" ¢ Engines and Fuel Cells

Chapter 3:
Terminology and key values
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f} Learning objectives Chapter 3

= know the main performance parameters used for reciprocating
engines and the relations between them

= understand the representation of engine parameters / key values
into the whole wide operating range (Operating Map).



ﬁ Content

s Engine cycle representation

s Key values of reciprocating engines
e Power
e lorque
e Mean pressure
e Efficiency

e Specific consumption

s Important Engine characteristic curves
e Full load curve

e Operating map



1)V0=?

¢ Engine cycle representation 2)Vy =2

3)e="?
4) Engine type

Engine cycle representation: (# Stroke, TC)

1.

Representation with P as a function of the displacement volume: V' 'V,

Diagramme P=f{/) 2 Diagramme log{P)=f(log({\/}
80 T T T T T T T T 10

Q+

E_ =-E= §P-dV:

cycle 10" b

Intake

00 100 200 200 469 500 600 700 800 900 ' '162 ' "H 10 4stroke
Vo [dm3] V' [dm3] cycle

E..: : Mechanical work given by the fluid to the surrounding during the cycle

= E,,; < 0 for a compression (dV < 0)
= E,,;> 0 for an expansion (dV > 0)



}' Engine cycle representation

s Engine cycle representation:

2. Representation with P as a function of the crank angle: ¢¢ 4

Definition: ¢c 5, =0° = TDC combustion

Combustion
Peak pressure occurs at crank angle 12-13° after spark: combustion takes time
Diagramme P=f{angle) Diagramme V=f{angle)
80— ————— 4 Q +§ 1000 ———————————— ———
70t f BDC 900
\
Iy 800+
60 /1 \ i
! \ 700t
1
S0r S ‘\\1\ 1 600
5 31 3 7
3 \'D £
=401 i 2 5. 500}
o g1 \9 >
a0l (9,1 |2 400t
! \ 300}
20} ! \ ;
! “ 200} .
10t Intake  / * Exhaust | 100 Intake Comp. . . A 4 stroke
p— — — —pd -———> - :
TDC cycle
-QGO -270 180 -90 0 90 180 \ 270 360 -g60 -270 -180 -90 0 90 180 270 360
angle : [*vil] angle : [*vil]
TDC BDC TDC BDC TDC TDC BDC TDC BDC TDC
blowdown
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ﬁ Content

s Engine cycle representation

s Key values of reciprocating engines

Power
Torque
Mean “pressure”

Efficiency

a > w0 bh =

Specific fuel consumption

s Important engine characteristic curves
e Full load curve

e Operating map



f’} Key values of reciprocating engines

1. Power E|W]=T|Nmor]].w|s™"]
e Function of the output torque delivered at shaft and of the revolution speed
e Unit: [kW] or [hp] : Reminder = 1 [kW] = 1.34 [hp], 1 hp =746 W
e Specific power*: reported to the engine displacement [kW/dm?3] or [KW/L]

A) Effective/Brake power = delivered power by the engine (at shaft)

) Notation: Ee i.e. with friction losses
- Measured with a dynamometer at the engine’s outlet shaft (before the gearbox)
- Needs a dynamometer rotor (and a test bed)
Ee,Gross = Power with auxiliaries absolutely required to run the engine
= valve train system, pumps (oil, water, fuel), alternator,...
Ee,Net = Power with auxiliaries + accessories (compressor, steering assistance,..)
E, von =Power at nominal speed = only for low-speed or stationary engines

eMax = Maximal power of the engine

*specific power : nowadays 100 kW/L



§ Key values of reciprocating engines

B) Indicated power = generated power by the gas pressure acting
on the piston during the cycle (=P-v cycle surface)
- Notation: E,-
- measured with a pressure sensor / indicator
- needs a dynamic pressure sensor placed into the combustion chamber
- characterizes the engine power without any mechanical friction

