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A B S T R A C T   

The pre-blending of low- and high-reactivity fuels for a single direct injection system has been proven to be an 
effective way to control the reactivity of mixtures in compression ignition engines, having the potential to 
simultaneously reduce fuel consumption and pollutant emissions. However, there is not much knowledge about 
the complex physical–chemical phenomena in the turbulent sprays with fuels having widely different auto- 
ignition qualities, although this information is critical for the design and development of cleaner combustion 
systems based on this concept. For this reason, a computational analysis of ignition behavior, flame structure, 
and soot production for reacting sprays with five primary reference fuels (PRFs), from PRF0 (n–heptane) to 
PRF80 (20% n–heptane, 80% iso-octane) with 20% increment in iso-octane mass fraction, was first performed 
using the Tabulated Flamelet Progress Variable (TFPV) approach based on the tabulation of diffusion flamelets 
for different scalar dissipation rates. The temporal and spatial features of the flame structure and soot formation 
for different fuels were investigated with the so-called intensity-axial distance-time (IXT) plots. Then, ten PRFs, 
from RRF0 to PRF90 with 10% increment in iso-octane mass fraction, were investigated and compared in a 
heavy-duty Diesel engine operating at the conventional high-temperature, short-ignition delay (HTSID) condi-
tion. The injection timing was altered from − 5 to − 13 ◦ ATDC to optimize the combustion phase and engine 
performance for different fuels. The results showed that PRF70 exhibited the best performance at the tested 
condition, which reduced the soot mass to 5% of the baseline value without sacrificing fuel efficiency.   

1. Introduction 

Compression ignition (CI) engines will continue to play a dominant 
role in heavy-duty applications due to their high fuel efficiency and 
power density advantages. The primary development of today’s CI en-
gine aims to meet the strict legislative regulations for nitrogen oxide 
(NOx) and soot without using costly and complex after-treatment sys-
tems, which has challenged the efforts of many researchers over the past 
decades [1–4]. A dual fuel engine combustion technology known as 
reactivity controlled compression ignition (RCCI) has been widely 
proven to be a promising concept to reduce pollutant emissions while 
keeping competitive or even favorable engine efficiency compared to 
conventional CI engines [4–6]. It is implemented by an in-cylinder fuel 
blending with at least two fuels with different reactivity: the low reac-
tivity fuel is injected into the intake port to create a well-mixed charge 

while the high reactivity fuel is directly injected into the cylinder before 
ignition of the premixed fuel [4,7], which, however, results in two in-
jection systems, two refueling actions, higher costs and worse 
packaging. 

An attractive alternative to overcome the aforementioned issues is 
using a pre-blended fuel tailoring the physical and chemical properties 
injected through a single direct injection system. Extensive studies were 
conducted to explore the potential of such technology: In [8], experi-
ments using Diesel, gasoline-Diesel blends of 20% and 40% gasoline 
mass fraction, showed that the lower auto-ignition quality of gasoline 
could improve fuel–air mixing before the onset of combustion and 
significantly suppress the soot formation. In [9], five gasoline-Diesel 
blends with gasoline volume ratio varying from 20% to 60% were 
tested, and the results confirmed that a high gasoline fraction was 
effective in reducing the nitrogen oxides (NOx) and smoke emissions 
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simultaneously at the optimum combustion phase without giving sig-
nificant penalty of fuel consumption. A novel concept, termed as Gas-
oline Compression Ignition (GCI), was also put forward by Kalghatgi in 
[10], where fuels in the gasoline auto-ignition quality range are used in 
CI engines to increase ignition and mixing times, mitigating emissions 
typically generated in conventional Diesel engines [11–13]. There have 
been many studies on seeking the ideal fuel research octane number 
(RON) range for GCI engine [14–16]. In [14], four gasoline fuels (RON 
= 72, 78, 84, 91) were tested in a single-cylinder light-duty engine with 
a compression ratio of 16, and it was found that the optimum fuel should 
have a RON span from 75 to 85. In [15], an experimental study on a 
heavy-duty engine suggested the optimum RON for GCI to be in the 
range of 70. Primary reference fuel (PRF), a bi-component mixture of 
n–heptane and iso-octane, is widely used to study the effects of fuel auto- 
ignition quality on engine combustion and emission characteristics due 
to its simplicity and flexibility of adjusting octane number from Diesel- 
like to gasoline-like fuels compared to the more complex surrogate fuels 
(e.g. TRF) [16].The studies in [17,18] showed that the combustion and 
emission characteristics of actual fuel could be accurately reproduced by 
PRF. In [16], four PRFs (PRF60, PRF70, PRF80, PRF90) were used to 
enable a flexible adjustment of fuel RON for the GCI engine operation, 
and the obtained results further underlined the role of fuel reactivity in 
CI engine combustion and pollutant formation processes. 

However, most of the studies were conducted either in the Diesel-like 
or the gasoline-like fuel ranges, while a more comprehensive and in- 
depth understanding of how fuel RON affects the combustion and 
emission formation processes is becoming essential for the continuous 
development and successful commercial implementation of the pre- 
blended dual-fuel technology. This has been at the forefront of engine 
research and requires not only experimental efforts in optically acces-
sible rigs [19,20], but also predictive and robust computational fluid 
dynamics tools to gain more insight into the complex multi-scale physics 
and chemistry of turbulent spray flames with fuels having widely 
different reactivity properties. In particular, the combustion model must 
be able to capture subtle influences of fuel composition on combustion 
and pollutants formation processes. Such demand has attracted a lot of 
attentions on the development of combustion model based on detailed 
chemistry and turbulence-chemistry interaction in the last decades, 
including representative interactive flamelet (RIF)[21]22, transport 
probability density function (TPDF)[23]. These approaches are flexible 
with respect to fuels, mechanisms, and operating conditions, but with a 
consequence of high computational costs. A possible alternative to 
reduce CPU time can be represented by tabulated kinetics, which in-
cludes realistic chemistry by means of pre-tabulated solutions based on 
assumed flame structures [24–27] and parameterizes the thermo- 
chemical evolution in the composition and temperature spaces by a 
reduced set of variables [28]. Regarding the turbulent spray modeling, a 
set of models falling into such technique were compared in [29,30], 
including tabulated well-mixed model (TWM), tabulated representative 
flamelet interactive model (TRIF), tabulated presumed PDF approach 
(TPPDF), and the tabulated flamelet progress variable approach (TFPV). 
The results proved that the TFPV model based on approximated diffu-
sion flamelets [31–33] performs better in the description of spray flames 
due to the consideration of turbulence-chemistry interaction and local 
distribution of scalar dissipation rate, which has also been comprehen-
sively validated by authors in the modeling of spray flames with single 
and double injections [34,35], as well as light- and heavy-duty Diesel 
engines [29,36,37]. 

