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of fast running numerical models is nowadays essential to reduce the huge effort for testing activi- e-Available: 22 Dec 2021

ties and speed up the development of more efficient and low-emissions propulsion systems. However,

the simulation of the DF combustion by means of a zero-dimensional/one-dimensional (OD/1D) Citation
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of the combustion process in large-bore DF engines. The model combines a multi-packet approach
for tracking the evolution and the autoignition of the pilot fuel with an entrainment and burn-up
approach for the simulation of the premixed air-gas mixture flame propagation. To properly consider
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single-cylinder Wartsila research engine were used for the model development and validation. The
proposed DF combustion model is able to properly capture the effect of the main engine settings
(i.e., load, pilot fuel injection strategy, compression ratio (CR), and boost pressure), providing accurate
predictions of the ignition timing, combustion duration, and NOx emissions. The developed numerical
model can be therefore exploited to virtually assess the potential of different engine technologies
and calibration strategies.
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1. Introduction

he use of Liquified Natural Gas (LNG) for marine

propulsion is nowadays the most effective solution to

comply with current International Maritime
Organization (IMO) regulations for Nitrogen Oxides (NOx)
emissions [1], as well as limitations on the use of sulfur [2, 3].
In order to achieve very low NOx levels, low-temperature
combustion has been widely investigated in the marine sector
for years with the aim to limit the in-cylinder temperature
below the activation temperatures for nitrogen oxidation. To
do this, it is necessary not only to reduce the temperature at
the end of the compression stroke, through advanced strate-
gies of intake valve lift [4], but also to increase the dilution of
the mixture by acting either with an air-to-fuel ratio higher
than stoichiometric or with the recirculation of cooled exhaust
gases [5]. However, the need to ensure good combustion
stability and rapid oxidation of the fuel even in the case of
lean-burn, large-bore engines requires the adoption of non-
conventional ignition systems [6, 7]. In this context, Dual Fuel
(DF) engines represent an established technology in the
marine sector. The main idea is to trigger the propagation of
the flame front through a small amount of diesel fuel that is
injected during the compression stroke, exploiting the
different reactivity of the two fuels. Although this technology
is well established and has been in production for several
years, the optimization of the combustion process requires a
considerable effort to meet the upcoming and even more strin-
gent regulations in this field. Above all, the need to reduce
anthropogenic Greenhouse Gases (GHG) emissions has led
in recent years to the introduction of progressive regulations
also in the marine sector. Specifically, the IMO is gradually
enforcing targets to reach the ambitious achievement of at
least a 50% reduction of the total annual greenhouse gases
volume by 2050, compared to 2008 [8]. In addition to this, the
reduction of unburned hydrocarbon emissions in lean-burn
gas engines is gaining even more attention among engine
manufacturers [9]. Since methane (CH,) is estimated to have
a Global Warming Potential of 28-36 times greater than
carbon dioxide (CO,) [10], the disadvantages due to the
emission of unburned hydrocarbons may reduce or even
overcome the advantages in terms of GHG from the use of
natural gas compared to marine oil fuel [11, 12].

While, from one side, the regulatory framework has a
major impact on strategies and engine technologies to
be investigated, other key drivers from the market have to
be addressed, such as improvement of loading capability and
engine efficiency in the entire engine load range, in conjunc-
tion with the continuous reduction of time-to-market for new
products. However, the complexity of these propulsion
systems and the large number of variables to be optimized
require an impressive effort during the testing phases. Several
works present in the literature confirm the great difficulties
to be faced during the optimization of DF combustion [13, 14]
as it is necessary to meet the emission limits having a small
margin from both knock and misfire at high loads, and high
instability at low loads [15], and it is also necessary to

guarantee a safe operation with fuel characteristics that may
vary considerably depending on the geographical area in
which the engines will operate.

In view of these ambitious emission targets and chal-
lenging market needs, the engine development phase cannot
rely uniquely on experimental activities. Nowadays, zero-
dimensional/one-dimensional (0D/1D) numerical codes can
be exploited during the early engine development phase in
order to reduce the effort of testing campaigns and to speed
up the development process of new engines. By relying on
predictive phenomenological combustion models, fast and
accurate predictions of the engine performance can
be obtained, thus driving the optimization of engine operating
parameters and virtually assessing the potential of new tech-
nologies and engine modifications. Nevertheless, the proper
simulation of the DF combustion process remains a chal-
lenging task to be addressed within a 0D/1D simulation frame-
work due to the complex combustion phenomenon which
involves two fuels characterized by different burning properties.

In this regard, many researchers recently worked on the
development of DF combustion models, exploring both
numerical and phenomenological simulation approaches. A
multi-Wiebe combustion modeling approach was exploited
both by Xu et al. [16] and Barro et al. [17] to describe the DF
combustion as a superposition of spray and premixed-charge
combustion processes. Nandagopal et al. [18] presented a data-
driven modeling approach to simulate the heat release rate
(HRR) in DF engines operating with renewable fuels. In the
framework of fully phenomenological models, Zirngibl et al.
[19] developed and validated a DF model which combines a
quasi-dimensional packets modeling of the pilot injection
process with phenomenological modeling of the spreading
hemispherical and turbulent flame front of the main combus-
tion. A similar approach was proposed also by Taritas et al.
[20]. Differently from [19], in that work the oxidation of the
primary fuel is simulated by means of a multi-flames model,
taking into account the multiple flame kernels generated by
the different spray plumes combustion. Focusing on large-bore
engines applications, Krenn et al. [21] proposed a phenomeno-
logical model for the DF combustion simulation based also
in this case on a two-stage modeling approach to handle the
pilot fuel combustion and the subsequent flame propagation.

