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Roscoe Sellers Dr. Richard Osborne
Chief Engineer Global Technical Expert
Product Leadership Team Gasoline Combustion
~18 years at Ricardo in ~20 years at Ricardo in

powertrain development engine development
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Brief overview of Ricardo — over 100 year history of delivering | & 4
excellence — we work with our clients to define the future

We are a global, multi-industry,
multi-discipline consultancy and
niche manufacturer of high
performance products

The objective throughout our
history has been to maximise
efficiency and eliminate waste in
everything we do.

3,000+ staff
73 nationalities
48 sites in 20 countries

Testing

Environmental Consulting Energy Consulting Assurance & Cert
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RICARDO

With huge pressure to reduce vehicle CO,, we must
achieve the most cost-effective benefits from electrification

3

R&D cost Growth in Emissions Faster-to-market
reductions architecture solutions reduction expectations
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ULTRA-HIGH EFFICIENCY

An engine architecture to maximise
thermal efficiency for the next
generation of hybrid powertrains

Designed to enhance the benefits
from technology such as:

* [ean homogeneous combustion
* (Corona-discharge ignition

* \Water injection

T
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RICARDO

Reduction of vehicle CO, needs to continue at an aggressive pace, and
downward trends are stalling, showing need for further innovation

200 Improvement of engine efficiency required
180 ' alongside electrification and de-fossilised fuels
160 / EU fleet average

now increasing
140
120

o

© 100 S 2030 reduction of 37.5% (relative

§ I to 2021 target) agreed by the EU

(@]

80
60
40 r Increasing
degrees of
20 r electrification
O | | | | | | | | | | | | | J
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Source:  Ricardo Analysis
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Optimising the complete propulsion system to improve efficiency and [E=
reduce cost is critical for competitive high-volume electrification

Series Hybrid /
Range
Extender

Dedicated HEV

/ PHEV c =" nvBRID
Powertrain O A SYNERGY
= , f
©
9
=
Modular HEV/ ik
9 T Y
PHEV 2 ‘l
()]
9
= n
Next Gen 48V (= %
= TaaT
. . w :
Mild Hybrids S M1
12-48V
. . 1} ik
Micro / Mild — % -
Hybrids ‘ l = H: " l'

Improving

Internal combustion engine technology direction fuel economy

-
Current wide operating engines High efficiency wide operation Ultra-high efficiency limited ITEN DETER TS
operation iy nn
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Increasing hybridisation brings the biggest opportunity for new ways
of considering the powertrain optimisation

Engine BSFC Residency 0 Engine BSFC Residency 00
Series Hybrid / 0 0
Ra nge 260 140
Extender = w10 £ 120
Z Z
g 0 Increasing g 100
2 2
2 - control over 2 a0
Dedicated HEV 4 280 eng]ne & 60
/ PHEV c operation w
Powertrain O —— — B~ "
el 220 . . ! !
m 1000 1500 2000 25[!]. 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000
u Engine Speed [rpm] Engine Speed [rpm]
h=
Modular HEV /  [E= Wider engine range Reducing operating
PHEV 8 but lower efficiency range at higher efficiency
E Engine BSFC Residency Engine BSFC Residency
2 160
.! 140
Next Gen 48V [l B Engine follows .
. . £ . .
Mild Hybrids g 2 vehicle drive &
3 . g 100
2 profile 2
2 % 80
LI:.I (i 60
12-48V 40
Micro / Mild 2 ol :
Hybrlds 1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000
Engine Speed [rpm] Engine Speed [rpm]

Internal combustion engine technology direction

Current wide operating engines High efficiency wide operation Ultra-high efficiency limited
operation
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Considering the drivers, what should the characteristics of new | & <
gasoline engines be to maximise the benefits from electrification?

If battery costs remain relatively high and charging infrastructure is limited, the gasoline engine will remain a critical part of
propulsion systems

However, there is more than one option for the engine characteristics

25

k. 'm / 3 -
Micro Hybrid Mild Hybrid Full Hybrid Series Hybrid REEV
25 25
20 20
_ 15 15
§ 10 § 10 '
o
w g & 5
= p=
m m
0 0
0 1000 200_0 3000 4000 500_0 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Engine speed [rev/min] Engine speed [rev/min]
High efficiency Low-cost very high efficiency
wide operating range ICE limited operating point ICE

Engine operating range
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Wide operating-range lamba 1 engines have lower potential for | & <
efficiency gains compared with focused efficiency engine

