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. Background

H
N Residual Gas Fraction (RGF) has a significant

influence on flame propagation, combustion
stability, misfire, and knock
» influencing emissions (NOx, HC), power and fuel
economy
\ Industry Examples Include

» Turbocharged engines with cooled EGR and A=1 —
Knock mitigation

» Variable Valve Events (VVE) strategies to augment
fuel economy via RGF control
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~  Motivation

"\ Quantifying in-cylinder gas composition is
essential to the development and calibration of
SI engines

\ Experimental techniques to infer RGF (CO,,
NO, HC, H,0)
» Expensive and intrusive
» Limitations (sampling rate, sensor location, etc.)

x Numerical techniques
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- Numerical Techniques

Empirical Formulae

OD Gas Exchange Model

1D Gas Exchange Model

Overlap Factor Semi-empirical Conditional Gas Detailed
(OF) Model (e.g. Shayler’s) Exchange CrElEEEE S BT Simulation
Eng|_n_e Engine configuration based?
specific

I/P: intake pressure
and temperature,
exhaust pressure,
A/F ratio, CR, etc...

ECL and external
EGR are not
considered

I/P: intake pressure
and temperature,
exhaust pressure,
A/F ratio, CR,
volumetric efficiency
and external EGR

One constant fits all

RPM and ECL are
not considered

I/P: intake pressure
and temperature,
exhaust pressure,
and engine
configuration

P <Py <P
IDav-int = PCyI =P
Pavint > Py > P

av-int av-exh
av-exh
av-int av-exh
Dependent of
pressure transducer
location

I/P: intake pressure
(dynamic), intake
temperature,
exhaust pressure
(dynamic), cylinder
pressure and engine
configuration

Dependent on
pressure transducer
location

I/P: intake pressure
(dynamic), intake
temperature,
exhaust pressure
(dynamic), engine
running condition
and engine
configuration
Calibrated 1D
simulation model
(gas exchange only)

Independent of
pressure transducer
location

I/P: intake pressure
and temperature,
exhaust pressure,
engine running
condition and
engine configuration

Calibrated 1D
simulation model

Independent of
pressure transducer
location

On-line, off-line and Real Time!

On-line and off-line
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- 1D GT-Power Model

] ] ] | | = | =
N B N . G . Ll W P L@ L= o omm®
W e Cw e W CE o ' = =
115 ron |2 113 run_ 1l 111 inport | in_| ex_| expart_| 311 exrun_|
i 2 f s f o 1 _ 2 1 _ 2
if_runner fara) : =] fara =] fara) =] Frei) 01 Frei) = o = ner
j=t | okt | o =l Ry 2 P pL | —l
116 run_r?2 114 run_rl 112 inpor_r in_r < T oanr export_r 32 exrun_r
o
11
1]
5 5
=
|§| Liginjl Crank Ex_paolrt_out
injector_pipe - .
] ..
1 Liginj2 11
o
143 Ex_rupher-01
2|:| 2 = 1 "IF,ll 2|:|1 .'f':|1
2 Ble—o <0« 0 efae—0e|T=0 = Q
— ex_envirormend  pex-01 2 volurne exhaust 4 1104 1€« _runner-043  Ex_runner-02 1z
in-rumnerl
i 3|:|.L Z’Fl.L 2 1 :":‘.L = :":‘.L :":‘.L :":‘.L
) He—o«df@s—0< E wocfHeGfeo=F—o0=T—0<«[
in-runnerz 135 in-runners 11 runl 2 Jolume intake 1 pdZ1 Throttle pd22 7 before_thro 9 In_entry-01 3n_envirorment

IFEEl

DAIMLERCHRYSLER



° Model Validation w/ Head “A” (1/2)
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Exhaust Pressure (bar)
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ionw

/ Head “A” (2/2)

Model Validat

=1.223 at 2000 rpm w/ PB =1.58 at 2000 rpm w/ PB

=1.036 at 2000 rpm w/ PB

1D Model
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= Performance Prediction (Hea
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= Performance Prediction (Head “B”)

0 1600 RPM PT w/ 0% EGR 1600 RPM PT, external EGR sweeps

—— Simulation = Dyno
——Dyno ®m Simulation

: : 1D Model
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" 1D GT-Power Model

| Measured cylinder pressure
Measured intake temperature IS Measured Mass | e B R TRt
Flow Rate : ) )
Measured intake pressure : For calibration
Measured exhaust pressure —» :
Data
a - -
- Communication
Measured engine speed :
A 4
Calculated Mass
Measured external EGR +—» Flow Rate
Measured A/F ratio —» RGF output Data Communication