In line with other works in the literature, in this article
a predictive combustion model for DF engines is presented.
The model describes the pilot fuel injection by means of a
multi-packets Lagrangian approach, and the subsequent
phases of the fuel breakup, evaporation, entrainment of the
premixed air-gas mixture inside the diesel jet, and, finally, its
combustion. The diesel fuel autoignition triggers the flame
propagation of the premixed air-gas mixture, which is simu-
lated by means of entrainment and burn-up approach. The
overall combustion process is therefore modeled as a super-
position of the combustion in the spray and the air-gas
mixture oxidation by a propagating spherical turbulent flame.
The two combustion modes are coupled via a transition
function, based on the physical characteristics of the spray
and the flame. Several sub-models, namely, ignition delay,
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laminar, and turbulence flame speed models, were specifically
optimized for the operating conditions of large-bore pilot-
ignited DF engines. In addition to this, with the aim to extend
the validity of the model also in terms of emission predictions,
a NOx emissions model was developed. The NOx model,
which is based on the well-known Zeldovich mechanism,
accounts for the mixture composition and temperature distri-
bution of the burned gasses in the cylinder by dividing the
overall cylinder volume into multiple zones and separately
computing their temperature evolution and related NOx
formation. The proposed combustion model was validated on
a comprehensive dataset of experimental data from a Wartsild
laboratory Single-Cylinder Engine (SCE), which includes
variations of the main hardware (Compression Ratio [CR],
valve timings) and calibration parameters (pilot fuel specifica-
tions, boost conditions) at different engine loads.

The article is structured as follows: after a brief introduc-
tion of the case study, a detailed description of the developed
DF combustion model is presented; finally, the predictive
capabilities of the numerical model are evaluated both in
terms of combustion-related results and NOx
emissions predictions.

2. Case Study

The case study selected for the development and the validation
of the DF combustion model is the Wartsila 31DF SCE, whose
main technical data are shown in Table 1.

This engine family achieves a very low fuel consumption
level, complying at the same time with IMO Tier III NOx
regulations, by exploiting state-of-the-art technologies for the
air control (two-stage turbocharger and variable valve actua-
tion) and fuel injection (highly flexible common rail
injection system).

An extensive experimental campaign was conducted on
the Wirtsild 31DF SCE, with the aim to investigate the DF
combustion process and the influence of several engine
parameters, such as pilot injection strategy (i.e., rail pressure,
injection timing, and duration), boost conditions, valve
timings, and CR. The wide experimental dataset, which
features more than 100 different engine conditions allowed
to perform a comprehensive validation of the developed DF
combustion model.

TABLE 1 Wirtsild 31DF engine technical data (data taken from
Ref. [22]).

Specification Unit Value
Cylinder bore mm 310
Piston stroke mm 430
Cylinder rated power kW/cyl 550
Engine speed RPM 750
BMEP bar 27.2
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3. DF Combustion Model

In the cylinder, a multi-zone phenomenological model is used,
which tracks various stages of the combustion process.
Initially, all mass in the cylinder is contained in a single ther-
modynamic zone, the main unburned zone. The air and gas
flow from intake valves get added to the main unburned zone.
Once the pilot diesel fuel is injected, a new zone in the cylinder
is introduced—the spray zone. The diesel fuel from the injector
is progressively added to this zone according to a defined
injection rate, required as an input for the developed model.
All zones can exchange mass and energy with each other, and
the thermodynamic state of the zones is updated every timestep.

As the spray propagates into the cylinder, it entrains the
surrounding air-gas mixture. After a period of physical (evapo-
ration, mixing) and chemical ignition delay, combustion is
initiated in the spray. At this time, a third thermodynamic zone
isintroduced in the cylinder—the burned zone. As combustion
progresses in the cylinder, mass and energy are transferred from
the main unburned and spray zones to the burned zones at a
rate governed by the combustion models employed.

The combustion process in the cylinder is modeled as a
superposition of two modes of burning—combustion in the
spray by a “jet-flame” and combustion in the air-gas mixture
by a propagating spherical turbulent flame brush. A transition
function, based on the physical characteristics of the spray
and the flame, is used to smoothly shift from one mode of
burning to the other. A pictorial representation of this process
is shown in Figure 1.

3.1. Spray Combustion Model

This section describes the sub-model which is used to track the
evolution of processes inside the spray. A Lagrangian approach,
similar to the one presented in [22], is adopted to model the spray.
Asthe spray enters the cylinder, it is discretized into parcels along
the spray axis, and the evolution of these parcels is tracked in
time. Spray discretization in the radial direction is not performed
in the interest of maintaining model simplicity and speed of
computation. Each parcel can continuously mix with the
surrounding gases (in the main unburned and burned zones)
and with other parcels that exist in the cylinder. In tracking the
evolution of these parcels, the following processes are modeled—
penetration of the parcel into the cylinder, evaporation of the
liquid fuel, entrainment of gas into the parcel, chemical ignition
delay, and, finally, combustion.

3.1.1. Penetration, Evaporation, and Entrainment
Two quantities govern the evolution of spray parcels inside
the cylinder, namely, penetration distance and velocity. In
the current study, a modified version of the correlations de-
veloped by Jung and Assanis [23] were primarily adopted,
which are based on the model proposed by Hiroyasu and
improved to handle nozzles with arbitrary discharge coef-
ficients and to obtain a better match to the experimental
measurements.
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m Schematic representation of DF combustion modeling.

Ignition Process
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However, recent studies highlighted the limitations of the
Hiroyasu model in describing the spray penetration in the
case of short injection events, and the need to track the parcel
evolution in a specific way after the end of the injection (EOI).
More in detail, after the EOI, studies have shown that the spray
undergoes significant deceleration with increased rates of
entrainment. Musculus et al. [24] have studied this phenom-
enon using a 1D discrete model for diesel jets. Immediately
after EOI entrainment rates were enhanced by a factor of two
to three near the tip of the injector. This increased entrainment
then moves downstream toward the tip of the spray after EOI,
which is what was termed as the entrainment wave. Such
increased entrainment rates can alter the composition inside
the spray and, in turn, impact the ignition delay timing,
particularly in diesel pilots with small injection durations and
early timings. In the current study, parcels penetration and
velocity correlations were further modified to account for
these effects after EOI. The modifications have been carried
out based on the correlations developed in Zhou et al. [25]. In
the proposed correlations, the dependence of spray penetra-
tion distance on time changes from a ~#*° scaling to a ~*%
scaling during the decelerating stage of the spray after EOI.
The final parcel correlations used in the current study are

reported in Equation 1.

