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Abstract
The paper describes an efficient way to couple 1D System AMESim and 3D CFD EOLE softwares together for 
the simulation of Diesel injection. The strong coupling model is based on a co-simulation approach. AMESim 
and EOLE are complementary tools with complementary approaches. From their combination, a very efficient 
tool is built able to model all the injection line from the Common Rail Injection up to the nozzle.

Introduction
The automotive industry is using injectors at more and more high injection pressures: 2000 bar is now pro-

posed by several injector manufacturers. These high injection pressures allow to work with holes having very 
small diameters and to get interesting behaviours concerning pollutant emissions of the engines. The hole pro-
files are generally a compromise between a high discharge coefficient and the need to avoid coking by allowing 
for example a certain amount of cavitation. So the flow may be partially a two-phase flow. 

The need to do calculations of spray penetration and combustion as soon as possible in the projects requires 
to know not only the time evolution of the flow rate, which can be measured easily, but also the time evolution 
of the injection velocity which cannot yet be measured in a confident way. These two temporal profiles can be 
obtained while doing 3D two-phase flow calculations in the low part of the injector. For example, calculations 
were done in the past with the code EOLE [1], but these calculations assumed that the needle lift diagram was 
known. This is generally not the case unless to benefit from an injector equipped with a lift sensor. Furthermore 
in front of the needle seat, the pressure evolution is unsteady and has to be known. The needle displacement de-
pends on the pressure forces acting on the two ends of the needle. The pressure forces which act on the lower 
part of the needle depend on the 3D flow configuration within the sac hole. A code such as AMESim calculates 
in a 1D manner the pressure evolution in front of the needle seat, and the needle lift profile, but in this last case, 
the pressure evolution in the sac hole results from hypothesis done on the discharge coefficients in the needle 
seat region and at the hole entrances. It is difficult to calculate these coefficients for a large number of pressure 
boundary conditions and the likely unsteadiness of the flow in this restricted area is not taken into account. So it 
appears necessary to set-up a strong coupling between two codes, AMESim calculating the 1D flow in the whole 
injector, and a two-phase 3D code. This promising approach was first developed by [2] with the codes AMESim 
and CFX. Here a similar approach is developed with the codes AMESim and EOLE.

Figure 1. coupled AMESim / EOLE simulations of the injector 
nozzle
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This paper describes the co-simulation 1D AMESim /3D EOLE model and shows validation results based on 
some comparisons with experiments.

The 1D system-level model of the injector
AMESim is a powerful software for 1D system approach based on a multiport representation of physical and 

technological components. Simulation of the complete system is issued using description of physical phenomena 
based on few macroscopic parameters. The model is an assembly of components which are described with ana-
lytical or tabulated models. Static and dynamic responses in time and frequency domains are issued. The AMES-
im model relates to the complete injector.

The design of a high pressure diesel injector with multiple injection capacity is complex and necessitates a 
model including many details. The methodology to model this component implies starting with a simple model 
and after analysis and comparison with experimental results, the model is made more complex step by step. With 
this approach it is possible to understand the influence of different parts of the injector.  Figure 2 and Figure 3 
represent respectively the sketch of the injector and the corresponding system-level model provided by Renault 
[5] and built with the 1D multiphysics system-level simulator LMS Imagine.Lab AMESim.

Figure 2. Sketch of the injector (doc. Bosch) Figure 3. LMS Imagine.Lab injector model