Residual Gas Fraction Calculation with GT-Power Model

Measured Calculated

GT-Power Pressure Engine Fuel/Ajr External Intake Mass Flow In-Cylinder Mass Flow
Test No. Model File Speed Ratio EGR Temperature Rate RGF Gas Fraction Rate
[RPM] [l 2] K] [Kg/t] %] %] [Kg/h]
1 gi0101 ASE 042 1 2001.1 00830 403 309.1s5 12.13 1540 18.19 1121
2 gii0101 ASE 042 2 19998 00740 509 308 85 1281 1454 18.10 1192
3 gil0101 ASE 042 3 19999 00660 596 30855 13.74 1385 18.06 1259
4 gil0101 ASE 042 4 200056 00610 823 30835 1430 1309 1889 13.14
5 gil0101 ASE 042 5 20005 0.0590 1157 30825 1464 1289 2087 1333
[i] gil0101 ASE D43 1 1600.1 0.0840 027 30795 10.88 1584 16.03 055
7 gil0101 ASE D43 2 1600 0.0840 553 308.15 10.86 1533 19.12 995
8 gil0101 ASE D43 3 1599.7 0.0840 9.75 30835 10.73 14.77 2131 1035
9 gi0101 ASE D43 4 15995 0.0840 1324 30755 10.74 14.00 22,79 11.11
10 gi0101 ASE D43 5 16002 0.0850 1497 30735 10.77 1427 2403 1082
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"  Further Validation

B ) sweep at 2000rpm and PT (“A”)

16.0 —

14.0 -

@ Calculated Mass Flow Rate [Kg/h]
B Measured Mass Flow Rate [Kg/h]

12.0 -
10.0 -
8.0
6.0 -
4.0

Mass Flow Rate (Kg/Hr)

2.0

0.0 -

1.001 1.1 1.204 1.269
Lamda (-)

1.306

,sLoad sweep at 2000rpm and PT (“A”)

W
54
=

)
n
)

20.0

15.0
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Mass Flow Rate (Kg/Hr)

»n
)
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@ Calculated Mass Flow Rate [Kg/h]
B Measured Mass Flow Rate [Kg/h]

1.501 2.405 2.597 2.804 2994 4.012
NMEP (bar)

5.997

9.01

11

Mass Flow Rate (Kg/Hr)

Mass Flow Rate (Kg/Hr)

EGR sweep at 1600rpm and PT (“A”)

16.0
@ Calculated Mass Flow Rate [Kg/h]
14.0 1 B Measured Mass Flow Rate [Kg/h]
12.0 -
10.0 -
8.0
6.0 -
4.0
2.0
0.0 - ‘ . ‘ ‘
0.27 5.53 9.75 13.24 14.97
EGR (%)

35IT)oad sweep at 2000rpm and PT (“B”)

@ Calculated Mass Flow Rate [Kg/h]
B Measured Mass Flow Rate [Kg/h]
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15.0 1

10.0

W
=]
!
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- Objective

\ To develop a simple, yet predictive
model for RGF calculation

» to be utilized for on-line Dyno testing,
and

» may be implemented in the engine
controller unit
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- Semi-empirical Model

ghayler’s RGF Model

N IP: CR, VE, external EGR, intake/exhaust pressure ratio
and A/F ratio

= I o (AFR+1-EGR)
" 142(r.-Un, G (AFR - AFR.EGR)
6
: . 4
5 . - .Y
C = f (Te/Tm); Here is called Density modifier _ 4 1 : 5 P B
S u m
Te: exhaust runner temperature, z 31 o
. &
Tm: intake runner temperature = f (RPM, load) 2
1 4+ & RGF From Shayler Model
B RGF From GT-Power
ictiti 1 0 1 1 ‘ ‘ : ‘
FICtItIOUS or pseUdO EGR I‘atIO 1000 2000 3000 4000 5000 6000 7000 8000
Engine Speed (rpm)
flor) x ) S -
EGR="4on  filoL)=2.6x107(0L) - 7.1x 107(0L)- 5.1 10°

