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Good morning, Ladies and Gentlemen,

In the recent two years the development of engines operated with compressed 
natural gas increasingly moved into the focus. 

In my presentation I will show the interaction of the fuel rail and the injection with 
the intake manifold gas dynamics.

I would like to acknowledge the contribution of my co-author and thank Christian 
Grün for his support.
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My presentation today will be structured as follows:

���� After talking about the motivation for the development of CNG engines 

���� I will give you some background information on CNG engines

���� Then the GT-POWER model approach for the integrated simulation of the 
fuel rail and gas exchange systems will be shown  

���� followed by simulation results.

���� At the end the presentation will be summarized

���� and I will give you a prospect on how GT-POWER can support the 
development of gas exchange system and fuel rail for CNG engines.
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Motivation
The Greenhouse Effect

Stratosphere Troposphere

Tropopause

Ozone Layer

Earth

CH4

N2O

CO2

Gre
en

house
Effe

ct

Heat Emission of the Earth

H2O

Today the main mechanisms and causers for the green house effect are known.

���� The short wave fraction of the sun rays is partly filtered by the ozone layer in 
the stratosphere. 

The remaining solar radiation heats the surface of the earth ���� and is partly 
reflected as long wave radiation. Without any greenhouse effect, a huge fraction 
of this long wave radiation would be emitted to the universe, and it would 
become very cold.

���� The greenhouse effect reduces this emission. The green house gases absorb 
the radiation and store the energy transferring it to other species in the 
troposphere. This leads to a warm up and makes life on earth possible at all.
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Motivation
The Main Causers
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CH4Kyoto Protocol:

-5% greenhouse gas emissions 
relative to 1990

until 2012

���� But the emissions of industrial and agricultural societies contribute to an 
additional increase of the natural greenhouse effect, that is considered to cause a 
non-natural heat-up of the world climate.

The most significant source of the anthropogenic greenhouse effect can be 
attributed to CO2 emissions from burning fossil fuels. This is followed by 
Methane from rice plantations and digestion gases from ruminant husbandry.

To prevent a catastrophic change of the world climate, the signers of the Kyoto 
Protocol (http://unfccc.int) commit themselves to reducing their emissions of 
known greenhouse gases until 2012, 5% below the level of 1990.
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Motivation

Comparison with Gasoline Engine Vehicles (100%)

75 %

25 %

40 %

CO2 reduction up to 25 %

75 % reduction of CO

60 % reduction of HC

In comparison with gasoline engine vehicles, 

���� CNG operated vehicles reduce the carbon dioxide emission up to 25%,

���� The carbon monoxide emissions by 75% and

���� The hydrocarbons by 60%

In contrast to technologies like fuel cell and hydrogen operated engines, which 
can achieve a higher level of carbon dioxide reduction, the CNG engine is a short 
term to middle term approach.

Still, a fossil fuel will be burned in a CNG vehicle, but it emits significantly less 
CO2.



Kircher, Schernus / 
Integrated_Simulation_and_Tuning_of_CNG_Engine.
ppt / GUC 2004 7

7
In

te
g

ra
te

d
 S

im
u

la
ti

o
n

 a
n

d
 T

u
n

in
g

 o
f 

C
N

G
 E

n
g

in
e 

F
u

el
 R

ai
l a

n
d

 In
ta

ke
 A

ir
 M

an
if

o
ld

In
te

g
ra

te
d

 S
im

u
la

ti
o

n
 a

n
d

 T
u

n
in

g
 o

f 
C

N
G

 E
n

g
in

e 

F
u

el
 R

ai
l a

n
d

 In
ta

ke
 A

ir
 M

an
if

o
ld

© by FEV – all rights reserved. Confidential – no passing on third parties

Contents 

Motivation
Background
GT-POWER Model Approach
Results
Summary 
Prospect

Now some background on CNG engine characteristics.
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Background
Impact of Gas Injection on Volumetric Efficiency

CNG Engine Benefits:
� Smoothness

� Little knocking sensitivity

� Emissions

CNG Engine Benefits:
� Volumetric efficiency ¯

� Peff ¯ (naturally 
aspirated)
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l = 1: xCH4 = 6.17%, y CH4 = 9.50 %

Besides the advantages in engine smoothness, knocking behavior, and emissions, 
the gas exchange especially of naturally aspirated CNG engines has to deal with 
some problems caused by the injection of gaseous fuel.

���� One main problem is the displacement of the aspirated air by the volume of 
the injected gas. Depending on the composition of the natural gas, this causes a 
reduction in volumetric efficiency of 9 to  12%. 

Besides that volume fraction of the gaseous fuel, further drawbacks in volumetric 
efficiency are caused by the interference of the injector gas pulse with the 
fluctuation of manifold pressure.



Kircher, Schernus / 
Integrated_Simulation_and_Tuning_of_CNG_Engine.
ppt / GUC 2004 9

9
In

te
g

ra
te

d
 S

im
u

la
ti

o
n

 a
n

d
 T

u
n

in
g

 o
f 

C
N

G
 E

n
g

in
e 

F
u

el
 R

ai
l a

n
d

 In
ta

ke
 A

ir
 M

an
if

o
ld

In
te

g
ra

te
d

 S
im

u
la

ti
o

n
 a

n
d

 T
u

n
in

g
 o

f 
C

N
G

 E
n

g
in

e 

F
u

el
 R

ai
l a

n
d

 In
ta

ke
 A

ir
 M

an
if

o
ld

© by FEV – all rights reserved. Confidential – no passing on third parties

Background
Impact of Gas Injection on Intake Runner Gas Dynamics

SOI EOI

Gas injection introduces high frequency excitation

���� This plot shows the effect of gas injection on intake runner pressure. 

