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Abstract. Inorder to comply with future exhaust emis-
sion limits, very precise control of the injection quantity
and injection timing is of crucial importance. The injec-
tion system fulfillling these requirements in the best way
is the common rail system.

The model presented here describes a 1D hydraulic in-
jector model in Simscape™, which is coupled to a zero-
dimensional combustion engine model. Measurements
were carried out using an injection rate analyser to vali-
date the injector model. Good results were achieved be-
tween simulation and experiment.

In the second step, a model developed in Matlab®
Simulink® [1] was extended with a phenomenological
combustion model according to Barba [2]. The injection
rate is transferred to the combustion model as an in-
put parameter. This is used to calculate the heat release
rate by means of the combustion engine model, taking
other sub-models into account. Good agreements were
achieved between the heat release rate calculated from
the pressure curve analysis and the simulation.

Introduction

The introduction of common-rail injection technology
has made it possible to decouple pressurisation and in-
jection in terms of timing, pressure and number of in-
jections. The necessary injection pressure in the sys-
tem is generated by a separate high-pressure pump. The
pressurised fuel is then accumulated in a high-pressure
rail which is placed between the pump and the injec-
tors. Instead of pressure-controlled injection nozzles,
electrically actuated injectors are used in common-rail
systems. The timing and duration of the injection is de-
termined by the electrical control of the injector.

This allows for wide flexibilities with regard to mul-
tiple injection strategies and injection pressure depend-
ing on the load point. This makes it possible to de-
velop injection strategies in such a way that consider-
able emission reductions can be achieved by engine in-
ternal measures.

The timing, the injection rate and the atomisation
quality of the fuel injected into the combustion chamber
prove to be important parameters. Extensive test bench
trials are often necessary for the best possible adapta-
tion of each operating point in the engine map. With
today’s simulation methods it is possible to model the
complex processes in a combustion engine in detail to
better understand the operating and emission behaviour
and to analyse the effects of different applications.

This paper describes the model of a common-rail in-
jector connected to a zero-dimensional combustion en-
gine model [1] and compares the simulation results ob-
tained with test bench measurements.

1 Model Description

The physical object-orientated toolbox Simscape™
was selected in Simulink® to simulate the common-rail
injector. Conventional common-rail injectors consist of
three main assemblies: the control valve, the injection
nozzle and a mechanical-hydraulic coupling element.
With reference to Figure 1, the pressure in the valve
control chamber (2) determines whether the injection
nozzle opens or closes or remains opened or closed.
The magnitude of the pressure in the control chamber
depends on the rail pressure on the one hand and the
ratio of the inlet and outlet throttle on the other.

If the control valve is open, fuel flows out of the
control chamber via the outlet throttle and the pressure
drops.
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A falling pressure reduces the force acting on the
control piston on the nozzle needle, which is subjected
to a force equilibrium. When the pressure falls below a
certain level, the nozzle needle opens and the injection
process begins. When the control valve closes the outlet
throttle, the pressure in the control chamber rises and
increases the force acting on the nozzle needle via the
valve control piston until it closes and ends the injection
process.
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Figure 1: Structure of a typical solenoid valve injector [3].

In the simulation environment, the injector is di-
vided into subsystems in which different domains of
Simscape™ are used. The geometric dimensions of the
individual components and the volume of the injector
to be simulated were determined in advance by mea-
surements. Parameters of the solenoid valve were taken
from [4], [5].

1.1 Solenoid Valve Model

The solenoid valve model comprises a total of four
domains from the Simscape™ library. Figure 2 shows
how the individual blocks are connected to each other.
The structure of this submodel includes a pulse width
modulated voltage signal as input variable in accor-
dance to [4]. Taking into account the ohmic resistance
and the inductance, this results in the solenoid current.
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Figure 2: Structure of the solenoid valve in Simscape™.

The actuation time for the solenoid valve results
from the time curve of this signal. This relationship is
shown as an example in Figure 3 for a solenoid actua-
tion duration of 1000 ps. The current creates a magnetic
field in the coil of the solenoid valve, which attracts
the solenoid valve armature. If the magnetic force out-
weighs the opposing spring force and the pressure force
acting on the ball valve, the ball valve starts to lift out
of the seat.
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Figure 3: Simulated current- and voltage curve.