The purpose of this work is to comprehensively investigate the 
combustion and emission characteristics of fuels having widely different 
auto-ignition qualities in both transient high-pressure spray flames and a 
heavy-duty Diesel engine. Non-reacting spray in a high-pressure high- 
temperature vessel using specifications from the Engine Combustion 
Network (ECN) [38] was first simulated to validate the accuracy of the 
computational setups. The computed ignition delays and lift-off lengths 
were then compared with experiments [39,40] to evaluate the capability 

of the TFPV approach in capturing the effects of fuel reactivity. 
Following the successful validation of numerical models, the ignition 
behavior, the temporal and spatial characteristics of the flame structure, 
and soot formation were thoroughly studied and compared for five PRFs, 
from PRF0 (n–heptane) to PRF80 (20% n–heptane, 80% iso-octane). 
Then, the engine experimental data in [41], including pressure, 
apparent heat release rate, soot and NOx emissions, was used to validate 
the chosen combustion and emission models. Ten PRFs, from RRF0 to 
PRF90 with 10% increment in iso-octane mass fraction, were tested at a 
high-temperature, short-ignition delay operating condition. Different 
start of injection (SOI) ranging from − 5 to − 13 ◦ ATDC was tested to 
maintain an optimal combustion phase for different fuels, especially 
avoid too delayed auto-ignition when lowering the fuel reactivity. The 
engine efficiency, NOx and soot emissions were investigated and 
compared to comprehensively understand the effects of fuel auto- 
ignition quality and find the optimum fuel for CI engines. 

2. Combustion and emission models 

2.1. Tabulated flamelet progress variable 

The main purpose of the TFPV model is to provide a realistic 
description of turbulent diffusion flames with an affordable computa-
tional cost. Owing to the use of progress variable and scalar dissipation 
rate, it takes into account turbulence-chemistry interaction, sub-grid 
mixing, premixed flame propagation, and gives correct predictions of 
extinction, re-ignition and flame stabilization processes. The operation 
of the TFPV model is generally divided into two parts: the generation of 
offline TFPV table and the coupling between CFD solver and look-up 
table. 

2.1.1. TFPV table 
Fig. 1 summarizes the generation of TFPV table. A range of unburned 

temperature, pressure, stoichiometric scalar dissipation rate are pro-
vided for the unsteady diffusion flame calculations in the mixture frac-
tion space [42,32,33] by means of solving approximated flamelet 
equations for the progress variable and the enthalpy, which are formu-
lated based on unity Lewis number assumption [21]: 

ρ ∂C
∂t

= ρ χz

2
∂2C
∂Z2 + Ċ (1)  

ρ ∂h
∂t

= ρ χz

2
∂2h
∂Z2 +

∂p
∂t

(2)  

Fig. 1. Generation of TFPV chemistry table.  
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where C is the progress variable, defined as the heat released by com-
bustion [42], and its source term Ċ is taken from the chemistry table 
generated from the constant pressure homogeneous reactor calculations 
[29,36]. The function form of the dependence of scalar dissipation rate 
χz on mixture fraction Z in the flamelet is typically represented by an 
error function profile [43]: 

χ = χst

exp
(
− 2
⃒
⃒erfc− 1( 2Z

)⃒
⃒2
)

exp
(
− 2
⃒
⃒erfc− 1( 2Zst

)⃒
⃒2
) (3) 

At each time step, the progress variable C(Z, t) and the chemical 
compositions in terms of the virtual species Yi,v(Z, t) (N2,O2 fuel,CO2,CO,

H2O, H2), whose mass fractions are computed to preserve the main 
thermochemical properties of the full set of species involved in the 
specified mechanism [30,44], can be estimated for the prescribed values 
of Z. The mixture fraction variance Z̃′′2 is computed from user-specified 
mixture fraction segregation factors: 

SZ =
Z̃′′2

Z(1 − Z)
(4) 

The results of flamelet calculations are then processed to account for 
sub-grid mixing by virtue of assuming β-PDF distribution for both 
progress variable and chemical compositions: 

Ỹi

(

Z, Z̃′′2

)

=

∫ 1

0
Y
(

Z
)

β
(

Z, Z̃′′2

)

dZ (5)  

C̃
(

Z, Z̃′′2

)

=

∫ 1

0
C
(

Z
)

β
(

Z, Z̃′′2

)

dZ (6) 

At the end of any diffusion flame calculation, for all values of Z and 
Z̃′′2, the progress variable is normalized with respect to the min–max 
values encountered in each flame calculation, and its reaction rate is 
estimated according to: 

ċi =
ci+1 − ci

ti+1 − ti
(7)  

where the c is the normalized progress variable. Assuming δ-PDF dis-
tribution for chemical species in progress variable space, the computed 
data are then interpolated for the discrete values of c to generate the 
chemistry table. 

2.1.2. CFD solver 
Fig. 2 presents the operation principle of TFPV combustion model, 

illustrating the mutual interaction between CFD solver and lookup table. 
In the CFD domain, additional transport equations need to be solved for 
mixture fraction Z, mixture fraction variance Z̃′′2, progress variable C, 
unburned gas enthalpy hu, and stoichiometric scalar dissipation rate χst . 

The spray evaporation effects ṠZ are considered in the mixture fraction 
equation: 

∂ρZ̃
∂t

+∇

(

ρŨZ̃

)

− ∇

(
μ̃t

Sct
∇Z̃

)

= ṠZ (8) 

Assuming the sub-grid distribution of mixture fraction can be rep-
resented by β-PDF, its variance equation needs to be solved: 

ρZ̃′′2

∂t
+∇

(

ρŨZ̃′′2

)

− ∇

(
μ̃t

Sc
Z̃′′2

∇Z̃′′2

)

= 2
μ̃t

Sc
Z̃′′2

⃒
⃒
⃒∇Z̃

⃒
⃒
⃒

2
− ρχ̃ (9)  

where χ̃ is the average scalar dissipation rate, being a function of tur-
bulent time scale and mixture fraction variance: 

χ̃ = Cχ
ε̃
k
Z̃′′2 (10) 

The transport equations of the progress variable and the unburned 
gas enthalpy hu that is then used to estimate the unburned gas temper-
ature Tu are solved as following: 

∂ρC̃
∂t

+∇

(

ρŨC̃

)

− ∇

(
μ̃t

Sct
∇C̃

)

= ρĊ (11)  

∂ρh̃u

∂t
+∇

(

ρŨh̃u

)

− ∇

(

α̃t∇h̃u

)

