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What is an Engine?

Chemical
Energy

Efficiency = [Brake power] / [Introduced power]
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Fuel, H,, ...

Alternative:

ENGINE Mechanical
Heat =) Energy
Energy Work
Efficiency 30-50%

Efficiency 25-48%
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Efficiency 85-95%

Electric
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|- INTRODUCTION

Engine Architectures
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II- ENGINE BASICS

W Ann
Principle and Cycles

Engine Operating Field

Wide — Variable Speed

Engine operating field
Torque Consumption
c z  or
Spark Ignition & Diesel H z

Load% -

Full load curve
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Il- ENGINE BASICS -(I’ﬂ- Ann
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Il- ENGINE BASICS ol

Combustion Process

7

Spark Ignition - Homogeneous ﬁ
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Il- ENGINE BASICS -(I’ﬂ- Ans

Combustion Process

Diesel - Heterogeneous
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II- ENGINE BASICS

Fuel Injection and Fuel-Air Mixture

Gas Spark Ignition — Homogeneous

Premix gas engine

gas admission before compressor

=> common configuration for large high speed gas engines

Port injection engines

gas admission in the inlet channel of the cylinder head

=> common configuration for medium speed gas engines
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II- ENGINE BASICS B an
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Fuel Injection and Fuel-Air Mixture

Diesel — Heterogeneous

Mixture is performed by air motion and injection pressure

—> =10 m/s
AR R AERRR SR EEIRE
AR RRAELi i iARRRERTMAANAE
(TITTE T ETREEttttItte 111 11111 90 degrés avant le PMH
TR LA
1D

Common Rail Systems
by Liebherr

High-Performance and Fuel-Efficient

46 degrés avant le PMH

2 degrés avant le PMH

(SAE 870595)

IIEB“ERR Source: Liebherr Machine Bulle - CRS
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Air Requirement

Spark ignition & Diesel

Stoichiometric chemical equation: CXHy + (x+y/4) O, = xCO, + (y/2)H
In addition to the stoichiometric Air/Fuel ratio, a physical correction is introduced : lambda & A