Two paths al 'gned High efficiency Low-cost very high efficiency
to different xEV wide operating range ICE limited operating point ICE
solutions Engine operating range
VW EA211 EVO Audi EAS88 38 Toyota TNGA 2.5 NIS:%&;SDE : _____ :
j Dedicated |
| Hybrid |
Sl I Engines |
examples & , : I I
38.2% BTE 38.5% BTE  40.0% BTE 38.0% BTE 45+% BTE
222 g/kWh 220 g/kWh 212 g/kWh 223 g/KWh Target

ngh CR CWL and CDA VCR Long stroke Very high CR Cpmbus@on
Miller cycle insulation
Technology Y
options
injection injection

Target: 40 - 43% BTE Target: 42 - 45% BTE
212 -197 g/kWh 202 - 188 g/kWh
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Engine geometry is the key to benefits at high compression ratio | & 4

RICARDO
Increase CR Long stroke
Compression ratio impact on fuel consumption
10%
+ Forasquare engine (BSR = 1) there is little benefit in S
raising compression ratio above 13 - 14:1 ‘é 6% B
— Increased surface area to volume ratio leads to S 4y
. (@]
higher heat losses g 2%
= 0%
S
. . . T 2% —BSR =1
* As bore/stroke ratio reduces, further increases in g SR < 08
. . . . . -4% - -
compression ratio continue to provide benefit 2 - BSR = 0.65
— Target for bore/stroke ratio for Magma xEV is 0.70 % -
-]
— Target compression ratio of ~17:1 L 0%
8 9 10 11 12 13 14 15 16 17

Compression Ratio

Source: Ricardo . g ULTRA- HIGH EFFICIENCY
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At very high compression ratio, significant knock mitigation is required | & <

RICARDO

800

~
o
o

In-cylinder temperature [K]
8] 2]
o o
o o

400

4000 rev/min, 24 bar BMEP

- l Advancing
v IVC

In-cylinder
temperature
reduced by
EIVC

-45

-30

-15

Crank-angle [°CA ATDC(F)]

ULTRA-HIGH EFFICIENCY
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Miller cycle

Water injection

Lean burn
Cooled EGR

VWV

Miller cycle valve events (EIVC) are used to reduce in-cylinder
compression ratio and therefore end-of-compression
temperature

At this high CR, additional knock mitigation is required

Water injection, lean homogeneous operation and cooled
EGR have been investigated

~ Lean homogeneous combustion was found to be the

key enabler for combined knock mitigation and high
efficiency

27 June 2019



Ricardo has a long history in the development of lean-burn gasoline [ =

engines

* The focus is now on lean
homogeneous operation,
which delivers very low
NOx emissions and can be
used at operating

w

1920 1930

1922

Ricardo’s First lean
stratified gasoline
engine. The world’s
first pre-chamber

© Ricardo plc 2019 Unclassified - Public Domain

- ' Rica‘rdo's first
conditions for maximum direct-injection

- gasoline engine, the
thermal efficiency £65 (Rolls-Royce Crecy)

RICARDO
i{l;éi;?
Léan Boost DI PaREGEN
Full-map lean I
homogeneous Magmﬁ L

New lean homogeneous
combustion systems

X s

1990 2000 2010 2020

1991
Ricardo patents the

top-entry port,
later used in the
first GDI engines

2012

Volcano
Spray-guided DI
lean combustion
system
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Ricardo Magma xEV
engine architecture

MagmaxEtV
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Brake thermal efficiency reflects all aspects of an engine —
Magma xEV delivers gains through thermodynamic improvements

Fuel energy

@ Magma:cV/

Combustion
efficiency

Thermodynamic
efficiency

Gas exchange
efficiency

Mechanical
efficiency

Shaft torque

Spray quality

Compression ratio

Variable valvetrains

Cranktrain friction

Injection strategy

S/V ratio

Downsizing

Piston friction

Air motion

Ignition energy

Lean operation

EGR

Valvetrain friction

Combustion insulation

Lean operation

Timing drive friction

HC emissions sources

© Ricardo plc 2019
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Cylinder deactivation

Auxiliary friction

Air path losses

27 June 2019
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The Ricardo process for the development of gasoline combustion

systems

Target setting

* Performance
» Emissions

Concept design

« Based on benchmarking
and experience-based

* Durability

Fuel injector selection

« Supplier liaison
 Consideration of flowrate /
droplet size etc.