- El. > Ee . . . engine oil temperature (the colder, the more friction)
E i = Ee+ Ef (WA = cooling water outlet T)
C) Fr|Ct|0n power l Leistungsaufnahme im Schleppbetrieb, V8
- Notation: &, o o] < PR TE I NGpny)
- characterizes the engine frictional losses g0 | —=— Pe tWA40 ——
: |+ Pe tWAB0 i}
- depends on mechanical losses and the  |_ 1 e petwaAsD ////./réa
i =, 50
absorbed power by driving © 0 /./_.//_/—r
the auxiliaries 30 .:-7‘.‘{-7'f./_./7
20
10
0

. 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
V8 500kW engine idl _
idle Drehzahl [U/Min]

Friction power increases ~quadratically with speed



\

Key values of reciprocating engines

Slide 4:

Indicated power = ?

Relations (T torque (engl.) = C couple (fr.) in Nm or J)
5 . 2
o Effective / brake power: |E.=C.-@ @ in [rad/s]
: 27
E,=C, °E'N N in [1/min] or [rpm]
Ee,tot = Ei,cyl ’ ncyl,EJr _Ef,eng ncy/ ' nb of Cylinder
e Indicated power: E,=E, +E,
n., = number of cycles per second
N(rpm) .
E =n-E with n, = . d E = §P-dV nmy = number of revolutions per cycle
o ek for 2-Stroke nqy =1,
I:> El. = € N(rpm)-E, for 4-Stroke nqy = 2
120 E;= indicated work per cycle
.y : : . (TM : tacte moteur = strokes (4 or 2)
e Friction power: E,=E -E,
1.2 0.6
c - [%} [L] or
: : : P, 298
o Rated brake power: E,, £,=c.-E wih

(correction factor for T, P

0.5
¢ =P H
=
P —-P T
e other than 298 K, 1013 mbar)

s



ﬁ Key values of reciprocating engines

2) Torque
e Unit: [Nm] (XO00 Nm in cars, X000 Nm in trucks)
e Specific torque*: reported to engine displ. [Nm/dm3] =

AUnit of pressure

(see § mean pressure)

= this value characterizes the engine load and is expressed in [bar]

Decomposition of the different torques during a cycle (highly dynamic):

1) Gas torque = torque produced by the gas pressure (following combustion)
acting on the piston and by means of the lever arm on the crankpin

2) Inertial torque = produced by the inertial forces due to the reciprocating
(=accelerating/decelerating) moving masses (piston, connecting rod, crankpin)

3) Instantaneous torque = result of “gas torque” + “inertial torque”
4) Mean torque = average of the instant. torque produced on the crankshaft

- measured at the engine’s outlet shaft (effective torque): C,

- ordetermined with the P-v diagram (indicated torque) :  C,

l

*example specific torque : 800 Nm/L =800 J / 0.001 m? = 800’000 Pa = 800 kPa = 8 bar

-10 -



| 3 Key values of reciprocating engines

m lorque

e Representation of the different torques acting on the crankpin in a single
cylinder during a 4-stroke cycle :

A
600
/j Instant. torque
500 Gases Torque | —
E Gas torque
Z
= oo
g \ +
g
2 300 Instantaneous Torque ,
200
oo Mean Torque W \
C. o : \+ e | , \ ——=3] Mean torque
° N ‘\ v ~ /‘ 7 ~ .
\/\ — \ % m—— by —
-400 [ Inertial Torque | manufacturer
Crank angle [c.a]
-Zooo S0 480 230 360 450 Bho 6% k7T
intake compression expansion exhaust

-1 -



} Key values of reciprocating engines

m lorque
e Instantaneous torque and speed variations on a multicylinder engine:

Variation of instantaneous torque: Variation of instantaneous speed:
i rpm (crankshaft
Torque on Crankpln Moteurs multicylindres & quatre temps P ,__,(,.. I ) I ;
0 ; T T
3 cylindres ~ - Cylindrée : 2000 cm® I . l 3 cylindres —-—+=sm
® I 4 cylindres —e-———=— A H & ¥%r Moteurs multicylindres 4 quatre temps +— 4 cylindres ~————-—~
~ 6 cylindres i ".i H £ 6 cylindres
57 ! HEY HIN E 20
E &0 { !' ' |i. i |' ;§ A
1;." 3 ,y :.t. !‘.‘ v : -‘.I g 20 , ,_1’
S = o R T 3 "1 B ot -+
1o LR Vil 2 ook I AT = . e R P
“ i ro s VAN RS IRNN Y D VAR WAV
o LA A N AN AV K E]A\ Y > A W N D
: ‘.‘ '\ 3 \\ ‘.‘ Vi ‘.‘. ) \‘ ':
2 ! I ' '\‘ ‘l\\ ? \‘ S , < ..' - ) \
3 N M “ A ;
NN NS N TN
AV (VAN ;

Angle Vilebrequin (degV)

4 8
17 1] 1
0 ) 180 21 360 450 540 630 720 ] E) 160 270 350 450 540 630 20

0 =
crankangle Angle Vilebrequin (degV) crankangle

e The fluctuations of instantaneous torque influence the acyclism of engines

@

= Coefficient of regularity: ~__ —mo
a)max _a)min
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1)V = ?

ﬁ Key values of reciprocating engines g;vci 2 (n=6)
E=

4) Engine Type
(# Stroke, TC)

3) Mean “pressure”
Reminder: if a pressure sensor inside the combustion chamber gives P for eacl

instant during the cycle, so:
The indicated work E; = the surface delimited by the curve in the diagram

P=fV)= E = § p.4dv  (E; > 0if clockwise, E; < 0 if counterclockwise)

cycle

100}

80t

60

P [bar]
P [bar]

40t

20}

500 1000 1500
Y [emn®]

0 500 1000 1500
V e’
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§ Key values of reciprocating engines

s Mean “pressure”
e The indicated mean effective pressure (IMEP) corresponds to the

theor. const. equivalent pressure which would be applied over the

piston during the whole cycle = |E,= §P-dv = IMEP-,

cycle

e Unit: [bar] E = §P-dV

100t _/

80t

60

P [bar]

40t |

E 20t

0 500 1000 1500
W [em?)
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} Key values of reciprocating engines

s Mean Pressure
e For a 4-stroke engine, the IMEP (fr: PMI) contains 2 parts:

IMEP high pressure (IMEPyp): Compression stroke = Expansion stroke, IMEPp > 0

- Sum of the 2 terms gives the total IMEP (PMI in French): IMEP =IMEP,, + IMEP,,
(PMI = PMI,, + PMI,,)

IMEP low pressure (IMEP,p): Intake stroke = Exhaust stroke, IMEP,p < 0 (or > 0)

E= §P-dV+ {P-dV=(IMEP,, +IMEP,,)
cycle HP cycle LP 1007
s - \
100 80+t
+ -
. IMEP,, >0 | >0 -
HP i IMEP, , § 00
= 60 ] = <0 o
* * 4 40
40
: Y i
20 2 ) 20t
_.»
0 I ol
0 500 1000 1500 0 500 1000 1500
3 3 1
viemd viemd % 500 1000 1500

Y [cm®]
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m Relations :

}' Key values of reciprocating engines

e Work and IMEP:

cycle

E = §P-dV =IMEP-V, =4x-C,

e IMEP and indicated torque C,; :

IMEP=-=.~1

4ﬂ.(j

100 V.,

- The IMEP is measured thanks to a in-cylinder pressure sensor
- C; corresponds to engine torque without mechanical friction
- IMEP corresponds to a « specific torque » in [Nm/m?]

e IMEP and indicated power E; :

e BMEP and effective torque C, :

- C, corresponds to the measured torque:

E,

1

= L IMEP
1200

.V -N

‘C’ for ‘couple’ (Fr)
= torque (engl.)