Qmair
meuel

7»=,_‘—-< I — real = (Richness)™

~~~~~~~~~~~~~~ \ 14.5 to 14.7 for gasoline or Diesel fuel

= Lambda is given as an input by the engine manufacturer for turbocharger(s) selection (requirement)

/”
-

— Lambda depends on:
=> injection, combustion capabilities of the engine
=> Internal component T°
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lll- ENGINE AIR BREATHING MCPHE o

i -l
Air Requirement B .
- N \ AN
Why A >> 1 on large engines, as it is < 1 in automotive gasoline ? \ // 9 \

]
x
q
|t
Misfiring

Spark ignition gas <> [knock ; NO,; Efficiency] trade-off ‘ ~ L A / ovwﬂns\ g g
]
PN T o ]
. . & \ / — \ H
The excess of air plays a role of thermal capacity N \ E ¢
K A
\\\ \
\\,
1 Air / fuel ratio ~2

Diesel <~ Heterogeneous process and limited time for [injection + mixture + combustion] => Lean mixture

Lambda is OK (Diesel) Lambda is too low (Diesel)

my/photos/jsjgeology/23028995706 http://industrialscenery.blogspot.com/2016/03/smoking-diesel-locomotives.html

RailPictures.Net

Whatever spark ignition or Diesel, an engine should never smoke !
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lll- ENGINE AIR BREATHING

Air Requirement

Spark ignition & Diesel

What does the engine need?

Engine Efficiency Stochiometric A/F ratio
Fuel LHV Lambda

(Lower Heating Value)

Required Required Required
Brake ‘ Fuel ‘ Air

Power mass flow mass flow

Efficiency = Brake power / Introduced power

( Qmair )
}\’= meuel real
< Qmair

meuel Stoichiometric
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Engine Air Flow (m3/s)

20

15

10

Engine efficiency 45%
—e—Lambda 1.8
—eo—Lambda 2
—e—Lambda 2.2
0 2000 4000 6000

Engine Brake Power (kW)

Example with LHV ~43 MJ/kg

Engine Air Flow (m3/s)

20

15

10

Lambda=2

—e—Engine efficiency 40 %

—e—Engine efficiency 45 %

—e—Engine efficiency 50 %

0 2000 4000 6000
Engine Brake Power (kW)

(N anmn
“:)‘}I]‘L,\V“l‘I“”\l:\ls: ".' .'

Fi LE DE LAUSA

Automotive gasoline A=1
Q. ~1g/s for 1kw

8000 10000

Order of magnitude:
At sea level, Diesel and gas «large»
Q.i; ~ 1to 2 m3/s for 1 MW

8000 10000
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lll- ENGINE AIR BREATHING a B amns
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But, why not higher speed?

\ —)

0 2000

Air Requirement

Spark Ignition & Diesel

?

2000 rpm < ~18 Tons

How to breath this required air quantity ?

4-Stroke - 45% Efficiency- A =2
Engine Displacement . Volumetric efficiency 0.95

Engine speed
4-stroke or 2-stroke?
Volumetric efficiency

6 1 MW

—e— 1500 rpm

1000 rpm Supercharging required

Required Receiver Density (kg/m3)
D

Required Required

Air ‘ Receiver 3

mass flow Density 2
My ¢ . o 1 Possible with natural aspiration Current

Vol tric effici = OPPECPET SO ~ 3 High Speed
OlUmeEtric eCIenCy = & placement % procerper 0 @ sea leyel (pam™1.17 kg/m’) . g =P examples
0 20 40 60 80 100 120 140 160 ; for IMW
& Breathing quality ‘ Medium speed (small)

Engine Displacement (I)
Example with LHV ~43 MJ/kg

|
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lll- ENGINE AIR BREATHING

[To summarize:
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No comment!

Air Requirement

Diesel

Turbocharged versus Naturally Aspirated

3 MW Electrical Naturally Aspirated
High Speed Diesel - Without Turbocharger(s) -
60Hz — 1800 rpm

(example)
Global Efficiency 30-35%
Displacement > 370 liters
Mass 60T
N cylinders 772

Size

J-F Tissot - Internal Combustion Engines and Turbocharging — EPFL 2021

Turbocharged
- With turbocharger(s) -

Extreme case for 1-stage
But still realistic

43%
60-65 liters
10T
12

From: bauforum?24.biz - Liebherr
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IV- TURBOCHARGING

Turbocharging Principle

Turbocharging basic Principle

The airis A part of the
pressurized by the — t t exhaust gas
compressor R energy is treated

by the turbine

The turbine power
is transmitted to
the compressor
through the
rotating shaft

The air cooler brings

the air to a high
density to the engine
by decreasing the
Source: ABB  temperature

» 40% of introduced energy is originally wasted in exhaust