The steep gradients of the injection mass flow rate excite high frequency pressure 
fluctuations, that affect gas exchange to some extent.

Therefore, an optimization of the gas exchange system without accounting for the 
gas injection is not sufficient.
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GT-POWER Model Approach
Setup of the Gas Rail

Injectors
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In our approach, the model of the ���� intake manifold is combined with the CNG 

injection system, starting at the ���� pressure reducer.

���� The natural gas is filtered and is distributed from the gas rail to

���� The injectors.

The injectors are modeled with a SolenoidSimple valve object. The start of 
injection has to be defined, the end of injection is adjusted by a closed loop 
control of air fuel ratio.



Kircher, Schernus / 
Integrated_Simulation_and_Tuning_of_CNG_Engine.
ppt / GUC 2004 12

12
In

te
g

ra
te

d
 S

im
u

la
ti

o
n

 a
n

d
 T

u
n

in
g

 o
f 

C
N

G
 E

n
g

in
e 

F
u

el
 R

ai
l a

n
d

 In
ta

ke
 A

ir
 M

an
if

o
ld

In
te

g
ra

te
d

 S
im

u
la

ti
o

n
 a

n
d

 T
u

n
in

g
 o

f 
C

N
G

 E
n

g
in

e 

F
u

el
 R

ai
l a

n
d

 In
ta

ke
 A

ir
 M

an
if

o
ld

© by FEV – all rights reserved. Confidential – no passing on third parties

GT-POWER Model Approach
Calibration of the Injector

Pulse Width
Cycle Duration

mass flow rate
L

if
t 

/ m
m

Time / msec

The characteristic of the injector can be measured by

���� Repeating an injection cycle and varying the pulse width of the injection. The 
average mass flow rate is measured. This experimental setup was also modeled in 
GT-POWER in order to calibrate the injector.
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GT-POWER Model Approach
Calibration of the Injector
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The calibrated injector in the simulation reproduces the measured data with 
satisfying accuracy .

���� A minimum pulse width cannot be under-run because of the durations of 
opening and closing ramp of the solenoid valve.
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Results
Gas Rail Modeling

Benefits of detailed modeling
� Gas temperature becomes a 

solution instead of estimation

� Density of injected gas

� Speed of sound

� Influence on volumetric efficiency

� Injection mass flow profile captures

� Gas dynamic effects in rail ducts

� Rail pressure level

Average gas temperature (°C)

Rail pressure and injection rate

An important benefit of the integrated simulation is the prediction of fuel gas 
temperature as a function of wall temperatures or external heat sinks and sources, 
respectively.

This has an effect on sonic speed and, therefore, on injection rate. Also, the 
temperature of the air and CNG mixture will have an influence on volumetric 
efficiency.

The simulations support the layout of the rail design. Also the appropriate rail 
pressure may be estimated with respect to the opening characteristics of the 
injector.
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Results
Influence of Injection Phasing
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���� This diagram shows the influence of injection timing SOI on the gas 
exchange. The maximum relative change in volumetric efficiency is about 1%.

���� The results show a decreasing trend line with SOI approaching IVO and an 
increasing trend line with SOI closer to IVC.

���� The longer the time between start of injection and IVO, the longer is the time 
for the attenuation of the disturbance excited by the injection. The longest 
possible time is for injection starting at IVC. The effect is superposed by the gas 
dynamics in the intake runners.

Besides the optimization of volumetric efficiency, the transient injection control 
and the homogeneity of the cylinder charge have to be taken into account. That, 
however would lead to a request for shorter delays between injection and intake 
stroke.
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Now let me summarize the presentation and give you some prospect to future 
applications.
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Summary

� The influence of the fuel injection on volumetric efficiency for a CNG operated engine 
is much higher than for gasoline engines.

� GT-POWER gives the possibility of an integrated simulation of fuel rail and gas 
exchange systems.

� The integrated simulation is more predictive especially for the injected mass flow rates, 
the rail gas temperatures and the oscillation in the rail.

� Generally, engine gas exchange and CNG rail design can be laid out using separate 
GT-POWER models.
� Sonic flow in the nozzle isolates one system from the other.
� The engine model can use injection rates predicted by the separate rail model

� The potential of improvement for an integrated optimization of gas exchange and 
injection system is about 1% - 2%. This is not too much, but it helps when you are 
looking for the last improvements.

� The integrated simulation is useful for fine tuning of the gas exchange and for the 
layout of the injection system.

Because of the large volume of the gaseous fuel, its injection timing has a more 
sensible influence on volumetric efficiency than that of gasoline.

Because the fuel is gaseous, the complete fuel system may be simulated using just 
GT-POWER

Compared to using standard injector models, the integrated simulation is more 
predictive, as it captures the heat adsorption of CNG in the rail and injector pulse 
width and flow rate profile are a function of rail pressure.

Generally, the principal layout of a CNG engine can be done without such an 
integrated simulation. The CNG rail and the engine can be separate models. 
While the injection has an influence on gas exchange, there is usually no 
feedback from the intake manifold pressure on the rail pressure, because the flow 
in the injector nozzle becomes sonic.

But if you are looking for the last one or two percent of performance of your 
CNG engine, it is helpful to obtain these during the fine tuning of the gas 
exchange and injection timing.
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Prospect

Major benefit for EMS function development & calibration, e.g.
� Transient engine operation

� Dynamic rail pressure control
� Engine AFR control 

� Pulse width adaptation to variable rail gas temperature due to 
� Engine warm-up
� Changing ambient temperature
� Velocity of sound as function of changing composition

The major benefit of such an integrated simulation is obtained for EMS function 
development and preliminary calibration. 

For example compensations for transient engine operation can be developed as 
well as strategies to handle CNG temperature variations due to changing engine 
or ambient temperature, as well as for different gas compositions. 
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