The model tries to reproduce the transient behaviour of the needle submitted to the pressure forces acting on 
the lower conic section of the needle and on the control piston. All the parts of the injector are modelled at the 
same complexity level needed to reproduce the dynamics of the needle on multiple injection conditions. Each 
component of the injector has a functional modelling counterpart on the AMESim sketch, using the hydraulic 
component design approach [1] available in the HCD library. The top left part of the model sketch is the inlet fil-
ter. The top right part is the actuation and control valve component. The lower part represents the needle with 
control piston, and at the bottom a simplified model of the nozzle is shown, since it is aimed at being replaced by 
the 3D CFD model of cavitating flows [4]. For the sole objective of a 3D-1D coupled study of the flow in the 
nozzle and injector, some simplifying assumptions are made: the mechanical parts of the model assume rigid 
body dynamics with no compliance, whereas the boundary conditions are idealized. The combustion chamber 
counter pressure downstream the nozzle, and the common rail pressure, upstream the filter, are held constant, 
and the actuation force is directly given as a transient input with no current dynamics, whatever the technological 
choice is made for the injector actuator, like solenoid or piezoelectric actuator. This transient actuation boundary 
condition is used to simulate the various control cycles corresponding to the multiple injection schemes includ-
ing pre, main, split or post injections, as required by the direct injection compression ignition engines.

The 3D CFD model of the injector nozzle
The 3D CFD code (EOLE) is used to simulate the cavitating flow around the nozzle. The code is based on a 

multiphase Navier-Stokes model using a VOF interface method allowing computing the unsteady behaviour of 
the cavitation taking into account the mass transfer process at the liquid/vapour interfaces. The dynamic motion 
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of the needle in the injector is computed with a multi-block grid deformation technique. Thus the EOLE model 
focuses on the local area around the nozzle.

Governing equations
Two incompressible viscous fluids with different densities separated by a moving interface are considered. 

The unsteady 3D Navier-Stokes equations for the two phase flows are then written in the following semi-conser-
vative form, in curvilinear formulation. A k-ε model is used to simulate the turbulence of the flow. The quantities 
k and ε are determined from convection-diffusion equations according to the well known Launder and Spalding 
formulation.

The flow solver is based on an original pseudo-unsteady system [10]. The pseudo-compressibility method 
used in EOLE differs from the classical method of Chorin. It is based on the idea of searching for pseudo-un-
steady systems which, in the inviscid case, approach the exact unsteady compressible Euler equations as much as 
possible. For this purpose, pseudo-time derivative terms associated with a time-like variable τ called pseudo-time 
are introduced. The pseudo-time derivative term is constructed by replacing the true density by a pseudo-density, 
and the pressure is calculated as a given function, called pseudo equation of state, of this pseudo-density [8]. 

The code uses a finite volume method. The discretization in space is fully centered and artificial viscosity 
terms of fourth order are added to damp the numerical oscillations. Integration in pseudo-time makes use of an 
explicit five stage Runge-Kutta scheme. An implicit residual smoothing operator is also applied following each 
stage of the Runge-Kutta scheme to improve stability. The interest of local pseudo-time stepping is to greatly in-
crease the convergence rate. This method is then particularly convenient to deal with multi-phase flows having 
phases with high density ratios.

The code runs on multi-processors cluster machines in MPI/OpenMP parallel mode.

KMT-VOF cavitation model
The numerical simulation of two-phase flows with phases separated by sharp interfaces, such as sheet cavit-

ation (as opposite to cavitation bubble flows), requires simultaneous solutions of the Navier-Stokes equations in 
the two fluids and of the interface kinematics motion. Among the different kinds of interface tracking methods, 
the VOF model is one of the most efficient because of its ability to represent complex deformation of interfaces 
including break-up and reconnection. 

The inception of cavitation, so the passage of a non-cavitating one-phase flow to a 2-phase cavitating flow, 
is carried out when the pressure in the liquid flow reaches locally a critical threshold corresponding to the vapour 
pressure of the liquid phase. In this condition, the cavity is initialized in cells of the mesh which verify the vapor-
izing criterion. 

Then, the motion of the interface is achieved by the kinematics part of the VOF model, with a velocity equal 
to the normal velocity of the liquid, coupled with a thermodynamic part characterizing the mass transfer process 
(vaporization and condensation). In this study we used the KMT-VOF model (Kinematics and Mass Transfer 
VOF model) in which two source terms are considered to account for the mass transfer between phases: Sv and 
Sc respectively for the vaporization and the condensation.