» Turbocharger recovers a fraction of this energy and sends it back to air compression in receiver

J-F Tissot - Internal Combustion Engines and Turbocharging — EPFL 2021

The engine can
work at a high
power density
without increase of
the thermal load

A
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Exhaust gas energy
is recovered

to charge engine

¥

Better
engine efficiency
&
Higher
engine power density
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IV- TURBOCHARGING

Turbocharqger

J-F Tissot - Internal Combustion Engines and Turbocharging — EPFL 2021

14

13

Source: ABB
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P

EoSHE ST
Gas inlet

Nozzle ring
Turbine wheel
Diffuser

Turbine casing
Gas outlet

Bearing housing
Shaft

Bearings
Compressor casing

Filter / Silencer (or air
suction branch)

Compressor wheel
Compressor diffuser
Volute

Compressor outlet flange
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IV- TURBOCHARGING -(I’ﬂ- Ann
Charge Air Cooling (CAC)

With CAC From Perfect Gas Law:

M o= P/rT

Air filter
Intake receiver \% J / \4
Charge air cooler — K
\\ \ ﬂ _— Compressor Pa
& : . @ C 1 Turbocompressor
gj T_,/‘—gbine 288 J'K_l'kg_l
A

[ I I [ I [I
Exhaust manifold OQQQOQ
Engmet:: =

[ [ [ [ [ [
&)

|
With CAC / / i l
Preceiver =4.2 bar Charge air cooler / Turbocompressor

T° =55°C Air filter j %

[p=44kg/m’

50% additional brake power
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IV- TURBOCHARGING

How do Engine and Turbocharger Match Together ?

Reciprocating engine (Diesel and petrol) :

*Accepts important speed and air flow range

*High pressure ratio
*Low air flow rate

J-F Tissot - Internal Combustion Engines and Turbocharging — EPFL 2021

&

Turbocharger:

P Ann
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*Works generally on a focused operating point

*Low pressure ratio
*High air flow rate

ax efficiency (%)
o]
D

efficiency / m

110
105

—
o O O
S o O

~N 3
S i O

DN D
S

N.A. ENGINE AND CENTRIFUGAL COMPRESSOR

T 1 OPERATING RANGE COMPARISON [
1 - NATURALLY ASPIRATED

| = = CENTRIFUGAL COMPRESSOR

20 40 60 80 100 120 140 160

Qair / Qair max efficiency (%)

180
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IV- TURBOCHARGING

Compressor... X
. i
...and Engine 3 g I
!G_J |
5 I
2 )
& :

Power mass flow mass flow

T o~ ;‘
A

Required Required Required
Air Receiver Pressure ratio
mass flow Density I T :
|
|
T° receiver 1 ‘
Pressure drops d f >
P=prT.. Corrected volume flow rate [m¥/s]
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IV- TURBOCHARGING A Amm

ccoe rorvreciniue AP [IPIEIP
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Compressor Surge

Low air volumic flow + high pressure ratio = mismatching => this is the starting point

Adapted Toward Surge Qi § =V Y
Wheel Diffusor Wheel Diffusor

—
VZ air/rotor
—
Vrotor/stator
—
VZ air/statot

Vl air/ro

—
Vaxial

%"".\ P8
""7,,.," N —l
\ b V1 air/rotor

Canal U - Mines Paris Tech. Canal U - Mines Paris Tech.

Wikipedia
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IV- TURBOCHARGING

Turbine

Pressure
ratio

A

Further info from engine needed:
=>Inlet turbine T°

=> Exhaust pulsations

=> Exhaust back pressure (after turbine)

QGas flow

rate Flow pressure
A characteristic line

Constant speed
lines

Maximum compressor speed line

Speed egality

Constant speed
lines

> Air flow

(|

ECOLE POLYTECHNIQUE
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efficiency

A

GT0Z 10SSIL 4f — 92UDWLIOLI3d D] 3P 3]097

rate
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IV- TURBOCHARGING

Turbocharger Size

How to select a TC Familly for a Large Engine?

1/ Engine power
2/ number of TC’s per engine

3/ «family matching»

¥ 0 o M~ -
T T W o} <o}
w 0w 7] 73}
EEE B =
g [ e ; L . EEF34

. F32
Hm F33

Compressor pressure ratio

atMCR

05 1.0 15 2.0 25 3.0 35 40 45 V[m¥s]
Volume flow
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Compressor pressure ratio

A130

A135

3

A140

A150

4 5 6
Volume flow

7

55

Al

8 V[m¥s]

Compressor pressure ratio

A

ccoe rorvreciniue AP [IPIEIP