= Q̇s +
ρ
ρu

⋅
Dp
Dt

(12)  

where the source term in the progress variable transport equation (Eq. 
(11)) is taken from the TFPV table. In Eq. (12), αt is the turbulent 
thermal diffusivity and ρu is the density of unburned gases which is 
computed from local cell pressure, chemical compositions at c = 0 and 
Tu. Q̇s is the source term related to spray evaporation. The Hellstrom 
formulation [21] is used to compute the stoichiometric scalar dissipa-
tion rate χst : 

χst =
χ̃

∫ 1
0

ferfc(Z)
ferfc(Zst)

P̃

(

Z

)

dZ
(13)  

where ferfc has an erfc-profile and P̃(Z) is a β-PDF function, whose pa-
rameters depend on mixture fraction and mixture fraction variance. The 
local cell values of Z, Z̃′′2,C, p,Tu and χst are then used to access the TFPV 
table, which provides the chemical compositions and the progress var-
iable reaction rate to the CFD solver by performing an inverse, distance 
weighted interpolation. It should be highlighted that the progress vari-
able C generated from the cool-flame in rich mixtures is very high, and it 
could be transported to the lean or stoichiometric region by diffusion 
and convection. Such high values of C could ignite the lean or stoi-
chiometric mixtures almost instantly, leading to a very advanced auto- 
ignition event. To overcome this, reaction rates are set to zero in the 
regions where two-stage ignition does not happen (approximately 
ϕ > 3). 

2.2. NOx emissions 

Concerning the NOx prediction, a tabulated approach on the basis of 
homogeneous reactor was developed and an additional transport 
equation was solved: 

∂ρỸNOx

∂t
+∇

(

ρŨỸNOx

)

− ∇

(
μ̃t

Sct
∇ỸNOx

)

= ω̇NOx (14)  

where the ω̇NOx is the formation rate of NOx, and YNOx is defined as: 

YNOx = YNO +YNO2 + YN2O + YN2O2 (15) 
Fig. 2. Operation of combustion models based on tabulated kinetics.  
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The homogeneous reactor calculations are performed until YNOx 

reaches equilibrium value, which happens much later than combustion 
since the time-scales of NOx formation are longer than those governing 
fuel oxidation (Fig. 3). To this end, the NOx formation rate cannot be 
expressed only as a function of the main thermodynamic conditions and 
progress variable and a new progress variable is necessary to be 
introduced: 

cNOx =
YNOx

Yeq,NOx

(16)  

where Yeq,NOx is the maximum YNOx value evaluated at the end of reactor 
calculations. It is stored in the table as function of the initial thermo-
dynamic conditions (p,Tu,Z, EGR (Exhaust gas recirculation)). The 
normalized progress variable reaction rate ċNOx can be evaluated as 
function of:  

1. normalized combustion progress variable: 

ċNOx ,1 =
cNOx (ci+1) − cNOx (ci)

t(ci+1) − t(ci)
(17)    

2. normalized NOx progress variable: 

ċNOx ,2 =
cNOx ,i+1 − cNOx ,i

t
(
cNOx ,i+1

)
− t
(
cNOx ,i

) (18)   

The source term of Eq. (14) is then computed as: 

ω̇NOx = ρYeq,NOx ċNOx ,1 if c < c (19)  

ω̇NOx = ρYeq,NOx ċNOx ,2 if c⩾c (20)  

where c is a threshold value which is set to 0.99. The sensitivity of the 
computed NOx values from c is low, provided that a sufficiently high 
value is selected (c > 0.5). The use of two normalized progress variables 
makes it possible to distinguish prompt and thermal NOx by associating 
the NOx formation with ignition progress (prompt NOx) and afterwards 
(thermal NOx). Therefore, with such technique, both prompt and ther-
mal NOx concentrations are possible to be estimated when suitable NOx 
kinetic mechanisms are included. 

2.3. Soot model 

The Leung-Lindstedt-Jones (LLJ) semi-empirical model [45] was 

employed to estimate soot emissions. Transport equations for soot par-
ticle number density Np and volume fraction fv are solved in the CFD 
domain, with source terms related to nucleation, coagulation, surface 
growth and oxidation processes as follows: 

ω̇Np = ω̇inc − ω̇coag (21)  

ω̇fv = ω̇inc + ω̇grow − ω̇oxi,O2 − ω̇oxi,OH − ω̇oxi,O (22) 

Inception and surface growth source term (ω̇inc and ω̇grow) depend 
linearly on the soot precursor - acetylene (C2H2) concentration, calcu-
lated by assuming the following reaction steps:  

• Inception: C2H2→2C(s) + H2  
• Surface growth: C2H2 + nC(s)→(n + 2)C(s) + H2 

The soot surface growth rate is assumed to be proportional to the 
square root of the specific surface area in the present work, following 
[45]. In such a way, the reduced reactivity of soot particles over time can 
be taken into account. Coagulation of soot particles (ω̇coag) presented in 
the source term of the number density equation is modeled using the 
normal square dependence. Soot oxidation from O2,OH and O are 
considered in the source term of the volume fraction fv equation. 

3. Diesel-like spray combustion vessel 

Experiments conducted in the CMT combustion vessel, where the 
Diesel-like conditions (high temperature and high pressure) can be 
reached and optical techniques including high-speed Schlieren and time- 
averaged OH* chemiluminescence are available [20,46,40], were used 
for the validation and analysis. The fuels were delivered by a single-hole 
Spray A injector (# 210675) within the Engine Combustion Network 
(ECN) [38], an international collaboration among different research 
laboratories. Different blends of n–heptane and iso-octane were tested 
and the injection duration was kept at 3.5 ms. Simulations were con-
ducted for five blends (PRF0, PRF20, PRF40, PRF60, PRF80) at the 
baseline condition using the Lib-ICE code, a set of solvers and libraries 
for IC engine modeling developed under the OpenFOAM technology 
[47–49]. 

Simulations were performed in a 3D mesh, representing the entire 
domain of the CMT combustion vessel. The cross-section view of the 
computational mesh is shown in Fig. 4, where the red arrow depicts the 
injection direction. The mesh structure is similar to what is generally 
employed in practical IC engine simulations [44,37]: the grid is refined 
in the vicinity of injector and its resolution progressively decreases when 
moving downstream of the injector and the combustion vessel walls to 
reduce the computational time, having about 0.4 million cells with a 
minimum size of 0.2 mm. The applied turbulence and spray sub-models 

Fig. 3. Evolution in time of normalized progress variable and normalized NOx 
for an auto-ignition event in a constant-pressure reactor. Fig. 4. Cross-section of computational domain.  
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are summarized in Table 1. For the assessment of the choices of mesh 
size, turbulence and spray sub-models, a non-reacting case was first 
considered for PRF0 at baseline Spray A condition. The computed liquid 
and vapor penetrations are compared with measured data in Fig. 5, 
where the computed liquid length is obtained by projected liquid vol-
ume (PLV) approach [50,51]: a Eulerian liquid volume fraction field is 
generated from the projection of Lagrangian liquid spray, and the liquid 
penetration is defined by threshold values of 2e-6 and 2e-7. It is possible 
to see that the liquid length computed from a higher threshold value 
agrees better with the measured data. This might be attributed to the 
neglect of the atomization process, which leads to slower evaporation 
and faster liquid penetration due to the larger droplet size. The inclusion 
of atomization sub-model might improve the prediction, which is of 
great interest for future investigation. The computed vapor penetration 
evidences a rather good agreement with experiments, which is a pre-
requisite for proceeding to combustion simulations and further valida-
tion of the numerical setup was reported in [35]. 