t
Uit i [_J t<t,
tb
0.5 t <

S=qu,t" f, . t, St <2t

b
Eq. (1)
.. 0.25
it} (t=1,)" fi(t,) t>2t,

das
U=—
dt

where § is the penetration distance of the parcel; u is the
instantaneous parcel velocity; ¢ is the time elapsed since

the creation of the parcel; u;,; is the velocity of the spray at

the injector nozzle, estimated using the mass flow rate
profile given as an input to the model, the fuel density and
injector nozzle geometrys; t; is the time elapsed between the
creation of the parcel and the related EOI pulse the parcel
belongs to; and t, is the breakup time, which is defined as
the time up to which the jet travels as a liquid column and
beyond which it atomizes into droplets evaluated according

to Equation 2.

20, _4,

t, =4.351
p, Cuu

Eq. (2)

inj

where p, is the density of the injected liquid, p, is the density
of the surrounding gas, d,, is the nozzle hole diameter, and C,
is the discharge coefficient of the injector nozzle.

As the spray parcel travels inside the cylinder, it continu-
ously entrains mass and slows down. The rate of entrainment
of gases inside a parcel is modeled by assuming conservation
of the initial parcel momentum, as reported in Equation 3.

dm

es

. m,, Uy du

dt T

Eq. (3)

where m;,; is the initial mass of the parcel, m,, is the mass
entrained in the spray parcel, and C, is a calibration parameter,
which compensates for effects that this simple spray model
does not capture.

The model used for the evaporation of liquid fuel
inside a parcel is based on the work by Wahiduzzaman
et al. [22]. It is assumed that the fuel in each parcel breaks
up into small droplets. The Sauter Mean Diameter (SMD)
of the droplets (d;) is calculated based on the expression

given in Equation 4.

-0.17
;—d =60 Re " We ! (&J Eq. (4)

Py

noz
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where Re is the Reynolds number, We is the Weber number,
and d,,, is the injector nozzle diameter. The evolution of the
mass of a droplet due to evaporation is given by Equation 5.

dm,

dt

=-nd,p,0 Shlog(1+B,,) Eq. (5)

where a, is the diffusivity of the gas, Sh is the Sherwood
number, and B,, is the Spalding mass transfer number. The
change in droplet temperature (T;) due to convective heat

transfer and evaporative cooling is given by Equation 6.

AH . dj
where ¢

»,d 1s the droplet heat capacity, Q; is the convective
heat transfer from the gas to the droplet, and AH,, , is the
droplet enthalpy of evaporation. The coupled heat and mass
transfer solution appropriately accounts for both diffusion-
limited and boiling-limited evaporation.

a,__L[d9,_dn -

dt mge,,\ dt dt

3.1.2. Ignition Delay As far as the ignition delay is con-
cerned, the well-known Livengood-Wu approach [26] is em-
ployed for evaluating the ignition delay period, i.e.,

Tidtﬂ
T

t,

Eq. (7)

inj

where the term 7 represents the ignition delay for a homoge-
neous mixture characterized by constant physical properties
at a given timestep. The term 7 is computed according to a
specific formulation for large-bore DF engines developed in
a previous work by the authors [27]. The model was developed
and correlated considering 0D-Computational Fluid
Dynamics (CFD) calculations performed with the Ranzi et al.
[28] chemical kinetics mechanism (130 species and 2323 reac-
tions), selecting the n-dodecane as surrogate for the pilot diesel
fuel. The simulation test matrix considered pressure, tempera-
ture, air-to-diesel equivalence ratio, and CH, content varia-
tions within specified ranges representative of the typical DF
engine operations. The calculations showed the need to take
into account the inhibitory contribution of CH,, which chemi-
cally reacts with oxygen, hindering the oxidation process of
diesel in particular under low temperature and very diluted
diesel conditions, as confirmed in the literature both by
numerical and experimental works [29, 30, 31]. The accuracy
of the proposed ignition delay model can be evaluated from
Figure 2, in which the predicted ignition delay values are
depicted against the results of the detailed chemistry 0D-CFD
calculations, considering variations in terms of pressure,
temperature, and mixture conditions typical of a pilot-ignited
DF engine operation. In detail, the pressure was varied from
40 bar to 100 bar, temperature from 650 K to 800 K, diesel-air
equivalence ratio from 0.4 to 1.4, and CH, concentration in
the 2-3% range.

Compared to the reference formulation presented and
extensively commented in [27], the ignition delay model was
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subsequently refined, aiming to take into account the Cetane
Number (CN) of the fuel. As a matter of fact, in terms of
chemical kinetics, the composition of the mixture of hydro-
carbons composing the diesel fuel influences the energy
threshold required to activate the oxidation reactions. This
parameter is accounted for in Arrhenius-like equations by the
coefficient in the exponential term, in many cases referred to
as the apparent activation energy. The CN, which should
remain within a certain range for the DF operation, shows a
dependence on the apparent activation energy of the fuel [32].
Indeed, to consider the fuel CN, the ignition delay model was
improved in the herein study and the updated formulation is

reported in Equation 8.

CN
r=C,, exp(—f( = )jpo'”xozz‘8 [1 +2.8-107 —j;afz“ J Eq. (8)

diesel

where T and p are the temperature and the pressure in the
spray zone region, respectively, while xo ), X5 and xcp,
represent the mass concentrations of oxygen, diesel fuel, and
CH,, respectively. Cy,, represents a tuning parameter, which
canbe optimized during the DF combustion model correlation.

