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The next generation of light duty Diesel engines will face increasingly stringent emissions
regulations, as well as the restrictions enforced by some local administrations. As a result,
many manufacturers are starting to abandon this technology, because of the high costs and the
reduced appeal on customers. On the other hand, Spark Ignition (SI) engines are not able to
match the thermal efficiency of diesels, as well as their low emission of carbon dioxide (CO2):
therefore, it would be highly desirable to identify cost effective solutions that permit to
overcome the limits of Diesel engines, in particular soot emissions, while maintaining all the
above-mentioned advantages. Dual fuel combustion, combining Natural Gas and Diesel fuel,
is a well-proven technique for reducing soot emissions, while maintaining, or even increasing
fuel efficiency. Moreover, this technology can be directly applied to existent Diesel engines
with a few hardware modifications. However, to achieve the best results, a brand new
calibration of the engine control parameters is needed. CFD-3D combustion simulation is the
most cost effective tool to drive the experimental calibration process. Obviously, the numerical
models must be previously calibrated against a first set of experimental data.

The first part of this study, based on a previous work [9], reviews the building and experimental
validation of a CFD 3D model, able to analyze this type of Dual Fuel concept applied to a
current production light duty turbocharged Diesel engine, suitable for many different
applications. A good agreement between simulation and experiments is found. In the second
part of the paper, the calibrated model is used to investigate Dual Fuel combustion, analyzing

the effects of Diesel oil injection strategies.

1. INTRODUCTION

In order to reduce atmospheric pollution [1], emission
regulations for internal combustion engines become tighter
every day. The norms for the Diesel engine, considered one of
the main causes of urban pollution, are particularly
challenging and they are bounded to be even tighter. As a
result, very complex and expensive exhaust gas after-
treatment systems will be needed to comply with the new
emissions limits. However, despite the installation of these
after-treatment systems, strong limitations to the circulation of
vehicles equipped with Diesel engines will be imposed in
many areas and cities of the European Community [2-4]. As a
result, Diesel engines manufacturers are considering to
abandon this technology, at least for passenger cars and light
commercial vehicles. On the other hand, in comparison to
Spark Ignition (SI) engines, diesels are characterized by higher
thermal efficiency and lower carbon dioxide (CO,) emissions.
Therefore, banning Diesel engines is not so convenient for the
environment, also considering that a full electric mobility does
not appear as a practical proposition in the near future, for a
number of reasons.

A more sensible road is to identify efficient and cost
effective solutions that permit to overcome the main limits of
Diesel engines, in particular soot emissions, while maintaining
the above mentioned advantages. Many studies have already
demonstrated that the partial substitution of Diesel fuel with
Natural Gas (NG) permits to strongly decrease soot emissions
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of Compression Ignition (CI) engines and, with a proper
engine calibration, to maintain or even increase the thermal
efficiency [5, 6].

This technology, known as Dual Fuel (DF) combustion,
consists in the ignition of a premixed charge of NG by means
of one or more injections of Diesel fuel. It can be applied to
existent Diesel engines with a few hardware modifications.
The most important one is the installation of the NG injection
system in the intake manifold. However, even if the engine
conversion is quite simple, in order to obtain the best results
from the DF combustion concept, a specific calibration of the
engine is required, with particular reference to the Diesel
injection strategy [7, 8]. The optimization of this strategy is far
from trivial, due to the complex interactions among a large
number of the physical phenomena. Numerical simulation
may provide a fundamental help to understand the trends and
to set the main engine parameters.

The CFD-3D analysis of the combustion process obviously
requires the accurate modeling of all the most relevant
physical phenomena. In particular, besides the modeling of
auto-ignition and diffusive combustion, typical of Diesel
operations, it is necessary to consider also the propagation of
the flame front in a lean air-NG mixture, often diluted with
exhaust gas.

The details about the numerical modeling of a current
production light duty turbocharged Diesel engine, as well as
the comparison with experimental data have been already
reported in a previous paper [9], so that only the fundamentals



are recalled here. In the current study, the calibrated model is
used to investigate the influence of Diesel injection strategy on
Dual Fuel combustion.