S v , S c= f  P v−P

 P 
Considering that for a given cell, C represents the fraction occupied by the denser fluid. Hence the VOF equation 

including the mass transfer process is written:

∂C
∂ t

div C⋅V =S c−S v

The figure below represents typical EOLE results of sheet cavitation development in the nozzle.
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Figure 4. Cavitation development in the nozzle – EOLE results

The Co-simulation of the injection line

Solver interaction
With most of the 3D CFD software, the mathematical structure of the fluid model (including conservation 

laws and constitutive relations) is tightly linked with the numerical methods used to discretize it. Exporting the 
whole fluid model from a CFD software into the system-level model seems very difficult to realize, and the solv-
er capabilities that would be required to solve such a model are very specific, and are not available in general  
system-level simulators. That is why the two solvers must be retained, and the transient simulation of the com-
plete injection cycle is performed through a strongly coupled co-simulation.

System partitioning for co-simulation
In co-simulation, the two involved solvers exchange only a predefined set of variables at some communica-

tion time point. Thus, the whole coupled system must be partitioned in two subsystems, and the exchanged vari-
ables on the boundary have to be precisely defined. The AMESim model described on Figure 3 is modified in or-
der to delegate the detailed modelling of the flow in the nozzle to the 3D CFD code, as shown on Figure 5.

Figure 5. Coupled system with exchanged quantities
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The modified part of the AMESim model is shown on Figure 6. The part of the model corresponding to the 
nozzle, including the needle, the sac volume and the adjacent holes, is removed from the model and three sources 
are introduced at the boundary of the model. These sources carry the exchanged variables shown on Table 1.

Figure 6. Modified AMESim model for co-simulation

In the 1D to 3D direction, the variable is directly read from the 1D model, and applied as a space-constant 
boundary condition (pressure, wall position and velocity) to the 3D model. In the 3D to 1D direction, the vari-
able is computed by integrating the related quantity (pressure giving force, fluid velocity giving flow rate) on the 
boundary. Some additional blocks are used in the 1D model to perform the unit conversions from the SI units 
given by the CFD code to the units of AMESim commonly used for injector components.

Table 1. Variables exchanged during co-simulation

Quantity Unit required by receiver Direction

Value of needle lift relative to maximum lift [0,1] 1D → 3D

Needle lift velocity m/s 1D → 3D

Pressure forces acting on lower conic part of needle
located near the nozzle

N
3D → 1D

Absolute pressure on the upper annular section of the nozzle Pa 1D → 3D

Upstream volumetric flow rate at 0 bar L/min 3D → 1D

Absolute counter pressure in combustion chamber Pa 1D → 3D

Downstream volumetric flow rate at 0 bar L/min 3D → 1D

Modular integration type
The two subsystems being coupled through state variables, there is no need to set up a full algebraic coup-

ling method [6], and hence only the explicit modular integration method is implemented on each simulator, as 
depicted on Figure 7. The simulation time is partitioned in macro time step, in which the integration process is 
strictly cascaded from a simulator to another, whatever the actual order. Inside a macro time step, the exchanged 
variables are held constant.

5



ILASS – Europe 2010 Coupling 1D System AMESim and 3D CFD EOLE models for Diesel Injection Simulation

Figure 7. Explicit modular integration scheme

Communication protocol and computer implementation
Computational performance is usually considered for choosing the communication channel. Distributed co-

simulation (two softwares running on two different processors or two different computers) leading to parallel 
processing speedup is interesting only if computational load is well balanced between the two softwares. This is 
clearly not the case when co-simulating a 1D system-level model with a 3D CFD code. The load is strongly un-
balanced: typically, the complete transient simulation of a multiple injection cycle with the system-level model 
takes about 10 minutes, whereas the same injection cycle simulated with the detailed 3D model of the nozzle 
takes about 1 day. Distributed co-simulation being useless, there is no need for multiprocessor or multicomputer 
communication protocol. A direct local communication link is therefore used on the same process server. The 
AMESim model with embedded solver and libraries is compiled as a shared library using the Generic Co-simu-
lation Interface block shown on the right of Figure 6, and then is linked locally by EOLE. At each macro time 
step, EOLE is acting as the master simulator: it schedules the next macro step size, and calls the AMESim solver 
with the input variables (from 3D to 1D), according to the modular integration scheme depicted on  Figure 7. 
Output variables (from 1D to 3D) are exchanged at the end of macro time step, and a new macro step can take 
place.

