both engines are simulated at the same air/fuel ratios to allow
the analysis of the fuel flow reduction effect on the engine behaviour (Figure 6-2).
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Figure 6-2 - Lambda evolution with engine speed - 2014+ vs 2026 comparison

Figure 6-3 shows the performance evolution between both sets of regulations. As
expected with the reduced fuel flow mass, output torque and power are
significantly reduced. In average, BMEP, torque and power have decreased by
31.3% which corresponds to the reduction in fuel energy flow. However, by
considering the maximum brake power possible with 2014+ Digital Twin in CWG
power mode, the decrease reaches 35.9% as the 2026 engine is not capable of
exploiting the exhaust enthalpy to directly increase the engine power output (not
MGU-H and thus no energy link between the MGU-H and MGU-K) with its
conventional turbocharger.

As the geometry of the engine is unchanged, i.e. swept volume, camshafts,
combustion chamber (bore and stroke) and effective compression ratio are the
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same for both engine models, the reduction in BMEP for 2026 demonstrates that
less power is produced from the same volume and that the 2026 engine is less
stressed than its 2014+ counterpart. The engine is now closer to more
conventional high-performance road car engine BMEP level. For instance,
Honda’s K20C1 engine featured in the Honda Civic Type R yields 21.75 bar
BMEP [174].
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Figure 6-3 — BMEP (top left), torque (top right) and power (bottom) curves — 2014+ vs 2026 comparison

As for the 2014+ Formula One™ engine, the constant fuel flow limitimposed from
10,500 RPM limits the power production of the 2026 Formula One™ engine and

results in a decrease as higher engine speeds are reached because of the higher
friction losses.
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Figure 6-4 — Peak in-cylinder pressure and temperature curves — 2014+ vs 2026 comparison

Figure 6-4 further demonstrates that the stress on the 2026 engine has been
reduced compared to that of the 2014+ engine. As both engines are operating at
similar level of dilution and as their fuels are close in composition (2026 fuel: 80%
2014+ fuel + 20% ethanol), the peak in-cylinder temperatures are close.
However, again, due to the reduction in fuel mass flow, the peak in-cylinder
pressures are reduced by about 30%, going from 300 to 205 bar. This is a very
significant change.
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As explained in Chapter 5, the optimisation of the combustion process for the
2014+ Formula One™ engine is constrained by the engine being pressure
limited. For the 2026 Formula One™ regulations, as the pressures are greatly
reduced, there is room for the combustion to be pushed further as an increase in
in-cylinder pressure will not result in the engine exceeding its material mechanical
limits. This opens a lot of possibilities for engine manufacturers.

In terms of effective efficiency (Figure 6-5), both engines operate in the same
range with values varying between 42 and 45%. Peak efficiencies are achieved
at different engine speeds, but it must be remembered that the 2014+ Digital Twin
breathing capacity in CWG mode is limited due to high exhaust back pressure.
However, on the contrary to the 2014+ Digital Twin, the 2026 model cannot
benefit from the efficiency boost linked to the use of an MGU-H (47.9 peak
effective efficiency for the 2014+ Digital Twin in CWG power mode).
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Figure 6-5 - Effective efficiency and BSFC curves - 2014+ vs 2026 comparison

As shown in Figure 6-6, the internal volumetric efficiency and pressure ratio
across the engine are much more favourable for the 2026 engine than for the
2014+ Digital Twin. This is due to the different operation of the waste gates
between both engines. As it features a conventional turbocharger, the 2026
Formula One™ turbine swallowing capacity is not selected to be able to swallow
the whole engine mass flow but is chosen to prioritise torque at median engine
speed and reduce turbo lag meaning that its waste gates are used to divert a
fraction of the exhaust flow at higher engine speed to prevent back pressure build
up.
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Figure 6-6 - Internal volumetric efficiency and pressure ratio across the engine curves - 2014+ vs 2026
comparison

If compared to the OWG mode of the 2014+ Digital Twin which is not limited by
back pressure, both engines achieve peak efficiency at 10,500 RPM, i.e. when
the fuel flow limit is reached. Nevertheless, the OWG mode of the 2014+ Digital
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Twin yields a higher efficiency (47.3% maximum) thanks to higher in-cylinder
pressure and even lower pumping losses because of the lower back pressure.

With the presence of the MGU-H in the 2014+ Digital Twin, extreme turbocharger
operating modes are possible (OWG and CWG) and lead to extreme values of
exhaust back pressure, respectively very low and very high. The removal of the
MGU-H for the 2026 Formula One™ regulations means that the conventional
turbocharger is used with a conventional wate gate operation. By doing so, the
pressure ratio across the 2026 engine model is relatively constant and in between
that of the two modes of the 2014+ Digital Twin.

Despite similar effective efficiency levels (as the 2014+ Digital Twin CWG
recharge mode is considered), the 2026 engine’s BSFC is higher than that of the
2014+ Digital Twin in CWG mode (Figure 6-5). This difference does not result
from a difference in the engine operation but a difference in fuel properties. As
the 2026 engine model is modelled with a 41 MJ/kg fuel lower heating value
against 44 MJ/kg for the 2014+ Digital Twin, similar efficiency results in higher
BSFC as the fuel contains less energy.

As the 2026 engine model is simulated at the same dilution level as the 2014+
Digital Twin and because of the fuel flow reduction, the required air mass flow is
also reduced as demonstrated in Figure 6-7. Combined with the internal
volumetric efficiency being better than that of the 2014+ Digital Twin (Figure 6-6),
lower boost pressures are required from the compressor to reach the target
air/fuel ratios.
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Figure 6-7 - Air mass flow (top left), boost pressure (top right) and compressor power (bottom) curves -
2014+ vs 2026 comparison

As a consequence, the power required by the compressor to supply the engine
with the right air mass flow at the target pressure is significantly reduced
compared to the 2014+ Digital Twin (-58.7%).
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Regarding boost pressure, the 2026 Formula One™ regulations [15] impose a
maximum engine inlet air pressure of 4.8 bar absolute. This limit is very different
from the predictions made by the AVL Boost™ engine model created for this
project (Figure 6-7). The engine is very unlikely to be so significantly different to
the 2026 model presented here that an additional 2 bar boost pressure is required
for its operation. Considering the reduced fuel flow, that would lead to air/fuel
ratios way beyond the operating limit of a passive pre-chamber and even with a
low volumetric efficiency, this level of boost during normal operation is unlikely
for steady state operation.

However, the transient operation of the engine might lead to the turbocharger
producing higher pressure, thus maybe justifying the boost pressure limit
imposed by the regulations.

Compared to the 2014+ Formula One™ engine, a smaller turbine will be
allowable for the 2026 regulations due to the different turbocharger philosophy.
As the 2026 Formula One™ engine does not feature an MGU-H to absorb excess
turbine power, the compressor and turbine powers must be balanced, and the
turbine is not required to be able to swallow the whole engine mass flow. The
objective for the 2026 turbine is to have the smallest turbine capable of supplying
enough power for the compressor to minimise the turbocharger rotor moment of
inertia and thus turbo lag which will be very important for on-track performances.
Nevertheless, the 2026 Formula One™ regulations set a window for the different
dimensions of the turbocharger rotor (wheel and inducer diameters and maximum
distance between compressor and turbine)

In addition, as shown in Figure 6-6, the opening of the waste gates at high engine
speeds will limit back pressure build up and improve engine breathing.

The reduction in fuel flow also influences engine heat rejection (Figure 6-8). As
previously observed with Woschini heat transfer coefficient model (Equation 5-6),
the reduced in-cylinder pressures observed in Figure 6-4 result in lower heat
transfer coefficient. Combined with the fact that less energy is released during
the combustion due to the reduced fuel flow, the cooling losses of the engine are
also significantly reduced.

The operation of compressor for the 2026 Formula One™ regulations demands
lower air mass flow and lower boost pressures. At equivalent compressor
efficiency, the compressor outlet temperature will be lower for the 2026 engine
than that of the 2014+ Digital Twin due to the lower boost requirements.
Combined with lower air mass flow, the intercooler load is reduced by more than
half (-60.6%).

When compared with that of the 2014+ Digital Twin, the 2026 engine model
cooling load (engine + intercooler) is significantly reduced. A reduction in cooling
losses is an advantage as it results in less air mass flow requirements for the
different heat exchangers placed on the car and thus less drag.
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transfer coefficient (bottom) curves - 2014+ vs 2026 comparison

Nevertheless, it must be highlighted that this research project only focuses on the
internal combustion engine. As the MGU-K power and Energy Storage size will
be increased in the 2026 Formula One™, their cooling needs will also go up.
However, considering the efficiency of electric systems, which is much higher
than that of an ICE, it can be assumed that the total cooling needs of the 2026
Formula One™ Power Unit will decrease. As stated previously, this leads to less
drag but also a lighter cooling system.

As discussed in Chapter 5, the NOx production of an engine is directly related to
its air mass flow. As the air mass flow will be reduced, the absolute NOx
production of the 2026 Formula One™ is also expected to decrease, as
suggested by Figure 6-9.
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Figure 6-9 - Absolute and specific NOx production - 2014+ vs 2026 comparison

As observed in Figure 6-4, the fact that both engines are operating at similar
air/fuel ratios results in similar in-cylinder temperatures. Because NOx production
is significantly influenced by temperature, when the specific NOx production is
considered, both the 2014+ and 2026 engine models produce similar specific
emission levels.
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As seen in Figure 6-3, the fuel flow reduction leads to reduced output
performance for the 2026 Formula One™ engine model. To compensate for this
loss of thermal power, the output MGU-K power has nearly been tripled compared
to the 2014+ Formula One™ regulations (120 vs 350 kW). Figure 6-10 shows the
total power unit power and torque (ICE + MGU-K) for both regulations in their
maximum Power Unit performance mode.

For the 2014+ Digital Twin, this corresponds to the OWG mode plus the 120 kW
MGU-K whereas for the 2026 engine model, it is represented by both the engine
and the MGU-K being operated at full load.

Due to its very high power (350 kW), because all the electric energy used by the
Power Unit comes from regeneration only (i.e. indirectly from fuel energy) and
because the amount of energy available around a lap is reduced, the 2026 MGU-
K will have to be used carefully to ensure that the ES state of charge is kept at a
reasonable level, ensuring that it can be used when it matters the most (at the
beginning of an acceleration, in the limit of tyre grip), throughout the lap / race.
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Figure 6-10 - Total power unit power and torque curves (ICE + MGU-K) - 2014+ vs 2026 comparison

This is why the 2026 PU operating at full load on both the engine and MGU-K is
not believed to be a sustainable mode for a whole race but on the contrary is a
maximum performance mode as is the OWG mode for the 2014+ Digital Twin.

According to the 2014+ Digital Twin and 2026 model predictions, the total Power
Unit maximum performances for the 2026 Formula One™ regulations will be
higher than that of the 2014+ (724.7 vs 698.1 kW).

The most significant difference comes for the low engine speed performance
thanks to the higher MGU-K torque and power available at low speeds.

Regarding peak power, the difference can be explained by the engine models
predicting an ICE power reduction of 203 kW because of the 31.8% fuel energy
flow reduction, whereas the MGU-K power increases by 230 kW.

As for the 2014+ Digital Twin, energy and exergy analyses were conducted on
the 2026 engine model, average results are shown in Figure 6-11 and
Figure 6-13.
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Figure 6-11 - Average energy distribution - 2014+ vs 2026 comparison

The first thing that can be noticed is that both engines have similar distributions
which is not very surprising considering that they both are fuel-limited engines
and are running at the same air/fuel ratios. Nevertheless, as shown in Figure 6-12
for 10,500 RPM, when the energy distribution is looked at in terms of power rather

than percentage of fuel energy, the values referring to the future engine
generation are lower.
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Figure 6-12 - Energy distribution at 10,500 RPM - 2014+ vs 2026 comparison

Focusing on the energy distribution, the 2026 engine is slightly more efficient
(+0.3 percentage point) on average than its 2014+ counterpart. As seen in
Figure 6-5, the effective efficiency is lower at low engine speed but is better at
high speed thanks to its better breathing capacity resulting in this small average
efficiency improvement.

The friction losses of the 2026 engine accounts for a higher percentage of the
fuel energy suggesting that, with the friction model employed for these models,
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friction predictions do not evolve linearly with power output. The 2026 engine
shares the same geometry as the 2014+ Digital Twin for which there are inherent
friction losses, which represent a fraction of total friction losses and do not depend
on the engine operation, just on geometry. Thanks to lower in-cylinder pressures,
total friction losses (inherent + operational) reduce (-16.6% at 10,500 RPM) but
the reduction is smaller than that of the fuel energy flow (-31.8%) due to the

inherent friction losses, leading to total friction losses corresponding to a higher
fraction of the fuel energy.

Similarly, despite reduced cooling losses (Figure 6-8 and Figure 6-12), a higher
proportion of the fuel energy goes into the cooling system for the 2026 engine
compared to the 2014+ Digital Twin. Again, the engine geometry is the same, so
the heat transfer surface area is unchanged. Because both engines operate at
similar dilution level, the temperature difference between the mixture and the
combustion chamber wall is almost unchanged. The difference thus comes from
the evolution in heat transfer coefficient (Equation 6-1: Woschini heat transfer
coefficient model, previously shown as Equations 2-1, 3-4 and 5-6).

h, =3.2X B7%2 x p%8 x 77055 x (08 (6-1)

Between the two engines, all parameters of Equation 6-1 are unchanged except
for the pressure. The peak in-cylinder pressure (Figure 6-4) reduces by 33.1% on
average but because of the 0.8 exponent in Woschini model, the heat transfer
coefficients only decrease by 28.8% which explains why the heat losses

represent a higher fraction of the fuel energy for the 2026 engine model than for
the 2014+ Digital Twin.

As the residual energy is the same for both models (Figure 6-11) and because of
the discussed variation on power, cooling losses and friction, the amount of
energy going into the exhaust gases is reduced for the 2026 engine.
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Figure 6-13 - Average exergy distribution - 2014+ vs 2026 comparison
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Regarding the exergy distribution (Figure 6-13), the observations are very similar
to that of the energy analysis. It can be highlighted that the 2026 engine model
destroys a higher fraction of the fuel exergy. First, for this exergy analysis, it was
considered that the fraction of exhaust flow diverted from the turbine (using the
turbine to total parameter presented in Chapter 4) is destroyed exergy as it will
not go through the turbine to be recovered and second, as discussed previously
for the energy analysis, most of the losses have less decreased than the fuel
exergy thus representing a higher percentage.

Table 6-1 shows a summary of the relative evolution between the 2014+ and
2026 Formula One™ regulations:

Average relative evolution between the 2014+

Parameters (2014+ Digital Twin in CWG mode) and 2026
Formula One™ regulations (%)

Fuel mass flow
Fuel energy flow

Air mass flow

Engine power

Total PU peak power

BMEP

FMEP

Effective efficiency

BSFC
Engine cooling losses
Intercooler load
Exhaust enthalpy
Internal volumetric efficiency
Pressure ratio across the engine
Boost pressure
Compressor power

Peak in-cylinder pressure

-26.8
-31.8
-33.1

-31.3 (in CWG recharge mode)
-35.9 (in CWG power mode)

+3.8

-31.3 (in CWG recharge mode)
-35.9 (in CWG power mode)

-8.7

+0.7 (in CWG recharge mode)
-6.0 (in CWG power mode)

+6.6
-27.6
-60.6
-34.9
+8.6
-18.6
-35.8
-58.7

-33.1



Average relative evolution between the 2014+

Parameters (2014+ Digital Twin in CWG mode) and 2026
Formula One™ regulations (%)

Absolute NOx production -45.8
Specific NOx production -21.1
Average destroyed exergy fraction +6.0

Table 6-1 - Average relative evolution between the 2014+ and 2026 Formula One ™ regulations

6.2 Effect of combustion characteristic modifications on engine
performance and assessment of the most effective parameter
to increase fuel conversion efficiency

As seen in Figure 6-4 of Section 6.1, the in-cylinder pressures of the 2026
Formula One™ engine are significantly reduced compared to that of the 2014+
Digital Twin, thus the engine is not pressure-limited any more.

As discussed in Chapter 5, the fact that the 2014+ Formula One engine is running
at its mechanical limits, 300 bar is reached (when the connecting rod deformation
Is not accounted for), means that the combustion cannot be pushed further at the
risk of increasing even more the peak in-cylinder pressure and exceeding
reliability limits. But as the 2026 Formula One™ will not face the same limit,
opportunities to enhance the fuel energy conversion into work via the combustion
are created.

It was observed in Chapter 5 that increasing compression ratio is an effective way
to increase in-cylinder pressures and efficiency. Nevertheless, the 2026 engine
proposed here is already running with a 16:1 compression ratio which is the
maximum allowed by the 2026 Formula One™ Power Unit regulations [15].

The fuels used for the 2026 Formula One™ regulations will be fully engineered
meaning that chemical engineers will try to adapt the composition of their fuel to
influence the combustion process in a specific way. If using Ansys Chemkin for
the investigations of interests for this Thesis had been possible, looking at the
influence of different fuel composition on combustion properties would have been
one of the objectives.

However, using AVL Boost™, it is possible to assess how to improve the fuel
conversion process by modifying key parameters, namely start of combustion
(also referred to as combustion advance), combustion duration and air/fuel ratio.

The idea behind the study presented in this section is to quantify the impact of
the aforementioned parameters on the 2026 Formula One™ engine
performances. By doing so, it will be possible to identify the main levers to
improve performances and emissions without modifying the engine geometry and
assess the potential avenues that engine manufacturers might follow to improve
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their engine efficiency by taking advantages of the reduction in peak in-cylinder
pressure. In addition, the study will highlight the trade-offs required to reach
higher fuel conversion efficiency.

To quantify the impact of each parameter, three sets of simulations were run, in
which only one parameter is changed at the time. The values investigated for all
three parameters are:

- Start of combustion (SoC): [-10, -5, -3, -1, 5] °CA ATDC,
- Combustion duration (DOC): [30, 35, 41, 45, 50] °CA,

- Lambda evolution: [-0.1, -0.05, 0, +0.05, +0.1] compared to the lambda
evolution shown in Figure 6-2. The shape of the rate-of-heat-release
(ROHR) curve is kept constant for all cases.

Based on simulations run with these settings, the average impacts over all engine
speeds on key performance indications of reference changes (+1 °CA
combustion advance, -1 °CA combustion duration, +0.05 lambda evolution) are
calculated and reported in Figure 6-14. As in Chapter 3, the results are presented
using a spider diagram. Some axes are reversed, the green zone showing an
improvement when the studied changes are applied and the contrary for the red
zone.

The performance indicators shown in Figure 6-14 will be discussed clockwise.
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Figure 6-14 - Average impact of combustion advance, combustion duration and lambda evolution on the
2026 Formula One™ engine performances
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As shown by the power and effective efficiency axes, all three reference
modifications lead to improved output performances which is not surprising as
they have been chosen to do so.

Increasing lambda is the modification that yields the best improvement, 2.8 and
5.7 times greater for the power increase than that of the combustion advance
increase and combustion duration decrease respectively.

Nevertheless, the lambda increase case has only the second highest peak in-
cylinder pressure increase. All modifications take advantage of the reduction in
in-cylinder pressure between the 2014+ and 2026 Formula One ™ regulations but
this shows that the efficiency improvement is not only linked to the pressure
change.

Regarding the predictions for octane number requirements, increased
combustion advance and lambda evolution result in higher required knock
resistance. The higher dilution needs the highest increased in octane number as
the charge is also exposed to higher pressure during the combustion stroke
whereas higher pressures are only faced during the combustion event when the
combustion advance is increased. On the contrary to the two other parameters,
the reduction in combustion duration results in lower octane number need as the
charge is burnt faster, i.e. the unburned mixture is exposed to spontaneous
ignition prone conditions for a shorter period.

As observed in Chapter 5, increasing mixture dilution helps to keep in-cylinder
temperature under control. This explains why the NOx production of the 0.05
lambda increase case is reduced meanwhile that of the two other cases are
increased due to higher temperatures reached during the combustion event.