2. DUAL FUEL COMBUSTION FUNDAMENTALS

NG/Diesel Dual Fuel combustion is achieved thanks to the
partial substitution of Diesel oil with NG. By means of a low
pressure injection system, the gaseous fuel is injected in the
intake manifold, in order to produce a homogeneous and lean
air-fuel mixture, while Diesel oil is injected using the
conventional high pressure injection system (i.e. Common
Rail).

The use of NG as an additional fuel in Diesel engines has
been studied from decades by many authors [10], not only
because it is cheaper than Diesel oil, but also because it may
be considered a cleaner fuel. In fact, NG is mainly made up of
methane (CHgy), therefore it does not contain sulfur and
aromatics (like benzene); moreover, CHs does not contribute
to the photochemical smog, since it does not produce ozone.
Another fundamental advantage is that methane is
characterized by the highest hydrogen-to-carbon (H/C) ratio
among hydrocarbons, permitting to limit CO, emissions. In the
dual fuel mode, the substitution of Diesel oil with NG enables
a strong reduction of soot, that represents the most critical
emission of Diesel engines. However, passing from DF to
Conventional Diesel (CD) mode, carbon monoxide (CO) and
unburnt hydrocarbons (HC) tend to increase, due to the lower
flame propagation speed in the lean and diluted air-NG
mixture, after the ignition of Diesel oil [11].

Supposing identical brake thermal efficiency, in both CD
and DF combustion modes, the theoretical mass of NG
required to replace the subtracted Diesel oil can be calculated
using the following equation:

M = (mp,cp—mp pr)-LHVDp
NG LHV NG

(M

my¢ is the mass of NG inducted per cycle during DF
operation; mp cp and mp pr are the masses of Diesel fuel
injected per cycle in CD and DF operations, respectively;
LHV}, and LHVy, are the lower heating values of Diesel oil
and NG, respectively.

However, the real mass per cycle of NG that has to be
injected to guarantee the same output torque may be different
from the theoretical value calculated from equation (1). In fact,
BTE is not always constant. In particular, at low loads, where
the relative air-NG ratio is very high, combustion efficiency
tends to drop (combustion is not complete). Conversely, at
medium-high loads, and especially in presence of a relevant
substitution of Diesel oil with NG (hence, in presence of a
more reactive air-NG mixture), the combustion process is
faster and more complete, leading to an improvement of BTE
[10-12].

In order to mitigate the main drawbacks that affect Natural
Gas-Diesel DF combustion mode, various strategies have been
tested, both experimentally and numerically. From these
studies, it has been demonstrated the importance of pilot
injection in terms of fuel quantity and timing [8, 9], of Diesel
injection pressure [13], of Exhaust Gas Recirculation (EGR)
and charge temperature [14], on both fuel consumption and
emissions. Also boost pressure, especially at low loads, can
contribute to improve combustion efficiency [15].
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3. ENGINE CFD MODELLING

The engine investigated in the study is a 4-cylinder
turbocharged Diesel engine manufactured by FCA - VM
Motori (Cento, Italy). The main engine features are reported
in Table 1.

Table 1. Main parameters of the reference engine

HSDI 4-S Diesel,

Engine Type EURO IV compliant
Number of cylinders 4 in-line
Total displacement [cm?] 2776
Bore [mm)] 94
Stroke [mm] 100
Compression ratio 17.5:1
N. of valves per cylinder 4

VGT + Intercooler
Common Rail

Air system
Injection system

Max. injection press. [MPa] 160
Injector hole diameter [mm] 0.153
Number of injector holes 6
High Pressure, cooler, inlet
EGR system & throttle
Max. brake power
130@3800
[kW@rpm] e
Max. brake torque
440@1750
[Nm@rpm] @
Max. peak cylinder pressure 150
[bar]

In order to investigate the Dual Fuel combustion, a
customized version of the KIVA-3V [16] code, coupled with
detailed combustion chemical kinetics, is used. A list of the
main sub-models included in the customized version of the
code are reported in Table 2. These sub-models were
previously implemented by the authors in the KIVA-3V code
and they are fully described in some published papers [17-20].

