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irect injection of gaseous fuel has emerged to be a high potential
trategy to tackle both environmental and fuel economy require-
ents. However, since the electronic gaseous injection technology

s rather new for automotive applications, limited experience ex-
sts on the optimum configuration of the injection system and the
ombustion chamber. To facilitate the development of these appli-
ations computer models are being developed to simulate gaseous
njection, air entrainment, and the ensuing combustion. This pa-
er introduces a new method for modeling the injection process of
aseous fuels in multidimensional simulations. The proposed
odel allows holding down grid requirements, thus, making it

ompatible with the three-dimensional simulation of an internal
ombustion engine. �DOI: 10.1115/1.4000288�

Introduction
The task of capturing the evolution of a transient jet with a fully

D modeling is rather complicated due to intense grid require-
ents. Namely, in a typical automotive thermal engine, the injec-

or diameter is about 1/100 of the characteristic dimension of the
ombustion chamber and the injector orifice surface must be di-
ided into many computational cells in order to investigate the jet
volution. Although a detailed numerical three-dimensional simu-
ation of the gas injection phase could be performed �1�, its com-
utational cost makes it not suitable to be coupled with a detailed
ultidimensional simulation of the whole internal combustion en-

ine, where further phases are simulated �i.e., combustion, valve
nd piston motion, gas exchange process, etc.�. Therefore simpli-
ed models are required because of their effectiveness in provid-

ng accurate information while maintaining acceptable computa-
ional times.

Injection Model
The model described in this paper has been thought to correctly

redict the gas jet evolution while holding down grid require-
ents. The jet is described with an original methodology based on

he integration of a phenomenological model and a fully three-
imensional simulation performed with a modified version of the
IVA 3V code developed in the last decade by our research group
2–7�.
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2.1 Quasi-steady Jet. Many experimental evidences show
that a transient gas jet can be described as composed of two dif-
ferent regions �8,9�, as follows:

1. a semi spherical shaped vorticous region on the tip of the jet;
2. a quasi-steady conical region feeding the vortex structure in

terms of mass, momentum, and energy.

As the aim of the zero-dimensional model is capturing the evo-
lution of the first part of the jet, the interest is focused on the
description of the conical and quasi-steady regions. The evolution
of the vortex structure and thus the estimation of the jet tip pen-
etration is left to the 3D detailed simulations.

Making the hypothesis that the jet evolves into a constant pres-
sure environment and considering that outside the injector there is
no length scale imposed, it is possible to state that velocity and
concentration profiles are self-similar. It means that nondimen-
sional fields do not depend on the distance form the orifice. This
condition can be expressed as

U

Um
= f� r

�
�,

x

xm
= g� r

�
� �1�

where � is a dimension representative of the jet width. Assuming
�=r1/2, where r1/2 is the radius where the velocity is a half of the
axial velocity �half velocity radius� and combining Eq. �1� with
the momentum conservation, the jet shape and velocity profile
along the jet axis can be calculated as

r1/2

z + z0
= a,

Um

U0
= b

r0

z + z0 − zcore
�2�

The second term in Eq. �2� takes also into account the existence
of the so-called potential core located nearby the nozzle, with an
almost uniform mean velocity. We assume that the core region
length is influenced only by the length scale imposed by the in-
jector diameter as zcore=Cd0, where C is a model constant to be
tuned in the updating phase. According to �8�, local velocity and
concentration are calculated as a function of axial values

U

Um
= e−��2

,
x

xm
=� U

Um
= e−1/2��2

�3�

where �= ln�2� and �=r /r1/2.
The density profile along the jet axis can be determined from

the steady-state condition, which means that the injected gas mass
flow inside the jet must be constant on any surface along the jet
axis. The mass flux can be expressed as

ṁ =�
s

x�UdS �4�

so that, integrated together with Eqs. �3�, takes to

xm = ṁ
3�

2�r1/2
2 �Um�1 − e−3/2��R/r1/2�2

�
�5�

2.1.1 Inflow Conditions. In automotive engines injection pres-
sure is high enough to produce a sonic and underexpanded jet. As
a consequence, it suddenly expands just outside the orifice thanks
to a complicated system of shock waves. This process has been
described with a simplified model based on the following hypoth-
eses:

1. negligible air entrainment during the expansion process;
2. sonic flow both at the orifice and at the Mach disk;
3. constant temperature during the expansion process; and
4. the expansion process is isoentropic.

As the expansion region is very small compared with jet pen-

etration, it may be assumed that the underexpanded jet behaves as
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Downlo
correctly expanded one originating from a larger area or pseudo-
rea. The pseudo-area can be then related to the real one as

Ae

An
= Cd

P0

Pe
� 2

k + 1
�k/k−1

�6�

2.1.2 Numerical Scheme Implementation. The coupling be-
ween the phenomenological model and the three-dimensional
ode is performed by supplying, at every time-step, the concen-
ration and velocity values in the computational cells inside a
ontrol volume containing the jet. A dedicated subroutine is used
o find out the cells that are included within the stationary region
f the jet and to calculate the velocity and concentration values.
owever, a control volume larger than the stationary region cone

s employed in order to prevent excessive diffusion in the first part
f the jet, as observed in other models �10�, and guarantee overall
ass conservation, as the injected gas diffusing outside the cone
ould not be taken into account.
The model parameters that have to be evaluated and updated

re as follows:

Table 1 Injection properties

Subsonic Supersonic

njector diameter 1.6 mm 0.6 mm
elative injection pressure 10 kPa 150 bars

njection temperature 298 K 298 K
nvironment pressure 1 bar 30 bars
nvironment temperature 298 K 298 K
eynolds number 5000 115,000

Table 2 Injection model main parameters

arameter a b C
alue 0.5 5.28 9
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1. the constant values a, zcore, and z0 to be evaluated according
to experimental data;

2. the constant b to be calculated through momentum conser-
vation equations;

3. the switch criteria between the simplified model and the 3D
simulation �i.e., jet penetration�.