It was previously mentioned when looking at peak in-cylinder pressure that
efficiency increase is not only linked to higher pressures, and this is because
cooling losses are also of importance. As observed in Chapter 5 when conducting
exergy analysis, higher air/fuel ratios result in higher exergy destruction during
combustion but overall yield higher efficiency because of reduced losses to the
cooling systems or to the exhaust, which is also shown in Figure 6-14.

By increasing combustion advance or decreasing combustion duration,
in-cylinder temperatures are raised which, as demonstrated by Dunbar et al. [43],
leads to lower exergy destruction during the combustion event as the heat
transfer between the species within the combustion chamber occurs at higher
temperature but the benefits of this non exergy destruction is balanced by the
higher heat transfer to the coolant and the higher exhaust enthalpy.

Finally, to enhance effective efficiency, the increased dilution case requires more
air to be trapped in the cylinders, i.e. higher boost pressures, which increases the
compressor power demand that must be met by the turbine. In addition, the load
on the intercooler will be increased by 2.7 kW on average, due to the higher mass
flow, which outweighs the reduction in cooling losses. The two other investigated
changes operate at unchanged air/fuel ratios, so the compressor power is also
constant.
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An exergy analysis was carried out on engine models featuring the modifications
studied in Figure 6-14. The results of this analysis are shown in Figure 6-15.
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Figure 6-15 - Average exergy repartition of reference combustion advance, combustion duration and
lambda evolution modifications compared to the reference 2026 engine model

All modified cases are close to the reference case which is unsurprising
considering that they only result in small efficiency improvements as shown at the
“brake power” abscissa. Due to the small in-cylinder pressure changes, the
friction losses are the same for all cases. Thanks to the lower in-cylinder
temperature, the increased lambda evolution case loses less exergy to the
cooling system but slightly more to the exhaust compared to the reference case
because of the higher mass flow. Despite the higher entropy creation during
combustion, this case yields the lower overall exergy destruction thanks to the
lower temperatures which limit heat transfer and promotes work production.

The modifications on combustion duration and advance do not result in as large

an improvement because of higher in-cylinder temperatures which promotes heat
transfer and losses to the exhaust.

However, the reference modifications studied in Figure 6-14 do not yield the same
performance improvement making difficult to quantify their effectiveness in
increasing efficiency. Thus, to complete the study, the results from Figure 6-14
are used to calculate “exchange rates”, i.e. by how much each parameter must
be modified to reach a 1 percentage point effective efficiency improvement and

what are the consequences on the other engine outputs. The exchange rates are
shown in Figure 6-16.
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Effective efficiency increase by 1%

Advantage / Cost
Peak .
- ) Octane number ; Cooling Compressor
in-cylinder ) NOx production
requirement losses power
pressure
Modification
Parameter P [bar] [-] [kg/h] [kW] [kW]
Combustion advance
(deg CA) 9.51 58.1 10.4 1.7 15.8 0.0
Combustion duration
(deg CA) -19.22 449 2.3 1.1 7.5 0.0
Lambda evolution (-) 0.16 12.3 5.7 -1.3 -3.8 9.8

Figure 6-16 - Exchange rates to improve effective efficiency by 1 percentage point using combustion
advance, combustion duration and lambda evolution

The values shown in Figure 6-16 should not be considered as the exact results
that would be observe on a real engine if the calculated modifications were
applied. Indeed, the results displayed in Figure 6-14 and used for the exchange
rates are only valid for the range of parameter values tested here and are average
values which do not model the non-linear evolution of engine performance with
the modification of the input dataset. However, such an analysis is interesting to
assess which of the three investigated parameters is the most effective lever to
improve engine efficiency.

According to Figure 6-16, to reach a 1 percentage point effective efficiency
increase, combustion advance must be increased by 9.51 °CA but does not
improve any of the other parameters of interest. By further advancing combustion
start, the peak in-cylinder pressure is significantly increased (~+25%) which is
acceptable because the engine does not operate close to its pressure limit but
the higher the pressures, the higher the engine stress and the more concerns for
reliability. As previously mentioned, increasing combustion advance leads to
higher temperatures resulting in higher octane number requirement, NOx
production and cooling losses.

As the calculations are based on average value, the 9.51 °CA proposed here is
over-estimated as combustion advance does not have a linear effect on effective
efficiency. In addition, the simple “exchange rate” method used here shows its
limit as a 9.51 °CA increase results in a -10.51 °CA ATDC combustion start which
is not realistic as the engine model run with a -10 °CA ATDC combustion start for
the creation of Figure 6-14 proved to yield lower performance than the -5 °CA
ATDC case. In reality, the 1% efficiency improvement would be achieved by a
value between -10 and -5 °CA ATDC.

However, the “exchange rate” analysis showed that a significant increase in
combustion advance is required to improve effective efficiency by 1 percentage
point and that it is accompanied by a large increase in in-cylinder pressure, in
octane number requirement from the fuel and in cooling losses.

Regarding combustion duration, it must be decreased by 19.22 °CA for effective
efficiency to be increased by 1 percentage point. The consequences of this
modification are less harsh than that for the combustion advance modification but
still result in higher in-cylinder pressures, NOx production and cooling losses.
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However, the octane number requirement is reduced for the reasons previously
mentioned when looking at Figure 6-14.

Nevertheless, the 19.22 °CA reduction corresponds to the combustion duration
nearly being divided by 2 which seems rather unrealistic. The 41 °CA combustion
duration used for the engine models presented in this research work is already
lower than that of conventional gasoline engine thanks to the pre-chamber
ignition system. Further reducing the combustion duration will require a fuel with
a significantly higher laminar flame speed than conventional gasoline-like fuels,
like hydrogen [175].

Using higher dilution to improve effective efficiency by 1 percentage point
requires lambda to be raised by 0.16. This results in a relatively small in-cylinder
pressure increase, reduced cooling losses and NOx production but requires
higher fuel knock resistivity and higher compressor power. If higher compressor
power is needed, more energy must be recovered by the turbine which results in
higher back pressure. Increased air/fuel ratio also comes with higher intercooler
load. In addition, the potential modification of the Rate of Heat Release curve
shape with change in air/fuel ratios is not captured with the present study.

As seen in Figure 6-16, modifying the combustion properties (advance or
combustion) leads to higher efficiency but also to a much greater increase in
in-cylinder pressure compared to increasing dilution as it requires significant
modification to reach the 1 percentage effective efficiency improvement target. It
is costly to get performance out of solutions which increase in-cylinder
temperature. Despite not being pressure-limited, the lower in-cylinder pressure
of the engine, the lower the stress it faces, and the lighter components can be.

Even though combustion properties will be optimised to maximise the engine
effective efficiency and will be influenced by the level of dilution run on the engine,
this “exchange rate” analysis suggests that increasing air/fuel ratios is the most
interesting solution to pursue and is investigated in Section 6.3.

In addition, from the energy and exergy analyses conducted in Chapter 5,
increasing dilution seems an obvious solution to try for engine
manufacturers now that the engine is not pressure limited any more. It
leads to higher fuel conversion efficiency, reduce exergy lost to the cooling
system and maintain high exhaust enthalpy thanks to the increased mass
flow. However, increasing air/fuel ratio will be strongly linked to the
capacity to maintain reliable and efficient combustion using the passive
pre-chamber and the engineered fuel properties.

All three parameters investigated here are closely linked to the advanced
sustainable fuel properties that will be created by the Formula One™ fuel
suppliers. Combustion advance will depend on the fuel knock properties,
combustion duration on its laminar flame speed and increased dilution on most
of the fuel combustion properties (laminar flame speed, ignitability limit, mixing
properties for example). This shows the importance of fuel development for the
2026 Formula One™ regulations.
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6.3 Requirements for the 2026 Formula One™ engine to run at
A=1.6

As established in the previous section, increasing air/fuel ratio is an effective
solution to take advantage of the reduction in peak in-cylinder pressure between
the 2014+ and 2026 Formula One™ regulations to increase fuel conversion
efficiency. This section aims at quantifying what it would take engine
manufacturers to go fromA1 =1.4to0 1 = 1.6.

The value 1.6 has been chosen as it is reported in the literature to be the limit of
a passive pre-chamber [60]; [61] and as still only one injector is allowed per
cylinder by the future set of regulations, the engine will not switch to an active
pre-chamber that could extend this limit. In addition, it seems that A = 1.6 is the
target for some engine manufacturers [5].

As reported in Table 4-2, the fuel adopted for the 2026 model is an E20 which
matches relatively well the fuel characteristics described in the 2026 Formula
One™ regulations. Even though the composition of the 2026 fuels is likely to be
more sophisticated than that, Wouters et al. [176] showed that synthetically
produced gasoline blended with 20% ethanol in volume can successfully burn up
to A = 1.6 under the limit of IMEP variation, demonstrating that A = 1.6 seems to
be an acceptable target for the 2026 engine.

A = 1.4 and A = 1.6 refer to the maximum value reached in the lambda evolution
with engine speed. For this study, the lambda evolution of the 2026 engine model
presented in Section 6.1 (which is the same as the 2014+ Digital Twin) has been
raised by 0.2 for all engine speeds as demonstrated in Figure 6-17. Each engine
model will be referred to as their maximum lambda value in the following sections.

The study presented in this section looks at the requirements for the engine to
run at 1,,,, = 1.6 and what the consequences on the engine outputs are, but it is
assumed that the combustion process has been optimised accordingly. This
means that the combustion properties of the 4,,,, = 1.6 engine model are the
same to that of the reference engine. Despite the higher lambda, it is assumed
that the combustion duration can be kept constant using different fuel composition
(to influence laminar flame speed) and the pre-chamber ignition system to
maximise flame speed. As the pre-chamber technology will still be passive, the
ROHR curve is also kept the same.
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The first thing to look at when increasing lambda is the compressor. As shown in
Figure 6-18, because the fuel flow is the same for both investigated models and
because air/fuel ratio are raised, more air needs to be trapped in the cylinders.
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Figure 6-18 - Air mass flow (top left), boost pressure (top right), compressor power (bottom left) and
intercooler load (bottom right) curves — Amax = 7.4 vs Amax = 1.6 2026 engine models

In consequence and as the internal volumetric efficiency is relatively constant
(Figure 6-19), boost pressures also need to be increased leading to higher
compressor power, +12.8 kW in average which represents a relative increase of

37.1%.
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=1.6 2026 engine models

As mentioned in Section 6.2, higher air mass flow and boost pressure lead to
higher intercooler load. Going from A,,,, =14 to A,,,, = 1.6 requires an
additional 11.5 kW of heat (+39.1%) on average to be removed from the inlet air
mass flow using the intercooler.

With higher dilution, because the compressor demands more power, the turbine
must also recover more power. This means that the turbine must be more
restrictive, thus increasing the exhaust system pressure.

However, as shown in Figure 6-19, despite the back pressure increasing due to
the more restrictive turbine, as the inlet pressure is also raised to reach the target
air/fuel ratios, the pressure ratio across the engine and the internal volumetric of
both engine models are very similar.

This means that despite the increase in back pressure, the breathing capacity of
the engine is not significantly impacted. In addition, the pressure ratio across the
engine stays for all engine speeds below 1 meaning that the inlet pressure is
always higher than the back pressure, making it easier to transfer engine mass
flow from the inlet to the exhaust (i.e. minimising pumping losses).

As expected with the increased air/fuel ratios and as shown in Figure 6-20, the
performances of the engine have been raised. On average, the BMEP has been
increased by 0.58 bar and the power by 7.38 kW which represents a 2.3% relative
increase compared to the A,,,, = 1.4 model.

With this increase, the total peak power of the 2026 Formula One™ Power Unit,
i.e. when also considering the 350 kW MGU-K, goes up to 731.8 kW (981.3 hp)
compared to 724.7 kW for A4,,,, = 1.4.

The 2.3% relative increase in BMEP and power is logically also observed for the
effective efficiency which represents a 1 percentage point increase. It is
interesting to compare this observation to the “exchange rate” analysis conducted
in Section 6.2. The analysis predicted that a 0.16 increase in lambda was
necessary to increase effective efficiency by 1 percentage point. The 1,,,, = 1.6
engine model presented here shows that the increase must be slightly higher, i.e.
0.2.
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This shows once more that the “exchange rate” analysis cannot capture all the
engine performance non-linear evolution with changes in input dataset with a
prediction 20% off the actual necessary value.

Despite the average effective efficiency increase being 1 percentage point, it can
be observed in Figure 6-20 that the increase is higher at low engine speed than
at high speed. This can be understood by considering Figure 6-21 which shows
the evolution of indicated efficiency with lambda for an Otto cycle (idealised
constant-volume combustion cycle). As lambda increases, efficiency keeps
increasing but at a slower rate.

As the air/fuel ratios used at low engine speed are lower than that at high speed,
the same increase in lambda will have greater impact on performance at low
engine speed as confirmed here, with the A,,,, = 1.6 engine model simulation
results.
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Figure 6-21 - Otto cycle indicated efficiency evolution with lambda
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As discussed in Section 6.2, the idea of increasing air/fuel ratio is made possible
thanks to the 2026 Formula One™ engine not being pressure-limited any more.
As shown in Figure 6-22, peak in-cylinder pressures are raised by 14.3 bar in
average in consequence of higher air/fuel ratios. In addition, the higher dilution
means that the combustion heat is diluted in a bigger mass leading to lower peak
in-cylinder temperature by 158.6 K on average.
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Figure 6-22 - Peak in-cylinder pressure and temperature curves — Amax = 7.4 vs Amax = 1.6 2026 engine
models

The ability to operate at higher pressure while reducing temperature is the

strength of high dilution as it minimises heat transfers and maximises work
production.

The reduction in heat transfer through the combustion chamber wall is shown in
Figure 6-23 alongside the evolution of exhaust enthalpy flow. On average, cooling
losses are reduced by 3.87 kW. However, as mentioned when looking at
Figure 6-18 and compressor behaviour, the intercooler load has increased by
11.5 KW by switching from A,,,, = 1.4 to 4,,,, = 1.6. Overall, running at higher
air/fuel ratios will increase the cooling needs of the 2026 Formula One™ engine.
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Figure 6-23 - Cooling losses and exhaust enthalpy flow curves — Amax = 7.4 vS Amax = 1.6 2026 engine
models

Interestingly, the exhaust enthalpy flow is very similar for both dilution levels.
Despite the lower exhaust temperature, the higher air mass flow of the 4,,,, =
1.6 case keeps exhaust enthalpy flow high.

This observation is important considering that the turbine must recover more
power from the exhaust gases to allow the compressor to provide higher air mass
flow to the engine. The turbine must recover more energy from a similar energy
flow which justifies the need for a more restrictive turbine. If the enthalpy would
have decreased, the turbine would have to be even more restrictive with a penalty
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in back pressure. The opposite would have been true if exhaust enthalpy had
increased.

Another consequence of the lower in-cylinder temperature thanks to the higher
dilution is the reduction in NOx production, both absolute and specific, by over
70% for both (Figure 6-24). With the future of the sport being focussed on
sustainability, implementing regulations which promotes higher dilution to
achieve higher performances seems an efficient solution to meet both higher
efficiency and lower emissions objectives even if engine manufacturers are solely
focussed on performances.
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Figure 6-24 — Absolute and specific NOx production — Amax = 1.4 vs Amax = 1.6 2026 engine models

As for the previously investigated engine models, energy and exergy analyses
were conducted on the A,,,, = 1.6 case and compared to the A,,,, = 1.4 results
in Figure 6-25 and Figure 6-26:
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Figure 6-25 — Average energy distribution — Amax = 1.4 vs Amax = 1.6 2026 engine models

The energy distribution is a summary of what has been observed previously in
this section. The engine running at A,,,, = 1.6 is more efficient, i.e. a higher
fraction of the fuel energy is converted into brake power. Friction losses does not
evolve as in-cylinder pressures of both models are different but not significantly,
the increase in air/fuel ratio results in the lowest pressure increase for the same

efficiency improvement as suggested by the “exchange rate” analysis in
Section 6.2.
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The lower in-cylinder temperatures lead to a reduction in losses to the cooling
systems but thanks to the higher engine mass flow, the exhaust enthalpy is
slightly increased in average.
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Figure 6-26 - Average exergy distribution — Amax = 1.4 vs Amax = 1.6 2026 engine models

From an exergy point of view, the high dilution case is also the most efficient and
friction losses are equivalent for both engine models. Interestingly, the available
work of the exhaust gases for the 4,,,, = 1.6 case is lower than that of the 1,,,,, =
1.4 which is the opposite of the energy point of view. This is due to the lower
temperature of the exhaust gases when air/fuel ratios are increased, resulting in
heat transfers occurring at lower temperature and thus being less efficient from
the second law of thermodynamics perspective.

However, thanks to the lower in-cylinder temperatures, heat transfers to the
cooling systems are limited, thus reducing the exergy lost there.

On average, both levels of dilution destroyed similar fraction of fuel exergy. By
increasing air/fuel ratios, combustion irreversibility is raised but higher pressures
are reached, a larger fraction of the fuel exergy content is converted into useful
work and the lower temperature reduces exergy losses to the cooling systems.

Table 6-2 shows the relative differences between the 2026 Formula One™
engine model running at 4,,,, = 1.6 and the same engine running at A,,,, = 1.4
but also the differences with the 2014+ Digital Twin operating in CWG mode.

Average relative evolution

between the 2014+ (2014+

Digital Twin in CWG mode)
and 2026 engine model
running at Amax = 1.6 (%)

Average relative evolution
between the 2026 engine

FEICILCUEE model running at Amax = 1.4

and Amax = 1.6 (%)

Fuel mass flow N/A -26.8

Fuel energy flow N/A -31.8
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Average relative evolution

between the 2014+ (2014+

Digital Twin in CWG mode)
and 2026 engine model
running at Amax = 1.6 (%)

Average relative evolution
between the 2026 engine

PRI model running at Amax = 1.4

and Amax = 1.6 (%)

Air mass flow +14.7 -23.3
: -29.8 (in CWG recharge mode)
Engine power +2.3 ;
-34.4 (in CWG power mode)
Total PU peak power +1.0 +4.8
-29.8 (in CWG recharge mode)
BMEP +2.3 _
-34.4 (in CWG power mode)
FMEP +0.5 -8.3
; - +3.0 (in CWG recharge mode)
Effective efficiency +2.3 :
-3.8 (in CWG power mode)
BSFC -2.2 +4.2
Engine cooling losses -6.7 -32.5
Intercooler load +39.1 -45.2
Exhaust enthalpy +0.7 -34.5
Internal volumetric efficiency +0.1 +8.7
Pressure ratio across the engine +3.1 -17.0
Boost pressure +15.2 -26.1
Compressor power +37.1 -43.5
Peak in-cylinder pressure +7.5 -28.1
Absolute NOx production -70.4 -84.0
Specific NOx production -71.1 -77.1
Average destroyed exergy fraction -0.8 +5.2

Table 6-2 - Average relative evolution between the 2026 engine model running at Amax = 1.6 compared to
the same model running at Amax = 1.4 and the 2014+ Digital Twin in CWG mode

6.4 Conclusions on the impact of the 2026 Formula One™
Power Unit regulations

This chapter investigated the impact on engine performance of the transition
between the 2014+ and the 2026 Formula One™ Power Unit Regulations.
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As both engines have the same geometry and are both fuel-limited with a similar
speed dependence, their overall behaviours, using steady-state simulations, are
very similar as shown by the energy and exergy analyses. The main difference
between both sets of regulations comes from the fuel flow limit.

The fuel energy flow being reduced by approximately 30%, the engine
performance output is also reduced by this amount as effective efficiency are
relatively similar between both engines. However, when considering the removal
of the MGU-H and its potential of providing energy to the MGU-K to increase the
effective efficiency without requiring any energy from the ES, the relative
reduction in power output is 35.9% and 2.81 percentage points reductions in
terms of effective efficiency. By removing the MGU-H, the 2026 Formula One™
Power Unit will be less powerful than the 2014+ one and less efficient (although
the efficiency assessment depends on the mode of operation of the 2014+
engine).