Figure 4 shows the actuation current and the valve lift
movement of the solenoid valve armature versus time.
The negative portion of the valve lift can be attributed to
compression and elongation of the components caused
by the high system pressure.

The high current in the pull-in phase causes the
valve to open quickly.
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After a short time, the hold phase begins, during
which the ball valve remains open. At the end of
actuation, the solenoid valve spring pushes the solenoid
armature downwards, closes the valve and thus stops
the flow through the outlet throttle.
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Figure 4: Control current and solenoid valve lift.

1.2 Mechanic-hydraulic Model

This model describes the coupling between the hy-
draulic and mechanical components in the injector. The
lift movement of the solenoid valve armature from the
solenoid valve model and a specified fuel pressure are
used as input variables.

Figure 5 shows the structure of the injector model in
Simscape™. The two hydraulic cylinder blocks repre-
sent the nozzle needle and the valve control piston with
their corresponding masses.

As in [4], the nozzle holes are modelled by a com-
bination of cross-sectional constriction and a throttling
point. In the non-actuated state, the same pressure is
present in the control chamber and in the nozzle vol-
ume. A force acts on the surface of the control piston
and the pressure shoulder of the nozzle needle. Due to
the surface ratios, a larger force is created towards the
needle seat and the injector remains closed. When the
solenoid valve is activated, the ball valve lifts out of the
seat and opens the outlet throttle.

As a result, the fuel flows out of the valve control
chamber, causing the pressure to drop. So that the
pressure difference between the control chamber and
the nozzle volume creates a force on the needle in
upwards direction causing the needle to open.

Fuel drain Position

o LY,
‘: J Qutlet throttle with
R ball valve

Fuel inlet from the Rail

O Ay

BL—A 7 C
< |° Valve control piston with

\
et thiowe control chamber
.

Needle spring

Supply line

Needle piston with
1< nozzle volume

Nozzle needle . /-

Figure 5: Structure of the injector model in Simscape™.

The opening speed at which the nozzle needle
moves depends on the cross-sectional ratio between the
inlet and outlet throttle of the control chamber since
this ratio influences the resulting pressure in the control
chamber.

Figure 6 presents simulation results of the control
valve lift, control chamber pressure, needle lift and in-
jection rate for a typical load point revealing the relation
of the different parameters. At the end of the solenoid
valve actuation, the valve closes the outlet throttle and
stops the flow. This causes the pressure in the control
chamber to build up, resulting in an increased down-
ward force on the control piston.

The closing speed is largely determined by the inlet
throttle. If the hydraulic force from the valve control
chamber and the force of the needle spring exceeds the
opposing force on the nozzle needle, the nozzle needle
begins to close. Injection ends when the nozzle needle
reaches the nozzle body seat and closes the nozzle
holes.
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Figure 6: Simulation results injector model.

2 Model Validation

To validate the simulation model, the calculation re-
sults are compared with measured data from the injec-
tion rate analyser. A comparison of injection rates for
two different operating points is shown in Figure 7. In
both cases, the measured data curve is the average curve
from 150 consecutive injection processes. A compari-
son of the injection rates shows that the simulation and
measurement data are in good agreement. The devia-
tion of the injected quantities between simulation and
experiment is around 1%. Similarly good results were
also observed at other operating points, which confirms
the applicability of the developed injector model.
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Figure 7: Comparison of injection rates between
measurement and simulation at two different
injection durations.
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3 Combustion Model

The approach presented here describes a global phe-
nomenological combustion model for calculating the
heat release rate according to Barba [2].

This model uses the injection rate as an input vari-
able, which opens up more possibilities for parameter
studies than conventional empirical models.

As in [6], the basic idea here is that the fuel con-
version is controlled by the ignition delay and the fuel
vaporisation. The first model component for fuel vapor-
isation is the calculation of the primary droplet diameter
dr,o [7] according to equation 1.

dTrO =cC- dDAgff . (Re . We)_ovzs (1)

The Reynolds and Weber numbers are calculated us-
ing equations 2 and 3.