A 156-species, 3370-reaction mechanisms proposed by Frassoldati 
et al. [52–54] was used to model the oxidation of PRFs, whose validity 
was comprehensively assessed in [52], considering the predictions of 
ignition delay times for stoichiometric fuel/air mixture of a gasoline 
surrogate (ternary mixture of iso-octane, n–heptane and toluene) at 15 
and 50 bar, as well as the laminar flame speeds for neat iso-octane, 
n–heptane, toluene and a ternary mixture at 298 and 358 K. Specific 
tables were generated for each fuel blend. Table 2 reports the details of 
table discretization: 33 points were used to discretize the mixture frac-
tion space and seven stoichiometric scalar dissipation rates were chosen, 
following a logarithmic curve. Such discretization represents a good 
compromise between accuracy and computational costs, and any further 
increase in table resolution does not significantly improve the results. 
The ignition delay and lift-off length are chosen as two combustion in-
dicators for the validation of the TFPV approach, which are defined 
according to the suggestions from ECN: ignition delay is computed as the 
time from the start of injection to the time where the rising rate of 
maximum temperature reaches the highest value; lift-off length is 
identified as the axial distance from the injector orifice to the first 
location where the OH mass fraction reaches 14% of its maximum value 
in CFD domain. The computed and measured ignition delay and lift-off 
length are compared in Fig. 6, which indicates that the numerical 
models correctly predict the trend of the ignition delay and lift-off length 
as a function of PRF number, including: 1. a gradual increase of ignition 
delay and lift-off length with the increase of PRF number from PRF0 to 
PRF60; 2. a significant increase in the slope when changing from PRF60 
to PRF80. It demonstrates that the current computational setup could 
correctly predict the increase of premixed combustion portion and 
proves its reliability and validity of providing an in-depth analysis of 
combustion and soot formation characteristics for these five operating 
points. Not to be ignored, the ignition delay is over-predicted in simu-
lations. However, it might be related to the description of the mixing 
process rather than the combustion model. In particular, neglecting the 
atomization process could lead to slower evaporation and fuel–air 
mixing, as well as a subsequent longer ignition delay. The underesti-
mation of lift-off length can also be observed, which might be explained 
by the diffusion of progress variable, which could facilitate the 

combustion in the upstream of the spray jet and make the flame stabilize 
more upstream. More efforts will be dedicated to overcome this issue. 

3.1. Combustion characteristics 

In the following discussion, the analysis technique of integrated plots 
is thoroughly used to study temporal and spatial features of the flame 
structure and soot characteristics. Such technique has been widely used 
in both experimental and numerical Diesel spray studies [55] [56] [35], 
known as intensity-axial distance-time (IXT) plot. CFD information 
being relevant to the combustion and emission features, such as hy-
droxyl (OH), formaldehyde (CH2O), and acetylene (C2H2) mass frac-
tions, soot volume fraction are integrated along the symmetry axis in 
present work, according to: 

Table 1 
Computational setup.   

Models 

Turbulence Standard k − ε (C1 = 1.50)  
Spray evolution Eulerian–Lagrangian 
Injection distribution Rosin–Rammler 
Spray breakup Reitz-Diwakar 
Droplet evaporation D2 law & Spalding mass number 
Droplet heat transfer Ranz-Marshall 
Collision None  

Fig. 5. Computed and measured liquid and vapor penetrations.  

Table 2 
Chemistry table discretization.  

Temperature [K] 800, 850, 900, 950, 1000 

Pressure [bar] 50, 60, 70 
Equivalence ratio 0–0.7: step 0.1  

0.7–1.4: step 0.05  
1.4–2: step 0.1  
2–3: step 0.2 

mixture fraction segregation 0, 0.001, 0.005, 0.01, 0.05, 0.1, 1 
Scalar dissipation rate χst [s

− 1]  0, 1, 3, 7, 20, 55, 100  

Fig. 6. Comparison between measured and computed ignition delay and lift-off 
length as a function of PRF number at baseline condition. 
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I
(

x, t
)

=

∫ R

0
I
(

x, r, t
)

dr (23)  

where I is the intensity (mass fraction), x is the axial direction, r is the 
radial direction, and R is the radial limit. Following this approach, the 
OH and CH2O mass fractions, the indicators for low- and high- 
temperature combustion, are integrated, normalized and plotted 
against the time after the start of injection and axial distance in the 
upper panel of Fig. 7, directly compared with the apparent heat release 
rate (AHRR) displayed in the lower part. The filled and dashed contours 
represent the OH and CH2O IXT plots, respectively, and their outer 
borders are illustrated by white solid and dashed lines accordingly. 
Various combustion features, such as ignition, flame lift-off, combustion 
recession, flame tip, and burn out, are exhibited in Fig. 7 (a), which 
clearly describes the entire combustion event for PRF0:  

1. The first-stage ignition starts with the initial appearance of CH2O, 
which is further formed during the progression of the cool-flame 
event. Then, high-temperature ignition results in a consumption of 
previously produced CH2O and a formation of OH, followed by an 
intense peak in AHRR; 

2. Mixing controlled combustion takes place, where the flame is sta-
bilized at the lift-off location and AHRR reaches an almost stable 
value;  

3. The near-nozzle mixtures instantly undergoes a low-temperature 
oxidation after the end-of-injection (EOI), accompanied by the 
high-temperature combustion recession, where the lifted flame 
propagates back towards the injector nozzle, leading to the presence 
of two small bumps in the AHRR curve. 