The cetane number function f{CN), given in Equation 9,
is based on the work of Hardenberg [32], in which a hyperbolic
dependence between apparent activation energy and CN

was highlighted.

k,
“CN+k Eq. )

f(cN)

The coefficients k; and k, reported in Equation 9 were
optimized directly against engine data from the considered
case study. The minimization of error between the experi-
mental and the predicted ignition delay (defined as the interval
from Start of Injection (SOI) to 2% of Burned Fuel Fraction
(MFB-2)) was carried out by considering a load variation
performed with a CN-54 and CN-40 pilot fuel. The results of
the ignition delay model for the two different CN levels are
presented in Figure 3, in which a comparison between
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m Comparison between experimental and

predicted ignition delay results for a load variation considering
a CN =54 and CN =40.
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Engine load [%]

Ignition delay [deg]
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experimental and predicted data in terms of ignition delay is
depicted. Since the two datasets were performed with the same
engine calibration, the effect of the CN variation can
be pointed out from the plot: moving from CN-54 to CN-40,
the ignition delay increases by approximately 5 degrees (deg)
in the considered DF engine operation. The ignition delay
model is able to replicate correctly the experimental results
by properly capturing the sensitivity of the CN on the ignition
delay and reaching an absolute error lower than 1.5 deg for
the two considered load variations.

3.1.3. Combustion Inside the Spray Combustion in
the spray is modeled in two stages: premixed burning and
diffusion burning. At ignition the evaporated fuel and en-
trained gas mass within a parcel are set aside as premixed
mass (m,,,), and the burning of this mass is modeled assum-
ing a rate representative of a propagating flame. The pre-

mixed burn rate formulation is given in Equation 10.

d
7:;;" =C,,m,, {up,e (t — )}2 e ($-EGR)

Eq. (10)
where C,,, is a calibration parameter, £, is the time ignition
was initiated in the parcel, and f,,, is a function accounting
for the slowdown of combustion due to lack of oxygen in the
cylinder, either due to high levels of dilution or close to stoi-
chiometric mixtures. Similar formulations of premixed
burning, with a quadratic dependence on time elapsed since
ignition, have been used by other works in literature [33, 34].
After ignition, the spray parcels continue to entrain the
air-gas mixture. The gas mixture within the parcels, the
mass of which is denoted by m;; is now burned with a diffu-
sion-limited or mixing-controlled rate, given by Equation 11.

dm _C

Jk
at diff Maigy ﬁﬁiiﬁ (J’o2 ) Eq. (11)

where Cris a calibration parameter, k is the turbulence inten-
sity in the cylinder, V,,is the instantaneous cylinder volume,

and f;;7 captures the reduction in burn rate to the reduced
oxygen concentration (i.e., increased residuals). The formula-
tion of the diffusion rate adopted here is similar to the one
presented by [35].

The total burning rate inside the spray can now
be expressed according to Equation 12.

dm dm dm, .
bs —_ Pre  —diff +3.m,
dt dt dt

1 dm
§ o =— b
[ Eq. (12)
dm, dm, 3 dm,
dt dt dt

where m,, is the mass added to the burned zone from the spray
unburned zone, m,,¢is the mass added to the burned zone from
the flame, m, is the total unburned mass in the cylinder, and
m,, is the mass of the spray unburned zone. The last term in
the spray burning rate equation, 5,m,, is a source term that
couples combustion in the spray with combustion occurring
behind the flame brush. The rationale behind including such
a source term will be provided below.

3.2. Turbulent Propagating
Flame Model

Burning by the turbulent flame brush is modeled by the propa-
gation of a single spherical flame governed by an entrainment
and burn-up model [36]. Propagation of the flame is started
from a fixed location inside the cylinder (currently defined as
the injector tip location). As the flame brush propagates, it
entrains mass, which is then burned behind the flame over a
characteristic timescale. The equations governing the model
are reported in Equation 13.

dm,

dt pu e™T dt

dmuf _

dm LT
Y= +s,my, Eq. (13)
dt
C A 1d
=, . amy

S, 7 m, dt

where m, and m;;are unburned mass entrained by the flame
brush and the burned mass behind the flame brush, respec-
tively; my,, is the total burned mass in the cylinder; p,, is the
density of the unburned mixture; A, is the entrainment
surface area of the flame; S; and S; are the turbulent and
laminar flame speeds, respectively; 7 is the characteristic
burning timescale, and §, is a source term coupling the
combustion behind the flame to the combustion in the spray.
The correlations used to calculate the laminar and turbulent
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flame speeds will be discussed in the forthcoming sections.
The turbulent flame speed S;and the burning timescale 7 are
functions of turbulence quantities, namely, the intensity v’
and Taylor microscale 1 = I/Rey; calculated using the integral
length scale / and turbulent Reynolds number Rer. All turbu-
lence-related quantities (land u') are provided by the K—k — ¢
turbulence sub-model used in the cylinder [37].

As it can be argued from the formulations considered to
describe the flame propagation, a proper evaluation of both
laminar velocity and turbulence velocity are therefore of funda-
mental importance to correctly describe the oxidation process
of the primary fuel. For this reason, in this work a detailed
analysis on both laminar and turbulent flame speed models
was carried out, with the aim of improving the accuracy of the
combustion model in the case of DF engine operating conditions.

3.2.1. Laminar Flame Speed Starting from the lami-
nar flame speed, an empirical correlation is exploited within
the simulation platform based on the well-known power-law
formulation reported in Equation 14, widely adopted in lit-
erature, and firstly introduced by Metghalchi and Keck [38].

T 0

o B

S, =($,Tp,) = S0 (ZJ (&j f(dilution)  Eq.(14)
0 P

where S}, is the velocity at T, = T, =298 Kand p, = p, =1 atm
for a given equivalence ratio ¢, and it is computed for the CH,
fuel according to the Giilder formulation [39]; a and f, expo-
nents of temperature and pressure terms, respectively, are
function of the equivalence ratio. The latter term f(dilution),
not present in the original expression, is considered to account
for the effect of burned species (CO,, H,0) in the flame,
deriving from residuals or externally recirculated exhaust
gasses, and it is reported in Equation 15.

f(dilution) =1-0.75C,y (1-(1-0.75C,, 3,)' ) Eq. (15)

where y, represents the burned gasses mass fraction and Cy;
is a tuning parameter, which can be optimized during the
combustion model calibration.