Re — Uryo - dD,eff )
VB.f1
uTr02 “dp.esr Pz
We= —""—"= 3)
Op.f1

The output droplet velocity ur, is calculated di-
rectly from the injection rate according to equation 4.

de

Uro =
Ps.s1-Ap.esy

Using the d”-law in equation 5, the vaporisation time
can be calculated for each calculation step based on the
output droplet diameter and an empirical factor 3.

dr* = dpo* =Bt ()

Literature values for the coefficient ¢ are 8.7 [7], 4.0
[2] and 25.0 [8]. For the vaporisation coefficient 3, the
value is given as 7 - 107° [2][10]. In addition to the
vaporisation time, the ignition delay must also be taken
into account.

The ignition delay is generally the time between the
start of injection and the first significant release of heat.
According to equation 6, Barba [2] divides this into a
physical and a chemical component.

Tzv = Tzvphy T Tzv,chem 6)
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The proportions can be calculated using equations 7
and 8.

—1.68 0.88
Tzv.phy = €O * UTr0 “dp.sy @)
&) T,
pZ C A
TZV«,chem =1 <p : )‘Zn 3. e’z (8)
0

As the temperatures and pressures change during the
calculation of the ignition delay, the ignition integral
according to equation 9 is used.

tvB

lz/idt )

Tzv
IEB

The ignition event occurs when the integral has
reached the value 1. Figure 8 shows the simulation re-
sults of the vaporisation model.

The droplet diameter and the corresponding vapor-
isation time are calculated from the injection rate for
each calculation step.
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Figure 8: Simulation results vaporisation model.

In Simulink®, the vaporisation time and the ignition
delay are transferred to a "Transport Delay" as a time
delay. This allows the cumulative injected fuel mass to
be shifted by this time period as an input variable.

The most important parameter for the combustion
model is the available unburnt mass of vaporized fuel.

The description of diffusion combustion according
to equation 10 is based on a frequency approach which,
in addition to a characteristic mixing length, also uses a
mixing velocity which stands for the turbulence in the
combustion chamber [2].

dmgy u

=— 10
dr lDiff mpuyy (10)

According to equation 11, the mixing length Ip;ss
is made up of the combustion chamber geometry, the
current combustion air ratio and the number of nozzle
spray holes.

Vz

A -Anzp (1)

Ipiff = §

Due to the turbulence occurring in the combustion
chamber, the mixing velocity «’ is divided into a base
turbulence and an injection turbulence.

The effects that occur due to inflow or turbulence
are recorded in the base turbulence and mapped via the
mean piston speed c,,, which represents a rough simpli-
fication.

By vectorial addition of the base turbulence and the
injection turbulence, equation 12 can be written as fol-

lows [2].
M,: V CG'Cm2+CKiiz'k (12)

The two parameters c; and c;, allow a weighting
of the two components as well as an adjustment of the
diffusion model to measurement data [2]. Equation 10
can therefore be formulated as follows:

dmgy €+ Cn> + Cxin -k
v ) 1
dar oV, mpyy (13)
A-Anzp

The specific kinetic turbulence energy k summarises
the diffusion of the fuel and the kinetic energy supplied
to the system as a result of the injection.

This highly simplified kK — /; model is described ac-
cording to equation 14.

ak _
dr

1 3 dkg
—Cpiss - — " k2 — 14
Cp, I +cg dr (14)
The kinetic energy supplied results from the injec-
tion rate over time and the corresponding output droplet
velocity.
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In addition, Barba takes a global view of the cylinder
by using the entire cylinder filling as a scale for the re-
quired kinetic energy density [2]. This can be described
according to equation 15 as follows:

E Ty — 15

ar 2 dr " g (1>

Using the burnt fuel mass from equation 13 and the

lower calorific value for diesel fuel, the heat flux sup-
plied is calculated according to equation 16.

dQg dmgy
= H .
dr Yo dr

(16)

For the simulation calculation, this model replaces
the previously used combustion model according to
Vibe [9] in the energy balance.