3 Model Updating and Validation
The proposed numerical model is validated by comparing our

numerical results with experimental data found in literature �9,10�
in both subsonic and supersonic conditions. The main properties
of the injection process are summarized in Table 1. The computa-
tional domain is a brick volume of dimension 8�8�25 cm di-
vided into 120,000 nodes. The employed nonuniform mesh is re-
fined close to the nozzle, with a minimum cell dimension equal to
a quarter of the injector diameter. The value of the model con-
stants employed for the present simulation are listed in Table 2.

Numerical and experimental penetration lengths are compared
in Fig. 1. This quantitative comparison confirms the good agree-
ment between numerical and experimental results in particular for
the subsonic case. In the supersonic case the agreement is still
very good, especially in the first 1 ms time window, with a jet
penetration slightly lower than 6 cm. Then the code underesti-
mates the jet penetration with respect to experimental data. How-
ever, it is important to note that the 3D model starts when the jet
penetration is about 0.7 cm and therefore the higher deceleration
of the numerical jet should be attributed to the three-dimensional
fluid dynamics simulation. It is also noticeable that model tuning
parameters have not been changed between the two validation
tests. This is consistent with the observation �11� that the spread-
ing rate and the velocity decay of a turbulent free jet are indepen-
dent of the Reynolds number, which is the only significant nondi-
mensional parameter for a round free jet. Furthermore, velocity
decay constant �b� that have been used for these tests is similar of
the experimental value that can be found in �11�.
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Sensitivity Analysis
In order to complete the model validation and allow a better

omprehension of its behavior, a sensitivity analysis on model
arameters is presented here. The main parameters that have been
aken into account are as follows:

1. the length of the core region zcore;
2. the length of the phenomenological described region;
3. the jet spreading rate �i.e., constant a�.

Figure 2�b� shows the influence of the switch criteria between
he phenomenological model and the three-dimensional simula-
ion. This is a key point on the correct implementation of the
resent model, as the dimension of the region described by the
henomenological model �L0D� affects the accuracy of the calcu-
ation and the mesh size. With regard to this aspect, it is remark-
ble that the influence of this parameter correctly tends to satura-
ion decreasing the phenomenological region dimension.

Figure 2�a� shows how sensitive the model is to changes in the
ength of the potential core region, where the flow is almost uni-
orm, and no mixing occurs. As expected, the longer is the core
egion, the higher is the jet penetration, as the velocity decay
tarts after the core region length. It is worth pointing out that this
arameter has an important influence on jet penetration and that it
s the main tuning parameter of the phenomenological model.

Jet penetrations with different values of the model constant a
re reported in Fig. 2�c�. As a is a measure of the jet spreading
ate, its value has a significant influence on penetration. As ob-
erved in �11� and in Sec. 3, a should be almost invariable for
urbulent fully developed free jets in a wide range of Reynolds
umbers. Therefore, it should be updated once and then it should
emain constant at varying operating conditions.

Conclusions
This paper presents a hybrid numerical approach to simulate

aseous fuel direct injection in internal combustion engines. The

Fig. 2 Sensitivity analysis results: „a… infl
length, and „c… influence of a
ery first part of the jet evolution is described through a phenom-
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enological model. After a prescribed penetration length, the fluid
dynamics is left to the three-dimensional code. This procedure
allows to keep simultaneously acceptable grid size limitations and
to be effective in describing the jet evolution in terms of both
penetration and shape. The model has been validated at two injec-
tion pressures �i.e., 1.1 bar and 180 bars� corresponding to a sub-
sonic and a sonic and underexpanded jet. A sensitivity analysis is
also performed to show the effects of the model constants on the
dynamic behavior of the jet. The numerical investigation points
out the importance of the core region for what concerns the evo-
lution of the first part of the jet, and how to determine it in the
updating phase.
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Nomenclature

Subscripts and Superscripts
0 � nozzle
a � environment
e � equivalent

m � jet axis
s � stagnation

Symbols
a, b, C � model constants

k � isoentropic exponent
ṁ � mass flow �kg/s�
p � pressure �Pa�
r � radius �m�

ce of zcore, „b… influence of the 0D model
uen
R � jet radius �m�
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r1/2 � half-velocity radius �m�
T � temperature �K�
U � velocity �m/s�
x � concentration
A � area �m2�
z � jet penetration axis �m�

zcore � core region length
z0 � apparent jet origin position
� � ln�2�
� � characteristic jet dimension �m�
� � nondimensional velocity profile
� � density �kg /m3�
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