According to the reference formulation for CH, fuel,
which is based on the work of Amirante et al. [40], @ and S
are expressed as second-order polynomial function over the
equivalence ratio, as reported in Equation 16.

o=aq, ¢2 +a¢+a,
Eq. (16)
ﬂ :bz ¢2 +b1¢+bo

However, at high-pressure conditions (>150 bar) the refer-
ence model showed unrealistic low laminar flame speed, thus
requiring a revision and an additional optimization of the
model. For this objective, in line with other research studies
[41, 42], the laminar flame speed was investigated by means of
1D-CFD calculations, carried out considering four different
reaction mechanisms. Among the selected four kinetic schemes,
presented in Table 2, the GRI 3.0 and USC Mech II describe the
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TABLE 2 Reaction mechanisms considered for the laminar
flame speed model correlation.

Mechanismname Fuel Species Reactions Reference
GRI 3.0 CH, 53 325 [43]
USC Mech Il C-C, M 784 [44]
Ranzi Cy, 130 2323 [28]
Narayanaswamy G, 255 1512 [45]

chemical kinetics for fuels with low carbon content, while both
Ranzi and Narayanaswamy are optimized to include the oxida-
tion of alkanes up to n-dodecane. The laminar flame calcula-
tions were performed in the engine-relevant thermodynamics
and mixture conditions, namely, 40-180 bar as pressure range,
700-1000 K as temperature range, and equivalence ratio level
ranging from 0.35 to 0.55. The results of the laminar flame speed
calculations are reported in Figure 4. A sweep of the equivalence
ratio at 100 bar and 800 K is proposed in Figure 4(a), while a
pressure sweep from 60 bar to 180 bar is reported in Figure 4(b)
at constant temperature (800 K) and equivalence ratio (0.5).
Among the four kinetic schemes considered for this analysis,
the GRI 3.0 kinetic scheme showed the largest values of laminar
flame speed in all the considered conditions, while the other
three reaction mechanisms produced very similar results.

m Laminar flame speed model results compared to
the 1D-CFD calculations: (@) equivalence ratio sweep at 100 bar
and 800 K; (b) pressure sweep at PHI = 0.5 and 800 K.
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TABLE 3 Reference and optimized coefficients for exponents « and f.

a; a do
Reference 4.9199 -10.287 6.9258
This study —14.078 14125 0n72

The obtained laminar flame speed values were therefore
used for the refinement of the laminar flame speed model.
Since the S term, expressed by the Giilder formulation,
showed satisfactory results with respect to the selected
reaction mechanisms, only the coefficients involved in a and
B functions were considered in the optimization process.

The reference and the optimized coefficients proposed
for the exponents a and f§ are reported in Table 3.

Looking at the results given in Figure 4, the results of the
reference laminar flame speed model evidence a significant
underestimation of the laminar flame speed, which would
result in a very slow combustion process if the reference corre-
lation would be considered within the DF combustion model.
On the contrary, the optimized laminar flame speed model
provides results in a very good agreement with the outcomes
of the considered kinetic schemes.

Eventually, the kinetic schemes optimized for n-dodecane
oxidation, whose results are aligned to the USC Mech II
mechanism, were further exploited for the evaluation of the
contribution of a small amount of diesel vapor on the laminar
velocity of an air-gas mixture. In fact, from experiments on
the herein case study and also on similar test cases [46], a fast
combustion process can be observed when the ignition delay
period is significantly prolonged (>20 deg). This behavior
could be linked to the fact that the injected diesel fuel almost
totally mixes in the cylinder, and it can contribute to speed
up the early stage of the flame propagation. In this regard,
preliminary laminar flame speed calculations were conducted
at 800 K over a pressure sweep considering a ¢p = 0.5 CH,-air
mixture as a reference, and the impact of a 0.5% of dodecane
added to the original composition (which leads to a PHI level
very close to 0.58) was investigated. The results reported in
Figure 5 confirmed that an addition of 0.5% of dodecane in
the reference CH,-air mixture leads to an almost doubled

m Laminar flame speed calculations for n-

dodecane-CH,-air mixture.

o2
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laminar flame speed. This increment is not only due to the
higher energy density characterizing the DF mixture but also
due to the different reactivity of the two fuels. In fact, if the
green curve, which depicts the DF case, is compared to the
blue curve, which represents a CH,-air mixture with the same
equivalence ratio, a significant enhancement of the laminar
flame speed can be noted, in this case only due to the different
chemical properties of the two mixtures. To address the need
to consider both the CH, and the overmixed pilot fuel in the
laminar flame speed evaluation, a methodology was proposed
by Eder et al. [47] for a 3D-CFD simulation study, which is
based on the interpolation between tabulated n-heptane and
CH, laminar flame speed values according to the related mass
fraction in the flame. To consider the contribution of high-
reactive diesel fuel on the flame velocity, a detailed 3D-CFD
simulation analysis should be carried out in order to evaluate
both the amount and the penetration of the fuel not burned
during the initial ignition process and subsequently involved
in the CH,-air flame combustion, which reasonably depends
on the engine operating condition. In this work this phenom-
enon was not considered, but it represents one of the main
future developments for improving the accuracy of the
DF model.

3.2.2. Turbulent Flame Speed Moving to the turbu-
lent flame speed (S;) evaluation, the comprehensive work of
Burke et al. [48] was considered as a starting point for the
selection of the most appropriate correlation for the lean-
burn DF case among those already available in literature.
Although several studies have been conducted by research-
ers, there is not a unique formulation for determining S, due
to the complex nature of turbulent flames. In the abovemen-
tioned study, among several models available in literature,
the Muppala correlation [49] emerged as the model showing
the lowest average deviation from experimental measure-
ments considering different turbulence regimes. Interesting
results were achieved with the correlation proposed by Ko-
bayashi [50] as well, with an overall error larger than the
Muppala correlation, but qualitatively capturing the main
trends among the different turbulent regimes. Both correla-
tions include an explicit pressure term, while models with-
out neither an implicit nor explicit pressure dependence pro-
vided worse results. Similar considerations were addressed
by Ratzke et al. in [51], in which the turbulence flame speed
was indirectly evaluated from the experimental cylinder
pressure, 3D-CFD analysis, and laminar flame speed calcu-
lations for a research single-cylinder gas engine, covering
different dilution levels and engine speeds and maximum
pressure up to 7 MPa. Also, in this case, the best agreement
was obtained with correlations involving a pressure-depen-
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TABLE 4 Turbulent flame speed correlation investigated in

this study.