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Order of magnitude:
At sea level, Diesel and gas «large»
Qi ~ 1to 2 m3/s for 1 MW

ABB

100 000 kW
https://www.meretmarine.com
4 4 <2 2 . -
< p< n < n < @< m <
m, [ T 5 e
46 _
4.4 _
42
4.0
10 15 20 25 30 35 40 45 50 V[m%s]

Volume flow

L
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V- ENGINE CHALLENGE

Consumption and Emissions

Consumption

J-F Tissot - Internal Combustion Engines and Turbocharging — EPFL 2021

Development

FEDERALE DE LAUSANNE

Tcold

MNmax = 1- Tomax
High maximal T°
=>
Thermodynamic Efficieny

.
b
=

Effort
c
o
=
(g0] ‘
S {omm
OD |
GJ
o /
Customer, CO,
>
NO,

-+

Enough O,
=>
Good combustion
without smoke

High max T° + high O, rate
=> NO,
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V- ENGINE CHALLENGE /e aAnn
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Consumption and Emissions

Emissions are reduced down to 0 through regulations Tier 4 emission standards—Engines above 560 kW, g/kWh (g/bhp-hr)
2011 Generator sets > 900 kW 3.5(2.6) 0.40(0.30) 0.67(0.50) 0.10(0.075)
All engines except gensets > 900 kW 3.5 (2.6) 0.40 (0.30) 3.5(2.6) 0.10(0.075)
2015 Generator sets 35(26) 0.19(0.14) 0.67(0.50) 0.03(0.022) o
All engines except gensets 3.5(2.6) 0.19(0.14) 3.5(2.6) 0.04 (0.03) %
EPA and EU nonroad emissions regulations: 37 — 560 kW (50 — 750 hp) NOx and PM emission standards for petrol cars
0,16
4
0,14
.84 8 8 8 012 1932)
= 61 .64 64 6 E o
2 2008
;,.. 4q 41 ] £ oos
24 24 24 24 0,04
| I o , ,<:|-zo%0 , /,<:|-100% L /<j-so% N7 8 002 §
0 2 4 6 8 10 0 2 4 6 8 10 0 2 46 8 10 T 0 2 46 8 10 T 0 2 4 6 8 10 S
NOx (g/kWh) NOx + HC (g/kWh) NOx + HC (g/kWh) NOx (g/kWh) NOx (g/kWh) 0,00
Tier 1/Stage | Tier 2/Stage Il Tier 3/Stage Ill A Interim Tier 4/Stage Il B Final Tier 4/Stage IV o 2.9 04 0.2 ol 04 0.5 Lo 0. L 03
1996 - 1999 2001 -2004 2006 - 2008 2008 -2013 2012-2015 s HOx (g7km)
S
LEGEND: [ 37-55kW (50—74hp) WM 5674 kW (75-99hp) [N 75 - 129 KW (100 - 173 hp) 130-560 kW (174—750hp) S
[ gl
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V- ENGINE CHALLENGE M aAnmn
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Consumption and Emissions

Raw emissions reduction
Example of considered measure for automotive and large engines : Low Pressure EGR

Air
~__ temperature

EGR Diesel engine

throttle

control .
signal O = Intercooler

ECU

Engine speed
sensor

Load status
sensor

Dynamic
Particulate ‘1.
filter

pick-up
J

termperature

Intake

unit ~ signal charger ,

sy O o

=== \Nater out EGR
]

19NI25310

cooler Waterin filter
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V- ENGINE CHALLENGE

Consumption and Emissions

Raw emissions reduction

)

[ ({ nn
tcout roryrichniove R P
FEDERALE DE LAUSANNE

Example of considered measure for large engines : Miller Timing + Variable valve timing + 2-Stage Turbocharging

inlet

NP

Induction
stroke

Miller
inlet valve
closure

Standard

inlet valve before
closure BDC BDC
near BDC

Early Miller cycle and standard induction at the moment
of inlet valve closure.

[%] — Single-stage turbocharging
- - POWer2 two-stage turbocharging

=4
k<]
‘6_ —
£
s —
2 )
8 N %'\‘0(\ 5
= A
2 — W
o — ¢
£ i
2
%) —
» NO, [%]
Emissions

Shifting the curve - fuel consumption and NO, reduction potential
using two-stage turbocharging to achieve strong Miller Cycles on
further developed diesel engines.

Valve Control Management (VCM®)
Flexibility to meet future challenges
ABB Turbo Systems

J-F Tissot - Internal Combustion Engines and Turbocharging — EPFL 2021

Full lift

Early

closure

Valve lift

Camshaft angle

Valve lift

Camshaft angle

Late opening/early closure, limited lift

Valve lift

Double opening

Camshaft angle

Valve lift

Camshaft angle
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V- ENGINE CHALLENGE
After-treatment

From raw emissions to tailpipe emissions

MY 2015 6.7 L V8 F-250
Engine dyno certified Tailpipe
Cu-
Zeolite
Urea Bl
injector
cDPF
Engine \
out \
/ L ¢ \\\

| Pt-Pd DOC

19NI9s3la
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THANK YOU FOR YOUR ATTENTION!
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