With a reduced fuel mass flow, less is demanded from the turbocharger and the
intercooler leading to reduced cooling needs compared to the 2014+ Formula
One™ engine even though the Energy Recovery System cooling needs must
also be considered when designing the cooling system.

Despite the reduction in engine performance, the increase in MGU-K power
makes the 2026 Formula One™ Power Unit are least as powerful as the current
one if not more according to the engine models used in this research work. As for
the 2014+ Digital Twin, the shape of the 2026 engine power curve follows that of
the fuel flow limit. However, thanks to the very high torque at low speed of electric
motors, the 2026 Formula One™ Power Unit should have a significantly higher
torque at low speed than its 2014+ counterpart.

The reduction in fuel flow results in the engine not being pressure limited any
more compared to its 2014+ counterpart which brings opportunity to push the
combustion process further.

According to the “exchange rate” analysis done in Section 6.1, increasing air/fuel
ratio is the most effective way to take advantage of the reduction in in-cylinder
pressures to increase the engine efficiency and thus the output performance.

By increasing lambda values by 0.2 over the whole engine speed range to reach
a maximum value of 1 = 1.6, on average, an additional 1 percentage point in
effective efficiency can be found. This comes at the expense of higher octane
number requirement, higher total cooling requirements (engine + intercooler) and
higher compressor power.

Overall, the 2026 Formula One™ Power Unit regulations are in the continuity of
the 2014+ ones with still a fuel-limited electric hybrid Power Unit but with a change
in thermal / electric power balance to reach close to equality. By reducing the
stress / BMEP of the engine, the focus can be put on increasing mixture dilution,
and the work presented in this thesis leads to believe that the engine
manufacturer who will be able to operate the closest to the limit of passive
pre-chamber capacities with reliable lean combustion will have the upper hand
on its competitor when it comes to engine performance.
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The collaboration between engine manufacturers and fuel suppliers will be of first
importance to ensure that these advanced sustainable engineered fuels make
leaner combustion possible by having extended ignitability limits and increased
laminar flame speed.

As for the 2014+ Formula One™ engine, the behaviour of the 2026 Formula
One™ engine will be strongly influenced by the shape of the fuel flow limit.
Similarly, the engine will not be operated at high engine speed because of the
power limitation imposed by the fuel flow limit and the increasing friction losses.
Besides, the 15,000 RPM engine speed limit that was included in the first
regulations of the second turbocharged era (2014-2021) has not been
re-introduced in the 2026 regulations showing that there is no need for the
regulators to implement such a limit.

With the 2014+ Formula One™ regulations, the engine is used within a narrow
engine speed range which reflects on the turbocharger operation. For the 2026
regulations, if the cars are allowed the same number of gears as currently, the
observation should be the same. This is why the vehicle model used in the
transient 2026 AVL Boost™ engine model and presented in Chapter 4 has 8
gears and the engine speeds at which gear changes happen have been kept the
same as the ones observed for the current Formula One™ Power Units.

Considering that the MGU-K nearly represents 50% of the PU power and that all
the electric energy comes from the fuel (via regeneration), the energy
management will be crucial to ensure the ES is kept at high enough SOC to power
the MGU-K when required.

Turbo lag management will also be key to minimise the use of the ERS. The more
the turbo lag is minimised, the faster high engine power are reached, reducing
the dependency on the MGU-K to accelerate the car.

The steady-state simulations discussed in this chapter and Chapter 5 cannot
capture the impact of turbo lag on engine performance during changes in load
demand. This is why the next chapter will introduce transient AVL Boost™ engine
simulations which will enable the investigation of turbo lag and anti-lag Power
Unit modes.
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7 Investigations of different ICE/MGU-K interaction
modes to minimise turbo lag in the 2026 Formula One™
Power Unit transient operation

As mentioned in Chapter 6, managing turbo lag will be an important part of Power
Unit suppliers responding to the 2026 Formula One™ regulations. Because of
the MGU-H removal, the 2026 engine will feature a conventional turbocharger
only powered by the energy recovered by the turbine. During part-load operation,
as less fuel is burned and the engine mass flow is reduced, the exhaust enthalpy
reduces and so does the amount of energy the turbine can recover and finally the
turbocharger rotor speed is reduced as a result.

Chapter 2 briefly mentioned a range of anti-lag solutions, namely minimising the
turbocharged moment of inertia, modifying the turbine aspect ratio, increasing
exhaust enthalpy and externally assisting the turbocharger. These influence the
behaviour of the turbocharger by directly intervening either during the design
stage or while the engine is operating. There is no doubt that these solutions, and
potentially others, will be investigated by the Power Unit manufacturers to
improve the transient behaviour of their turbocharger within the 2026 Formula
One™ Power Unit regulations framework. For instance, variable geometry
turbines are not allowed for the 2026 engine but without doubt detailed inspection
of the flow dynamics within a fixed geometry exhaust manifold and turbine
housing will get design attention.

The aim of this chapter is not to investigate the usefulness of such solutions on
the 2026 Formula One™ engine but to assess the other significant change
introduced by the regulations which is how the internal combustion engine could
interact with the much more powerful (350 kW) MGU-K to improve the efficiency
of the whole Power Unit.

The MGU-K contributes to nearly half the total power of the 2026 PU so will be of
great importance for on-track performance especially in the first stages of
acceleration event (albeit up to the traction limit imposed by the tyres).
Nevertheless, due to its high power, it consumes large amount of energy which
comes from regeneration. It is helpful to remember that this comes indirectly from
the fuel combustion required to accelerate the vehicle to high speed in the first
place and is not totally ‘free’ energy, but an amount of energy reclaimed that
otherwise would be lost. The energy management of the 2026 Formula One™
Power Unit will have less variables compared to the 2014+ PU due to the MGU-H
removal but the notion of ‘modes’ of MGU-K and ICE operation will continue and
must be optimised.

The state of charge (SOC) of the Energy Store (ES) needs to be managed
dynamically to supply the MGU-K with enough energy when required and stay
within the SOC variation allowed per lap by the regulations [15].

215



By minimising turbo lag, the engine power can be maximised during change in
load demand and thus minimise the dependency on the MGU-K to accelerate the
car within the tyre traction limit.

Experience from the past suggested that the regulations for the 2026 Formula
One™ cars will also evolve to create a competitive package with the Power Unit.
The 2026 cars will most probably have active aerodynamics [5] to minimise drag
in straight lines for example and be consistent with the MGU-K power decrease
from 300 km/h, thus minimising the MGU-K use to make the reduced output from
the 2026 Power Unit acceptable.

To simulate situations in which turbo lag can have an impact on the engine
performance, the steady-state simulations used so far in this research work are
developed further. This requires an engine model not operating at constant speed
and equipped with a full turbocharger model so that the engine reaction to
modification in load demand can be investigated with its operating point evolving
freely, i.e. AVL Boost™ transient engine models are required.

The engine models that will be used in this chapter are or are based on the AVL
Boost™ transient model presented in Chapter 4.

7.1 Comparison of the transient performance of a motorsport
ICE first fitted with an e-turbocharger and then with a
conventional turbocharger with added P1-hybrid electric
machine

This section is based on the research work presented in a paper that was
presented at the 15" International Conference on Turbochargers and
Turbocharging organised by the Institution of Mechanical Engineers (IMechE)
[177].

The objective of this section is to discuss ways of deploying electrical machines
(EM) on a turbocharged internal combustion engine and to assess their energy
effectiveness. Inspired by the 2026 Formula One™ regulations [15], the use of
an EM attached to the turbocharger rotor (eTC) and that of a powerful EM at the
engine crankshaft (MGU-K) are investigated using AVL Boost™ transient engine
simulations.

7.1.1 Motivation for work

For the past fourteen years, electric motors have progressively been introduced
into Formula One™ Power Units. Early ‘push-to-pass’ hybrid motorsport
powertrains, such as KERS [117]; [161], have been replaced with ‘torque fill’
architectures where the power output of the electric motor (EM) is sufficient to
significantly enhance the acceleration of the vehicle at a range of road and
internal combustion engine (ICE) speeds.
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Whilst the current Formula One™ Power Unit, introduced in 2014, features two
EMs, one linked to the crankshaft of the engine (MGU-K — P1 position) and the
second connected to the turbocharger (MGU-H), with the introduction of the 2026
Formula One™ Power Unit regulations, the MGU-K will remain and will be more
powerful, but the MGU-H will be removed, exposing the engine to turbo lag.
Therefore, the consequence of the 2026 Formula One™ regulations is to focus
on the interaction between a single EM and a turbocharged ICE.

The purpose of this section is to investigate how the position of a single electric
motor on the engine can influence its behaviour in situation where the engine is
exposed to turbo lag and how to best couple a single electric motor with an
internal combustion engine to maximise the car acceleration performance and
fuel conversion efficiency.

7.1.2 Presentation of the models used for this study
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Figure 7-1 - AVL Boost layout of the engine model used for investigating the coupling of an electric motor
with the ICE (here with an eTC)

The AVL Boost™ engine models used for this study are based on the 2026
transient model presented in Chapter 4 but are simplified versions as they do not
require particularly complex control. Therefore, only the ECU model proposed in
AVL Boost™ is used to control the parameters varying with engine operation, not
the Formula Interpreter. The ECU controls fuelling, waste gate opening, engine
load, throttle position and electric motor power when applicable. Combustion
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timing control is maintained in the general parameter set for convenience.
Figure 7-1 shows the layout of one of the engine models used for this study,
namely the engine model with an electrically assisted turbocharger (eTC).

Three engine models are used for this study. A reference model which is a
conventional turbocharged internal combustion engine without eTC or MGU-K.
As a sub-model of the model presented in Chapter 4, this engine is also based
on the 2026 Formula One™ regulations. The vehicle and turbocharger models
are unchanged.

The second model has the same engine but features an eTC which is powered
by a 30 kW MGU (shown in Figure 7-1 as ‘ED1’). The objective of this MGU is to
keep the turbocharger rotor always spinning at constant speed (125,000 RPM),
even during part-load operation. The settings of this MGU are given in Table 7-1
and are derived from the Helix CTSM242 electric motor properties [32] which was
used to define the characteristics of the MGU-K used for the 2026 transient
model.

Maximum power kw 30
Peak electrical efficiency - 0.98
Moment of inertia kg.m? 0.005
Mechanical connection efficiency - 0.97

Mechanical connection gear

ratio LD

Table 7-1 - eTC electric motor parameters

The third model is the 2026 Formula One™ Power Unit. It has the same ICE as
the two other models and a 350 kW MGU-K, the characteristics for which are
given in Chapter 4 and shown as a reminder in Table 7-2.

Maximum power kw 350
Maximum torque Nm 500

Peak electrical efficiency - 0.98
Moment of inertia kg.m? 0.042
Mechanical connection efficiency - 0.97

Mechanical connection gear

ratio =

Table 7-2 - MGU-K parameters
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For these models, the fuelling strategy is simple and only based on the engine
load in first approximation. At 100% load, the fuel flow delivered to the engine is
equal to the fuel flow limit defined by the 2026 Formula One™ Power Unit
regulations. When no load is demanded to the engine, fuel flow is kept at 10 kg/h
for all speeds so that the engine is kept sufficiently hot. For load between 0 and
100%, the ECU model linearly interpolates the required fuel flow value.

For the transient simulations carried out with the 2026 Formula One™
regulations, it was chosen to keep peak lambda values around 1 = 1.4, this is
with the calculations made for this level of dilution that the compressor map was
chosen. This choice was made knowing that, despite the 2026 fuels being
different to the 2014+, it is possible to operate the current generation of Formula
One™ engine at 1 = 1.4. As discussed in Chapter 6, it is expected that the engine
manufacturers will push to increase dilution and thus efficiency, but the
achievable level is not exactly known yet.

In addition, the studies conducted in this section and the next do not aim at
predicting the precise behaviour of the 2026 Formula One™ PU but to investigate
engineering solutions, to demonstrate the potential usefulness of ICE/EM
interaction modes for which the precise dilution level makes a difference on the
values presented but does not impact on the conclusions.

The results presented in this section are slightly different to the numbers given in
the paper presented at the IMechE conference due to difference in the turbine
swallowing curve. After the submission of the conference paper, it was judged,
while conducting other studies, that the low-speed part of the turbine swallowing
curve should be defined for even lower rotor speed to better represent the
behaviour of the turbocharger at very low speeds.

By completing the definition of the turbine swallowing curve to reach the curve
presented in Chapter 4 (Figure 4-10), the behaviour of the turbocharger at low
speed is modified, hence the difference between the results presented here and
in the conference paper. Nevertheless, the conclusions of the study are not
impacted.

To place the engine is a situation where it is exposed to turbo lag, the simulation
starts with the engine running at 10,000 RPM at 128 km/h in third gear with 10%
engine load being applied for 0.9 s, then for 0.1 s, the load is linearly increased
until reaching 100% and is kept there until the end of the simulation as shown in
Figure 7-2. The simulations are run for 250 engine cycles. The drop seen around
t = 2.2 s corresponds to a simulated gear change made by the model.

The study presented here focuses on the behaviour of the engine between the
moment it “tips-in”, i.e. t = 0.9 s, and the first gear change (this point varies
between simulations but can be seen at t = 2.2 s in Figure 7-2).
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Figure 7-2 - Engine load evolution

7.1.3 Simulation results — How does an eTC improve engine
efficiency?

As seen in the results of transient simulations (Figure 7-3), for the first 0.9 s of
the simulation, the engine speed decreases because of the total engine friction
losses (including pumping losses) being higher than the torque produced by the
engine at 10% load. It can be noted that the engine speed drops less for the eTC
than for the reference. This is one of the effects of the eTC being kept spinning
at high rotor speed as the compressor thus provides the engine with more mass
flow, leading to higher in-cylinder pressure and thus more power produce by the
engine. This, of course, may need compensation from the driver using brakes or
MGU-K to regulate vehicle speed.
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Figure 7-3 - Engine speed evolution for the reference and eTC cases
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After t = 0.9 s, the engine speed starts increasing in response to the load change
from O to 100% until reaching 12,000 RPM where the model simulates a gear
change. The overall zone of interest for this study is shown by the clear part of
Figure 7-3. For the eTC case, the period of interest stops at the first green curve
peak. Both engines are operating with the same fuelling strategy and only
depends on fuel to accelerate the vehicle so have the same power output
potential.

As previously mentioned, and as seen in Figure 7-4, the electric motor in the eTC
case is controlled to keep the turbocharger rotor speed at the 125,000 RPM target
(top graph - green line).
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Figure 7-4 - Turbocharger rotor speed (top), absolute boost pressure (middle) and compressor air mass
flow (bottom) evolutions for the reference and eTC cases

It can be noticed in Figure 7-4 that the compressor mass flow and boost pressure
for the eTC case are very erratic at the beginning of the simulation suggesting
that the compressor is operating around the surge line. This is due to the
compressor spinning at high speed while the engine mass flow is limited by the
throttle. To avoid this, the throttle angle could be increased to let more air flow
through the compressor and the excess air could be recirculated using a
dedicated valve.

On the other hand, looking at the red solid line (top graph in Figure 7-4), it can be
noted that turbo lag is being modelled realistically. In this case, turbo lag is
defined as the time necessary for the conventional turbocharger to reach the rotor
speed of the eTC from the start of the ‘tip-in’ manoeuvre (here t = 0.9 s).
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Otherwise, if this measure is not available, the evolution of inlet boost pressure
can be used to measure turbo lag. Given the specific narrow operating window
of the studied fuel-limited Formula One™ engine, in its full-load behaviour, the
compressor provides the engine with a nearly constant boost pressure which can
serve as a reference to estimate turbo lag.

In the reference case of Figure 7-4, all values are dropping for the first part of the
simulation as the turbine is supplied with low exhaust enthalpy. Then, when full
load is demanded, it takes time to build up rotor speed and thus boost pressure
and air mass flow.

As the turbocharger is kept spinning at high speed during part-throttle operation
in the eTC case, when the throttle is fully opened and 100% load is demanded,
Figure 7-4 shows that the turbocharger is nearly immediately capable of
supplying the engine with the requisite mass flow at the required pressure. As a
result, the engine can maintain a higher air/fuel ratio than with a conventional
turbocharger and reach higher efficiency as shown in Figure 7-5.
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Figure 7-5 - Lambda and effective efficiency evolutions for the reference and eTC cases

In both the reference and the eTC cases, when 100% load is demanded, the
model uses the maximum amount of fuel it is allowed to use under the published
2026 regulations (3000MJ/h above 10,500 RPM [15]), but because the eTC
engine operation yields higher efficiency, the engine can accelerate faster to the
gear change than in the reference case by 225 ms.

In addition to being useful when the engine ‘tips in’ to full load, the e TC also brings
advantages during gear shifts. Fuel injection is cut during gear shift in these
models meaning that the exhaust enthalpy briefly drops as there is no
combustion. The turbine is thus not able to recover sufficient energy and the
turbocharger rotor slows down. Because of the higher moment of inertia of the
eTC compared to a regular turbocharger, a smaller reduction in rotor speed is
observed, i.e. less turbo lag during gear shift. Plus, the electric motor is capable
of momentarily modify its power supply to ensure constant speed operation, as
can be seen in Figure 7-4.

Nevertheless, it is important to highlight that current Formula One ™ shifting time
are very short, taken here to be 12 ms, compared to more conventional manual
gearboxes meaning that shifting lag is less of a concern as the exhaust enthalpy
is not reduced over a long period.
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7.1.4 Simulation results — Impact of the MGU-K on transient
behaviour of the engine and turbocharger

As seen in Figure 7-6, the MGU-K case offers the shortest manoeuvre time
despite a higher drop in engine speed than the eTC case for the opening segment
of part throttle operation.
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Figure 7-6 - Engine speed evolution for the reference, eTC and MGU-K cases

It is, of course, the most powerful PU as it combines the power of the ICE and of
the MGU-K. In the MGU-K case, as the turbocharger is not electrically assisted,
its speed will decrease during part-throttle operation due to low exhaust enthalpy
(Figure 7-7) leading to lower air/fuel ratios and hence lower fuel conversion
efficiency (Figure 7-8) and thus lower torque produced to counter total engine
friction and pumping losses. As evident in Figure 7-7, the evolution of the
turbocharger behaviour is very similar for the reference and MGU-K cases.

However, the engine speed drop in the MGU-K case is lower than that of the
reference one because of the higher moment of inertia of the engine / electric
motor assembly.

The higher inertia could also be a disadvantage for acceleration performance but
thanks to the high MGU-K power (350 kW [15]), this configuration yields the
shorter manoeuvre time. The other big impact of the MGU-K added moment of
inertia, as observable in Figure 7-6, is that the engine speed drop during gear
shift is reduced compared to the other cases.

Inspecting Figure 7-7, it is interesting to note that the reference (red lines) and
MGU-K (blue lines) cases are nearly identical at the beginning of the acceleration
phase before diverging.
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Figure 7-7 - Turbocharger rotor speed (top), absolute boost pressure (middle) and compressor air mass
flow (bottom) evolutions for the reference, eTC and MGU-K cases

This can be explained by looking at Figure 7-8, on the left-hand side graph, the
MGU-K case has the slightly lower excess air ratio values betweent = 1 andt =
1.3 5. As seen in Figure 7-7, in this period, the turbocharger is spinning at the
same speed for both the reference and MGU-K cases meaning that the boost
pressures and compressor mass flow are also similar. However, as the engine is
spinning faster in the MGU-K case due to the additional torque brought by the
EM and because of the chosen fuelling strategy which matches the fuel flow limit
given by the regulations and which is a function of engine speed, the fuel mass
flow increases at a faster rate in the MGU-K case than in the reference one.
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Figure 7-8 - Lambda and effective efficiency evolutions for the reference, eTC and MGU-K cases

Thus, with a higher fuel mass flow but a similar air mass flow, momentarily lower
air/fuel ratio and efficiency values are achieved (Figure 7-8).
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However, because of this faster increase in fuel flow rate, the exhaust enthalpy
is higher in the MGU-K case than that in the reference. In consequence of the
higher exhaust enthalpy, the turbine can achieve more work and thus spin the
turbocharger rotor faster with the drawback of operating momentarily the engine
at lower efficiency (Figure 7-8). This explains the difference in turbocharger
behaviour between both the reference and MGU-K observable in Figure 7-7.