Name Correlation Ref.

Reference ﬁ:ncmi [52]
St St

Kobayashi /1038 038 [50]
i = CTFS 29 i p
SL SL 0.IMPa

Muppala 103 02 [49]
i =1+ CTFS CLiE Re](_).ZS i P
S Le S 0.1MPa

dency, either explicitly with an own pressure-term or implic-
itly from the pressure dependency of the turbulent Reynolds
number. Moreover, the Kobayashi formulation showed a
very good agreement with the calculated S; values in lean
conditions (¢ < 0.6), while Muppala correlation provided
lower deviation for richer mixtures. In view of the above-
mentioned relevant literature studies on CH, turbulent flame
speed modeling, in this activity, the three correlations re-
ported in Table 4 were considered for the DF combustion
model. Both Kobayashi and Muppala correlations were in-
vestigated and compared to a reference turbulence flame
speed correlation [52] extensively adopted for conventional
gasoline combustion simulation and originally proposed
even in the DF combustion case. The turbulent flame speed
correlations are based on laminar flame velocity (S;), on tur-
bulent flow properties (turbulence intensity #’ and integral
length scale L;), and, in the case of Muppala correlation, on
dimensionless numbers (turbulent Reynolds number Rej
and Lewis number Le). A tuning parameter Cygg is intro-
duced in the GT-SUITE DF combustion model, which can
be exploited to adjust the flame velocity, providing conse-
quently a direct impact on the combustion duration.

More in detail, a comparison of the different correlations
in terms of Burn Duration of 10-75 results over an engine load
sweep is presented in Figure 6. For this analysis, the same set

m Comparison between experimental and
predicted burn duration of 10-75 over a load variation
considering different turbulent flame speed models.
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of tuning constants was adopted, with an exception for the
Cyps constant involved in the turbulent flame speed models,
which were independently optimized according to the inves-
tigated formulation. The results show that Muppala and
Kobayashi correlations provide very similar results in terms
of flame speed and HRR, while the simplest reference formula-
tion shows less accuracy in capturing the combustion duration
over the considered load variation. The reference turbulent
flame speed correlation leads to an almost constant predicted
burn duration level, thus evidencing a limited sensitivity to
the in-cylinder conditions. On the other hand, both Kobayashi
and Muppala correlations allow to achieve a better agreement
with experimental values, following the measured combustion
duration with a maximum error lower than 2 deg.

Considering the limited difference between the two inves-
tigated correlations, and the lower complexity of the Kobayashi
turbulent flame speed model, this latter was finally selected
for the assessment of the predictive capabilities of the DF
combustion model.

3.3. Coupled Operation of the
Combustion Models

Since two modes of combustion are simultaneously active
inside the cylinder, it is essential to ensure appropriate
coupling between the two. After the mixture autoignition, the
total unburned mass is composed of three parts: the unburned
mass entrained by the spray, the unburned mass entrained by
the flame brush, and the unburned mass which has not been
entrained. When either the spray or the flame brush entrains
mass, they are allowed to entrain from all the available
unburned mass. The source term s, in the jet burning equa-
tions (Equation 12) accounts for the fact that part of the
unburned mass entrained by the jet can be entrained and
burned by the flame brush, and similarly, the term §_ in the
flame burning equations (Equation 13) accounts for the fact
that part of the mass entrained by the flame brush can
be entrained and burned by the jet.

As mentioned earlier, when combustion is occurring both
in the spray and flame, a transition function is employed to
gradually move from one combustion mode to the other. This
transition function, similar to the one used by Walther et al.
[53], is used to calculate the flame entrainment area A, in the
flame burning equation and is given in Equation 17.

Rf Rf
Ae = _T Aspmy + T Aﬂame Eq (17)
7 7

where A, is the surface area of the spray, calculated by
assuming the shape of the jet to be a truncated cone with a
hemisphere at the bottom, Ag,,,. is the surface area of the
propagating spherical flame, R;is the spherical flame radius,
and L; is the jet penetration. As combustion progresses in the
cylinder, A, is gradually transitioned from the surface area of
the spray to the surface area of the propagating spherical flame.
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4. NOx Modeling

In the current study, the formation and evolution of NOx in
the cylinder is simulated using the well-established Zeldovich
kinetic model [54]. It is well known that accurate NOx predic-
tions require an accurate estimate of the temperature distribu-
tion inside the burned zone of the cylinder. In particular,
burned gasses that are produced early in the combustion
process continue to get compressed and reach temperatures
higher than those attained immediately after combustion.
This can have a significant impact on the levels of NOx
produced. In order to capture this phenomenon, a stratified
burned zone formulation was adopted for the evolution of the
NOx kinetics. The burned zone in the cylinder is divided into
10 thermodynamic sub-zones. These sub-zones do not mix
with each other, receive mass from the main and spray
unburned zones, and can exchange heat with the cylinder
walls. The combustion process, going from 0% to 100% fuel
mass burned, is divided into 10 unequal subsections, with
more focus toward the early phase of combustion, corre-
sponding to the sub-zones. Mass from the spray and main
unburned zones is added to the sub-zones during their respec-
tive section of the combustion process. As mass is being added
to a particular sub-zone, the other sub-zones continuously
get compressed and experience a rise in temperature. A picto-
rial representation of the multi-zone NOx emissions modeling
is given in Figure 7.

Zeldovich NOx kinetics is evaluated in each sub-zone,
using the temperature calculated in the sub-zone. The sum of
NOx produced in each sub-zone is reported as the total NOx
produced during combustion.