(with:
E in [kW]
IMEP in [bar]
C in [Nm]

E

e

1

=— .BMEP-V,-N
1200

- BMEP is the “brake mean effective pressure”:

A

BMEP = ———*%
100

C

e

u

e BMEP, IMEP and FMEP:

BMEP = IMEP - FMEP

- FMEP is the “Friction mean effective pressure”

-16 -

_V,in [dm3]

(with :
IMEP in [bar]

< BMEP in [bar]

V, in [dm3]
\N in [rpm]




§ Key values of reciprocating engines

4a) Efficiency
1) Global or effective efficiency of an engine: |1, = —Z<<
; . ; . . comb
with:  E_... : Effective power with:
Y’ :Fuel transformation power (during combustion) | 4h° =LHV in [KJ/kg]
., . . A . MF in [kg/s]
Ycomb - MF ) (LHV+ hF )+ MA 'hA _MG ) hG +Mcond .qvap Y_,_ . in [kW]

After

simplification = Y., =M, -LHV Hypothesis: gases sur-enthalpy and condensation are omitted

(intake engine conditions: P, = 1 bar, T, = 25° C)

2) Indicated efficiency: |1, = Y_
comb
characterizes the global efficiency of an engine without mechanical friction
e E 7
3) Mechanical efficiency: n,..B=—<==¢
koo,

characterizes the friction losses

-17 -



s Efficiency

e Graphical representation of 4a) p.17

lliiiii E::

Y'+

comb

and LHV

Measure of M ,

V

’0

ENERGIE

v Key values of reciprocating engines

E = §P-dv

cycle

ENERGIE

CmeuE CALORIFIQUE

\/\/\’

*+ RENDEMENT RENDEMENT R
THERHO.THEOR. ,»° DE CYUE

0

’ 'be.conws*nou

*
*

0
4

TRAVAIL TRAVAIL
iNDIQUE

THEORIQUE Xv.

’ RENDEMENT

P

' RENDEMENT
THERMIQUE

7+

‘RENDEHENT
INDIQUE

comb

w7

RENDEMENT
GLOBAL ov EFFECTIF
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3 Key values of reciprocating engines

4b) Efficiency

4) Theoretical thermodynamic efficiency: 7y, 4,

- Ratio between the ideal cycle work AND the thermal energy given by the combustion

process
. Ei:z’eal cycle Examp/e'. —1— 1
Min.an Q:_O o (Otto cycle) Minan = 57_1

5) Thermal efficiency: 7

- Ratio between the indicated work (=real cycle) AND the thermal energy given by the
combustion process -

Qc-:)mb
6) Cycle efficiency (shape efficiency) : 7,

- Ratio between the (real) indicated work AND the ideal cycle work

E-

— l —— — .
ncycle T - = 77t - nth.th ncycle
ideal cycle

=

-19 -



' Key values of reciprocating engines

= Efficiency E = §pav
e Graphical representation of 4b) p.19 cycle

Measure of P,

4r 4
ENERGIE ENERGIE TRAVAIL _ TRAVAIL ,  TRAVAIL
CHIMIQUE CALORIFIQUE THEORIQUE INDIQUE EFFECTIF
A J
/\ /
*
" ’0
*
* *
Com bustion RENDEMENT | **,] RenDEMENT RENDEMENT o RENDEMENT
. " . : *

RENDEMENT
THERMIQUE [

77 _ Qc+0mb o
= _—
com Q]—;

RENDEMENT
INDIQUE

+ + \\
Qcomb S QF RENDEMENT
GLOBAL ov EFFECTIF
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Exercise:

ﬁ Key values of reciprocating engines  BEeiiss

Operating hours = 7000 h/yr

Fuel costs =2 € /L

5) Specific fuel consumption (SFC; fr: CSE) [Rsinmsis

Operating costs = ?