In the fuelling strategy chosen in this study, the fuel enrichment discussed above
is not deliberate, it is a consequence of determining the fuel mass flow only based
on the load demand and not considering compressor air mass flow supply. When
the ECU instructs full load from the engine, the fuel supply is thus automatically
set to the maximum even though it takes longer for the air mass flow to correct to
the new engine speed and load condition. This strategy works very well with the
eTC which is capable of immediately supplying the engine with the right air mass
flow and thus allows to operate at high air/fuel ratios and maximum efficiency
most of the time as shown in Figure 7-8.

Even though it results in lower fuel conversion efficiency at the beginning of the
acceleration, this strategy in the MGU-K case leads to shorter acceleration time
for the turbocharger rotor, enabled by the higher exhaust enthalpy, which then
allows for higher fuel conversion efficiencies to be subsequently achieved faster
thanks to the turbocharger delivering high boost pressure and mass flow earlier
(Figure 7-7). As shown in Figure 7-8, because of the difference in engine speed
evolution, the MGU-K case achieves 40% effective efficiency faster than the
reference case by 25 ms (t = 1.44 s vs t = 1.465 s).

Despite this behaviour, the MGU-K case remains less efficient than the eTC
during this specific manoeuvre as seen in Figure 7-8. As the turbocharger rotor
speed is kept constant, when 100% load is demanded, the eTC immediately
provides the engine with the right air mass flow leading to lean operation and an
efficiency advantage over more than 0.6 s compared to the MGU-K case.

7.1.5 Assessment of the difference in engine performance
depending on the position of the electric motor on the engine

As discussed, the MGU-K option is the fastest route to increased engine speed
compared to the other cases (Figure 7-6) and this is obviously also the case when
considering vehicle speed, see Figure 7-9, as gear ratios are the same for all
cases. The vehicle model used for these simulations assumes that the tyres can
transmit all torque produced by the Power Unit without breaking traction. To test
this assumption, the average acceleration for the MGU-K case from t = 0.9 s to
the end of the simulation is of 10.68 m/s? (1.09 g) which is commonplace for
current Formula One™ cars and therefore the assumption is taken as sufficiently
robust.

225



210 T T T T 400
—Reference - Vehicle speed

200 eTC - Vehicle speed

—MGU-K - Vehicle speed 1350

eTC - EM power g
190 fl. . .MGU-K - EM power 300 5,_'
—_ [
180 g
k7 250
< Q
Q170 g
8 200 &
o 160 o
o [e]
E 1150 ©
® 150} €
> )
140 | |1%0 3
w

130 | et

P 0
0 05 1 1.5 2 25 3
Time (s)

Figure 7-9 — Vehicle speed (solid lines) and electric motor electric power (dashed lines) evolutions for the
reference, eTC and MGU-K cases

Note in Figure 7-9 the very sudden increase in vehicle speed when the clutch is
reengaging after a gear change for the MGU-K case. This behaviour is unrealistic
and due to limitations in the way the clutch is modelled in AVL Boost™. The
higher the moment of inertia, the bigger the step, explaining why this
phenomenon is particularly visible for the MGU-K case and not the two others.
But, because the period of interest for this study stops right before the gear
change, this phenomenon does not influence the results presented here.

Regarding powertrain performance, because of the difference in power between
the electric motor of the eTC and the MGU-K, the vehicle performance
comparison can be biased. As visible in Figure 7-9 (dashed lines), the difference
between the MGU-K and the eTC’s EM power is very large with respective peak
power of 350 kW and 7.1 kW. Table 7-3 shows how much energy is consumed
in each case and the manoeuvre time.

Manoeuvre time Electric energy Total energy

Reference 1.221 961.8 961.8
eTC 0.996 780.2 10.0 790.2
MGU-K 0.861 667.1 279.5 946.6

Table 7-3 - Energy consumption during the studied manoeuvre for the reference, eTC and MGU-K cases

For the eTC case, keeping the turbocharger rotor speed constant during the part
throttle operation is a fundamental control goal so, in Table 7-3, the electric
energy used in this period is also accounted whereas for the MGU-K and for fuel
energy, only the period between full load demand (¢t = 0.9 s) and the first gear
shift is considered.
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Importantly, even though it is the fastest solution, the MGU-K case also
consumes more energy than the eTC (+156.4 kJ, +19.8% relative increase) which
a consequence of the very high-power output of the MGU-K.

For the eTC case, the fuel energy is the only source of propulsion for the vehicle
with the electric energy being solely used to control the turbocharger speed.
However, thanks to the constant speed control regime, the fuel energy is more
efficiently converted into work as demonstrated in Figure 7-8, leading to lower
manoeuvre time compared to the reference case. The 10 kJ of electric energy
used to power the eTC is an investment to maximise fuel conversion efficiency.
Over the investigated manoeuvre, the average effective efficiency of the eTC
case is 6 and 8.9 percentage points higher than that of the reference and MGU-K
cases respectively leading to lower total energy consumption (-171.2 and -156.4
kJ respectively)

However, even though the eTC case requires more fuel energy than the MGU-K
case, the huge difference in electrical energy consumption must be highlighted,
the MGU-K requiring nearly thirty times more electrical energy than the eTC for
a 0.135 s gain in manoeuvre time.

In addition, the 2026 Formula One™ Power Unit Regulations states that a
maximum of 9 MJ can be recovered each lap and that the difference between the
maximum and the minimum state of charge of the battery cannot be greater than
4 MJ at any time the car is on track meaning that the vehicle can deploy a
maximum of 13 MJ for a given lap. In the general and simplified case where the
acceleration manoeuvre studied in this paper is repeated on subsequent
segments of the track, the MGU-K can only operate for circa 40 s within the 13 MJ
limit against 1294.8 s for the eTC before consuming all the energy available for a
lap (considering the data in Table 7-3). Or put another way, the MGU-K
manoeuvre described above can be undertaken around a dozen times.

The reference case is only relying on fuel to accelerate the engine and because
of the initial drop in air/fuel ratio and efficiency, it requires the most time and total
energy to reach gear change at 12,000 RPM. It must also be highlighted that at
t = 0.9 s, this is the case for which the engine speed is the lowest, so the change
in engine speed is greater than for the other cases. The MGU-K case significantly
reduces the fuel consumption compared to the reference but requires 279.5 kJ of
electric energy to achieve that. This results in the total energy consumption being
reduced by only 1.5% when using the MGU-K, despite the 29.5% shorter
manoeuvre time.

Traditionally, the impact of turbo lag on engine performance is assessed by
measuring the time necessary to complete a given manoeuvre, for example, the
time required for torque or engine speed to rise from and to user-defined values
[90]. Considering the fuel-limited nature of the 2026 Formula One™ engine,
efficiently using the limited available energy is key, the fastest solution might not
allow the car to reach the end of the race if it consumes too much energy. This is
why the amount of energy consumed by the Power Unit (fuel and electric energy)
to accelerate the car must be integrated in the assessment of the different
configurations, in addition to manoeuvre time.
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For this study, a new performance indicator based on the ratio of vehicle
acceleration to energy input is offered. This integrates the acceleration capacity
of the vehicle between the ‘tip-in” moment (¢t = 0.9 s) and the first gear shift and
the energy consumption. The performance indicator is defined by the following
equation:

Vgearshift - Vt=0.9) x l
tgearshift - 09 g

ftgearshift dEelectric + leh X dmfuel
t=0.9s dt

Iperformaces g/MJ]) = (7-1)

)xdt

Using this equation, the vehicle acceleration effectiveness indicators have been
calculated for each case and are shown in Figure 7-10. The performance of the
reference case is much lower than the two others showing how impacting turbo
lag is on vehicle performance.

The performance of the eTC and MGU-K cases are very close. However,
according to the vehicle acceleration effectiveness indicator, the eTC solution
makes better use of the energy. Even when accounting for the energy required
to keep the turbocharger spinning during the part-throttle operation, the fact that
the engine efficiency is kept high any time during full load demand makes a big
difference. Put another way, investing a small amount of electric energy to
maintain fuel conversion efficiency high makes a big difference.

The MGU-K cases can be close to the eTC performance indicator value thanks
to its much faster manoeuvre time but is penalised by its higher energy
consumption. If the MGU-K power was even higher, both cases could have the
same performance indicator value but that would be at the expense of an even
higher electric consumption.
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Figure 7-10 - Performance indicators for the reference, eTC and MGU-K cases

Nevertheless, it must be highlighted that the eTC case is only able to compete
with the MGU-K configuration at the beginning of the acceleration event when the
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ICE is exposed to turbo lag. As soon as the turbocharger speed has risen to its
optimal operating value, the total power output of the MGU-K case Power Unit is
significantly higher than that of the eTC which only has the ICE to accelerate the
vehicle. The difference in acceleration capacity over a longer period of time of the
different configurations is shown in Figure 7-9.

7.1.6 Conclusions on the impact of the electric motor on the ICE

The simulations reported here demonstrate that coupling a single electric motor
to a turbocharged internal combustion engine, either by connecting it to the
crankshatft or to the turbocharger rotor, helps to improve the transient behaviour
of the Power Unit and vehicle and more importantly for motorsport applications,
enhances vehicle acceleration performance. The reference case, which does not
feature any electric motor, is subject to turbo lag without any compensation and
yields the highest time and total energy consumption for the sudden acceleration
manoeuvre studied.

The electrically assisted turbocharger (eTC) enables the direct control of the
rotating speed of the turbocharger rotor independently of the conditions at the
turbine and thus to effectively eliminate turbo lag. As demonstrated in this study,
this method is very effective as it maintains air/fuel ratio and engine fuel
conversion efficiency high, allowing to make the most of the limited amount of
fuel available and that only by using a small amount of electric energy. This
device is without doubt a contributor to the 50% efficiency reportedly achieved by
the current Formula One™ Power Units [13]; [14] and observed in this research
work with the 2014+ Digital Twin.

On the other hand, the 350 kW MGU-K proved to be a most useful device to
accelerate the vehicle. Even though the engine simulations showed that the
engine suffers from turbo lag during the first phase of acceleration, the
‘torque-to-fill’ capacity of the MGU-K allows rapid acceleration of the vehicle
despite delay in the turbocharger response, but this is at the expense of low fuel
conversion efficiency at the beginning of the manoeuvre. However, the MGU-K
can also be used during braking events to recover kinetic energy, which is not
investigated and considered in this study.

In addition, it was demonstrated that the non-deliberate fuel enrichment allowed
by the applied fuel strategy and the engine speed increase due to the MGU-K
leads to higher exhaust enthalpy and thus a more responsive behaviour of the
turbocharger. However, to operate, the MGU-K requires a significant amount of
electric energy meaning that given the electric consumption dictated by the
regulations, it can only be used for circa 40 s per lap for the specific manoeuvre
studied here. Furthermore, when comparing the acceleration performance
normalised by the total amount of energy used, the MGU-K is less efficient than
the eTC.

Even though, the MGU-K will be of high-importance for vehicle performances in
2026, the Formula One™ engine manufacturers will have to implement additional
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solutions to mitigate the effect of turbo lag considering the quantum of energy
that must be drawn out of the battery to power the MGU-K.

The fuel strategy implemented in this study was interesting to compare the eTC
and MGU-K cases but will not be viable for 2026 because of the significant drop
in air/fuel ratio and efficiency at the beginning of the manoeuvre. However, if the
fuel strategy is modified, for example, not to ever drop below 1 = 1, the effective
efficiency is increased but less fuel is burnt so the vehicle acceleration is slower,
and it takes more time for the turbocharger speed to rise as seen in Figure 7-11.:
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Figure 7-11 - Lambda (top left), effective efficiency (top right), engine speed (bottom left) and turbocharger
rotor speed (bottom right) evolutions for the reference case and the reference case with a fuel enrichment
limiting strategy

Engine manufacturers will need to find a balance between maintaining high fuel
conversion efficiency and rapidly accelerating the turbocharger rotor. For
instance, it can be useful to briefly sacrifice fuel conversion efficiency, albeit less
than observed in this study, to speed up the turbocharger and achieve high
efficiencies faster. It must be kept in mind that additional anti-lag solutions will
also be implemented by the engine manufacturers.

The situation simulated here also results in a very severe turbocharger rotor
speed drop during the first part of the simulation, this is an extreme case. On a
less severe turbo lag cases, the results for the reference and MGU-K cases would
be closer to that of the eTC thanks to higher compressor air mass flow and thus
higher air/fuel ratios and fuel conversion efficiency.

In a more general context, coupling the ICE with an electric motor helps to
improve performance. If the aim of the Power Unit is to maximise transient
efficiency, the electric assisted turbocharger is the solution to select, and it only
requires modest electric energy supply. If the objective is highest vehicle
acceleration performance, the high-power MGU-K is preferred, but at the cost of
high electric energy consumption and lower average fuel conversion efficiency
than with an eTC. Obviously, if allowed, the best solution for efficiency and vehicle
performance is to combine both solutions (as done with the 2014+ Formula
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One™ Power Unit). Any of the electrical hybrid solutions outperform the
powertrain that has no electrical assistance.

Energy management strategies are not discussed in this paper but due to their
hybrid nature, the Formula One™ Power Units must be developed as a system
to maximise the efficiency of the overall system to make the best use of the limited
energy. For example, the MGU-K can be used to ‘torque fill as investigated in
this paper but also to ‘torque consume’ during low torque demand from the driver
as investigated in the following section.

7.2 Assessment of the MGU-K as atorque consuming device
for the 2026 Formula One™ Power Unit to minimise turbo lag

7.2.1 Presentation of the “torque consuming” concept

As seen in Section 7.1, the 350 kW MGU-K featured in the 2026 Formula One™
Power Unit consumes large amount of electric energy when utilised at full torque
capacity. To make sure it is always available for use in race-critical moments, for
example at the beginning of a straight or defence against an opponent trying to
overtake, energy regeneration and storage must be optimised, and the least
power is required from the MGU-K to accelerate the car, the better and this is
linked to reducing turbo lag to maximise engine output power.

To do so, the interaction between the internal combustion engine and the MGU-K
can be assessed further than the torque filling only as investigated in Section 7.1.

To reduce turbo lag, exhaust enthalpy must be kept high so that the turbine can
recover enough energy to maintain the turbocharger rotor speed. Exhaust
enthalpy depends on mass flow but also on temperature meaning that having a
high exhaust enthalpy is linked to fuel combustion.

As the 2026 Formula One™ engine is fuel-limited, and therefore the imperative
is that fuel energy should only be used to generate work output, the combustion
timing cannot be excessively retarded so that most of the combustion happens in
the exhaust system to generate high exhaust temperature as an anti-lag solution.

The idea behind the ‘torque consuming’ concept discussed here, is to
operate the engine at higher load than demanded by the driver or even
acceptable at the tyre contact patch. By doing so, the throttle is open at
higher angle, reducing throttle and pumping losses, the engine mass flow
increases, and fuel is injected to be burned, meaning that exhaust enthalpy
is kept high. In consequence, the turbine can recover more energy than if
the engine was running at lower load, the turbocharger speed and fuel
conversion efficiency of the ICE are kept high.

The excess energy, that is not required by the driver to accelerate the vehicle
according to their demand for torque, is recovered using the MGU-K.
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In this operating mode, the MGU-K is used ‘against’ or ‘in resistance to’ the ICE
to recharge the battery when the vehicle is traction limited preventing more torque
from the engine to be used for propulsion and/or when the MGU-K is not already
recovering energy at full power during regenerative braking. Considering that the
MGU-K power is high and close to that of the ICE, it makes possible the recovery
of large amount of energy to add to that from conventional regenerative braking.
However, there is a circa 10% energy conversion penalty to pay each time energy
Is transferred to the ERS and vice versa.

Nevertheless, if this mode allows the engine to run at significantly higher fuel
conversion efficiency, for the same amount of fuel burnt and the same amount of
energy directly sent to the wheel, despite the 90% efficiency of the electric
system, a higher fraction of the fuel will be transformed into useful work.

7.2.2 Presentation of the torque consuming modes investigated in
this case study

The idea of this case study is to investigate torque consuming as an anti-lag
solution, so in situations where the engine is exposed to turbo lag. It can also be
used in other situations, for example at the end of a straight if low power is
required to power the car as currently done with the 2014+ Formula One™ Power
Unit but that is not investigated here.

Thus, this case study will focus on the usefulness of torque consuming during
braking event and the first stages of an acceleration event.

Torque consuming during braking:

During braking events, the MGU-K is partly used in place of the rear mechanical
brakes to slow down the car and thus recovers kinetic energy which otherwise is
lost in form of heat because of the friction between brake discs and pads.

Thanks to the higher power of the 2026 MGU-K, more energy can be recovered
during braking than with the 2014+ Formula One™ regulations. However, as the
car slows down, tyre grip typically reduces with reducing downforce meaning that
less and less braking torque can be applied on the rear tyres. Thus, there is a
moment where the MGU-K cannot operate at maximum power anymore, and this
is when torque consuming during braking (TCB) can intervene if the SOC of the
ES needs to be raised further.

When the MGU-K cannot operate at maximum braking power, the ECU can
compute the difference between the MGU-K maximum power and the power at
which it currently operates. By knowing the behaviour of the engine from engine
dyno testing, the ECU can determine at which load to operate the ICE so that the
power produced can be recovered by the MGU-K to maximise its recovering
capacity but without compromising the car deceleration.
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As the braking needs will progressively decrease, engine load can be increased
accordingly so that the MGU-K recovering power is kept high for as long as
possible or required.

By using this mode, the idea is that the throttle is more open, engine mass flow
is high, and fuel is burned so exhaust temperature is also high which results in
significant amount of exhaust enthalpy and thus of energy for the turbine to
recover which minimises the turbocharger rotor drop during a braking event.
When the driver starts accelerating again, the turbocharger is already spinning at
high speed as it is provided with high exhaust enthalpy, so the engine is
theoretically more responsive to further change in load demand from the driver
(i.e. turbo lag is reduced).

Torque consuming during acceleration:

After a braking event, the driver progressively demands torque from the engine
in response to tyre grip increasing as vehicle speed and thus downforce build up.

As the driver demand progressively increases, the throttle opening increases
accordingly meaning that throttle and pumping losses are still impacting the
engine performance at the beginning of the acceleration event.

In the torque consuming during acceleration (TCA) simulation case considered
here, as soon as the driver starts accelerating, the engine load signal is set to
100%. Based on the throttle pedal position and the power produced by the
engine, the ECU computes the difference with the power demand. If the ICE
power output is higher than demanded, then the MGU-K is used to absorb it.
Otherwise, the MGU-K torque filling capacity is used.

By doing so, the throttle switches directly to fully open, thus minimising the throttle
and pumping losses, more fuel is burned so exhaust enthalpy is increased
leading to a higher rate of change in turbocharger rotor speed and additional
energy is recovered and stored in the ES if the MGU-K torque consumes.

It must be highlighted that this mode can be combined with the previously
presented one so that the MGU-K is used for torque consuming both during
braking and acceleration. This is the TCAB mode. These three modes are
investigated in this case study using AVL Boost™ transient engine simulations.

Figure 7-12 shows a schematic summarising the different possible uses of the
MGU-K within the 2026 Formula One™ Power Unit.
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Figure 7-12 - Different possible MGU-K usages for the 2026 Formula One ™ Power Unit

7.2.3 Modelling of the torque consuming modes using AVL Boost™

AVL Boost™ transient engine model

Torque consuming is investigating using the AVL Boost™ transient model of the
2026 Formula One™ engine presented in Chapter 4 and shown in Figure 7-13
as a reminder. The modelling of the different ICE/MGU-K interaction modes
requires more complex algorithms than the controls allowed with the ECU model
of AVL Boost™, this is why the Formula Interpreter (FI1 in Figure 7-13) is used.