Table 2. Main models used for 3D-CFD engine modelling

Turbulence model RNG k-g model

Breakup model Hybrid KH-RT model
Droplet collision model Droplet trajectories
Combustion PaSR coupled with chemical kinetics

Flame Propagation
Fuel Composition

TFC / Premix code for aspirated fuel
Natural Gas / Diesel Oil Surrogate

The K3prep pre-processor, included in KIVA-3V package
[16], is used to build the computational grid for combustion
simulations. A 60° sector grid is considered, because of the
axial-symmetry of the combustion chamber and the
homogeneous spatial distribution of the 6 injection holes. The
geometry of the cylinder head is slightly simplified; however,
the influence of the neglected geometric details, assessed on
the standard Diesel engine, is very small, comparable to the
experimental uncertainties. In designing the grid, particular
care is devoted to get a good aspect ratio of cells, to correctly
reproduce the actual geometry of the combustion chamber and
to respect the compression ratio of the engine. A minimum of
5 cells layers is imposed in the squish region at Top Dead
Center (TDC), while the typical cell size is about 0.5-1.0 mm.
As found in previous analyses [15], these meshing criteria
guarantee a good compromise between accuracy and
computational demand. The computational grid is shown in
Figure 1 and consists of about 110.000 cells at BDC and of
about 25.000 TDC.



Initial and boundary conditions for the combustion
simulations are derived from the experimental results, except
for the initial flow field calculated in previous CFD 3D
simulations [19].

Figure 1. Computational grid at top dead center

The natural gas is defined by a mixture of methane (=95 %),
ethane, propane and nitrogen, whereas Diesel oil is
represented by the Diesel Oil Surrogate (DOS) model, in
which liquid fuel properties are the same of real diesel oil,
while fuel vapor is made up of a blend of n-heptane and
toluene [15]. Finally, the combustion mechanism for Natural
Gas/Diesel oil mixture includes 81 species and 421 reactions.

4. EXPERIMENTAL RESULTS

The experimental activity, used for the CFD-3D model
validation, is performed at the dynamometer test bench of the
Department of Engineering “Enzo Ferrari”, featuring an
Apicom FR 400 BRV eddy-current brake (maximum power
260 kW, maximum torque 900 Nm) and the Apicom Horus
software for system control and data acquisition. Along with
the standard pressure and temperature transducers, three flow
meters are used to measure the consumption of both Diesel and
NG, as well as the combustion air flowrate. Moreover, the
MRU VARIO plus Industrial analyzer is applied to measure
the concentration of: O, CO, CO,, NO, NO,, HC. A high
frequency indicating system is installed for recording in-
cylinder pressure traces; the system is made up of a Kistler
piezoelectric transducer, installed on one cylinder in place of
the glow plug, a charge amplifier and an optical encoder. The
National Instruments Compact RIO hardware and the Alma
Automotive software (Obi) are used to acquire the in-cylinder
pressure traces and to monitor the related parameters,
calculated in real time [15].

The Diesel engine under investigation is modified installing
four NG injectors with a nominal flow rate of 1.5 g/s at 3 bar.
The injectors are positioned on the engine inlet pipe, just
downstream of the intercooler and about 500 mm before the
intake manifold. This long distance guarantees a homogeneous
air-NG mixture within the intake manifold, and a uniform
distribution among the 4 cylinders. The position of the
injectors is designed in order to promote air-NG mixing [15].

The work presented in this paper is focused on four cases,
at 3000 rpm and 265 Nm, which differ for the shares of Diesel
oil and NG injected within the cylinders. The energy
introduced with Diesel oil and NG in DF mode is evaluated as
a fraction of the energy entering with the Diesel fuel in
Conventional Diesel (CD) mode, using the following
equations:
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Xp[%] = % 100 )
.LHV
Xnc[%] = % 100 3)

The cases are named after the percentage of energy
introduced by means of NG. Therefore, CD mode corresponds
to NGO, while NG35, NG52 and NG75 are the three DF
operating conditions, at 35%, 52% and 75% of NG energy. All
the DF cases are obtained by optimizing the Diesel injection
strategy. The details of calibration are reviewed in [15].