As an example, in Figure 8 the evolution of the tempera-
ture and related NOx formation in four different cylinder
sub-zones are reported, referred to a 50% load operating
condition and a lambda air-gas level of about 2.5. The first two
zones—Zones I and II—account mainly for spray combustion
and the initial phase of the flame propagation. Zone I considers
the burned gasses from the spray combustion, whose tempera-
ture increases as the diesel fuel evaporates and ignites, and it
is characterized by a final equivalence ratio level of 0.57. Zone
II includes both the remaining part of the spray and the first
part of fuel mass entrained and burned behind the flame

m Schematic representation of multi-zone NOx
emissions modeling.
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m Temperature evolution and NOx formation on
four simulated burned zones for a 50% load engine
operating condition.
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brush, thus showing an initial high-temperature level, which
progressively reduces as the combustion evolves from spray
to flame combustion. All the other zones—from Zone III to
Zone X—include only burned air-gas mixture characterized
by alower equivalence ratio level (equal to 0.4), lower tempera-
ture, and, therefore, negligible NOx formation. The NOx emis-
sions of each zone, depicted in the upper plot, are influenced
by the temperature levels according to the Zeldovich mecha-
nism and, for this operating condition, are mainly due to the
combustion of the spray.

5. Results and Discussion

The developed DF combustion model was correlated with
Wirtsilda 31DF SCE data. The tuning constants involved in
the model, and summarized in Table 5, were optimized to
minimize the deviation between the HRR predicted by the
model and the HRR profiles obtained from the experimental
pressure (average pressure of 300 consecutive engine cycle
acquisitions). A reduced engine dataset, which includes 25
operating conditions randomly selected among the overall
dataset, was defined for the calibration procedure. A single
set of tuning parameters was optimized and kept constant for
all the operating conditions. In line with a previous work on
combustion model correlation [55], the Non-dominated

Sorting Genetic Algorithm III (NSGA-III) algorithm was
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TABLE 5 Tuning constants involved in the DF
combustion model.

Pilot fuel autoignition tuning constants

Ce Spray entrainment rate constant Equation 3
G Ignition delay constant Equation 8
o Premixed combustion rate constant Equation 10
Coirr Diffusive combustion rate constant Equation 11

Air/gas flame propagation tuning constants

Cair Mixture dilution constant Equation 13
Crrs Turbulent flame speed constant Equation 13
C Taylor length scale constant Equation 15

exploited in GT-SUITE for the model optimization.
Subsequently, the DF model, based on a single set of tuning
constants, was validated on an extensive dataset, which
includes 80 different operating conditions. The extensive
dataset intended for the model validation allows to robustly
assess the predictive capabilities of the proposed DF model
over a wide range of engine conditions.

In this section the results of the predictive DF combustion
model are presented, both in terms of in-cylinder pressure
and HRR and in terms of main combustion parameters,
compared to the experimental measurements.

Figure 9 shows the results of the predictive combustion
model compared to the experimental results over four different
variations, namely, engine load, SOI, lambda, and CR. In the
figure, the injection event from the hydraulic SOI to the
hydraulic EOI is depicted by the grey rectangular shapes.
Starting from the load sweep, reported in the first row of
Figure 9, the combustion process is faithfully reproduced by
the model going from 50% to 100% engine load. The maximum
firing pressure error is limited to 10 bar, and the phasing of
the HRR is correctly captured. Focusing on the 50% load
(Figure 9: first row, right), the effect of the higher temperature
at the end of the compression stroke due to the reduced Miller
level leads to a reduced ignition delay and pronounced
combustion of the diesel spray if compared to the full-load
case. The model is able to properly capture the effect of the
temperature on the ignition timing, as well as to replicate the
HRR during the early stage of the combustion. A similar
behavior can be pointed out by analyzing the SOI sweep
reported in the second row of Figure 9. If the SOI is advanced
from the baseline calibration, the ignition delay is prolonged
due to the lower temperature of the air-gas mixture, thus
giving more time to the pilot diesel for mixing with air and
leading to a lower local diesel concentration in the spray
region. The combustion process of the leaner spray cloud is,
therefore, less intense if compared to the baseline condition
without showing a pronounced combustion of the spray. A
limit condition instead is reported on the right picture, in
which the SOI is retarded by 8 CA deg from the baseline level.
In this case the pilot fuel ignites before the hydraulic EOI, as
the higher temperature enhances the fuel evaporation and the
kinetics of the diesel oxidation.

Millo et al. / SAE Int. J. Engines / Volume 15, Issue 5, 2022 1

The developed predictive model is capable of providing
an accurate simulation of the combustion process by capturing
the effect of the SOI on ignition timing, spray combustion, and
flame propagation. Accurate predictions were also obtained if
alambda variation is considered, as can be seen from the third
row in Figure 9, thus confirming the accuracy of the laminar
flame speed correlation optimized in this work. Moreover, if
the bottom row of Figure 9 is considered, the accuracy level of
the combustion model is preserved also if the CR is modified.
The DF model is able to consider the variation of temperature
and, consequently, ignition timing due to the different CR, as
well as the effect of this engine feature on the combustion velocity.

The satisfactory agreement achieved by the developed
combustion model is confirmed extending the validation to
the whole experimental dataset as shown by the correlation
plots in Figure 10. The dataset includes several engine settings
variations, such as diesel injection specifications (rail pressure,
injection duration, and injected quantity), valve timings
(Miller levels and valves overlap), receiver conditions (boost
pressure and temperature), CR, and variations of the engine
load from 50% to 100% of the rated power, resulting in more
than 100 different engine operating conditions. As it is possible
to evaluate from Figure 10, the ignition delay error is limited
to +3 CA deg. The largest deviations with respect to the experi-
mental data are obtained in the case of advanced injection
strategies and larger Miller levels, thus observing very large
ignition delay periods. These conditions could be considered
out of the validity for the ignition delay model since the
hypothesis of linearity for the fuel oxidation required by the
Livengood-Wu approach could not be satisfied in these low-
temperature conditions. As far as the Burn Duration 10-75 is
concerned, a Root Mean Square (RMS) error of about 2.5 CA
deg can be highlighted from the correlation plot. The combus-
tion model well captures the effect of the lambda variation,
while, on the other hand, it shows some limitation in capturing
fast combustion evolutions which are typically related to
engine conditions in which the ignition delay is significantly
prolonged (>20 deg), and the subsequent combustion evolution
was shown to be characterized by a very fast flame propagation.