Compared to the models presented in Section 7.1, the fuelling strategy has been
modified to consider, in addition to engine speed, inlet air mass flow measured at
the inlet reference measuring point (MP14).
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ED1 V1

Figure 7-13 - AVL Boost™ transient engine model used to investigate the ICE/MGU-K interaction modes

For each engine speed, a target air/fuel ratio is defined. The evolution of target
air/fuel ratio follows the same curve applied to the steady-state engine models
and is reminded in Figure 7-14.
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Figure 7-14 - Target lambda for torque consuming transient simulations

If engine speed is below 7,000 RPM, the target lambda is set at 1.1 and at 1.3 if
engine speed is above 12,500 RPM.
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The ECU in the model tries to maximise the quantity of fuel at any time up to the
energy limit imposed by regulations. However, on the contrary to the previous
transient model, if the inlet air mass flow is not sufficient to burn the quantify of
fuel dictated by the fuel energy flow limit at the desired air/fuel ratio, less fuel is
injected.

It is considered that if air mass flow is not sufficient, it means that the
turbocharger rotor speed is not optimal (turbo lag), so the target lambda is
voluntarily reduced to slightly increase exhaust enthalpy and the rate of
change of turbocharger rotor speed. This is an example of fuelling strategy
to balance fuel conversion efficiency and turbo lag management as
discussed at the end of Section 7.1.

The minimum lambda 1,,;, is set at 1 to ensure that all the fuel energy is still
released by complete combustion, and that fuel is not wasted in the exhaust.
Based on the actual air mass flow 1, meqsureq, the target lambda A4, e, the air

mass flow required to meet the target lambda with full fuel flow M, requirea @and
the minimum possible lambda 2,,;,, the updated lambda target A,p4atea target 1S

calculated (Equation 7-2), and the injected fuel mass flow is computed using this
value and the air mass flow.

mair_measured
Aupdated_target = Amin + (Atarget - Amin) ) (7'2)
mair_required

The fuelling strategy is summarised in Figure 7-15:

m-fuel = f(Nengine) Amrget = f(Nengfne)
Based on the regulations Based on user-defined curve

Th’ﬂf?'jequired = ?\targetAFRstmfuel
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Mryer, the ma)umu.m Aupdatea_target IS calculated
allowed fuel flow is
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Figure 7-15 - Fuelling strategy for torque consuming transient simulations

Fuelling and MGU-K supply are cut during gear changes and as explained in
Chapter 4, during braking events fuelling is cut but not MGU-K recovery.

The Energy Storage (ES) is not modelled in this simulation as its exact behaviour
is not of interest for this case study. It is assumed that the MGU-K can be supplied

236



at any time to the required electric power and that the ES can store all the energy
recovered by the MGU-K.

As presented in Chapter 4, for transient simulations to run in AVL Boost™, a
resistive load must be applied on the engine. In this case, the vehicle model was
chosen however, this is not a complex vehicle model as for a vehicle dynamic
simulation. This model is just used to give a simple estimation of the load that a
vehicle would apply on the engine. This load depends on a constant rolling
resistance and a user-defined drag coefficient as presented in Chapter 4. This
modelling approach is similar to the assumptions used when operating an ICE on
a transient dynamometer.

In the next sections, ‘vehicle speed’ is mentioned. This speed is the theoretical /
idealised speed that would be observed at the tyre based on the speed the engine
is running at, the theoretical current gear ratio and a non-changing tyre rolling
radius with zero slip. This is not an actual vehicle speed but an approximate
equivalent or notional vehicle speed.

As for the vehicle, no gearbox is modelled in the engine model but the effect of
changing gear (drop in engine speed, fuelling cut, etc.) is modelled in a simplified
way using the vehicle model provided by AVL Boost™.

For the simulated speed events which are later presented, there is the need to
assess how the MGU-K would behave during braking events for regenerative
braking, therefore an estimation of the maximum power that can be applied by
the MGU-K on the rear tyres is required.

As the aim of this study is not to investigate how the vehicle behaviour would
affect the braking event but just to investigate how the MGU-K could be used to
torque consume during braking, an estimation of the force that can be applied for
braking is calculated in a very simplified way that only considers vehicle weight,
downforce and a constant friction coefficient as presented in Chapter 4
(Equation 4-9). The equation used for this estimation is provided as a reminder
here:

1
Braking force (N) = u X (E X pXCpLXAegr X V2 +mpg X g) (7-3)

As only an estimation of the braking force is required for this case study, factors
such as steering angle, weight transfer, individual car corner weight are not
considered. This approach leads to a maximum deceleration of 5 g when braking
from 320 km/h which is the value reported for actual Formula One™ vehicles
[178]. The 60/40 brake bias balance is then used to estimate the braking force
applicable to the rear tyres.

Estimation of the applicable force at the tyre is only done for braking. For
acceleration, another approach, presented later in this section, is adopted.
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Four ICE/MGU-K interaction modes are simulated and compared in this case

study:

TFO: This is the reference mode where the use of the MGU-K is what
would obviously be done with an electric motor in P1 position. The MGU-K
is used for regenerative braking, to increase the SOC of the ES, and for
torque filling, i.e. bring additional torque to what the engine can provide to
meet the torque demand.

TCB: This mode does everything that the TFO mode does but in addition,
the MGU-K is used to torque consume during braking following the
concept presented in Section 7.2.2.

To do torque consuming, the engine must produce power, i.e. burn fuel.
This fuel is not used to power the vehicle but only for regeneration in an
already fuel-limited ICE. This mode thus must be used only in situation
where the opportunities for fuel-to-electric energy conversion are high. If
the MGU-K is only capable of recovering say 20 kW from the engine in
addition to 330 kW of regenerative braking, it means that the engine must
be operated at very low load to produce so little power, which corresponds
to low fuel conversion efficiency conditions and high pumping losses and
therefore is unattractive.

This is why torque consuming during braking is activated in this simulated
case study only if the ECU detects that the MGU-K can recover at least
200 kW from the ICE (arbitrary value which correspond to approximately
60% of the engine peak power thus enabling it to run at high load when
TCB is activated). The load at which the engine is instructed to operate at
is based on the torque consuming capacity of the MGU-K and the
maximum achievable power by the engine. When the MGU-K is capable
of torque consuming 200 kW from the engine in addition to regenerative
braking, the engine starts producing power and the MGU-K regenerative
power is increased to be closer to its 350 kW limit.

TCA: Similarly, this mode operates the MGU-K for torque filling and
regenerative braking but in addition, it is used for torque consuming during
acceleration following the concept described in Section 7.2.2.

During simulated braking events, the MGU-K only does regenerative
braking, no torque consuming at all.

In this case study, from the moment the torque demand becomes

non-zero, the engine load is switched to 100% and based on the difference
between the power demand and the engine output, the ECU computes at
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which power the MGU-K must be operated to consume the excess power
not to exceed the power demand.

- TCAB: This mode is the combination of the three other modes. The
MGU-K is used to torque fill and regenerative braking (TFO mode) but also
to torque consume during braking from the moment the MGU-K can
absorb an additional 200 kW from the engine (TCB mode) and to torque
consume during acceleration by immediately switching engine load to
100% and absorbing the excess power compared to the demand by using
the MGU-K (TCA mode).

For each of the four modes, the algorithm implemented in the Formula Interpreter
is adapted so that engine load and MGU-K behaviour are relevant to the mode
simulated. The MGU-K is always operated in the torque and power limits dictated
by the 2026 Formula One™ Power Unit regulations [15].

Specific virtual dyno test — Presentation of the simulated speed events

Compared to the engine models presented in Section 7.1, the simulated situation
has also evolved. Instead of a simple part-load / full-load case, the different Power
Unit modes are here tested on specific speed events representative of common
Formula One™ car operation [5].

When strictly looking at the code implemented in the Formula Interpreter of the
AVL Boost™ transient engine model, engine speed evolution is dictated by
engine load which is linearly linked to power demand.

However, despite the difference in ICE/MGU-K interaction modes, all simulated
cases can meet the power demand but with different contributions from the ICE
and the MGU-K. This means that for a given power demand, as all modes meet
it, the engine speed evolution, and thus the equivalent vehicle speed, is the same
for all modes. So, even if engine speed is not directly controlled, the simulations
presented here are equivalent to a simulation controlled using equivalent vehicle
speed vs time profiles.

Depending on the minimum speed for the simulated event, the amount of torque
that the driver can apply to the tyres during the first phase of the acceleration
varies because of difference in downforce and thus tyre grip. Throttle
position / engine load evolution must thus evolve in consequence.

To replicate this phenomenon without a tyre model (as it is outside of the scope
of this study), generic throttle application evolutions have been extracted from a
real Formula One™ qualification lap data [5] for the different speed events
studied here. The curves are shown in Figure 7-16 and for this case study, it is
assumed that engine load / power demand is linearly dictated by these throttle
position evolutions.
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Figure 7-16 - Throttle position evolution depending on the speed event

For these specific ‘virtual dyno tests’, the simulation starts with the engine at
11,511 RPM in 5% gear, corresponding to 200 km/h in equivalent (notional)
vehicle speed. The engine is instructed by a load signal to accelerate at full load,
i.e. 100% power demand, until it reaches an equivalent vehicle speed of 225 km/h
from where the power demand is switched to 0% and the estimated vehicle load
is adapted to model a braking event until reaching a user-defined minimum
equivalent vehicle speed, selected each time from these options: 70, 100, 150 or
200 km/h depending on the speed event investigated.

Then the engine load signal is progressively increased, at a rate depending on
the manoeuvre minimum equivalent vehicle speed and based on the throttle
application evolution shown in Figure 7-16, until reaching 100% power demand.
Power demand is then kept at 100 % until 320 km/h in equivalent vehicle speed
is reached. For the engine, what changes between the speed events is the
simulated braking event duration, thus the turbo lag magnitude.

In this case study, the period of interest starts from the beginning of the simulated
braking event until the moment the ICE reaches its nominal peak load behaviour
and there is no longer any difference between ICE/MGU-K interaction modes.
The speed equivalent vehicle speed at which this happens depends on the speed
event investigated (150, 170, 200 and 240 km/h respectively). One representative
example of the period of interest for the 70-320 km/h case is shown in
Figure 7-17.
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Figure 7-17 - Example of equivalent vehicle speed evolution for the 70-320 km/h speed event

As only a fraction of the speed event is of interest for this case study, only a
reduced part of the simulation results will be shown in the following figures.

It can be noted in Figure 7-17 that the sudden increases in equivalent vehicle
speed observed in the MGU-K configuration in Section 7.1 are also observable
here. Nevertheless, despite this behaviour due to the clutch modelling in AVL
Boost™ being only simple, it affects all the ICE/MGU-K interaction modes in the
same way, thus does not influence the conclusions drawn in this case study.

There are thus 4 ICE/MGU-K interaction modes, each assessed on 4 different
speed events for a total of 16 simulations.

In the following section, only the results observed for the first speed event
(70-320 km/h) are discussed for clarity of presentation. In Section 7.2.5, the other
speed events will be considered. By using this order of presentation, the
behaviour of each individual ICE/MGU-K interaction mode can be understood
before analysing how the impact of torque consuming on the Power Unit
behaviour evolves as the manoeuvre minimum speed increases.

7.2.4 Analysis of the 2026 Formula One™ Power Unit behaviour
depending on the ICE/MGU-K interaction modes for the 70-320 km/h
speed event

In this section, the behaviour of the Power Unit for the four ICE/MGU-K interaction
modes is investigated for the 70-320 km/h case only, i.e. the case for which the
minimum speed in the investigated manoeuvre is 70 km/h. The other speed
events are not investigated in such detail as the 70-320 case, but their results are
presented and discussed in the next section.

It is in the 70-320 case that the engine faces the most severe turbo lag as the
simulated braking event lasts longer and thus the turbine is provided with low
exhaust enthalpy for the longest period. In consequence, this is the case that
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shows the most the difference between the different ICE/MGU-K interaction
modes investigated in this case study.

These modes are investigated with two objectives:

- Determine which ICE/MGU-K interaction mode is the most effective to
mitigate turbo lag,

- Determine which ICE/MGU-K interaction mode is the most useful to
maintain a high ES’s SOC and reduce the dependency on the MGU-K to
match the power demand.

The behaviour of each ICE/MGU-K interaction mode is observed individually to
appreciate their difference before their energy consumption and anti-lag
usefulness are compared.

70-320 km/h speed event — Torque Filling Only mode (TFO)

Starting with the Torque Filling Only (TFO) case, Figure 7-18 shows the evolution
of equivalent vehicle speed (the simulated speed-time profile), torque (hence
power) demand and the estimated available grip at the rear tyres for braking

purpose (considers as negative as used to slow down the engine, see
Equation 7-3).
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Figure 7-18 — 70-320 km/h speed event — TFO power and vehicle speed evolutions (1/3)

Based on the engine speed and simulated gear ratios, the equivalent vehicle
speed at the start of the simulation is 200 km/h and accelerates up to 225 km/h.
From here, a braking event is simulated until 70 km/h is reached. Then the vehicle
speed raises again, up to 320 km/h where a second braking event is simulated
but because at this point, the behaviours of each ICE/MGU-K are the same,
Figure 7-18 only focuses on the period around the interesting part of the
simulation and the second braking event is not shown.
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In Figure 7-18 and for the 70-320 km/h case, the period of interest, which is shown
between the grey areas, starts from the beginning of the first braking eventtot =
6 s, when the equivalent vehicle speed is of 150 km/h and the engine behaviour
in all ICE/MGU-K interaction modes becomes the same.

The dashed black line at the top of Figure 7-18 represents the power demanded
based on the maximum power of the power unit and the throttle position evolution
shown in Figure 7-16. The sudden drops represent gear change. Even though in
a real case, the driver would keep the throttle open during gear shifts with the
current gearbox technology, the drops were necessary to simulate fuel cuts. It
can be noticed that the power demand is 0 during simulated braking events and
that for the acceleration event included in the zone of interest, power demand
increases gradually according to the throttle position evolution shown in
Figure 7-16.

The rear braking grip power curve shows the estimation of the maximum available
tyre grip for braking based on Equation 7-3. As the equivalent vehicle speed
decreases, the estimated downforce does too so less braking force can be
applied.

Figure 7-19 is the same graphic as Figure 7-18 but with ICE power being added
(blue curve). One can observe that ICE power is highly correlated to the driver
power demand which reflects throttle pedal position and thus engine load signal
evolution.
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Figure 7-19 - 70-320 km/h speed event — TFO power and vehicle speed evolutions (2/3)

Engine power drops during gear changes as fuelling is cut for these events. It can
also be highlighted that during the simulated braking events, engine power goes
negative as the fuelling is also cut but the engine keeps breathing air, i.e. the
engine acts as a pump. This represents engine braking.

Figure 7-20 is an evolution of Figure 7-19 with MGU-K power at the crankshaft
(orange curve) and total PU power at the engine crankshaft (yellow curve) being
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added. The MGU-K operates both at positive (deploys energy) and negative
(recovers energy) power within its 350 kW limit.

TFO
800 300
o S Power demand TR i :
i : ---- Rear braking grip power 4 i i =
600 . ——Engine power 1 i i =
‘ MGU-K mechanical power P : | i i 1250 _\g
Total PU power : 2 =
400 ¥ —Equivalent vehicle speed Ppava = §
— ' i
| Q
s 200 | | 200 3
~ i ] : Q
5 s L1 | | 2
= o | 1o | 5
£ 1150 >
©
-200 ‘_§
100 5
-400 &
600 : ! : : : — . - 50
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 7-20 - 70-320 km/h speed event — TFO power and vehicle speed evolutions (3/3)

In the TFO mode, the MGU-K is only used for kinetic energy recovery
(regenerative braking) and torque filling. During the simulated braking event (from
the beginning of the zone of interest to t = 3.2 s where the minimum speed is
reached), it can be observed in Figure 7-20 that the total PU power is either higher
or equal to the available braking rear grip. In the first part of the braking event,
the estimated vehicle downforce is still very high and so is the grip. The MGU-K
regenerative power is maximised, and the rest of the available braking grip is
modelled as being covered by the mechanical brakes (there computed as an
increased load from the vehicle on the engine). As the available rear braking grip
reduces with speed and downforce, the MGU-K power is reduced so that the
estimated grip limit is not exceeded.

The torque filling capacity of the MGU-K is also shown in Figure 7-20, at the end
of the investigated acceleration event. The engine power increases but not as
fast as the demand.

The MGU-K thus switches into deployment (torque filling) mode and helps the
engine to meet the demand.

During the full-load part of the simulation, the maximum power demand is higher
than the maximum PU power by a small margin. This was implemented in the
Formula Interpreter code to ensure that the PU was always operating at full load
when it had too. If the demand was too close to the achievable power, it was
possible for the PU output power to be momentarily higher than the demand
causing the PU to operate at lower load that it should, only for control reasons.
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70-320 km/h speed event — Torque Consuming during Braking mode (TCB)

Figure 7-21 shows the same as for Figure 7-20 but for the Torque Consuming
during Braking (TCB) mode. In this mode, the MGU-K torque fills and does kinetic
regenerative braking but is also used during simulated braking events to torque
consume. The difference in behaviour compared to TFO mode is highlighted by
the red ellipse in Figure 7-21.
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Figure 7-21 - 70-320 km/h speed event — TCB power and vehicle speed evolutions

The first phase of the braking event is the same as for the TFO mode. The MGU-K
regenerative power is maximised and fully dedicated to braking. Then as the
estimated available braking grip reduces, the MGU-K power also decreases but
torque consuming is not immediately used as the difference between the MGU-K
regenerative power and its 350 kW limit does not allow it yet to absorb 200 kW
from the engine.

When the MGU-K is capable of torque consuming 200 kW, Figure 7-21 shows
that the ICE starts producing power (fromt =~ 2.3 s) and the MGU-K regenerative
power is increased to be closer to its 350 kW limit meaning that more energy is
recovered by the MGU-K that in TFO mode. However, for torque consuming to
occur, additional fuel must be burned.

The total PU power (yellow curve) still matches the estimated braking grip limit
(lower dashed black curve) showing that all the power produced by the engine is

absorbed by the MGU-K and does not result in a different simulated braking event
than the TFO mode.

Once the equivalent vehicle speed has reached the target minimum speed, the
engine behaves in the same way as in TFO mode and only produces the power
necessary not to exceed the demand at the beginning of the acceleration phase,
meaning that the engine power must drop between the end of the braking event
and the beginning of the acceleration. The engine powers the vehicle, and the
MGU-K is used to torque fill if necessary.
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70-320 km/h speed event — Torque Consuming during Acceleration mode
(TCA)

Figure 7-22 shows the behaviour of the Power Unit in Torque Consuming during
Acceleration (TCA) mode. During the simulated braking event, as no torque
consuming is done, the behaviour is the same as in TFO mode. It is during the
first part of the acceleration that the behaviour changes.
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Figure 7-22 - 70-320 km/h speed event — TCA power and vehicle speed evolutions

As soon as the power demand is different than 0 after reaching the speed event
minimum speed (t = 3.2 s), the engine load signal does not evolve following the
increasing power demand but is immediately switched to 100%, the engine is
instructed to operate at full load, thus nearly eliminating throttle losses.

As highlighted by the red ellipse in Figure 7-22, on the contrary to the TFO and
TCB modes, the ICE produces more power than demanded (blue curve higher
than the upper black dashed one). The difference is absorbed by the MGU-K to
recharge the ES (negative values for the orange curve), resulting in the PU total
power output (yellow curve) to match the demand.

This lasts until the power produced by the ICE exactly matches the power
demand, after which the MGU-K switches into torque fill mode to meet the power
demand. For the entire acceleration phase, the engine is operated at full load,
there is no part-load operation.

70-320 km/h speed event — Torque Consuming during Acceleration and
Braking mode (TCAB)

Figure 7-23 shows the behaviour of the Power Unit in Torque Consuming during
Acceleration and Braking (TCAB) mode which is a combination of the TCA and
TCB mode.
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Figure 7-23 - 70-320 km/h speed event — TCAB power and vehicle speed evolutions

As a combination of both TCA and TCB modes, the TCAB behaviour is also a
combination of their behaviour. The MGU-K starts torque consuming as soon as
it can recover 200 kW from the engine (t = 2.3 s) in addition to regenerative
braking. When the minimum equivalent vehicle speed is reached, the PU starts
torque consuming during acceleration, so the ICE load signal is set at 100% and
the MGU-K recovers the excess energy. When the ICE power output matches
the demand, the MGU-K goes from consuming to deploying mode to torque fill.