e corresponds to the mass of fuel consumed by work unit

o Unit: [g/kWh]

e Could be expressed as a function of the engine efficiency: SFC = f(7,)

g ) . 3
= Brake specific fuel consumption:BSFc=( "), psrc—Mr-3600-10

(kW)
Cowith  |Ee=nLHV M| 36001000 C with:
%:_/ 776 = -
- Tor i:glnTs with I:<)<.stan|da.rt<:]» flzill P N 237 < MF in [kg/s]
i.e. Gasoline or Diesel with a ~ g=> |1, =~ BSEFC E |r1 [kW]
LHV in [kJ/kQ]

s (Indicated specific fuel consumption(ISFC)): ISFCZMF

i

-21 -



§ Key values of reciprocating engines

m Relations

e Relation between BSFC, ISFC and power; |M,=BSFC-E, =ISFC-E,

e Relation between BSFC, ISFC and mean pressure:

- Mechanical efficiency: BSFC-BMEP = ISFC - IMEP
= Ee = BMEP Mechanical efficiency in function of the BMEP
"¢ E IMEP
_ BMEP _ ISFC
Tnec IMEP  BSFC

— 0.6 1

- Mean pressure relations: 7,

BMEP = IMEP - FMEP

_ISFC _BMEP (  BMEP
nee = BSFC ~ IMEP ~\ BMEP+ FMEP

0 2 4 6 8 10 12 14 16
BMEP (bar)

-22.



ﬁ Content

s Engine cycle representation

s Key values of reciprocating engines

e Power

e lorque

e Mean pressure
e Efficiency

e Specific consumption

s Important engine characteristic curves

1) Full load curve

2) Operating map
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N . L.
)‘ Important engine characteristic curves

1) Full load curve:

1. Performance: representation of torque (or specific torque), mean pressure or
maximal power of the engine (=load) as a function of the revolution speed:

Comae = f(N)| or BMEP, = f(N) or |E, .. =f(N)

max
E [kw] E [kW]
Full-load curve : Sl Engine 2L atm. (RSA) ¢ Full-load curve : Cl Engine 12L turbo (VOLVO) €
200 1120 2100
1320
190+ Ce,max — I
. 2000k - - - oo 1300
| 1100
180}
1280
1700 1900}

_________________________________ 180 1260
_160* —1800+ 240
5 £
:;350 . L o {220

! 1700+
140} Ee@Nma* e 1200
130+ i 16001 same fixed inlet pressure 1180
e fé’s’ip 6000 rpm.27/60 - Lo P e
o 165 Nim 2007 104 kWi e} | 2000 Nm.1200 rpm.27/60 |1ao
- e : ' =000 Nm.40m = 250 kW
100 L 1 L 1 L II 0 1400 Il 1] Il Il L 120
1000 2000 3000 4000 5000 6000 800 1000 1200 1400 1600 1800 2000
N [rpm] / N [rpm]
atmospheric car engine turbocharged truck engine

*torque C, .. designed to be maximal at ~1/2 max. engine speed
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%o\ : ot
& ¢ Important engine characteristic curves

Fuel delivery rate (g/h) = specific fuel consumption (g/kWh) * effective power (kW)

1) Full load curve: M, = BSFC-E. = ISFC-E,

2. Performance: representation of several engine parameters in full load (g )

operation as a function of the revolution speed: |x,, = 7 ()
. e i o
Engine BSFCp, = f(N)| _#{|BSFC o RM,
. . = 1 95 4+
characteristics . 2 s T 9
& MFFL:f(N) W 200 . §§§
’ 8 195 \\\'\ /] 75 /..//
. 70

Thermodynamic P, =f(N) b (S
Con dItIOHS 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000

740 500 —

i 1
720 480 urbo
T = f(N) o 700 \ T’exhaust H 2 460 @j 1

Thermal & ech,FL 2 N\ /\\ £ w et
mechanical limits Usorr = S (N) o . ~ 5 - — U m,,,‘m(comprfssor W”‘f”,

6201 000 1200 1400 1600 1800 2000 3801 000 1200 1400 16b0 1 SbO 20b0

> 14 £ 75 - /;
Pol{utgnt CO,, = f(N) 4 12 - e £ 70 <
emissions 7 os S — g os
FSN FL — f (N ) g:g — // \ FSNj: 55 \\\{ [ ecupB
I