Figure 2 shows the contributions of Diesel fuel and NG in
terms of energy (evaluated by means of equations 2 and 3) for
the four cases mentioned above. It should be noted that the
total energy provided in DF mode is slightly lower than the
one required in CD mode, despite the same brake torque
output. This outcome demonstrates that BTE may be improved
when passing from CD to DF operations.

XD XNG
120%
100% 0%
80% 35%
R 52%
X 60% 75%
100%
40%
64%
20% 40%
20%
0%

NGO NG35 NG52 NG75
Figure 2. Share of energy provided by each fuel in the
experimentally optimized DF modes. Operating condition:

3000 rpm, BMEP=12 bar

5. VALIDATION OF THE KIVA ENGINE MODEL

In order to get accurate predictions from any CFD-3D
combustion simulation it’s fundamental to calibrate the model
with the support of a set of experimental data. These data
should cover different operating conditions and include the
measure of in-cylinder pressure and exhaust gas raw
composition. A unique setting of calibration parameters must
be used for all the investigated cases.

As well known, from the analysis of the ensemble averaged
cylinder pressure it’s possible to get information about
combustion, in particular the rate of heat release (RoHR) can
be calculated. However, the value of this parameter is affected
by the hypotheses on heat transfer and/or gas properties.
Therefore, the RoHR curves should not be considered as an
absolute reference for CFD model calibration. For this
purpose, it’s better to assume the parameters that can be
directly measured: the ensemble average cylinder pressure,
along with the exhaust concentrations of NO+NO,=NOx, CO,
CO; and HC. The measure of the last pollutant is the most
critical for the analyzer employed in the study, being its
accuracy a little bit low (10 %).

As far as the measure of soot is concerned, the experimental
values are not used for the calibration of the CFD model, since
the experimental accuracy is too poor, especially when the
engine operates with small amounts of diesel fuel and the soot
concentrations are very low.

The model calibration mainly consists in finding the best



setting for the parameters related to the diesel injection curves
(given the experimental values of start of injection, rail
pressure and energization times), and to Diesel fuel
atomization.

Figure 3 shows a comparison between predicted and
measured in-cylinder pressure and Rate of Heat Release
(RoHR) curves along with the injection laws for the four
simulated operating points. The results of the numerical
simulations are in very good agreement with experimental
data.

Figures 4 compares experimental and numerical results in
terms of exhaust gas composition. As far as NOx emissions
are concerned, the calibrated model tends to slightly
overestimate this pollutant, in particular for high rates of NG.
However, the trend of NOx concentration as a function of NG
rate is correctly predicted. In CD mode, without NG, NOx
emissions are slightly underestimated.

Considering CO and HC emissions, as NG rate increases, a

significant increment of these pollutants is experimentally
observed, as expected [15]. Again, even if the absolute values
are affected by an error, the trend predicted by KIVA agrees
quite well with the experimental one.

DF combustion leads also to a reduction of CO, emissions,
due to the lower C/H ratio of NG, sometimes combined with
higher BTEs. The reduction of CO; emissions in DF mode is
well predicted by the simulation, as shown in Figure 4.

As previously mentioned, experimental soot emissions are
not reported, because the soot concentration in the DF modes
is so small that all the measures are very close to the lower
threshold of the instrument. On the one hand, this outcome
demonstrates the effectiveness of DF combustion for soot
reduction; on the other hand, no reliable data for the numerical
model validation are available. However, it may be noticed
from Figure 5 that the strong reduction of Soot emissions
observed during experimental tests is properly predicted also
by simulations.
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Figure 3. Comparison between experimental and numerical results in terms of in-cylinder pressure (first row) and Rate of Heat
Release (RoHR, second row). The third row shows the diesel injection velocity, calculated on the basis of experimental
energization duration, rail pressure and phasing
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Figure 4. Comparison between experimental and numerical
results in terms of gaseous emissions concentrations
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Figure 5. Soot concentration calculated by KIVA