On the contrary to the TCB mode, the engine power does not need to suddenly
drop when the acceleration phase begins as the excess power is absorbed by
the MGU-K. The engine produces power and the fraction that is transmitted to
the wheel to accelerate the car is controlled by the MGU-K regenerative power.

As visible in Figure 7-23, the period during which the engine is operated at 0%
load is significantly reduced compared to the other modes.

70-320 km/h speed event — Turbocharger rotor speed evolution for the
different ICE/MGU-K interaction modes

Figure 7-24 shows the evolution of turbocharger rotor speed for the different
ICE/MGU-K interaction modes. When the simulated braking event starts, the
throttle body closes to its minimum angle value, suddenly reducing mass flow and
thus compressor load which results in the spike observed in Figure 7-24 at this
moment (t = 0.9 s).
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Figure 7-24 - 70-320 km/h speed event - Turbocharger rotor speed evolutions of the different ICE/MGU-K
interaction modes

As the fuelling is cut during the simulated braking event, exhaust enthalpy is low,
the turbine does not recover enough energy to keep the rotor spinning at optimal
speed.

Out of the four modes, TCB (green curve) and TCAB (black curve) are the first to
re-open their throttle to torque consume during braking. As torque consuming is
only started when the engine can operate at high load, the throttle suddenly open
to a high angle value which depends on engine load, leading to a sudden increase
in compressor air mass flow and aerodynamic load in the compressor. As exhaust
enthalpy does not increase immediately, there is an imbalance between the
compressor and turbine power resulting in a turbocharger rotor speed drop until
exhaust enthalpy builds up.

Once the speed event minimum speed is reached (t = 3.2 s), all modes start
producing power to accelerate the vehicle. For the TFO mode (red curve), engine
load, fuel flow and thus exhaust enthalpy increases progressively, and it takes
time for the turbine power to match the compressor need, causing a significant
power drop. For the TCB mode (green curve), the observation is the same.
Despite the turbine being provided with exhaust enthalpy by the torque
consuming during braking, the fact that the engine load is suddenly reduced not
to exceed the power demand results in no anti-lag effect.

Regarding the TCA mode (blue curve), despite a drop in rotor speed before
turbine power builds up, the drop is significantly reduces compared to the TFO
and TCB modes as the engine operates immediately at full load and thus
produces large amount of exhaust enthalpy to feed the turbine. The observation
is the same for the TCAB mode (black curve), making them effective turbo lag
mitigation solutions.
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70-320 km/h speed event — Effective efficiency evolution for the different
ICE/MGU-K interaction modes

Figure 7-25 shows the evolution in effective efficiency (brake fuel conversion
efficiency) for the different ICE/MGU-K interaction modes. During the simulated
braking events, when the fuel injection is cut, AVL Boost™ is not capable of
calculating realistic efficiency, hence the absence of values in these zones.
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Figure 7-25 - 70-320 km/h speed event — Effective efficiency evolutions of the different ICE/MGU-K
interaction modes

For the TCB (green curve) and TCAB (black curve) modes, it can be highlighted
that thanks to the torque consuming during braking being only activated when the
MGU-K is capable of consuming significant values of engine power, the engine
operates at high load and thus at high effective efficiency, between 0.4 and 0.45,
i.e. close to peak efficiency.

For the TCA (blue curve) and TCAB (black curve) modes, because the engine is
operating at full load immediately from the beginning of the acceleration, with the
implemented fuelling strategy, fuel flow and air/fuel ratios are higher, leading to
high effective efficiency whereas the engine load only progressively increases in
TFO and TCB modes, with lower fuel flow and air/fuel ratios leading to low fuel
conversion efficiency in the first stages of the acceleration.

70-320 km/h speed event — Assessment of turbo lag characteristics of the
different ICE/MGU-K interaction modes

Figure 7-26 shows a summary of the turbo lag situation for each of the four
ICE/MGU-K interaction modes using three normalised performance values. The
values are normalised by the highest values of the four studied modes for visual
clarity, but the real values are displayed at the top of each bar.

249



The turbocharger rotor speed drop is calculated as the difference in rotor speed
between the beginning of the zone of interest (t ~ 0.9 s), and the minimum value
observed during the studied speed event.

Turbo lag duration is here calculated as the time necessary for the turbocharger
rotor speed to reach 120,000 RPM from the acceleration start (equivalent vehicle
speed of 70 km/h, t = 3.2 s). 120,000 RPM is considered, following analysis of
the simulation results, as the threshold turbocharger rotor speed for which in
these operating conditions, nominal turbocharger operation is reached.
Considering Section 7.1 definition of turbo lag duration, 120,000 RPM would be
the target rotor speed given to an electrically assisted turbocharger if it were to
be featured in this 2026 Formula One™ transient engine model.

The mean effective efficiency is calculated from the acceleration start to the
moment 150 km/h is reached.

70 - 320 km/h speed event

j-Turbocharger rotor speed drop (RPM)
[EWTurbo lag duration (s)

[EIMean effective efficiency (-)
67877 2.24

1
039
038 = 203 201
= 30812 il
: 37915
O L1 — 1
TFO TCB TCA

TCAB

66830 219 041 (042

o o
(o] [oe]

Normalised values (-)
o
H

Figure 7-26 - 70-320 km/h speed event — Turbocharger and effective efficiency characteristics of the
different ICE/MGU-K interaction modes

The TCB mode yields very similar results to that of the TFO mode. Turbo lag is
only slightly reduced as the engine operates at low load at the beginning of the
acceleration event causing an imbalance between the compressor need and the
turbine supply, which results in a significant turbocharger rotor speed drop. As
the engine faces turbo lag, the air mass flow provided by the turbocharger is not
optimal, the engine operates at lower air/fuel ratios than nominal values which
results in lower fuel conversion efficiency. As the engine is affected by turbo lag,
the MGU-K is required to torque fill sooner and thus to consume more electric
energy.

On the contrary, the TCA and TCAB modes, by operating the engine at full load
for the whole acceleration phase effectively reduce turbo lag, operate at higher
air/fuel ratios and yields higher fuel conversion efficiency.
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70-320 km/h speed event — Analysis of the energy of the different
ICE/MGU-K interaction modes

Figure 7-27 presents a summary of the energy usage of each mode. The total
energy consumed (i.e. the change in energy within the Power Unit between the
beginning and the end of the period of interest) is shown and broken down into
total electric energy difference and fuel energy consumed. The two latter are
respectively broken down into the energy used for regeneration (green outline)
and for propulsion (red outline).

When analysing Figure 7-27, it must be kept in mind that all the simulated
ICE/MGU-K interaction modes meet the power demand and thus achieve the
same speed profile. Nevertheless, the contributions of the internal combustion
engine and of the ERS are different depending on the mode and this is the
balance between use of fuel and electric energy which is investigated in
Figure 7-27.

Table 7-4 provides a guide on how to analyse the values of each bar presented
in Figure 7-27 and what would be the ideal value / shape for each. However,
obtaining the ideal value for each bar is not realistically possible as there are
compromises to be made as explained in the following paragraphs.

Meaning

Bar colour Ideal bar value Explanation

(Bar position)

Total energy

consumption The lower the value, the lower the amount of

total energy used to accomplish the desired
Low value

Grey manoeuvre in the given ICE/MGU-K interaction
(1%t bar) mode
Total fuel energy
consumption The lower the value, the less fuel has been
vellow Low value used to accomplish the desired manoeuvre in
the given ICE/MGU-K interaction mode
(2" bar)

Electric energy A positive value means that more electric
delta energy has been used than recovered and
Blue High negative value inversely

4 The higher the negative value, the more the ES
(2" bar) has been recharged

Electric energy

e ETE| The lower the value, the less the MGU-K has

Low value been used to torque fill and match the power
Blue + red outline demand. i.e. the less electric energy has been
drawn out of the ES
(3 bar)
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Meaning

Bar colour Ideal bar value Explanation

(Bar position)

Electric energy
recovered The higher the value, the more electric energy
has been recovered via regenerative braking

Blre = green AN MEFEINS e and torque consuming and the more electric
outline
energy has been sent to the ES
(3 bar)

Fuel energy used
for propulsion
The lower the value, the less fuel has been

Yellow + red Low value used to match the power demand

outline
(4 bar)

Represents the additional fuel invested to make
torque consuming possible, so a low value

Fuel energy used means that less additional fuel has been burned

for recovery
However, this value needs to be considered in
regard to the increase in electric energy
regeneration (blue bar with green outline) to
(4t bar) assess the usefulness of torque consuming
allowed by this additionally burned fuel energy
but also in regard to the evolution of turbo lag

Yellow + green Low value
outline

Table 7-4 - Presentation of the ideal energy usage distribution

TFO mode

For the TFO mode, between the beginning and the end of the manoeuvre, the
energy difference is 1,430 kJ (grey bar) with 1,383 kJ coming from fuel energy
and only 47 kJ from electric energy (second bar).

The electric energy difference is so low because when looking at the details, the
MGU-K has recovered 487 kJ from regenerative braking (no torque consuming
done in this mode) and has consumed 534 kJ to torque fill.

Regarding fuel energy, as this mode does not torque consume, fuel energy is
only invested into propulsion, not regeneration. Figure 7-27 states that 15 kJ are
used for torque consuming but this is due to the imperfect control of the MGU-K
power allowed by AVL Boost™ and its Formula Interpreter which causes spikes
in MGU-K power and to the energy consumption calculation algorithm. 15 kJ is
just an offset and must be considered as the zero for this case study.
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Figure 7-27 - 70-320 km/h speed event — Fuel and electric energy use of the different ICE/MGU-K

interaction modes
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TCB mode

For the TCB case, the overall energy difference is higher (grey bar). The
consumed fuel energy (1914 kJ) is higher than the overall energy difference
(1720 kJ) as there is an excess in recovered electric energy (715 kJ of electric
energy recovered).

With the torque consuming during braking done in this mode, an additional 228 kJ
of electric energy is recovered by the MGU-K compared to the TFO mode.

26.6% of the total consumed fuel energy is dedicated to producing engine power
for torque consuming. This would mean that the 228 kJ of additional electric
energy comes from 509 kJ of fuel energy used for torque consuming which
represents an efficiency of 44.8%. This value is higher than the average effective
efficiency of the engine observed in Figure 7-25 for the TCB mode when the
MGU-K torque consumes, and here the mechanical and electric efficiencies of
the MGU-K are not considered.

When looking in more depth at the results, only 197 kJ of the 228 kJ recovered
energy is through torque consuming, thus the efficiency of torque consuming is
of 38.7% which is more relevant. The fact that the additional electric energy
recovered is not entirely due to torque consuming is caused by engine braking.

In TFO mode, no fuel is burned during the simulated braking event, so the engine
works as an air pump, effectively acting as a brake. A fraction of the braking effort
is taken care of by using the engine whereas in TCB mode, there is no engine
braking when torque consuming is active as the engine produces power. The
MGU-K thus must compensate for this lack of engine braking, meaning that more
energy is recovered from kinetic energy regeneration in TCB mode than in TFO.

TCA mode

In TCA mode, the overall energy difference (grey bar) is higher than in TFO mode
but lower than in TCB mode and more electric energy is recovered than
consumed (blue part of the second bar for the TCA mode is negative).

The behaviour of the TFO and TCA modes during simulated braking events are
the same as no torque consuming during braking is done, the difference thus
comes from the acceleration part of the studied period during which the TCA
mode torque consumes. As the engine in TCA mode is always operating at full
load and as fuel flow is dependent on engine load, more engine power is
produced but at the cost of a higher fuel consumption.

In addition, as the engine is less affected by turbo lag, it can produce more power
and meet the power demand for longer without the support of the MGU-K, further
explain the higher fuel consumption.

Compared to the TFO mode, the total fuel consumption is increased by 26.2%
(1383 kJ vs 1746 kJ) but if only considering the energy invested in propulsion and
not torque consuming, the increase is only of 11% (1383 kJ vs 1535 kJ).
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The 212 kJ of fuel energy invested into torque consuming allows the MGU-K to
recover an additional 76 kJ compared to the TFO mode (35.8% efficiency) but
indirectly to also reduce the dependency on the MGU-K to meet the power
demand resulting in a 102 kJ reduction in electric energy deployment (534 kJ vs
432 kJ).

As a result, over the studied manoeuvre, the TFO mode sees its electric storage
reduced (positive electric consumption, 47 kJ) whereas the TCA mode recharges
its ES for a total gain of 178 kJ (102 kJ not deployed compared to TFO and an
additional 76 kJ recovery).

TCAB mode

In TCAB mode, it is interesting to highlight that the same amount of energy (fuel
and electrical) is consumed to power the car than in TCA mode (see boxes with
red outlines). Maintaining significantly higher turbocharger rotor speed helps to
reduce the need of MGU-K torque fill in this mode in the same way it occurs for
the TCA mode.

However, much more fuel is invested in torque consuming. Relatively to the TCA
mode, 245% more fuel is used for torque consuming (212 kJ vs 732 kJ) with a
return of only 42.8% in recovered electric energy (563 kJ vs 804 kJ) and this
considering that the MGU-K also compensate for the lack of engine braking when
torque consuming during simulated braking events as it does in TCB mode.

The TCAB mode results in the greatest recovered electric energy, the highest
electric energy difference (highest negative value) but also the highest fuel
consumption. Compared to the TFO mode, an additional 885 kJ of fuel is used
(1383 kJ vs 2268 kJ), and the electric consumption reduces by 419 kJ (47 kJ vs
-372 kJ) resulting overall in a 466 kJ increase in energy consumption (1430 kJ vs
1896 kJ).

Analysis of the impact of the ICE/MGU-K interaction modes based on the
results of the 70-320 km/h speed event

As explained at the beginning of the section, the ICE/MGU-K interaction modes
are investigated with two objectives in mind, reducing turbo lag and reducing the
dependency on the MGU-K to meet the power demand which is linked to
maintaining a high ES SOC level.

As seen previously, all torque consuming modes result in an increased fuel
consumption, it is the necessary cost for the improvement brought by torque
consuming as the energy must come from somewhere.

Being fuel-limited, it is important to consider the benefits of torque consuming on
the 2026 Formula One™ Power Unit operating with regards to the fuel
consumption cost and this is what the following figures are representing, a
cost-benefit analysis of torque consuming.
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For all these figures, the ideal mode is in the bottom left corner where the fuel
penalty is the lowest and the other parameter under study is improved.

Figure 7-28 shows the difference between the torque consuming modes (TCB,
TCA and TCAB) with the TFO mode as reference for fuel consumption and turbo
lag duration.
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Figure 7-28 - 70-320 km/h speed event - Fuel penalty vs turbo lag duration of torque consuming modes

As previously observed, the TCB mode barely reduces turbo lag duration on the
contrary to the ICE/MGU-K interaction modes that torque consume during
acceleration (TCA and TCAB). However, for these two latter modes, the fuel
penalty is very different as part of the fuel consumption increase in TCAB mode
is for torque consuming during braking which does not have any anti-lag effect.

Considering turbo lag and this 70-320 km/h speed event, TCA is the most useful
ICE/MGU-K interaction mode.

Concerning the dependency on the MGU-K to meet the power demand, it has
been observed that the lower the turbo lag, the higher the engine output power
and thus the lower the need of the MGU-K thereby maintaining SOC.

By always operating the ICE at full load, the torque consuming during
acceleration modes (TCA and TCAB) reduce turbo lag duration (Figure 7-28) but
also reduce the dependency on the MGU-K to maximise PU output power
(Figure 7-29).

Using Figure 7-29, the TCA mode is identified as the most efficient ICE/MGU-K
interaction mode when it comes to reducing the dependency on the MGU-K for
acceleration as the torque consuming during braking of the TCAB mode results
in a higher fuel consumption that does not help with engine power output.
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Figure 7-29 - 70-320 km/h speed event - Fuel penalty vs electric energy deployment for torque filling of
torque consuming modes

Considering the higher power of the 2026 MGU-K, it has been explained that
there is a need to keep the ES at high SOC level so that the MGU-K is available
for use at race-critical moments.

As shown by Figure 7-30, the more the ES energy level (another way of
interpreting SOC) is increased, the higher the fuel penalty as the improvement in
energy level is due to torque consuming which requires fuel to be burned. And as
seen previously, this is torque consuming during braking modes that allow for the
most energy recovery.
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Figure 7-30 - 70-320 km/h speed event - Fuel penalty vs estimated ES energy level reduction of torque
consuming modes

The TCA mode which results in the lowest fuel penalty for the best anti-lag
characteristic and highest MGU-K dependency reduction yields the lowest ES
energy level improvement of the three torque consuming modes.

As for the case study presented in Section 7.1, acceleration effectiveness
(estimated vehicle acceleration / energy consumption) can be calculated. As
previously discussed, all ICE/MGU-K interaction modes achieve the same
speed-time profile so yield the same acceleration. However, because of the
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difference between torque consuming modes, the acceleration effectiveness of
all modes is not the same as shown in Figure 7-31.

This performance indicator only considers the energy transfer during the

acceleration phase, including energy recovery during torque consuming during
acceleration.

It can be observed that the torque consuming during acceleration modes (TCA
and TCAB) yield the lowest acceleration efficiency. As previously described, the
TCA and TCAB modes rely more on the ICE to power the car than the TFO and
TCB modes. However, because of the relatively low effective efficiency of an
internal combustion engine compared to that of an electric motor, a significant
fraction of the fuel energy is “wasted” in the conversion process which negatively
impact the acceleration effectiveness even when accounting for the energy
recovery thanks to torque consuming during acceleration.
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Figure 7-31 - 70-320 km/h speed event - Acceleration effectiveness of the different ICE/MGU-K interaction
modes

Despite enabling the ICE to operate at higher effective efficiencies when in TCA
and TCAB modes, the fact that the TFO and TCB modes use more the MGU-K,
which has a significantly higher energy conversion efficiency, leads to improved
apparent acceleration efficiency. However, as already mentioned several times,
the electrical energy used by the MGU-K comes from energy recovery, i.e.
indirectly from fuel combustion, which is not accounted for in this performance
indicator.

The next section will investigate the evolution of the impact of the different modes
on the 2026 Formula One™ Power Unit behaviour for all speed events, after
which conclusions on the usefulness of these ICE/MGU-K interaction modes will
be drawn.
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7.2.5 Evolution of the impact of the different ICE/MGU-K interaction
modes on the 2026 Formula One™ Power Unit behaviour with
different speed events

For the other investigated speed events, 100-320, 150-320 and 200-320 km/h,
the period of interests also lasts until the PU nominal behaviour is reached which
corresponds to equivalent vehicle speeds of 170, 200 and 240 km/h respectively.

Figure 7-32 shows a summary of the evolution of the fraction of the fuel
consumption dedicated to torque consuming as the minimum equivalent vehicle
speed of the manoeuvre increases. Comparing the values between the different
speed events is not very useful as not achieved for the same acceleration event
but it is interesting to observe how the fraction of fuel consumption dedicated to
torque consuming varies between modes and between speed events.
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Figure 7-32 - Evolution of the fraction of fuel consumption dedicated to torque consuming with different
speed events

For the TFO mode, the values are always zero as this mode does not involve any
torque consuming.

Going from the 70-320 to the 100-320 km/h case, significant trend can be
observed in Figure 7-32. The TCA mode (blue curve) has not changed as much
as the TCB (green curve) and TCAB (black curve) modes for which the fraction
of fuel dedicated to torque consuming has significantly reduced meaning that
torque consuming during braking has been modified.

As explained in Section 7.2.4, torque consuming during braking is activated when
the MGU-K can recover at least 200 kW from the engine in addition to
regenerative braking. As the minimum speed of the speed event increases, the
period during which the MGU-K can torque consume reduces as the available
rear braking grip is high enough for most of the braking event to allow the MGU-K
to be used in regenerative braking mode at high power, thus not leaving room for
torque consuming.
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In the 70-320 km/h case, a significant fraction of fuel is dedicated to torque
consuming during braking for the TCB and TCAB modes but as the minimum
speed increases, there is less and less room for this energy recovery mode.