0.01000 1200 1400 1600 1800 ZObO 5'01000 1200 1400 1600 1800 ZObO
Engine regulation DB— ECU V) N [ifmind N [min
parameters i ‘FSN” = smoke limit ECU: electronic control unit

Index 0 : no sooth particles. Index 2 : many sooth particles ‘DB’ : delivery begin (of fuel injection)

1400 rpm: turbocompressor speed stops increasing => less air => more fuel => consumption goes up (BSFC), T goes up, emissions go up
1500 rpm: fuel flow adapted => consumption goes down, T goes down, emissions go down

-25.



N . .
¢ Important engine characteristic curves

2) Operating map:

Representation of engine’s parameters in the whole operating range:

sen|eA peoj |eled

Representation (N,C,) on a X=f(N,C) ; X=f(N,E)) Representation (N,C,) on a
4-inline 200 kW (6.5 L) engine X = f(N,BMEP) torque V8, 500 kW (16.2 L) engine
1500 3500
100% Fuyy
torque 100% 6 loag
100%  100% 3000 Cury,
100% 100%
oo 100% % SMVIEP (specific torque)
- 0,
75% 75% 75% | 100% 100% 100%
® ] 24 - ® 75%
® ® 75% 100%
T 22 700% 6 ® 50%
E ® 75%
= 20 - 75% @ 75%
= 75% !
75% b 50%
® 50% @50% @ 50% ®50% 18 4 75% ° o 100 Q®50% @ o ®50%
500 - @ 50% 64 © Q@ 75% Q@ 10%
= ® 50%
% @ 50%
a 141 @ 75%
25% Q25% @ 25% 25% € 121 0 50% ®25% @25%
b d ® ®25% | = ® 50% ©50% @ 50% oy, 1 Q5% g 259 Y
10 4 @ 10% ( 0
0,
® 10% ©10% @10% @10% @ 10% 8 ® 50% 0% @10% @10% Q1% @ 10%
0 ‘ | )
S 888888838 8 8 8 ] e OEN OFh emu gu ‘ ‘
8¢ £ 88§88 88 8 g g 41 el g 888888888 8
2 A @ 10% Q@ 10% @10% @ 10% @ 10% @ 10% - 2 S 2 2 & 2 2 8§ &N & &
0 !
o o o (=] o o o (=] o o o o o o (=]
o o o o o o o o o o o o o o o
(o] o ~ N (o2 < n O ~ ] (&2} o - N [
S = &£ 2 3 2 2 ° 2 2 & & & &
N [1/min]

Representation (N, BMEP)

Common map for two similar
engines of different size

(torque divided by volume =
specific torque)
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' Important engine characteristic curves

2) Operating map:

1. Representation of specific effective fuel consumption map (=efficiency%):

low speed, high load: BSFC = N.BMEP
lowest consumption f (N, ) Full load curve
BMEP
4 cyl, 7L,/ 180 kW LIEBHERR engine BMEP 4, Utilization range
22 - 22 1 ; 4 :
| I 4 T
20 Fo 1\ —— 20 , 7.2}1\ BSF(C | gxwhnl
B \\. / ’106 .
18 18 7
16 4 16 % ?—7%% ) )
o | . ST
% 12— 12 )f A #, )
£ 1p 10 nomin + >
a - ) / /q' /,ﬁ% /
° . e I 9
6 6 A = _ e s ¢
4 4 ;f‘//ﬂ 7°
5 5 350
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900\ 2000 2100
n-lst [1/min] n-lst [1/min] 4
high speed, low load:

highest consumption

e The engine’s full load curve limits the BSFC map

e Immediate reading of low-consumption zones and utilization ranges
engine speed limit
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) Operating map:

2. Representation of the thermodynamic conditions/states of the engine:

BMEP

pme [bar]