Spray characterisation

« Spray imaging
* PDA

Spray model
development

+ Model validation to spray
characterisation

Product
Definition

Concept
Selection

Definitive
Design

Product
Approval
PA->DF [

Freeze

© Ricardo plc 2019

guidelines

1-D performance
simulation

« Valve sizing study

« Initial valve events/manifold
study

« Initial turbocharger
matching

Combustion chamber

layout

Initial port

specification

 Based on database and
experience

Concept 3-D CFD to
assess flow / air
motion

* ‘Flow bench’ CFD model for Cf
« In-cylinder for air motion

Concept manifold and
combustion system
geometries

Unclassified - Public Domain

-

Manifold/valve events/
turbo development (1-D)

« Intake and exhaust manifolds
considered

In-cylinder CFD
(including combustion)

+ Assess combustion and flow
performance

Port geometry update

« Port optimisation

~

Manifold development
(coupled 1D-3D)

« Both intake and exhaust
« Considers 3D distribution
including catalyst flow

Definitive manifold
designs

In-cylinder confirmation
for max/min cylinders
from 1D-3D study

* Analysis of highest / lowest
residual content cylinders

Port flow-box testing

« Verification of port
performance

« Assessment against
benchmarks

Definitive combustion
system

SCE 1-D performance
simulation model

SCE testing

« Used to confirm combustion
system concept and select
injector/ignition system

SCE cylinder head
flow testing

« Confirm performance of
component

Confirmed combustion
system

Multi-cylinder testing

* SCE results used to update
1D prediction
* Re-validate 3D CFD

Multi-cylinder head
flow testing

« Confirm performance of
component

Analysis update

» SCE results used to update
1-D prediction
* Re-validate 3-D CFD

Final performance
hardware

27 June 20



A validated approach is used to develop engine architecture and | & <
combustion system specification to get the detail right

Enabled by the reduced 4 ) The toolchain used
engine operating area, the Manifold/valve events/ comoprises:
compression ratio and turbo development (1-D) 0-D calculations
-tO- i *Intake and exhaust manifolds
bore t.o stroke fatio considered 1-D WAVE simulation
combined with lean .
_ studies
homogenous combustion _ _
offer a significant step in 3-b \_/ECT|S simulation
studies

efficiency

Simulation is the key to

optimising efficiency and In-cylinder CFD

oerformance while (including combustion) Port geometry update
e .. A busti d fl *Port optimisation

minimising emissions berformance oo
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Ricardo have used 1-D simulation to define the key engine
specification

WAVE 1-D simulation enables quick assessment of key engine parameters and building blocks:
Bore-to-stroke ratio, compression ratio, valve events, air-path, port flow impact, friction

First step in pre-calibration of the system

VT settings, fuel injection timing, water injection quantity and timing

1-D models are the key source of boundary conditions for 3-D simulations (port flows, wall temperatures, injection rates)

Example of a 4-variable DoE Design Model response visualised in 3-D Optimization, Trade-off Analysis

o :

g 1 c ° ._W
SE 0" S TES W Th
c © — ® O o
£ Eg T l.o-%ie ®-o0

- [ ]
Response - §_ . 0o o
Surface Optimisation < -, -+ /"]

> Generation g
o .£ . . .
X9 o= < - Baseline
— (@]
=5 g% 2 model

: .
[ D °
- C R
£o. 2 .E )
T8 32
Nenppen = S
e 53 Low speed torque
Exhaust " Intake Intake Exhaust Intake Intake
phasing duration phasing phasing duration phasing
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3-D CFD simulation is used to develop in-cylinder mixing and
combustion

. . Qo o
The full engine cycle is simulated, g g
enabling the early assessment of: = S
Fuel injector targeting E E
Air-fuel mixing
. . . . . U) U)
Risk of fuel-in-oil dilution & &
The simulation has shown very uniform < =
mixture at the start of combustion, and = =
little wall film . sl
CA 360.00 CA 360.00
Operation at 3000 rev/min, 10.4 bar o Fuel Equivalence Ratioln the Coronagnitor Region
BMEP with corona discharge ignition c |
LICJ.T 0.70
)
=} 060 P=
LL [ \
o |5
on 8 w040
— § 0.30
— Q ——Corona 3000RPM
() |E 0.20 ——TARGET FEQR
- L 0.10 ——FEqQR -10pct
= =
z oop b—t— 1 (¥ | 0 1 ] | f | | | == FEQR +10pct
LV 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720

Crankangle [dCA]
CA 360.00
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The 3-D CFD tool VECTIS has the capability to simulate the corona | & <

discharge ignition and combustion process
* Energy output to the mixture is
critical for successful ignition
* Animation shows the volumetric § §
plot of the reaction rate, indicating S S
the flame front g g
x @
+ Operation at 3000 rev/min, 10.4 bar
BMEP with corona discharge ignition
v

In Cylinder Pressure

1.0E+07

e Corona 3000RPM VECTIS
9.0E+06
8.0E+06 = = TEST

7.0E+06

Reaction Rate
P

4 0E+06

3.0E+06

2.0E+06

10E+06 |-

VECTIS

z 0.0E+00
ﬁ 680 690 700 710 720 730 740 750 760 770 780 790 800
¥ Crankangle [dCA]

CA 701.00
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Simulating the effect of water injection on in-cylinder temperature [ =