As shown in Figure 7-32, for the 150-320 and 200-320 km/h in TCB mode, the
values drop to zero indicating that no torque consuming during braking occurs.
The mode behaves as TFO by using the MGU-K only to torque fill.

Similarly, for these speed events, the TCAB mode cannot do any torque
consuming during braking, thus behaves like the TCA mode. Nevertheless,
because the power demand never switches immediately from 0 to 100% (see
Figure 7-16) on the contrary to engine load signal, there are, for the four speed
events studied, opportunities to torque consume during the first part of the
acceleration. This is why the amount of fuel dedicated to torque consuming in
TCA and TCAB is always higher than zero.

Figure 7-33, which shows the evolution of turbo lag duration for the different
modes and speed events, also shows the convergence between the TCA and
TCAB and between the TFO and TCB modes as the minimum speed of the
manoeuvre increases.
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Figure 7-33 - Evolution of turbo lag time with different speed events

Because the simulated braking event is shorter and shorter, the exhaust enthalpy
is reduced for shorter periods meaning that turbocharger rotor speed drop and
turbo lag duration (duration for the turbocharger speed to reach 120,000 RPM
from the moment power demand is different than zero) are minimised as shown
in Figure 7-33.

Nevertheless, for all speed events, the TCA and TCAB modes have an advantage
in terms of turbo lag over the TFO and TCB modes. Even if torque consuming
during acceleration is more and more limited, the fact that the engine load is
directly switched to 100% with the MGU-K recovering the excess power, is a
significant help to increase exhaust enthalpy, reducing turbo lag and the
dependency on the MGU-H to power the vehicle.
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As previously seen, with the controls implemented in the models used for this
case study, the reduction in turbo lag does not result in faster manoeuvre time for
any speed event or ICE/MGU-K interaction mode, as the total power demand is
always met but leads to differences in ICE/MGU-K power balance to meet this
demand. What this case study shows is that by torque consuming during
acceleration, the ICE can be provided with higher air mass flow to burn more fuel
and at higher air/fuel ratio which results in higher fuel conversion efficiency in
addition to higher power output thus reducing the need for the MGU-K to torque
fill. Here the advantage of turbo lag reduction is not shown as a time gain but as
a reduction in MGU-K contribution to the power demand and a more efficient use
of the limited fuel flow.

The biggest gap in turbo lag duration is observed for the 150-320 km/h speed
event. By torque consuming during acceleration, turbo lag duration is reduced
from 1.49 s to 0.5 s. As a result, the average effective efficiency of the studied
part of the acceleration goes from 39 to 43% (10.25% relative increase), the
MGU-K contribution to acceleration is reduced from 480 kJ to 434 kJ (9.6%
relative decrease) and ES SOC is kept constant (as much energy recovered than
deployed), however the cost is a 27% relative increase in fuel consumption
(34.9 gram vs 44.4 gram).

7.2.6 Conclusions on the usefulness of torque consuming modes

By torque consuming in addition to regenerative braking, the investigated
ICE/MGU-K modes allow the 2026 Formula One™ Power Unit to recover more
electric energy but at the expense of an unavoidable greater fuel consumption.
The overall energy consumptions of the torque consuming modes are greater
than that of the reference TFO mode even with the additional energy recovery
partly because of the inherent lower efficiency of an internal combustion engine.

When it comes to torque consuming as an anti-lag solution, the previous
sections showed that only the TCA and TCAB modes effectively reduces
turbo lag and the dependency on the MGU-K to accelerate the car. With the
TCB mode, the fact that the engine is operated at very low engine load at
beginning of the acceleration event overcomes the effort made when torque
consuming during braking to keep exhaust enthalpy high and results in no
turbo lag improvement.

Only torque consuming during acceleration is effective in minimising turbo lag.
Overall, it consumes more fuel energy because the engine is operated at higher
load and thus at higher fuel mass flow but by reducing turbo lag, the average fuel
conversion efficiency is significantly increased. More fuel is consumed but at a
much higher efficiency. This results in higher electric energy recovery compared
to the TFO mode and a reduced need for the MGU-K to torque fill for the PU to
match the power demand.

Torque consuming during braking can be useful if the SOC of the ES is low and
significant energy recovery is necessary as it enables to recover more energy
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than torque consuming during acceleration but is less and less available as the
minimum speed of the braking event increases. As TCB alone does not help for
turbo lag mitigation, torque consuming during braking is more likely to be used in
TCAB mode than in TCB to combine both the advantages of torque consuming
during braking and acceleration.

However, the most promising mode is TCA as it brings the most advantages
(turbo lag duration reduction and MGU-K dependency reduction) with the
smallest fuel consumption penalty. It leads to higher engine efficiency,
lower dependency on the MGU-K torque filling capacity, lower fuel
consumption increase, lower turbo lag, and additional energy recovery
(even though addition energy conversion steps and losses occur).

As for the traditional anti-lag solution in which the fuel is burnt in the exhaust,
torque consuming leads to additional fuel consumption which must be seen as
an investment to later improve the performance of the ICE and efficiency.
However, on the contrary to older techniques, with torque consuming, a fraction
of the addition fuel energy consumed is recovered as electric energy which can
then be used to recharge the ES / maintain the ES at a reasonable SOC and thus
power the MGU-K when necessary.

Nevertheless, with more classic anti-lag solutions that do not require additional
fuel consumption and that will be investigate by the Power Unit manufacturers,
the TCA mode is less of interest as the turbo lag should be less significant. But
this mode can prove useful if there is a need to recharge the ES in addition to
mitigate turbo lag.

Despite being the most promising mode, TCA consumes more fuel than if no
torque consuming occurs. As the 2026 Formula One™ Power Unit is fuel limited,
any additional fuel consumption must be investigated in detail to assess its worth.
As for the Open Waste Gate mode of the 2014 Formula One™ Power Unit
(Chapter 5), torque consuming cannot be seen as a sustainable mode but as a
useful mode when additional energy recovery is necessary to maintain high ES
SOC level.

To fully appreciate the usefulness of this mode, it would be necessary to couple
the engine simulation model with a lap time simulation to analyse the overall
energy consumption around a lap, the lap time gain and if such mode would allow
the car to finish the race with the limited fuel onboard and if it has its place on the
car.

7.3 Conclusions on the impact and opportunities related to
coupling an internal combustion engine with an electric motor
By using AVL Boost™ transient engine simulations based on the 2026 Formula

One™ Power Unit regulations, this chapter investigated the usefulness of
coupling electric motor(s) to the internal combustion engine.
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Coupling the internal combustion engine to an electric motor at the turbocharger
(eTC) or at the crankshaft (MGU-K) helps to improve PU (and hence vehicle)
acceleration performances but in different ways. With an eTC, turbo lag is nearly
eliminated, and it becomes possible to precisely control the turbocharger rotor
speed and air mass flow to significantly improve the engine effective efficiency
during transient manoeuvres, and this by only investing small amount of electric
energy. The eTC solution can only compete with an ICE coupled with an MGU-K
when this latter is compromised by turbo lag, after which the combined power of
the ICE and of the MGU-K results in much higher acceleration capacity. However,
the MGU-K configuration consumes much more electric power and fuel
conversion efficiency is affected by turbo lag which leads to non-optimal air/fuel
ratios.

The 2026 Formula One™ Power Unit will not feature an eTC meaning that the
engine will be exposed to turbo lag. PU manufacturers will need to find anti-lag
solutions to maximise ICE fuel conversion efficiency and improve on-track
performance without relying too much on the MGU-K which consumes large
amount of electric energy that comes from energy regenerative, i.e. indirectly
from fuel combustion.

However, as the MGU-K represents nearly 50% of the 2026 Formula One™
Power Unit output power, its use is necessary to achieve competitive lap times.
Thus, it must be ensured that the ES SOC is maintained at acceptable level to
use the MGU-K when necessary.

As explained in Section 7.1, the 2026 Formula One™ PU will feature anti-lag
solutions which are not investigated here but that will already improve the
efficiency and performance of the ICE. One example is a pre-compressor valve,
which was already used during the first turbocharger era, which acts as a variable
pre-swirl valve to maximise the efficiency of the compressor but also shuts when
braking to remove the load on the compressor while exhaust enthalpy is still high,
causing the rotor speed to spike thus minimising the speed drop and the turbo
lag.

These solutions do not lead to additional fuel consumption but do not recharge
the ES either. By using the high power of the MGU-K, this latter can be used in
torque consuming mode, i.e. absorb the power produced by the ICE to recharge
the ES, to operate the ICE at higher loads than it would do without torque
consuming. By doing so, the exhaust enthalpy is kept high, turbo lag is mitigated,
and engine effective efficiency is increased.

Torque consuming during acceleration (TCA) proved to be the most promising
ICE/MGU-K interaction mode according to the simulations run for the case study
as it effectively reduces turbo lag, reduces throttle and pumping losses, recharge
the ES, minimises the use of the MGU-K to torque fill and results in a smaller fuel
consumption penalty compared to torque consuming during braking which does
not serve as an anti-lag solution.

To be able to draw definitive conclusions on the usefulness of torque consuming,
these modes need to be investigated alongside the other anti-lag solutions that
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will be featured on the 2026 Formula One™ fuel-limited engine and with a more
complete vehicle simulation to assess the benefits in terms of on-track
performance. But this 350 kW MGU-K makes torque consuming an interesting
solution to consider as a special PU mode for momentarily reducing turbo lag,
recharging the ES, improving fuel conversion efficiency, and reducing the need
for the MGU-K torque filling capacity.
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8 Conclusions and future work

8.1 Conclusions

8.1.1 Contribution to the body of knowledge

This thesis presents a critical assessment of the thermodynamic behaviour of a
fuel-limited internal combustion engine featuring an electrically assisted
turbocharger and running with a lean mixture, a pre-chamber ignition system,
direct injection, a high geometric compression ratio and waste gates used as
pressure-relief valves. The assessment has been investigated using advanced
computer simulation techniques drawing on both energy and exergy analyses.
The literature review set out in Chapter 2 concludes that such an assessment has
not been published previously and therefore represents a contribution to the
understanding of highest performing internal combustion engines.

This engine is the 2014+ Formula One™ engine for which only little information
is available in the literature. By using a steady-state OD/1D model for the
thermodynamic and fluid dynamic performance of the engine within unavoidable
constraints on component-level-detail data (2014+ Digital Twin), it has been
possible to highlight and discuss the main performance insights of this engine
and to understand how each enabling technology allows the ICE to reach the
50+% brake thermal efficiency claimed by the Formula One™ engine
manufacturers and to also appreciate how the evolution of the fuel flow limit with
engine speed imposed by the regulations influences the behaviour of the whole
engine.

The investigation conducted on the significance of the uncertainty related to the
input dataset of the 2014+ Digital Twin on its performance predictions
demonstrated that despite the sparse available data on the 2014+ Formula One
engine, the 2014+ Digital Twin could be confidently used to assess the behaviour
of this engine but with a 0.7 IMEP uncertainty.

In 2026, Formula One™ will introduce new Power Unit regulations which will
share a similar fuel-limited philosophy as the 2014+ one but with a
thermal / electric power balance brought closer to 50/50 and the electrically
assisted turbocharger replaced by a conventional turbocharger only powered by
exhaust gas enthalpy.

This new engine is currently under development so no data about design or even
performance is available. By also using a steady-state OD/1D engine model
based on the 2026 Formula One™ regulations published by the FIA, it has been
possible to make a prediction on the level of performance that this engine could
reached but also to highlight the differences with its 2014+ counterpart,
specifically the reduction in in-cylinder pressure which will enable the combustion
process to be more rapid than previously and increasing air/fuel ratio to best
exploit the advantages of this situation.
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By expanding the assessment to include transient 0D/1D engine models of the
2026 Formula One™ engine, the possible interaction between the 350 kW
MGU-K and the internal combustion engine to improve the transient behaviour of
the Power Unit has been investigated. It was demonstrated for the first time that
the MGU-K can be set to absorb a fraction of the power produced by the engine,
enabling this latter to operate at higher load than otherwise required, thus
increasing exhaust enthalpy, reducing turbo lag and reducing dependency on the
electric system of the car for propulsion but at the expense of a higher fuel
consumption.

In addition, the work carried out during this Doctoral Thesis demonstrated the
robustness of the currently available 0D/1D engine simulation software which
successfully modelled the behaviour of high-performance Formula One™
engines despite the sparse input dataset enabling to investigate the
thermodynamic characteristics of these engines and to draw conclusions about
the way they reach very high fuel conversion efficiency.

8.1.2 Results achieved relating to the objectives of the research

As previously mentioned, there is little data available in the literature on the 2014+
Formula One™ engine and even though the specialised press explains
periodically the technologies used in this engine, there is no in-depth investigation
of the engine from a fundamental physics point of view with simulation-backed
data and even the Power Unit manufacturer may not have the time to carry out
this type of investigation, nor necessarily the motivation as long as the engine
performance is improved and the Power Unit remains competitive. There is some,
limited, un-verified knowledge about this engine in the public domain but no clear
explanation of how it works.

By using the knowledge acquired during the Cranfield F1™ Design Sprint and
creating a 2014+ Digital Twin of the 2014+ Formula One™ engine thanks to the
advice from the sponsor of this Doctoral Thesis, insights regarding the engine
and turbocharger behaviours have been exposed, making possible to
scientifically investigate from the points of view of energy and exergy how this
engine can achieve 50+% brake fuel conversion efficiency and the significance
of the MGU-H in achieving peak efficiency and thus confirm the claims made by
Power Unit manufacturers using results from 0D/1D engine simulations. With the
analysis of the 2014+ Formula One™ Power Unit presented in this thesis, a
unique structured scientific exposition of its enabling technologies is proposed.

The investigations also demonstrated how much the shape of the fuel flow limit
imposed by the regulations influenced the behaviour of the engine and of the
turbocharger leading to them being operated in a narrow window of high
efficiency.

The observations made on the 2014+ Digital Twin behaviour can then be
considered in the development of future motorsport but also road engines to
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maximise fuel conversion efficiency and help the transition towards a more
efficient and low-carbon future.

By running similar settings with an engine following the 2026 Formula One ™
regulations, it was observed that the 2026 Power Unit will have similar peak
performance than its 2014+ counterpart but with a much higher contribution of
the electric system and lower engine effective efficiency (2.81 percentage points)
because of the removal of the MGU-H and the impossibility of transferring
exhaust energy to the crankshaft via both MGUs. Due to the high torque
production capacity at low speed of an electric motor, the low-speed acceleration
capacity of the 2026 Power Unit will be higher than that of the 2014+ one but less
energy per lap is available because of the reduction fuel flow.

When investigating acceleration, the 2026 Power Unit will appear more energy
efficient than the 2014+ Power Unit as a higher fraction of the power comes from
the electric system which has a higher efficiency than an internal combustion
engine (95% vs 50%) so less energy is lost because of inefficiencies.
Nevertheless, it must be kept in mind at any time when studying these Formula
One™ fuel-limited hybrid Power Unit that all the energy onboard the car during a
race originates directly or indirectly from fuel meaning that fuel must be burned
for the MGU-K to be used and for the ES SOC to be kept high.

With the reduction in fuel flow limit and the unchanged swept volume, the
in-cylinder pressure of the 2026 Formula One™ engine will significantly be
reduced making it no longer pressure-limited. There is thus room for the engine
manufacturer to improve their combustion process in ways that were not possible
under the 2014+ regulations because of mechanical limits. The investigation
conducted in this thesis highlighted that increasing air/fuel ratio is the most
promising solution to increase fuel conversion efficiency and this could be allowed
by the advanced sustainable fuel which will be used in 2026 as their composition
will be optimised to result in higher lean combustion limit and higher laminar flame
speed.

As shown with the AVL Boost™ transient engine simulations, the electrification
of the internal combustion engine is very effective at increasing fuel conversion
efficiency and/or improving acceleration performance. An electrically assisted
turbocharged is identified as the best solution to precisely control air/fuel ratio
and thus fuel conversion efficiency during changes in load demand whereas an
electric motor connected to the crankshaft of the ICE leads to better acceleration
capacities because of the higher total output power.

With the MGU-H being removed from the 2026 Formula One™ Power Unit
regulations, the engine with its conventional turbocharger will be exposed to turbo
lag which negatively impacts engine performance and thus requires more
intervention of the electric system to torque fill to match the power demand which
in turn requires more energy recovery.

Nevertheless, by optimising the interaction between the internal combustion
engine and the MGU-K, this latter can be used to ‘torque consume’ (deliberately
absorb energy produced through combustion of fuel in the engine) which results
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in higher energy recovery (and thus a higher ERS SOC), lower turbo lag and a
reduced dependency on the MGU-K to accelerate the car, but these benefits
come from a higher fuel consumption in an already fuel-limited engine. However,
considering the significance of the MGU-K power relatively to the total PU output
power, it will be essential to keep the ERS SOC high so that the MGU-K can be
used to achieve relevant lap time meaning that over a whole race, torque
consuming could prove useful despite the higher fuel consuming and thus the
higher mass of fuel onboard.

As shown in this thesis, torque consuming during acceleration (TCA), i.e. always
operating the engine at 100% load and using the torque absorption capacity of
the MGU-K to control the amount of power transmitted to the wheels, is the most
interesting mode as it significantly reduces turbo lag, improves engine efficiency
and reduces the dependency on the MGU-K on the contrary to torque consuming
during braking which is more effective for energy recovery.

8.2 Future work

If the trend observed with the former Formula One™ engine regulations
continues, papers about the 2014+ Formula One™ Power Unit are expected to
be published by Power Unit manufacturers once the regulations come to an end
after the 2025 season. At that moment, it will become possible to verify some of
the assumptions made for the creation of the 2014+ Digital Twin and to judge on
the accuracy of the model predictions. By doing so, it will also be possible to
improve the 2014+ Digital Twin and enhance the understanding of this very
specific fuel-limited engine.

Nevertheless, because the philosophy of the 2026 Formula One™ Power Unit
regulations will share similarities with the current one (2014+), it may take more
time for information to be published without engine manufacturers compromising
their competitive advantage.

With the engine model created for this thesis, predictions were made regarding
the performance of the 2026 Formula One™ Power Unit but actual data will only
become available when the Power Units will hit the track in 2026.

If the Cranfield F1™ Design Sprint continues, by using the research presented
here and the feedback from the industry, a Digital Twin of the 2026 Formula
One™ engine could be created and analysed in the same way it was done with
the 2014+ Digital Twin to confirm or not the assumptions made in this thesis but
also enhance the understanding of this new engine and the potential impact of
fuel composition on its behaviour.

Torque consuming has been proposed to use the high power of the MGU-K to
keep the ERS SOC high, reduce turbo lag and the dependency on the electric
system to accelerate the car but it is also only in 2026 that it will be possible to
assess if such an ICE/MGU-K interaction mode will be used by the different
Power Unit manufacturers.
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In the meantime, the usefulness of this Power Unit mode could be further
investigated by integrating it to a lap time simulation to assess if the extra fuel
weight is compensated by the possibility to use the MGU-K more often.

As previously mentioned, the composition of the advanced sustainable fuels that
will be used in the 2026 Formula One™ engine will have the possibility to be
optimised for enhanced combustion properties as engineered fuels and can be
the key to these future regulations. This was not possible within this thesis but
understanding how the composition of the fuel can influence the performance of
this future engine could prove to be of primary importance and require improved
work using 2-zone rate-kinetics simulations.

In 2026, thanks to the reduction in fuel flow and the associated reduction in peak
in-cylinder pressure, it will be possible to run at higher air/fuel ratios than that of
the 2014+ Formula One™ engine. However, the 2026 regulations will still only
allow one injector per cylinder making the use of active pre-chamber impossible.
Combined with the sole spark event allowed by cycle, the fuel preparation
optimisation to ensure the ignition of the passive pre-chamber of the 2026
Formula One™ engine will be crucial. This will require detailed CFD simulation
to understand the interaction between the design of the combustion chamber, the
shape of the piston, the geometry of the pre-chamber and the fuel spray
dynamics.