SAE 2000-01-1208
IFEWV 13 DAIMLERCHRYSLER



=
T T T =
| 1 | "<
I I I
I I I &
S e R P T )
I I =
I @ I s
I & I
I ) | =
8t B
I =) I =
I S I
I o I = ml
I M”Mm
p i
&
) _
- — Mm
N 4—@8
O o i
= I
=
o i _
= i
S il
y (=] a
=
o= =
[ 1] =
N =
n -
- o
i
) 3 2
o 28
o Jpup S
| | | 1 =
o L Lo * g
I I I 1 oo
([T
s | | | | [—] ]
[ VN S R Lo ___} = SR
_ _ _ I = O
B [ [ [ I ~
AHv I I I 1
I I 1 =)
o b ¥l---F--1 3 _
Aﬂv I I = 1 b=y i
I I & I 2 i
| | ¥ 1 i
m | | m 1 M _m.. _._t !
—_—— b | —— e — —— o Pt )
© L o “ 7T , S
| - _ _ o I & (-} agrpoly Ansuaq
nﬂu I I I o
_ | _ I S
| L E e R
HHI _ JH _ I -+ 5y
I I |
e I I I I o ﬁ
I | I | =
) : cmeboob oot B
I I 1 “
) ! _ _
Arv I I 1 =
[ B S | _l______1 =
L [—]
AHV _JJ “ “ )
e _ I I
e | 1 =
E I | I 1 =]
T T T T =)
s w S5 o S 7
Lar] L} -1 — -

(-)

-

apogy Ssuaq

4000 5000 6000 7000 8000
Engine Speed (rpm)

3000

2000

1000

DAIMLERCHRYSLER

14

IFEEl



* Approach

N Density modifier is not constant but a function of
engine speed, overlap volume or angle, volumetric
efficiency and exhaust central line (ECL)

N\ RGF calculated by GT-Power will be used as a

reference

Well correlated Migrated the single
GT-Power single > cylinder model into
cylinder model multi-cylinder model

~

RGF and density
modifier calculation
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. RGF Calculation Flow Chart

Single cylinder displacement )

Intake Pressure Before Throttle

Intake Temperature Before Throttle |

Engine Configuration

Measure Quantities

Calculated

IFEEl

A 4

Overlap Volume (OLV)

Exhaust Valve Lift Central Line (ECL) —

Measured Mass Flow Rate

v

Measured engine speed

v

\ 4

\ 4

Calculated Volumetric Efficiency

\ 4

Measured A/F ratio

\ 4

Measured external EGR

\ 4

Engine Compression Ratio

\ 4

Semi-Empirical | y

A

RGF output

16

RGF Model
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® Calculation Interface in EXCEL

RGF Prediction With Semi-

Empirical Model
Exhaust | Exhaust Cylinder | Intake Intake Residual
Engine (OverLap| Valve Valve |Air/Fuel| swept |pressure| Temp. Mass | Volumetric | External Gas
Test No) Speed | Volume | Open Close Ratio volume |bef. Throt|bef Throt|flow rate| Efficiency EGR Fraction
[rpm] | [emoL] | [7] [1 [ [Liter] [bar] Fel | e H [¥0] [>0]
1 2001.1 1491 128.0 3920 14.1141 | 06735867 0966 25 1196 02620 0 1547
2 190998 1491 1280 3020 1551 DA6TISHGT 02767 1] 14 87
3 199900 1491 1280 3920 169764 | 06735867 02962 0 14.11
4 20006 1491 128.0 3920 178929 | 0.6735867 03084 0 1366
5 20005 1491 1280 3020 184146 | 06735867 03164 1] 13139
[i] 1600.1 1491 1280 3920 145525 | 06735867 02940 0.2s7 14905
7 1600 1491 128.0 3920 14437 | 046735867 02936 5241 1436
| 15997 1491 1280 3020 1445144 | 06735867 02901 9261 14.04
o 15995 1491 1280 3920 1445144 | D6TISHGT 02897 12,5605 1364
10 16002 1491 128.0 3920 14307 | 046735867 02903 14257 1339
11 2000 1491 1280 3020 105638 | 06735867 04577 33848 454
12 3000 1491 1280 3920 105638 | D46TISHGT 0.746 36064 426
13 39995 1491 128.0 3920 10417 | D46TISE6T 0.794 41269 4.12
14 30000 1491 1280 3020 10417 | DATISHGT 0.793 43560 3107
15 4500.1 1491 1280 3920 10309 | 04TISHGT 0.760 43902 I606
16 19998 1491 128.0 3920 12048 | 046735867 0315 25.186 1033
17 19998 1491 1280 3920 12048 | D46TISHGT 0393 332704 773
18 2000 1491 128.0 3920 12048 | 046735867 0546 34911 556
19 20002 1491 1280 3020 11005 | 046735867 0802 35409 338
20 6028 1491 1280 3920 11005 | D4TISHGT 0.179 35567 2049
21 6006 1491 128.0 3920 11905 | 046735867 0.168 35307 21.71
22 6003 1491 1280 3020 11005 | 046735867 0.164 35331 2212
23 5000 1491 1280 3920 12048 | D46TISHGT 0.157 35621 2277
24 5999 1491 128.0 3920 12048 | 046735867 0.158 35524 22.73
25 600 1491 1280 3020 12.195 | 046735867 0.158 35.750 22.70
26 6013 1491 1280 3920 12.195 | D4TISH6T 0.158 35245 22.76
27 6009 1491 128.0 3920 12346 | 046735867 0.168 35527 21.68
28 1600 1491 1280 3020 14491 | 06T3IS8BGT 0976 iz 10948 0304 1] 1309
20 1400 1491 1280 3920 14491 | 0.673ISBGT 0976 32 10492 n.2o7 5370 13.71
30 15992 1491 128.0 3920 14361 | 06735867 0976 32 10475 0291 10909 1332
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- Model Validation — Various Conditions