6. INFLUENCE OF INJECTION STRATEGIES ON
DUAL FUEL COMBUSTION

The calibrated KIVA model is applied to study the effect of
different injection strategies. In details, two different
variations of the original injection law are investigated,
considering the DF combustion intermediate case, i.e. NG52.
First, pre and pilot injections are alternatively suppressed and
the duration of main injection is proportionally increased, in
order to maintain constant the fuel injected mass. Then, the
injection timing is shifted by steps of 2 Crank Angle Degrees
(CAD), in both directions. Figures 6 and 7 show simulation
results for the two cases in terms of indicated parameters (in-
cylinder pressure and temperature and Rate of Heat Release),
Gross Indicated Mean Effective Pressure (referred to as
IMEP*, defined as the specific indicated work, calculated
between IVC and EVO) and emissions (NOx, CO, CO; and
Soot). Looking at Figures 6 and 7, the following
considerations are made.

The elimination of pre and pilot injections doesn’t
significantly affect the in-cylinder pressure traces and
the Rate of Heat Release curves, even if small
differences can be noticed in the first phase of
combustion. Pre and pilot injections speed up the auto-
ignition process, resulting in a slightly smoother in-
cylinder pressure gradient.

Eliminating pre injections, also Gross IMEP, NOx and
CO; emissions don’t change very much, whereas it is
possible to notice an increment of CO and Soot
emissions, as a result of a slightly less complete
combustion.

Delaying or advancing injection has a significant
impact on in-cylinder pressure and, as a consequence,
on Gross IMEP. Advancing by 2 CAD the start of
injection, IMEP* increases of about 2%, but the
increment of the peak cylinder pressure is more than 10
bar.

Start of injection affects also in-cylinder temperature,
thus NOx emissions, that decrease as injection is
delayed;

CO, CO; and Soot emissions are about the same, when
injection timing is changed.
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Inj 111 (red lines): pre, pilot and main injections
Inj 001 (green lines): main injection
Inj 011 (blue lines): pilot and main injections
Inj 101 (yellow lines): pre and main injections

Figure 6. Influence of injection strategies on DF combustion of the NG52 operating point in terms of in-cylinder pressure, Rate
of Heat Release, in-cylinder temperature, gross Indicated Mean Effective Pressure and emissions
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7. CONCLUSIONS

A comprehensive experimental campaign, carried out on a
light duty Diesel engine operating in standard and dual fuel
mode, provided the basis for the calibration and validation of
a CFD-3D dual fuel combustion model. In particular, four
operating points are considered, keeping constant engine
speed (3000 rpm) and load (BMEP=12 bar): NGO
(corresponding to the standard Diesel mode), NG35, NG52
and NG75 (with a 35, 52 and 75% of fuel energy provided by
NGQG). For each case, in-cylinder pressure trace and exhaust gas
concentrations (HC, CO,, CO, NOx) are measured and the
results are compared to the parameters yielded by the
numerical model.

It is found that the calibrated KIVA model is able to predict
very accurately the average cylinder pressure, as well as the
dependence of exhaust gas composition on the NG rate. In
terms of absolute values, the numerical accuracy on emissions
is less good than on cylinder pressure and combustion rates;
however, the calibrated model is sound enough to be safely
used in the study of this type of dual fuel combustion.

The most important parameter of Diesel injection appears to
be the timing, whereas the presence of pilot and pre injections
plays a much less relevant role.
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NOMENCLATURE

BDC Bottom Dead Center

BMEP Brake Mean Effective Pressure

BTE Brake Thermal Efficiency

CAD Crank Angle Degrees

CD Conventional Diesel

CFD Computational Fluid Dynamics

Cl Compression Ignition

Cco Carbon monoxide

CO2 Carbon Dioxide

DF Dual Fuel

DOS Diesel Oil Surrogate

EGR Exhaust Gas Recirculation

HC Unburnt hydrocarbons

IMEP Indicated Mean Effective Pressure

LHV Lower Heating Value

m mass

NG Natural Gas

NO Nitrogen monoxide

NO; Nitrogen dioxide

NOXx Nitrogen Oxides

RoHR Rate of Heat Release

Si Spark Ignition

TDC Top Dead Center

X Fraction of energy introduced by a fuel in

dual fuel mode

Subscripts

CD Conventional Diesel

D Diesel

DF Dual Fuel

NG Natural Gas
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