With the limited operation window of a passive pre-chamber, there must be a
point of diminishing return where even with the distributed ignition points and high
ignition energy of the pre-chamber, the benefits of higher air/fuel ratios are
outweighed by suboptimal combustion characteristics (difficult pre-chamber
filling, increased combustion duration because of lower laminar flame speed,
unreliable ignition, partial burning). The position of this point of diminishing return
and the influence that engineered fuel composition can have on it could be
investigated using rate-kinetics simulation, potentially associated with CFD
models.

To develop an in-depth understanding of these fuel-limited Formula One™
engines and of component-level requirements, experimental work will be
necessary. By doing so, the experimental results can be fed into detailed CFD
models to optimise them and thus expanding the research possibilities as the
basic mechanisms will be better understood and represented.

As shown by the increase in number of pages in Formula One™ Technical
regulations describing the requirements of the Power Unit, the number of
components and variables that can be optimised to deliver excellent performance
is also increased. The incorporation of Artificial Intelligence and Machine
Learning is a promising solution to support engineers in the development of their
designs and in the optimisation of the design process especially considering the
more and more stringent limitations on engine testing and CFD simulations.
Considering these limitations, software in the loop testing is also a solution that
should be explored.
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Interestingly, in the latest issue of the 2026 Formula One™ Power Unit
regulations (3" issue) published on the 20™ of June 2023 by the FIA [15], the
article defining the turbocharger (article 5.5.1) has been modified. The part of the
article stating that the exhaust turbine is the only component permitted to transfer
energy to the rotating part of the turbocharger has been removed. At first, this
modification could open the door for electrically assisted turbocharger which, as
described in this thesis in Chapter 7, is the most useful solution to maintain high
fuel conversion efficiency during transient operation. This modification could
drastically change the development of the 2026 Formula One™ engine which
could benefit from the transient capacity of the MGU-H featured in the 2014+
Formula One™ engine but without the associated very complex energy
management strategies. Nevertheless, the energy flow diagram provided in the
2026 Formula One™ regulations shows that no energy transfer is possible
between the ES and the turbocharger which prevents the implementation of such
a system.
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APPENDICES

Appendix A - Formula One™ Engine / Power Unit Technical regulations evolution

analysis

Era

Period of

application

2001 2005 2006 2013 2014 2024 2026

power

Engine type

Arrangement

Swept volume

Forced
induction

V10

2000-2005

Engine only
[5.2.1]

4-stroke
[5.1.1]

10 cylinders
[5.1.4]

3L
[5.1.2.

Forbidden
[5.1.3.

Engine only
[5.2.1]

4-stroke
[5.1.1]

10 cylinders
[5.1.4]

3L
[5.1.2]

Forbidden
[5.1.3]

V8

2006-2013

Engine only
[5.3.1]

4-stroke
[5.1.1]

90° V8
[5.1.4]

2.4L
[5.1.2]

Forbidden
[5.1.3]

Engine + KERS
[5.2.1]

4-stroke
[5.1.1]

90° V8
[5.1.5]

2.4L
[5.1.2]

Forbidden
[5.1.4]
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V6

2014-2025

Engine + MGU-K

[5.2.1]

4-stroke
[5.1.1]

90° V6
[5.1.7]

1.6L
[5.1.2]

Allowed (Single
stage
compressor,
single stage
turbine
mandatory)

[5.1.6]

Engine + MGU-K

[5.3.1]

4-stroke
[5.2.1]

90° V6
[5.2.7]

1.6L
[5.2.2]

Allowed (Single
stage
compressor,
single stage
turbine
mandatory)

[5.2.6]

V6
2026 - Unknown

Engine + MGU-K
[5.4.1]

4-stroke
[5.3.1]

90° V6
[5.3.3]

1.6L
[5.3.2]

Allowed (Single stage
compressor, single

stage turbine
mandatory)

[5.5.1]



Era

Period of

application

2001 2005 2006 2013 2014 2024 2026

4.8 barA
[5.5.2]

Inlet air
pressure limit

Fuel flow
restrictions

Engine speed
limit

Maximum
engine
allowance

Compression
ratio limit

Bore limit

V10

2000-2005

N/A

No

Not mentioned

No

Not mentioned

Not mentioned

N/A

No

Not mentioned

Yes, 1 engine
for 2
consecutive
events

[2005 Sporting
regulations,
Article 85]

19 Grand Prix

Not mentioned

Not mentioned

V8

2006-2013

N/A

No

Not mentioned

Yes, 1 engine for

2 consecutive
events

[2006 Sporting
regulations,
Atrticle 87]

18 Grand Prix

Not mentioned

98 mm
[5.4.1]

N/A

No

18,000 RPM
[5.1.3]

Yes, 8 ICE
[2013 Sporting

regulations, 28.4]

19 Grand Prix

Not mentioned

98 mm
[5.3.1]
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V6

2014-2025

No

Yes (100 kg/h
above 10,500
RPM)

[5.1.4 and 5.1.5]

15,000 RPM
[5.1.3]

Yes, 5 ICE

[2014 Sporting
regulations, 28.4]

19 Grand Prix

Not mentioned

80 mm
[5.3.1]

No

Yes (100 kg/h
above 10,500
RPM)

[5.2.3 and 5.2.4]

Not mentioned

Yes, 4 ICE

[2023 Sporting
regulations, 28.2
(2024 Sporting
regulations not
yet available)]

23 Grand Prix in
2023
18:1
[5.4.6]

80 mm
[5.4.1]

V6
2026 - Unknown

Yes (3,000MJ/h above

10,500 RPM)
[5.4.3 and 5.4.4]

Not mentioned

Yes, 3 ICE

[2026 Sporting
regulations, 2.1]

Number of Grand Prix to

be announced

16:1
[5.6.3]

80 mm
[5.6.1]



Era

V10
Period of

V8
SO 2000-2005
application

V6 V6
2006-2013

2014-2025

2026 - Unknown

2001 2005 2006 2013 2014 2024 2026
Number of

R 1 1 1 1 1
Illn]ect(;)rs Not mentioned  Not mentioned
clllonEtl [ [6.7.2] [5.10.2] [5.10.2] [5.11.2] [5.11.2]
cylinder
1 ignition coil + 1
1ignition coil + 1 1 ignition coil + 1 1 ignition coil + 1  spark plug, max 5
spark plug spark plug spark plug spark _eventslper 1 ignition coil + 1 spark
Number of spark Plasma, laser of ~ Plasma, laser of ~ Plasma, laser of engine cycle plug, max one spark per
plug allowed per Not mentioned  Not mentioned high frequency high frequency high frequency Plasma, laser of cycle, spark energy
cylinder ignition systems ignition systems  ignition systems high frequency limited to 120 mJ
banned banned banned ignitit;)n sysdtems [5.12.1] and [5.12.3]
[5.8.1] [5.11.1] [5.11.1] anne
[5.12.1]
Variable valve 5 d = q - q = d - q
i anne anne anne anne anne
t".mt?lg anld Not mentioned  Not mentioned
variable valve [5.6.3] [5.9.3] [5.9.2] [5.10.2] [5.9.2]
lift systems
. Banned
Variable Banned Banned Not mentioned Banned
geometry inlet Not mentioned Not mentioned (in 2014 only)
systems [5.6.1] [5.9.1] [5.10.1] [5.9.3]
[5.9.3]
Variable
geometry Banned Banned Banned Banned Banned Banned Banned
exhaust [5.4] [5.4] [5.6.2] [5.9.2] [5.9.1] [5.10.1] [5.9.1]
systems
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Era

Period of

application

2001 2005 2006 2013 2014 2024 2026

Port injection

Fuel injection
type

Fuel injection
pressure limit

Fuel
composition

2000-2005

Not mentioned

Not mentioned

Regulated
[19.3 and 19.4]

V10

Not mentioned

[5.7.2]
100 bar
Not mentioned
[5.7.1]
Regulated Regulated

[19.3 and 19.4] [19.3 and 19.4]

V8

2006-2013

Port injection
[5.10.2]

100 bar
[5.10.1]

Regulated
[19.3 and 19.4]
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V6

2014-2025

Direct injection
[5.10.2]

500 bar
[5.10.1]

Regulated
[19.3 and 19.4]

Direct injection
[5.11.2]

500 bar
[5.11.1]

Regulated
[16.3 and 16.4]

V6
2026 - Unknown

Direct injection
[5.11.2]

350 barG
[5.11.1]

Regulated
[16.3 and 16.4]



Appendix B - Spider diagrams summarising the
sensitivity analysis conducted on the input dataset of
the 2014+ Formula One™ engine Digital Twin

Combustion duration:

Average impact over all engine speeds of combustion duration change
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Weibe function curve:
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Air/fuel ratio:

Average impact over all engine speeds for a 1 degCA i

%A Turbine power|

10

%A Compressor power, A

04
A2
50 20

%A Wall heat transfer

%A Efficiency
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%A Intercooler load 3,
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Stoichiometric air/fuel ratio:

Average impact over all engine speeds of a -/+ 10% change in AFR“ (Reference = 14.7)

%A Power

%A Intercooler load

%A Turbine power| ~ 10:0 —1-@ 055, 4.0 -3.0756.0

%A Compressor power|

—AFR_ = 1323 }
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Fuel heat of evaporation:

%A Efficiency

%A Peak in-cylinder pressure
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Average impact over all engine speeds of a -/+ 20% change in fuel evaporation heat (Reference = 419 kJ/kg)
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Fuel temperature:

Average impact over all engine speeds of a 5 degC i in fuel injection temperature (Reference = 25 degC)
f%.) Power
005
003
%A Turbine power | |%A Efficiency

—_—
|%A Compressor power
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Heat from wall:

Average impact over all engine speed of changes in evaporation heat fraction ing from ion walls (Ref =0.3)

0.?0
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Combustion chamber wall temperature:

Average impact over all engine speeds of -/+ 10% wall
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Combustion chamber surface area:

Average impact over all engine speeds of -/+ 10%

%A Power|
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Heat transfer coefficient model:

Average impact over all engine speeds of different heat transfer coefficient models (Reference: Woschini 1978)
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Port heat transfer — Wall temperature:

Average impact over all engine speeds of -/+ 10% changes in port wall surface temperature
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Impact of different friciton model parameters at 10,500 RPM

o .
o -~ 123
T T T

%A Efficiency compared to the reference
=)

(Reference: PNH model, 10 camshaft bearings, SAE 10/W60, Tuu = 100degC)
T T T T

1.01

0.07

0.89

-0.07
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Appendix C - Detailed description of AVL Boost 2014+
Digital Twin and 2026 steady-state model input
parameter dataset

Parameters 2014+

Engine parameters

Engine Type 4-stroke 4-stroke
Number of Cylinders 6 6
Cylinder Arrangement V6 V6
Firing Order
(Cylinder numbers shown on 1/6/3/4/215 1/6/3/4/21/5
the model layout figures in
Chapter 4)
Identical Cylinders Yes Yes
Engine Friction Model Patton, Nitschke, Heywood Patton, Nitschke, Heywood
Friction Multiplier 1 1
Type of Valve Train DOHC-Direct Acting DOHC-Direct Acting
Numb(geoafrfr:]agn;shafts 10 10
Type of Cam Follower Flat Follower Flat Follower
Oil Type SAE 10/W60 SAE 10/W60
Oil Temperature 100 °C 100 °C
Injection Pump No No

Simulation control settings

Species Transport Classic Classic
End of Simulation 40 cycles 40 cycles
Average Cell Size 15 mm 15 mm

Fuel properties

Fuel Properties Standard Fuel User-defined fuel
. 80% Gasoline / 20% Ethanol in
Fuel Gasoline volume
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Lower Heating Value 44 MJ/kg 41 MJ/kg
Stoichiometric Air/Fuel Ratio 14.7 13.51
Pressure 1 bar 1 bar
Temperature 25°C 25°C
Turbocharger Model Split Combined
Calculation Type Simplified Simplified
Turbine Wall Heat Transfer No No

Turbine Layout Calculation &

Calculation Mode blE Waste Gate Calculation
Compressor Mode Corrected Mass Flow Corrected Mass Flow
Compressor Pressure 0 5T 1 bar
Reference
Compressor Temperature 25 °C 25 °C

Reference

: Corrected Mass Flow ; -
Turbine Flow Type : Discharge Coefficient
(Swallowing curve)

Turbine Reference Area N/A 6,300 mm?
Turbine Reference Pressure
Ratio s NIA
Turbine Reference Pressure 2.25 bar N/A
Turbine Reference 1086 °C N/A
Temperature
Turbine Size Multiplier N/A 1
Mechanical Efficiency 0.98 0.98
Turbine Isentropic Efficiency 0.7 0.7
Inlet Interference Flow
Coefficient 05 05
1 in Turbine Layout Calculation
Turbine to Total Mass Flow 1 Variable in Waste Gate

Calculation
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Parameters 2014+

MGU-H settings

Calculation Type Simplified N/A

AMEP Consideration of

Mechanical Power Yes N/A

Electrical Efficiency 1 N/A

Intercooler settings

Total Air Cooler Volume 5L 25L
Inter Collector Volume 1L 05L
Outlet Collector Volume 1L 05L
Length of Cooling Core 320 mm 320 mm
Hydraulic Sgt)ipeg of Cooling No No
Friction Specification Target Pressure Drop Target Pressure Drop
Heat Transfer Specification Target Outlet Temperature Target Outlet Temperature
Reference Mass Flow 0.7 kg/s 0.42 kis
et it A7 200°C 150°C
Reference Inlet Pressure 4.8 bar 2.5 bar
Target Pressure Drop 0.2 bar 0.2 bar
Coolant Temperature 35°C 35°C
Target Outlet Temperature 40 °C 40 °C
Flow Coefficients 1 1

Cylinder settings

Bore 80 mm 80 mm
Stroke 53.052 mm 53.052 mm
Effective Blow-By Gap 0.0008 mm 0.0008 mm
Mean Crankcase Pressure 1 bar 1 bar
Scavenge Model Perfect Mixing Perfect Mixing

Initial Conditions at EO -

Pressure S bar S bar
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Initial Conditions at EO -
Temperature

Initial Gas Composition —
Ratio Type

Initial Gas Composition —
Ratio Value

Initial Gas Composition — Fuel
Vapour

Initial Gas Composition —
Combustion Products

Heat Release
Fuelling
Mixture Preparation
Fuel Temperature
In-Cylinder Evaporation
Fuel Evaporation Heat
Heat from Wall
In-Cylinder Evaporation Curve

Pollutants

Knock

Cylinder Heat Transfer Model
Port Heat Transfer Model
Piston Surface Area
Piston Calibration Factor
Cylinder Head Surface Area
Cylinder Calibration Factor
Liner Layer Discretization
Liner Surface Area
Liner Calibration Factor

Combustion System

730 °C

Air/Fuel Ratio

14.7

Vibe 2-Zone
Fuel Mass / Cycle
External
25°C
Yes
419 kd/kg
0.3
User-defined
AVL Boost™ default settings

AVL Boost™ default settings
except pressure exponent set at
1.485

Woschini 1978
Zapf
5036.55 mm?
1

5529.2 mm?

No

889 mm?

DI
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Air/Fuel Ratio

13.51

Vibe 2-Zone
Fuel Mass / Cycle
External
25°C
Yes
532.5 kJ/kg
0.3
User-defined
AVL Boost™ default settings

AVL Boost™ default settings
except pressure exponent set at
1.62

Woschini 1978
Zapf
5036.55 mm?
1

5529.2 mm?

No

889 mm?

DI



In-Cylinder Swirl Ratio 0 0
Variable Wall Temperature No No
Intake Port Surface 8800 mm? 5655 mm?
Intake Port Temperature 150 °C 150 °C
Exhaust Port Surface 8400 mm? 5030 mm?
Exhaust Port Temperature 240 °C 240 °C
Intake \é?;\;ﬁelper;er Seat 30 mm 30 mm
Intake Valve Clearance 0 mm 0 mm
Intake Valvg Scaling Factor for 16 16
Effective Flow Area
Intake Va:l/\élevse_:lfﬁ:ia:ge Lift for 0 mm 0 mm
Intake Valvgngerence Lift Effective Effective
ExhaustD\{glr:qlgtIgrner Seat 27 mm 27 mm
Exhaust Valve Clearance 0.25 mm 0.25 mm
Exhaust Vav.e Scaling Factor 16 16
for Effective Flow Area
Exhaust Valve Re_fe_rence Lift 0 mm 0 mm
for Valve Timing
Exhaust Valve Reference Lift Effective Effective
Base
Compressor Inlet Diameter 120 mm 80 mm
Compressor Inlet Length 350 mm 450 mm
Compressor Outlet Diameter 95 mm 75 mm
Compressor Outlet Length 425 mm 300 mm
Intercooler Outlet Diameter 95 mm 79.5 mm
Intercooler Outlet Length 150 mm 100 mm
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Plenum Diameter

Length Between Cylinders

Intake Runner Diameter

Intake Runner Length

Intake Port Diameter
Intake Port Length
Exhaust Port Diameter
Exhaust Port Length
Exhaust Primary Diameter
Exhaust Primary Length
Exhaust Secondary Diameter
Exhaust Secondary Length
Turbine Inlet Diameter
Turbine Inlet Length
Turbine Outlet Diameter
Turbine Outlet Length
Waste Gate Intake Diameter
Waste Gate Intake Length
Waste Gate Outlet Diameter
Waste Gate Outlet Length

Intake Wall Temperature

(Except Compressor Outlet)

90 mm
100 mm

(Cylinders 1 & 6) 75/75/70
mm

(Cylinders 2 & 5) 78/ 75/ 70
mm

(Cylinders 3 & 4)82/75/70
mm

(Cylinders 1 & 6) 0/60 / 150
mm

(Cylinders 2 & 5) 0/ 60/ 140
mm

(Cylinders 3 & 4)0/60/125
mm

70 mm
40 mm
67 mm
40 mm
67 mm
150 mm
80 mm
200 mm
80 mm
130 mm
100 mm
450 mm
40 mm
100 mm
38.8 mm

100 mm

40 °C
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79.5 mm

101 mm

45 mm

130 mm

45 mm

40 mm

N/A

N/A

40/ 45 /50 mm

0/107 / 400 mm

80 mm

320 mm

80 mm

60 mm

90 mm

300 mm

38.8 mm

80 mm

38.8 mm

240 mm

40 °C



Parameters

Compressor Outlet Wall
Temperature

Exhaust Wall Temperature

Turbine Outlet Wall
Temperature

Pipe Laminar Friction
Coefficient

Pipe Turbulent Friction
Coefficient

Pipe Gas/Wall Heat Transfer
Model

Heat Transfer Factor
Hydraulic Settings
Bent Pipe
Absorptive Material

Variable Wall Temperature

2014+

120 °C

600 °C

300 °C

64 (AVL Boost™ Default Value)

0.019 (AVL Boost™ Default
Value)

Colburn

Mechanical connection settings

2026

120 °C

600 °C

300 °C

64 (AVL Boost™ Default Value)

0.019 (AVL Boost™ Default
Value)

Colburn

Calculation Type

Efficiency

Simplified
1

Waste Gate settings

N/A

N/A

Reference Diameter

Flow Coefficients

39 mm

Linear evolution from 0 to 1
when the throttle opens from 0
to 90°

Junction settings

38.8 mm

Linear evolution from 0 to 1
when the throttle opens from 0
to 90°

Junction Type

Flow Coefficients for Constant

Pressure Junction

Constant Static Pressure

(Constant Pressure for J3 and
J4)

Inlet Pipe: Inlet =1 / Outlet = 0

Outlet Pipe: Inlet =0/ Outlet = 1

System boundary settings

Constant Static Pressure

N/A

Pressure

Temperature

1 bar

25°C
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Fuel Vapour 0 0
Combustion Products 0 0
Air/Fuel Ratio 10,000 10,000

e e
o b

e o @
[ I=

e o o
= oW

Effective valve flow coefficienct (-)
o =

0 2 4 6 8 10 12 14 16
Valve lift (mm)

—|ntake valve =—Exhaust valve
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