20
18
16
14
12
10

RGF Predicted by model (%)

(= A

RGF Predicted by model (%)

1.5% Line

2 4 6

RGF Calculated from GT-Power (%)

1.5% Line

2 4 6

RGF Calculated from GT-Power (%)

8

8

-1.5% Line

10

10

12

-1.5% Line

12

14

14

16

16

18

18

20

20

20
18
16
14
12

10 1.5% Line

RGF Predicted by model (%)

-1.5% Line

0 2 4 6 8 10 12 14 16 18 20
RGF Calculated from GT-Power (%)

S N~ O

[
=

1.5% Line
10 -1.5% Line

RGF by Empirical Model (%)

wn

0 5 10 15 20 25 30
RGF Calculated bv GT-Power (%)

DAIMLERCHRYSLER



= RGF Prediction at Part Throttle (PT)

H -
= 2000 rv/min POR Exhaust manifold
i . 20 T T T
18 B GT-Power Calculated |
— ¥ SAE 2004-01-3053 ' 16 B Empirical Model Predicted | |
%‘ 1 ' 14 -
E ¥ § 12 -
w B i - = 10
" oy 6 -
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#- 0
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- RGF Prediction — Single Cylinder

]

20

=
A sweep with no external 16 - 5 GT-Power Model

14 -

S
=
EGR head “B” at 2000rpm =7
and 2.6 bar NMEP Z 10 |
8 :
RA=7
SR |
0 N ‘
1.001 1.1 1.204 1.269 1.306
A Sweep (-)
20
—~ 18 - B Empirical Model
S @ FEV Model
: 16 1 I B GT-Power Model
. g 14 B T —
External EGR sweep with = =7 ]
fixed A and head “B” at = = =
1600rpm/2.94 bar NMEP 6 |E = =
0 —] ] —] —] —_
Reference: SAE 2006-01-3236, “A 0.272 5529 9.748 13.242 14.971
Semi-Empirical Model for Fast External EGR (% )
Residual Gas Fraction Estimation in
Gasoline Engines” 20
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— Single Cylinder
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NMEP (har)
2000 RPM Load Sweep

2405 2597 2804 2994 4.012 5997

1.501

21

1.3 16.3 213 313
Spark timing ("CABTDC)

600 RPM idle Spark Sweep

6.3
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* Conclusions

"\ A GT-Power model with SITurb sub-model is very helpful
to predict engine fuel economy and engine load with
various combustion chamber geometries

N A well-calibrated GT-Power model is a very effective tool
to predict/calculate RGF in cylinder, which was used as a
reference to develop an empirical RGF model

\ The empirical model was validated against GT-Power
model calculation for various intake valve lift profiles,
overlap volumes and engine speeds

N\ The empirical model was also compared against the FEV
approach ﬁutilizing a single cylinder test data) for various
part throttle and WOT conditions

N\ The empirical model was embedded in Excel and maybe
used for both off-line, on-line and real time RGF
calculations

» It was later validated on a small 14 turbo-charged engine
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