Charge Temperature Reduction Effect of the Water Injection

o
n
w

+ Direct injection of water provides more effective cooling compared with port
water injection

----- No Water Injection

e
b1
w

;'/

o]
N
w

Port Water Injection

~
-
W

—— Direct Water Injection - early timing

~
N
N

+ The injection timing is also significant, with relatively late water injection
being most efficient

—— Direct Water Injection - retarded timing

[=2]
3
w

Temperature [K]
(521 [}
-~ [
w w

— Alarger proportion is evaporated from airborne droplets instead of from

[0
N
w

the wall film 473
423
373
323
S 540 560 580 600 620 640 660 680 700 720
@) (@) Crankangle [dCA]
= =
) ©
x (nd
o o
LLI LLl
© ©
> >
LL LL
%) )}
%) %]
o)) [}
c c
X X
RS RS en
c < s
- -
LL LL e
= = =
Z Z :
Y- Y
. .
CA 300.20 CA 300.20
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Ricardo have integrated Magma xEV into multi-cylinder engine concepts  [IHRR
and have also used single-cylinder engines for combustion studies

© Ricardo plc 2019

Unclassified - Public Domain

Confirming the performance of different technology combinations
is key to continuing on the right path for further development

Ricardo have tested the Magma xEV architecture:
Set-up and testing of the building blocks

Demonstrates the thermal efficiency trend is most strongly
linked to lambda increase

Advanced ignition becomes critical
NOx trend improves with higher lambda

Ability of the combined architecture and lean combustion to
deliver 'future’ engine

27 June 2019



Test results allow us to confirm the performance of the Magma xEV | & <
combustion system & technology contribution on the efficiency walk

N / ? Lambda 2.5 with pre-chamber
Corona ignition without water Higher Energy
S 50 achieves highest lambda and ‘ Corona Ignition
= efficiency levels , o
O 49 Corona Ignition
3 ‘ Lean w/o water
[® Water injection enables / .
= : - : rect Water
¥ 48 | increased efficiency and higher Q . ot ifteanate
u lambda level ki Magma<©/ 5
. ort Water
E 47 Q ‘0 (O Test points Sl
>
-8 46 6 ‘ Lean
Spark Igniti
£ = Standard ignition without R
8 45 ‘ knock mitigation achieves Stoichiometric
= limited efficiency increase Spark lgnition
© 44 I
)
a
o _ _ Stoichiometric
43 Current stoichiometric engines ol e
1 1.5 2

Lambda
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NOx emissions also improve with lambda, showing future target to | & <
maximise efficiency and reduce aftertreatment is lambda > 2

4000

— ND NO w w
U o U (@) SA
() -] () (@) ()
() ) ) (@) )

Engine Out NOx Output [ppm]
o
-
O

500

A

Lambda 1 engines
use of three way

catalyst to manage
NOx

Aftertreatment for lean operation can be
minimised by high lambda operation along with
hybrid controlled restricted engine operation

Critical for balancing benefit and system cost
Lean engines cannot

use TWC, therefore
FEO NOx level has

important impact
on aftertreatment

Increasing lambda results in
lower NOx as expected

“.~\

? Lambda 2.5 with pre-chamber

© Ricardo plc 2019
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»

1.5 2
Lambda
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Wide range lean homogenous mapping completed showing good | & <
. |
performance making use of maximum lambda levels

16 . :
o Thermodynamic_Efficiency [%] The system suppgrts stable combg§t|on
] 50 at very lean conditions over a significant
| operating range
= 131 49
m 4
0 12
PP 48 : .
g + This creates a useable architecture for
£ ¥ 47 realistic application of lean applications
] -
G sl 46
S : : .
Z 7 45 « Wider ope'ratmg range vy|th lower
g 6 Compression Ratio possible
= g 44
| 43
1 * Future path towards ultra-lean
2+——————T————— - - - ; — conditions above lambda 2 for further
1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 .
Engine Speed [rev/min] enhancement and NOx reduction
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Ricardo vision for dedicated hybrid engines is to enable maximum

system efficiency with the lowest cost and complexity

MagmaxtV/

ULTRA-HIGH EFFICIENCY

High-efficiency
Magma xEV
combustion system

Low-cost optimised

* Integrate into existing platforms or turbocharger

clean-sheet concepts

Weight optimised

* Smart simulation enables reduced e

development time and cost

Potential balancer

* Synergies with wider electrification deletion for 3-cyl

of the powertrain

FEAD deletion with
electrified ancillaries

* Technology content selected by HEV
type and engine operating profile

New materials and
manufacturing
Clamshell / skeletal
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Thank you - Questions

Delivering Excellence Through
Innovation & Technology

For further information please contact:
Roscoe.Sellers@ricardo.com
Richard.Osborne@ricardo.com
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