All these characterizations can also apply to the PRF20 case (Fig. 7 
(b)), demonstrating that a slight increase in fuel RON does not signifi-
cantly change the structures of a turbulent Diesel spray flame. For the 
remaining higher RON cases (Fig. 7(c-e)), the combustion recession, 
which is relevant to fuel, ambient conditions, and the EOI transient [57], 
is less evident or even absent. Particularly in the case of PRF80 (Fig. 7 
(e)), the flame stabilizes relatively further downstream, and the 
entrainment wave generated after the EOI rapidly over leans the near- 
nozzle mixtures, making it incapable of second-stage ignition, which 
leaves a large region of partially oxidized mixture upstream. This could 
contribute to the unburned hydrocarbon (UHC) and CO emissions, 
indicated by a lower combustion efficiency in Table 3, which reports the 
energy allocation for different fuels at 5 ms. The combustion efficiency is 
defined as the ratio between the cumulative heat release and the total 
input energy (injected mass * fuel lower heating value). Such observation 
confirms the findings in [16] that more UHC emissions were produced in 
the GCI engine using PRF90 and suggests to support the combustion 
recession in the GCI engine, which needs a proper modulation of in-
jection to control the EOI entrainment transient in the jet. Note that the 
conventional Diesel injection strategies are not appropriate to be 
directly applied to the GCI engine, as they are generally designed to 
suppress the combustion recession to reduce soot emission, which will 
be discussed in Fig. 11. 

Regarding the change of ignition behavior during the transition from 
Diesel-like (PRF0) to gasoline-like (PRF80) fuels, we can mention the 
increased high-temperature ignition delay and the more vigorous AHRR 
peak owing to the higher amount of premixed charge as reported in 
Table 3. It highlights that the premixed portion of cumulative heat 
release rate increases by a factor of 3.5 when changing from PRF0 to 
PRF80, particularly 21.39% of fuel is burned in premixed conditions in 
the PRF80 case. For what concerns the steady-state burning phase, it is 
possible to see that the lift-off length, determined by the co-dependency 
of mixing and chemistry, increases non-linearly with the iso-octane 
content, as also observed in experiments (Fig. 6). Such change could 
enhance the quantity of air entrained into the spray prior to the lifted 
flame, and in turn, increase the oxygen entered in the central rich 

reaction zone that appears just downstream of the flame stabilized 
location [58]. It explains why the faster depletion of CH2O and the more 
intensified high-temperature combustion occur during the steady-state 
burning phase when shifting from PRF0 to PRF80 (in Fig. 7). 

Fig. 8 compares the distributions of progress variable source term, 
namely the reaction rate, for PRF0, PRF40, and PRF80 in the steady- 
state burning phase (3.3 ms). The high-temperature reaction zones, 
defined by the threshold value of 2% maximum OH mass fraction, are 
indicated by solid red lines, and the white ones depict the premixed 
regions, which is identified by the flame index (FI) [59,60]: 

FI =
∇YFu⋅∇YOx

|∇YFu⋅∇YOx |
(24)  

here, the subscripts Fu and Ox refer to the fuel and oxidizer components, 
calculated follow [61]: YFu = YIC8H18 +YNC7H16 +YCO +YH2 and YOx =

YO2 + YO. The flame index is negative when combustion is in the 
diffusion-flame mode, while it is positive in the premixed region. PRF0, 
PRF40, and PRF80 have similar flame structure: rich premixed zone near 
the injector with a very intense reaction just downstream. Then, the 
flame develops and stabilizes in a diffusion manner, having small 
pockets of lean premixed high-temperature reaction in the spray pe-
riphery. In the PRF80 case, a larger premixed high-temperature com-
bustion appears right after the very intense reaction. This is probably 
due to the high air entrainment and low scalar dissipation rate around 
the lift-off location, which promotes the high-temperature oxidation of 
local premixed charge to take place. 

3.2. Sooting characteristics 

Reducing the soot emission is the primary goal of increasing the fuel 
RON in CI engines, which needs an in-depth understanding of how the 
changes in chemistry and mixing introduced by such a shift of fuel 
contents affect the soot formation and distribution. A study on that will 
be presented in this section using the Leung-Lindstedt and Jones (LLJ) 
model, whose constants were tuned and validated in [35]. Fig. 9 com-
pares the computed soot mass for different PRFs, and the data are 
normalized with respect to the maximum value of the PRF0 case. It is 
possible to see that the quasi-steady value of soot mass does not 
monotonically decrease with the fuel RON, and two main observations 
can be made: 1. the amount of soot is significantly reduced from PRF40 
to PRF80; 2. the highest soot mass is presented in PRF20, and from PRF0 
to PRF40, the soot trend is PRF0 < PRF40 < PRF20. 

Regarding the first point, a possible explanation could be found in 
Fig. 10, where the soot mass is normalized with respect to the maximum 
value of each fuel and colored in the equivalence ratio-temperature plot 
at three instants, representing the initial, growth and steady states. The 
black lines depict the bound of equivalence ratio and temperature in the 
computational domain. Comparing the soot evolution for PRF40 (Fig. 10 
(b)) and PRF80 (Fig. 10(c)), it is quite clear that the soot mitigation is 
achieved by enhanced mixing, owing to the higher lifted flame. In 
particular, the maximum equivalence ratio in PRF80 is about 1.6, which 
is not an ideal condition for soot formation. Such an impact is less 
pronounced when shifting from PRF0 to PRF40, since the presence of a 
sufficiently rich mixture could still favor the production of soot. Besides, 
an increase in temperature from PRF0 (Fig. 10 (a)) to PRF40 (Fig. 10(b)) 
could even promote nucleation of soot precursors and surface growth of 
soot particles. This might be a possible elucidation for the second 
observation in Fig. 9. To deepen the exploration and understanding of 
this point, the integrated soot volume fraction (SVF) and C2H2 mass 
fraction, the soot-precursor, are overlaid in Fig. 11, displayed by filled 
contours and hatched patterns, respectively. For better visualization, 
data are normalized according to the maximum values encountered in 
each chart. The maximum values of SVF are then plotted in Fig. 12 to 
give a quantitative assessment and comparison of soot formation char-
acteristics for different fuels. The bounds of Inormalized,OH = 0.02 and 
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Fig. 7. AHRR and IXT plots of CH2O (dashed contour lines) and OH for different fuels: (a) PRF0, (b) PRF20, (c) PRF40, (d) PRF60, (e) PRF80. Data are normalized 
according to the min–max values encountered in each chart. White solid and dashed lines represent Inormalized,OH = 0.02 and Inormalized,CH2O = 0.02, respectively. Various 
features are indicated in (a): low and high temperature ignition are identified by blue lines; low and high combustion recession are shown in green circles. 
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Inormalized,CH2O = 0.02 are also presented using solid black and red lines, 
respectively, to describe the connection between combustion and soot 
formation features. From PRF0 to PRF40, the highest SVF intensity ap-
pears shortly after the ignition event and slightly downstream of the 
ignition location, where the CH2O formed during the entire cool-flame 
phase abruptly depletes and produces a high amount of C2H2 and soot 
due to the lack of oxidation. However, this does not apply to PRF60 and 
PRF80, where enhanced fuel–air mixing at the onset of combustion does 
not favor the formation of soot, and the SVF intensity in the central rich 
region of spray increases gradually over time as a consequence of the 
reduction of lift-off length. In Fig. 11 (a), soot recession and first-soot 
distance, defined as the distance from the injector to the first sooting 
region, are marked. Comparisons and observations can be made for 
different fuels considering these two aspects:  