BMEP

pme [bar]

V8, 500 kW LIEBHERR engine

26 (rel. intake pressure (above 1 bar))
24 (P adm [bar] r
22 SRS
20 el
1.6
s \ h \\$ 1.9 ~
16 12~ T~ e ] 2.0
14 1.0 ~— 13 ] %1.8
Y >3 1 14
. \ 06 QQ\\\ > E \
10 \ 0.4 - 0.7\\\\ 1-0\\\ ——
. 0.8
8 ™ Tos | T T
——o
6fo2 =03 I \\\\s
2] —
4 \ \)‘\ \\\\
0.2~ I I
2
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
NDEM [1/min]
% (related to exhaust recirculation)
24 CO2 adm [%)]
2 \\H’
“ in
18 0.1 |
T \\ . ~
16 \ 0'4‘ 1.0 -
" \or \ 10
12 i 0}9 09
10 o’.e (
: J1
6
4 0.1 ) 3 \ K0_9 <
e |

2 .
1000 1100 1200 1300 1400 1500 16b0 1700 1800 1900 2000 2100
NDEM [rev/min]
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pme [bar]

pme [bar]

Exhaust manifold temperature

26 ‘
24 1 % T Ech [C] }
22 {700
650 n 650 T
20
18 609 [—— 600 =——1
—|
16 600 5% L == 600 |
N
14 550
12 550 | | L= I 550
i — 500\
— o
10 _— 5‘00 — 500 —— 500
g f—20— | = 450 = 450 -
: ——
P m—— T 400 -
350 —— 80 ——— | S
4 +——300 300 ———— 3320 | 350
300
2 y $
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 rpm
NDEM [1/min]
26
24 Lambda [ratio] }
2 |
12 14
20 \
18 14 ————
16
1.6 1.6
14 \ | Te—— |
12 18 1
10 L 2.0 ——18 1
sf— =] 23 |
—— | 23§ [ 20
6 b—— 1 ;K L, L —231— |
: = =
. 35 .- ‘
U
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 rpm
NDEM [1/min]



2) Operating map:

3. Representation of thermal
and mechanical limits
in the whole operating

range:

pme [bar]

U turbo = peripheral speed (tip) of compressor wheel
(500 m/s max for aluminium, 650 m/s for titanium)

4. Representation of pollutant
emissions:

Units = [ppm]
— [O/o]
= [g/kWh]

me [bar]

Q
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26
24
22
20
18
16
14
12
10

8

6

4

250 ——
1 20 I —
—

| 175 |

2 :
1000 1100 1200 1300 14b0 15b0 1600 1700 1800 1900 2000 2100 rpm

26
24

22
20
18

16
14
12
10
8
6
4

NDEM  [1/min]
(o]0)
R W e S
oy i -
I T T
J @J / \ [
300 \ 100
:_Emo /
I
-

2
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 rpm

NDEM  [1/min]

Some region shows 20-30 x higher CO emission than other region !



PME [bar]

PME [bar]

' } Important Engine characteristic curves

2) Operating map:

5. Representation of engine regulation (ECU) parameters (f.ex: fuel injection) :

delivery begin (of fuel injection)
- at crank angle degrees before TDC
2TDIVIE ;2
22 ecu DB [«C.A]

-
o @

S)
\

/J/// . |
.

s 0| 20—/ (J ]

14 [ 6.0 ? T\

Y A NN N

AT \ T

S 2200 s i I L | O 7 A

: | l N
" \ 3.0 — — \
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‘pilot injection’ = pre-injection before the main fuel injection
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Reminder - combustion



§ Combustion process (cf. § 11.3 - Borel / Favrat)

s Reminder of a combustion process

Cornbustlon
Reactant @ \ Heat
Process

CH,SON, + (0, +3.76- N CO,+H,0 + AH
Hydrocarbons Air (21% 03, v01) (NO, +CO +HC)
e Reactant
- Fuel (hydrocarbon) : CHSON —>CH, —H,
e Oxidant (Air) : 0, +3.762- N,
e Products :