Figure 9 shows the comparison of the heat release
rate from the pressure curve analysis of experimentally
determined measurement data and the phenomenolog-
ical modelling approach. The second part of the main
combustion in particular shows that the phenomenolog-
ical model delivers a good result. Due to the consider-
ation of the injection rate, the phenomenological model
can be used to investigate the impact of further partial
injections and variations of hydraulic parameters of the
injection system.

120 T
—— Simulation
—— Experiment
100 |
<
&
S, 80
a8
i
o 60 |
I}
@
o
© 40
T
@
I

;

0

300 330 360 390 420 450 480
Crank angle [°CA]

Figure 9: Comparison of heat release rate from cylinder
pressure measurement and simulation model.
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4 Overall Model Validation

To validate the simulation model, the calculation results
are compared with measurement data from the engine
test bench. The input parameters such as injector cur-
rent duration, rail pressure and boost pressure are mod-
elled according to the test bench data.

Figures 10 and 11 show a comparison of the rate of
heat release at two different load points. It can be seen
that the coupled simulation model shows a high level
of agreement with experimentally obtained data even
when multiple injection is used.
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Figure 10: Comparison of the heat release rate determined
experimentally and simulatively when using
multiple injection at high load

The heat release peaks that occurs after the main
injection can clearly be recognised and referred to the
post injection events. Further validation is carried out
by means of the corresponding cylinder pressure curves
at these operating points, which are shown in Figure 12.
It can be seen that the combustion behaviour is repro-
duced very well.

A comparison of the mean pressure, as an integral
parameter for characterising the engine load, shows a
deviation of 2 % between measurement and simulation.
Similarly, good results were also observed at other
operating points with single and multiple injection,
which confirms the applicability of the simulation
approach and the selected models.




Fink et al.

Coupled Simulation of the Injection and Combustion of a Diesel Engine

1500 min™' 120 Nm

100 T

—— Experiment
~—— Simulation
— Injection rate

E 80

=<

3

©

©

@

a 40|

e

T

@

T 20

0 -

300 330 360 390 420 450 480
Crank angle [°CA]

Figure 11: Comparison of the heat release rate determined
experimentally and simulatively when using
multiple injection at medium load.
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Figure 12: Comparsion of the cylinder pressure curve
between simulation and measurement for two
different load points.

5 Conclusion and Outlook

The modelling approach presented in this article de-
scribes a 1D hydraulic injector model in Simscape™,
which was coupled with a phenomenolgical combustion
model implemented in Simulink®. The injector model
is a powerful tool which allows for a detailled descrip-
tion of the injector behaviour.

The combustion model provides a very good basis
for calculating the heat release in the combustion cham-
ber considering the injection rate. A comparison of the
simulation results showed very good agreement with
the measurement results from the engine test bench,
which supports the applicability of these modelling ap-
proaches.

A key objective for future work is the further de-
velopment of the model with regard to dynamic operat-
ing scenarios. Furthermore, a focus is on implementing
a nitric oxide emission model in order to analyse the
emission behaviour in parameter studies and to derive
optimisation measures.
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Nomenclature

B - vaporisation coefficent [m?/s]

A - air fuel ratio [-]

Az - local air fuel ratio [-]

Vs - liquid fuel viscosity [m?/s]

Ps.s - liquid fuel density [kg/m3]

p; - density in the combustion chamber [kg/m?]
Os;; - liquid surface tension [N/m]

T - time [s]

Tzv - ignition delay [s]
Ap.ss - effective nozzle cross-section [mm?]

c - universal constant [-]
Cn - mean piston speed [m/s]
dp.ss - effective nozzle diameter [mm]
Hy - lower calorific value [J/kg]
k - specific kinetic turbulence energy [m?/s?]
Ipi;y - mixing length [m]
[, - length scale [m]
mp - fuel mass [kg]
mg - injected fuel mass [kg]
Do - ambient pressure [bar]
Pmi - indicated medium pressure [bar]
. - cylinder pressure [bar]
Qp - energy released during combustion [J]
Re - Reynolds number [-]
T, - activation temperature [K]
tgp - start of injection [s]
tyg - start of combustion [s]
T, - gas temperature in the combustion chamber [K]
u - turbulence intensity [m/s]
uro - output droplet velocity [m/s]
V, - cylinder volume [m3]

We - Weber number [-]
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