• First-soot distance: In Fig. 11, it is possible to see that PRF80 has the 
highest first-soot location, while the longest distance between lift-off 
and first soot-forming region occurs in PRF0. This distance, together 
with the jet velocity, is the evidence to estimate the approximate soot 
inception time, which depends on fuel sooting-propensity and 
operating conditions [62]. Table 4 summarizes the lift-off length, 
first-soot distance, and soot inception time calculated based on the 
spray velocity along the centerline. The soot inception time increases 
with the fuel RON when moving from PRF40 to PRF80. However, 
from PRF0 to PRF40, the trend appears as PRF0 > PRF40 > PRF20. It 
is noteworthy that such trend can well represent the change of soot 
mass with fuel content shown in Fig. 9: a short soot inception time 
indicates a high sooting propensity, and consequently, an increased 
amount of soot. From the modeling perspective, owing to the 
simplicity of the soot model, the soot inception time depends on the 
C2H2 concentration and the local temperature at the lift-off location, 
where a vigorous high-temperature reaction occurs. Shifting from 
PRF0 to PRF20, a higher amount of CH2O is formed prior to the flame 
stabilized location as a consequence of elongated cool-flame dura-
tion, indicated by the longer distance between the lower edge of 
Inormalized,OH = 0.02 and Inormalized,CH2O = 0.02, which could facilitate 
the production of heat and the formation of C2H2 at the lift-off 
location, and in turn, reduce the soot inception time.  

• Soot recession: from PRF0 to PRF40, the mixture upstream of the 
lifted flame remains still fuel-rich after the EOI entrainment wave 
and is sufficient to promote the second-stage combustion and soot 
formation, resulting in a recession event and a bump in soot mass 
(Fig. 9) prior to the ramp-down phase. This could be overcome by 
enhancing the air entrainment upstream of the lift-off location, 
which could be achieved either by inducing a strong EOI transient as 
mentioned in Fig. 7 or moving the lifted flame further downstream. 
The second potential consideration has been proven in Fig. 11 (d) 
and (e), where soot recession does not take place due to the high lift- 
off location and the consequent enhancement of mixing. 

4. Heavy-Duty CI engine 

The Sandia optical engine, a single-cylinder, direct-injection (DI), 4- 
stroke Diesel engine based on a Cummins N-series production, was used 
in this investigation. Details of the piston bowl geometry are shown in 
Fig. 13, and the specifications of the engine are summarized in Table 5. 
A more complete description of the engine is available in [63,41]. The 
spray-oriented mesh was automatically generated using the algorithms 
presented in [49] to represent a 1/8 sector of the combustion chamber as 
illustrated in Fig. 13. The mesh has 49010 cells at IVC which are reduced 
to 12194 at TDC owing to the use of dynamic layering technique during 
mesh motion [49]. Simulations start at IVC with a flow field imposed by 
assuming a wheel-flow velocity profile whose intensity is proportional 
to the swirl number measured at the flow bench under steady-state flow 
conditions. Three different operating conditions were selected from [41] 

Table 3 
Energy allocation for different fuels at 5 ms.  

Fuel Total 
energy 

Cumulative 
HRR 

Combustion 
efficiency 

Premixed 
HRR 

Premixed 
portion 

PRF0 368.2 J 355.6 J 96.58% 22.2 J 6.24% 
PRF20 367.8 J 355.5 J 96.66% 26.1 J 7.24% 
PRF40 367.3 J 354.9 J 96.62% 32.3 J 9.10% 
PRF60 366.9 J 353.8 J 96.43% 44.8 J 12.66% 
PRF80 366.4 J 347.3 J 94.79% 74.3 J 21.39%  

Fig. 8. Progress variable source term distributions for PRF0, PRF40, and PRF80 
at t = 3.3 ms. The premixed zones (FI > 0) are identified by white solid lines, 
while the high-temperature zones, where the OH mass fraction reaches 2% of its 
maximum value red solid lines are indicated by red solid lines. 

Fig. 9. Computed soot mass for different PRFs. Values are normalized with 
respect to the maximum value of PRF0. 
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to first validate the TFPV model in practical engine combustion 
modeling. Details of these operating conditions are reported in Table 6. 
The first condition, HTSID (High-T, Short-ID), is typical of conventional 
diesel combustion, with a short ignition delay, while the two remaining 
points, LTEInj and LTLInj, are characterized as LTC operating conditions 
with early and late injection timings, respectively. N–heptane was used 
to represent the auto-ignition behavior of diesel. The injected mass was 
corrected according to their difference in lower heating value (LHV) to 
keep the total input energy identical with experiments, but preserving 
the same injection duration and adjusting the area contraction coeffi-
cient to maintain the same spray momentum. Two chemistry tables were 
generated according to the chemical compositions at IVC. Details of the 
table discretization are presented in Table 7, similar as the one for 
combustion vessel simulations (Table 2). Large temperature and pres-
sure ranges were considered to take into account all the expected ther-
modynamic states encountered in IC engine simulations. Such choice of 
chemistry table discretization has been comprehensively validated and 
assessed in [37,36,29], which is a good compromise between accuracy 
and table size, and further refinement of the table resolution does not 

show any improvement in the results. Note that the unsteady diffusion 
flamelet calculations were performed only within a 750–1200 K tem-
perature range to reduce the computational cost, and tables were later 
extended to 400 K with values from homogeneous reactor chemistry 
tables. 