- Combustion products: co, ; H,0

- Pollutants: NO. ;CO; HC; SO,...
- Others (no reaction): N, ;0,
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A¢ Combustion process

s Combustion process: possible cases

¢ Rich combustion or incomplete combustion = Fuel excess versus O,
e Lean combustion or complete combustion = O, excess versus Fuel

e Stoichiometric combustion = exact minimal O, for a complete combustion

m Air/Fuel ratio or stoichiometric ratio: R r

e Corresponds to the mass ratio (or molar ratio) of the air quantity versus

the required Fuel quantity to obtain a stoichiometric combustion

M N m With:
- Rprmass [Kge/ kgairl: [R,,, = —22 = 2% . 4 _
A/F [ Or gAlr] AlF MF NF 7?11: MA in [kg OfA]
N, in[kmol of A]
Ry molar [kmolg / kmol]: gA/FzNA,szo 7, in [kg/kmol of A]

Np

SI engines : A/F = constant with load, typically 15. Regulation at A=1.
CI engines: air flow = constant with partial load, it is the fuel flow that varies. A/F = 18 at full load, and A/F = 80 for ‘no’ load.
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N !
¢ Combustion process

m Relative Air/Fuel ratio: A ratio

: . M N
e Characterizes the deviation between M, and My gpich : |A = —24— = —4
. A,sto NA,sto
- A >1:lean mixture
. . Stoichiometric
- A <1 :rich mixture Lower Upper
limit ’_l_‘ limit
: - — 52 o s
= Fuel/Air ratio: ¢ E9=D e |
Moy | — <
10 % =7 % 100 % !
: 1 :' E
o Inverse of i : ¢ = — < Lean mixture Rich mixture >
A g Q
Qo0 % ~A%, 0% |
. : | ] :
- ¢ >1:rich mixture L T e
i ratio
i I I I B |

- ¢ <1 :lean mixture

Gasoline : Ry ~14.5 compulsory window for

; - homogeneous combustion (S.L.E)
Natural gas : Ry ~16.6 07<)<17
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¢ Combustion process

s General equation of combustion

N,-C,HSON. +N, . -(0,+3.762-N,)—> N, -CO,+N, ,-H,0+ N, -SO,+N, N,

viiwEx Tyt Nz

R, .= Maso - Naso My _ 4762 No,w i, =4.762'(V+K+X_X).
AIF M, N, i, N, i, 4 2

28.85

mp

s Conventional fuels: x=0,z=0,y=0= CH,

N,-CH +N,

0, ,sto

(0, +3.762-N,) > Neo, -CO,+ N, ,-H,0+N, -N,

R = MA’StO = NA’StO . n7lA = 4 762 NO S0 NA :4 762(‘)4-&) 2885
M, N, N, i, 12-v+w

= Oxygenated fuels: x=0,z=0= C,H,O,

N, -C,H,0,+N,,(0,+3.762-N,) > Ny, -CO, + N, ,-H,O+N, N,
woy 4.762-28.85
Ror=""4"5 2
v+w+16-y
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& ¢ Combustion process

Yj_ 4.762-28.85

+_
4 12+Y

= CVHWOy :

_( LY Zj 4.762-28.85

4 2)12+Y+16-Z

m Stoichiometric ratio as a function of Y (=H/C) and Z (=0O/C):

) mass ratio
Commercial fuels O/C ratio:
18 —7=0 Product | Molecules | Y V4 Rar
/ '\
16 — Methane CH, 4 0 17.17
14 —Z7=0.25
5 1 — P Propane | CiHy |266| 0 15.6
‘.(7) /\
‘§- 10 / —7=05 Butane C4H10 2.5 0 154
Q.
© 8 / \ Conv.
Y . > . Gasoline CH, s 1.8 0 14.45
2 T T Methanol CH5;OH 4 1 6.44
1 2 3 4
Y=w/v H/C ratio
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