In these conditions (i.e., very prolonged ignition delay
period and large pilot fuel diffusion), the real combustion
evolution is characterized by multiple distinct flames which
are generated by the pilot fuel combustion, while the combus-
tion process is modeled through a single hemispherical flame
brush, which may lead to an underestimation of the flame
area and, consequently, to the combustion velocity. In addition
to this, in the case of a very long ignition delay, the momentum
of the pilot fuel injected in the cylinder is completely dissi-
pated into turbulent energy which enhances the spray entrain-
ment, thus obtaining a very low level of diesel vapor concen-
tration. Due to the large dilution of the diesel fuel, the related
combustion process cannot be neatly separated in spray
combustion and subsequent flame propagation, but a concur-
rent pilot autoignition and flame development is obtained,
with this latter significantly enhanced by the presence of diesel
vapor, thus leading to a speed-up of the combustion process.
It is worth pointing out that these operating conditions,
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m Comparison between predicted (red lines) and experimental (black lines) in-cylinder pressure and HRR: (a) Load
variation, (b) SOI variation, (c) Lambda variation, (d) CR variation.
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m Correlation plot between measured and predicted results: ignition delay, combustion duration MFB1075,
combustion anchor MFB50, maximum in-cylinder from left to right.
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characterized by very early injections events and very small
amounts of pilot fuel, represent limit conditions for the engine,
and they are typically avoided during normal engine operation
due to the large instability of the combustion process.
Although future developments of the combustion model are
intended to increase the predictivity of the model also in these

m Results of NOx Zeldovich model compared to
experimental results: (@) SOI variation at 50% load; (b) Lambda
variation at high load operation.
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operating conditions, it is worth highlighting the satisfactory
accuracy level reached by the model, which is able to provide
reliable predictions of the main combustion parameters and
capture the effect of the main engine calibration settings and
hardware features on the combustion process. The resulting
accuracy in terms of combustion anchor angle MFB-50, which
is the result of both the ignition delay the combustion duration
predictions, is characterized by an RMS error close to 2 CA deg,
thus obtaining a satisfactory agreement in predicting the combus-
tion phasing. The maximum in-cylinder pressure predictions are
in good agreement with respect to the experimental measure-
ments: an RMS error of 14 bar was obtained, and the maximum
error is limited to about 30 bar. Both the MFB-50 and the
maximum pressure RMS error are similar to the typical cycle-
to-cycle variability ranges during engine operations, and there-
fore, the results predicted by the model would most likely lie
within the range of variability of the real engine operation.
Moving to the NOx emissions prediction, a comparison
between experimental and predicted results is reported in
Figure 11 for an SOI variation at 50% load with different
injected diesel quantity [Figure 11(a)] and over alambda varia-
tion at high load engine conditions [Figure 11(b)]. As far as
the SOI sweep is concerned, the lambda of the gas-air mixture
was kept constant during the tests, and starting from a refer-
ence pilot fuel quantity (dashed line), the amount of injected
fuel was increased by 50% (solid line) for a second SOI sweep.
It is worth noting that the NOx emissions are significantly
influenced by the injection strategy of the pilot fuel: as the
pilot fuel is advanced, the NOx emissions reduce due to the
higher spray dilution and, consequently, to the lower burned
gasses temperature. In the case of a larger pilot fuel quantity,
the energy density of the mixture in the spray region is larger,
thus corresponding to enhanced NOx formation. The devel-
oped NOx emissions model, which considers the stratification
of the charge and the different temperature levels in the
burned gasses region, is able to provide very accurate predic-
tions of the NOx emissions level and to properly capture the
effect of the pilot fuel injection strategy with limited error for
each tested condition. The high accuracy level of the NOx
emissions model is confirmed even considering a lambda
variation, reported in Figure 11(b), since the model is able to
faithfully replicate the rise of the NOx emissions formation
as the gas concentration in the premixed charge is increased.
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6. Conclusions

In this article a novel multizone model for the simulation of
the combustion process and NOx formation in large-bore Dual
Fuel (DF) engines is presented. The developed DF combustion
model considers a quasi-dimensional multi-packets modeling
approach for the pilot fuel injection and the related spray forma-
tion while the subsequent homogeneous premixed gas oxida-
tion is described by using a two-zone entrainment and burn-up
approach. To properly account for the fuel properties in the
combustion process, a previously developed ignition delay
formulation was updated, considering not only the inhibitory
effect of the CH, on the pilot fuel autoignition but also the
reactivity of the pilot fuel by means of the fuel CN. On the other
side, to properly reproduce the subsequent flame propagation,
both laminar and turbulence flame speed models were
improved with the aim to accurately mimic the entrainment
and fuel oxidation in the flame at high pressure and, in the case
of a lean mixture, typical operating conditions of large-bore
DF engines.

A wide experimental campaign on a single-cylinder
Wartsild research engine was carried out for the development
and validation of the DF combustion model. To this aim,
variations of engine load, pilot fuel injection strategy (i.e.,
injection timing, duration, and rail pressure), boost condi-
tions, and engine features, such as CR and valve timings, were
considered. The developed combustion model is capable to
capture the influence of the abovementioned calibration
parameters and engine hardware modifications on both
combustion-related quantities and NOx emissions, providing
accurate predictions in terms of ignition timing, combustion
phasing, and peak cylinder pressure, thus paving the way for
reliable virtual calibration activities.

Future developments of the model will be focused on the
improvement of the predictive capabilities in very challenging
conditions (e.g., extremely prolonged ignition delay period
with advanced pilot SOI) by considering a multiple flame
approach to simulate the DF combustion process.
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