Fig. 14(a)–(c) report the comparison between the computed and 
measured in-cylinder pressure and AHRR for all these three conditions, 
showing rather good agreement between simulations and experiments. 
A slight overestimation of ignition delay could be attributed to two as-
pects: first, the spray sub-models that the neglect of atomization process 
could lead to longer ignition delays as discussed in Fig. 6; second, the 
chemistry that n–heptane is used as the representative of the actual 
Diesel fuel, which is less reactive and has longer ignition delay. These 
also explain why the models over-predict the onset of soot formation and 
the appearance of the peak value in Fig. 15, which compares the 
measured and computed normalized in-cylinder soot evolution for the 
HTSID condition. Except for such discrepancy, it is possible to see that 
the critical soot formation and oxidation trends are very well described 
by the chosen models. Soot prediction was not considered in the other 

Fig. 10. Equivalence ratio-temperature plot with normalized soot mass colored at for at three instants, representing the initial, growth, and steady evolution states 
for (a) PRF0; (b) PRF40; (c) PRF80. Normalization is performed with respect to the maximum value for each PRF. 
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two LTC operating conditions due to its less evident presence. In Fig. 16, 
the NOx evolution is illustrated and compared with the measured 
engine-out values for the HTSID and LTEInj conditions, indicating that 
the tabulated NOx model could accurately predict the NOx values for 
both conventional and LTC engines. A slight underestimation of NOx 
values might be explained by the lack of turbulence-chemistry interac-
tion in the tabulated NOx model that could postpone the formation of 
NOx in the cylinder with a consequence of slightly lower engine-out NOx 
emission. Besides, its in-cylinder evolution is also correctly described: 
NOx accumulates during the combustion process and stabilizes at its 
maximum value when in-cylinder thermodynamic conditions are not 
able to promote any additional NOx formation. Further validation of this 
NOx model can be found in [29,37]. Following such satisfactory accu-
racy of pressure, AHRR, soot, and NOx predictions, a numerical co- 
optimization of fuel auto-ignition quality and injection timing was 
performed for the conventional Diesel operating condition (HTSID) 
considering ten PRFs from PRF0 to PRF90 with 10% increment in iso- 

octane mass fraction. Fuels were delivered at different SOIs, from − 5 
to − 13 ◦ ATDC, to find an optimum injection timing and make the best 
use of various fuels. The original HTSID operating condition using PRF0 
(n–heptane) and SOI = − 7 ◦ ATDC is defined as the baseline case. Results 
in terms of engine performances, soot and NOx emissions will be dis-
cussed in this section. 

4.1. Engine performance 

Fig. 17 compares the computed in-cylinder pressure and heat release 
rate for different fuels. It is possible to see that reducing the auto- 
ignition propensity by moving from Diesel-like to gasoline-like fuels 
could postpone the high-temperature ignition event and enhance the 
burning rate due to the formation of large amounts of premixed charge 
and low-temperature oxidation products before the onset of combustion. 
Such aspects could potentially arise two problems: 

Fig. 11. IXT plots of soot volume fraction (filled contours) and C2H2 (hatched patterns) for different fuels: (a) PRF0, (b) PRF20, (c) PRF40, (d) PRF60, (e) PRF80. 
Data are normalized according to the min–max values encountered in each chart. Black and red solid lines represent Inormalized,OH = 0.02 and Inormalized,CH2O = 0.02, 
respectively. 
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1. High UHC and CO emission due to the retarded combustion phase 
and overly lean mixtures, as discussed in Fig. 7, which could be 
characterized by the combustion efficiency. Fig. 18 summarizes the 
combustion efficiencies of different fuels and injection timings, 
which depicts that at the tested condition, the fuel reactivity plays a 
more dominant role in determining the combustion efficiency 
compared to the injection timing. This might be explained by that 
compared to varying the fuel RON number, ignition delay is less 
affected by changing the SOI from − 5 to − 13 ◦ ATDC, since the in- 

cylinder thermodynamic conditions do not differ too much. In 
particular, when changing from PRF80 to PRF90, a large premixed 
combustion portion resulted from a long ignition delay, together 
with a delayed combustion phase, could lead to a significant dete-
rioration of combustion efficiency, indicating high UHC and CO 
emissions, which confirms the experimental observation in [16]. An 
earlier injection timing could slightly improve the combustion effi-
ciency, which however is limited by the ringing intensity.  

2. High ringing intensity (RI) due to the rapid combustion and the 
consequent high pressure rise rate. The RI is correlated with the 
acoustic energy of the resonating pressure wave to quantify the 
propensity of the combustion to produce acoustic oscillations [64], 
which is defined as [65]: 

RI

(

MW

/

m2

)

=
1
2γ

[
β(dp/dt)max

]2

Pmax
(γRTmax)

1/2 (25)  

where β is set to 0.05 ms and γ is the specific heat ratio; Pmax and 
(dp/dt)max represent the maximum in-cylinder pressure and its rise 
rate, respectively; R is the gas constant and (γRTmax)

1/2 is the speed of 
sound at the maximum average in-cylinder temperature. The RI  = 5 
MW/m2 is used as the criterion to detect the knock occurrence and 
avoid the knocking operating regimes [64]. The computed RIs for 
different PRFs and injection timings are summarized in Fig. 19, 
illustrating the high knocking propensity when using PRF80 and 
PRF90 due to the very intensive premixed combustion and AHRR. A 
retarded injection timing could reduce the RI, but meantime 

Fig. 12. Computed maximum soot volume fraction for different PRFs. Values 
are normalized with respect to the maximum value of all PRFs. 

Table 4 
Lift-off length, first soot distance and soot inception time for different fuels.  

Fuel Lift-off length First-soot distance Soot inception time 

PRF0 15.89 mm 33.96 mm 164 μs  
PRF20 19.42 mm 33.27 mm 149 μs  
PRF40 20.28 mm 34.23 mm 159 μs  
PRF60 23.96 mm 38.00 mm 193 μs  
PRF80 34.20 mm 49.16 mm 286 μs   

Fig. 13. Computational mesh of the Sandia optical engine.  

Table 5 
Engine specifications for simulations.  

Description Specification 

Stroke 152.4 mm 
Bore 139.7 mm 
Connecting rod 304.8 mm 
Compression ratio 16:1 
Nozzle diameter 0.196 mm 
Number of holes 8 
Injection angle 152 deg 
Exhaust Valve Open (EVO) 124 deg 
Inlet Valve Close (IVC) − 165 deg 
Swirl ratio 0.5  

Table 6 
Engine operating conditions.   

High-T, Short-ID 
(HTSID) 

Low-T, Early-Inj. 
(LTEInj) 

Low-T, Late-Inj. 
(LTLInj) 

Speed 1200 rpm 1200 rpm 1200 rpm 
IMEP 4.4 bar 3.9 bar 4.1 bar 
Pinj 233 kPa 214 kPa 202 kPa 
Massinj 61 mg 56 mg 56 mg 
Fuel Diesel Diesel Diesel 
SOI − 7 ◦ ATDC − 22 ◦ ATDC 0 ◦ ATDC 
DOI 10 CAD 7 CAD 7 CAD 
O2 21% 12.7% 12.7%  

Table 7 
Chemistry table discretization for engine simulations.  