Time stepping methodology
The choice of a co-simulation macro time step  T is determined by numerical stability of the co-simulated 

system with respect to the continuous case. Co-simulating two systems with explicit modular integration method 
[6] introduces a sample with zero-order hold on the exchanged variables. The whole system obtained is a loop 
sampled system, which numerical stability may differ from the intrinsic physical stability of the fully coupled 
continuous system. Stability study of such a loop sampled system is carried using the usual stability criteria from 
linear control system theory [9]. The coupled injection system comprising the nozzle and the upper part of inject-
or has many non-linearities, arising from geometry or pressure-dependent fluid properties like cavitation. To 
study the stability of the loop sampled system, the system has to be linearized around some operating point. This 
can be performed using the Linear Analysis Tools from LMS Imagine.Lab, once the most dimensioning operat-
ing point has been recognised. During needle lift transient, the coupled dynamics of the needle and of the nozzle 
volume is physically unstable. At end of transient, the needle lift is blocked by the upper end stop. During this 
full opened phase, the system coupling is purely hydraulic: dynamic of the coupled system is determined by the 
filling dynamic of the two coupled volumes (nozzle volume and volume of upper part of needle), while keeping 
a constant hydraulic gradient between the two volumes, the needle lift being fixed at its maximum value. The 
stability study is thus carried on the linearized sampled system shown on Figure 8.
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Figure 8. Bloc diagram of the loop sampled system built for studying 
co-simulation stability

Co-simulation performs a sample and zero-order hold at rate T of the next exchanged variables: pressure and 
flow rate at the upper annular cross section (p1, q1) and pressure and flow rate at combustion chamber inlet (p2, 
pch).

Each subsystem, the cylindrical volume around upper part of the needle, numbered 1, and the conic volume 
at nozzle, numbered 2, when associated with a zero-order sample and hold at input, is represented in sampled 
time by the following discrete transfer function:

H i z =Z [ 1−e−sT

s
⋅

1
C i sGi

]=1−z−1Z [ 1
s
⋅

1
C i sG i

]= 1
Gi

⋅
1−e−T /i

z−e−T /i

for i=1,2 (1)

with i=
C i

Gi
, where Gi  are the equivalent linear hydraulic conductances defined by Gi=

Ri−1Ri

Ri−1⋅Ri
, and 

H 0 z=Z [ 1
C1 sG1

]= 1
C 1

⋅
z

z−e−T /1
(2)

The discrete transfer function of the coupled system is then given by:

{
P1 z =

1
R0

H 0 z P rail
1
R1

H 1 z P2 z 

P2  z=
1
R2

H 2 z Pch−
1
R1

H 2 z P1 z 

and finally,

P2 z =

1
R2

H 2 z 

1
1

R1
2 H 1 z H 2 z 

⋅Pch−

1
R0 R1

H 0 z H 2  z

1
1

R1
2 H 1 z H 2 z 

⋅P rail. (3)

Combining (1) and (2) with (3), the Nyquist stability criterion applies to:

H loop z =
1

R1
2 H 1 z H 2 z=K loop⋅

1−e−T /1

z−e−T /1
⋅

1−e−T /2

z−e−T /2
(4)

where  K loop=
1

R1
2G 1G2

is the loop gain. At the operating point corresponding to the fully opened injector, the 
Linear Analysis Tool of LMS Imagine.Lab gives the following values for the loop transfer function coefficients: 
τ 1 = 10.1 µs, τ 2 = 92.6 ns, and Kloop = 0.94. For a co-simulation time step T = 3 µs, the Bode diagram of Hloop is 
shown on Figure 9. Applying the Nyquist stability criterion, the crossover frequency is fcross = 63.1 kHz, giving a 
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gain margin value GM = -10 log10{|Hloop(fcross)|} = 6 dB. This value is enough for ensuring the numerical stability 
of co-simulation, and hence the time step size may be scheduled up to 3 µs at each macro step.

Figure 9. Bode diagram of the loop transfer function for a macro-time 
step T = 3 µs

The CFD time step, 0.1 μs, is driven by the cavitation phenomena and then becomes the macro time step 
used for the co-simulation which remains far-off from the maximum admissible value given by the stability ana-
lysis.

A methodology has been established to circumvent worthless use of CPU time by the CFD solver during the 
whole simulation. main objective is  to increase significantly this CFD macro time step when the needle no 
longer moves and the flow is reduced to minimum. For operating conditions with multiple injection cycle, the 
transient time between two injections is thus associated with a coarse CFD time step as well as the simulation 
start while the needle lift is still at rest.

The time refinement criteria mainly consider the time evolution of the balance between the piston forces ap-
plied to the nozzle and the pressure forces of the flow. Figure 10 illustrate the methodology for a double injec-
tion cycle with a long separation. To maintain continuity properties of the solution, the AMESim time step re-
mains the same along the whole simulation. In this way, several 1D time steps may correspond to one 3D macro 
time step.

Figure 10. Time stepping methodology for double injection
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Validation test case
Quantitative validations have been carried out based on comparisons with measurements and with the un-

coupled AMESim model (calibrated on experiments), for various operating points up to 160 MPa (injection pres-
sure) into 5 MPa (chamber pressure). The needle lift, the pressure, the flow rate and the needle force are com-
puted during a needle lift cycle.  Figure 11 shows an example of flow rate results for the operating point 47.5 
MPa into 5 MPa.

Figure 11. Flow rate (top left) / Needle lift (top right) / forces balance (bottom left) / Upstream pressure (bottom 
right) – AMESim uncoupled in black – EOLE/AMESim co-simulation in blue – Experiments in pink

The flow rate provided by the CFD model from the co-simulation (blue curve) brings satisfactory results 
compared to experiments (pink curve). However, the associated needle lift evolution determined by the 1D sys-
tem-level solver is lower when coupled with the CFD code. From analysis on several validation test cases, it ob-
viously emerges that the needle lift displacement is tightly linked with the balance of the two opposite forces act-
ing on the needle. Indeed, small variation amplitude of the forces equilibrium is strongly acting on the lift accel-
eration and leads to significant displacement as the needle is moving upward.

While the force induced by the piston is performed by the system-level model, the 3D flow force is com-
puted by pressure integration on the needle surface. As a consequence the question of how precise and how far 
the 3D surface model must be developed becomes essential. Answering this latter question needs to focus on the 
1D and 3D models connections in their respective representation of the system. For instance, the 3D mesh used 
for the CFD simulation must have been expanded up to the upstream cylindrical section of the nozzle so that the 
total surface area can be accurately defined. The existing system-level components connected to the 3D injector 
have been modified in that purpose but calibration of this new system has not been performed yet.

Conclusion
Numerical developments have been performed to strongly couple the 1D AMESim system-level software 

and the 3D EOLE CFD code thanks to collaboration between Principia and LMS Imagine.
The obtained results show good agreements with the experimental data provided by Renault concerning the 

flow rate but further validations are required to calibrate the whole system regarding simultaneously all the ex-
changed parameters: flow rate, upstream and downstream pressure, nozzle lift and needle forces.

Besides parallelization facilities which are constantly improving with new materials, the introduced time 
stepping methodology guarantee an optimal use of CFD resources which make the co-simulation an appropriate 
and well-equipped tool for design purposes or application studies in an industrial context.
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