Temperature [K] 400–1200: step 50 

Pressure [bar] 10, 30, 50, 60, 70, 80, 90 
Equivalence ratio 0–0.7: step 0.1  

0.7–1.4: step 0.05  
1.4–2: step 0.1  
2–3: step 0.2 

mixture fraction segregation 0, 0.001, 0.005, 0.01, 0.05, 0.1, 1 
Scalar dissipation rate χst [s

− 1]  0, 1, 3, 7, 20, 55, 100  
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deteriorate the combustion efficiency (Fig. 18), indicating the pres-
ence of the “trade-off” relation between knocking probability and 
combustion efficiency in premixed dominated combustion mode. 

The gross indicated efficiency (GIE) that reflects the total work 
yielded by the combustion of the fuel is reported in Fig. 20 for different 

fuels and injection timings. Two operating regimes that show compa-
rable or even superior performance to the baseline case are of interest:  

1. PRF0–PRF30 with SOI varying from − 7 to − 12 ◦ ATDC: This suggests 
that in a conventional CI engine, a reduced fuel auto-ignition quality 

Fig. 14. Comparison between experimental and computed in-cylinder pressure and apparent heat release rate profiles for different operating conditions: (a) HTSID; 
(b) LTEInj; (c) LTLInj. 

Fig. 15. Comparison between measured and computed normalized soot evo-
lution for the HTSID operating condition. 

Fig. 16. Comparison between experimental and computed NOx emissions for 
HTSID and LTEInj operating conditions. 

Fig. 17. Computed in-cylinder pressure and heat release rate for different PRFs 
with SOI = − 7 ◦ ATDC. 

Fig. 18. Computed contours of the combustion efficiency for different fuels and 
injection timings. 
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by means of blending a small amount of gasoline-like fuel, together 
with an earlier injection timing to maintain the optimum combustion 
phase, could preserve the intrinsic high GIE and have the possibility 
to reduce the soot emissions, which will be discussed in Fig. 21. 

2. PRF60–PRF70 with SOI varying from − 8 to − 11 ◦ ATDC: This rep-
resents a typical GCI engine operating regime, evidencing the po-
tential of such a novel combustion concept to achieve a similar fuel 
economy and power density as standard CI engines. There are also 
substantial benefits of emission mitigation without any optimization 
of engine configuration or control system, as discussed in the next 
section. 

Summarizing the obtained results for GIE, RI, and combustion effi-
ciency (UHC and CO), we may conclude that suitable fuels for today’s CI 
engines might be a Diesel-like fuel with a RON of 0–30 or a gasoline-like 
fuel with a RON of 60–70. 

4.2. Soot and NOx emissions 

Fig. 21 reports the computed soot mass at EVO for different operating 
points. Data are normalized with respect to the baseline value. It is 
possible to see that using an earlier injection or a less reactive fuel could 

realize a considerable soot mitigation by allowing a better mixture 
preparation before the ignition event. However, this could lead to an 
increase in NOx emission, as illustrated in Fig. 22, which presents the 
computed NOx emissions for different PRFs and injection timings. It 
shows that NOx is more sensitive to the injection timing, and possible 
reasons can be found in Fig. 23 and 24, which present the in-cylinder 
evolution of NOx and its formation rate for different PRFs and SOIs, 
respectively. It can be found that for all the tested points, the engine-out 
NOx emission depends on two aspects: first, the formation rate that 
determined by the in-cylinder thermodynamic conditions; second, the 
formation duration, which is from the end of high-temperature ignition 
to around 30◦ ATDC when the in-cylinder temperature cannot promote 
any further formation of NOx. Looking at Fig. 23, it is possible to see that 
the use of high RON fuel could have two counterbalance effects on the 
NOx emission: the more intensified formation rate as a consequence of 
vigorous heat release rate generated from premixed burn and the shorter 
formation duration due to the longer ignition delay and faster com-
bustion event. In Fig. 24, advancing the injection timing could prolong 
the NOx formation duration and increase its formation rate together 
with the piston movement, which explains the strong sensitivity of NOx 
to SOI. However, the fuel RON plays a more prominent role in con-
trolling soot emissions, and such observation reveals that the trade-off 
between NOx and soot, which is a critical issue for conventional CI 

Fig. 19. Computed contours of the ringing intensity for different fuels and 
injection timings. 

Fig. 20. Computed contours of the gross indicated efficiency for different fuels 
and injection timings. 

Fig. 21. Computed contours of the soot mass for different fuels and injection 
timings. Data are normalized with respect to the baseline value. 

Fig. 22. Computed contours of the NOx emission for different fuels and injec-
tion timings. 
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engines, could be defeated by shifting from Diesel-like to gasoline-like 
fuels. In particular, within the fuel-efficient regimes identified in 
Fig. 20, along the contour line of NOx = 475 ppm (Fig. 22), the soot mass 
can be reduced to 40%, 35%, and 5% of the baseline value using PRF0, 
PRF30, and PRF70 (Fig. 21), respectively. Such results suggest that at 
the current operating condition, the GCI engine running with 70 RON 
fuel exhibits a better performance in terms of both fuel efficiency and 
emissions. 

To deepen the understanding of how fuel RON affects the engine-out 
soot emission, which depends on both the formation and oxidation 
processes in practical engines, Fig. 25 illustrates the in-cylinder evolu-
tion of soot mass and its formation/oxidation rate for different fuels. 
Data are normalized with the peak values of the PRF0 case. Note that the 
observations and conclusions obtained from the combustion vessel 
simulations (Fig. 9 and Fig. 12) should be applied with care to the 
practical engine since most of the soot is formed after EOI at this oper-
ating condition, where no lifted flame is present. From PRF0 to PRF80, 
all the cases show a very similar oxidation process, while there is a 
significant increase in soot formation rate when moving from PRF50 to 
PRF80. It might be explained by the rapid burning of mixtures, leading 
to the acceleration of C2H2 formation and temperature increase, which, 
on the other hand, reduces the soot formation time with a consequent 
lower soot peak value. 

In Fig. 26, the computed CA10, CA50, CA90, and soot inception and 
peak times are plotted as a function of PRF number with SOI = − 7 ◦

ATDC. The other injection timings are not presented since no major 

difference was observed. The CA10, CA50, and CA90 represent the crank 
angle where 10%, 50%, and 90% of the total heat is released. The soot 
inception time is identified by the crank angle where 2% of the peak soot 

Fig. 23. Computed NOx and its formation rate for different PRFs with SOI = − 7 ◦ ATDC.  

Fig. 24. Computed NOx and its formation rate for PRF0 with different SOIs.  Fig. 25. Computed soot mass and its formation rate for different PRFs with SOI 
= − 7 ◦ ATDC. Data are normalized with the peak values at baseline condition. 

Fig. 26. Computed CA10, CA50, CA90, soot inception and peak times for 
different fuels with SOI = − 7 ◦ ATDC. 
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value is reached. The crank angle difference between EOI and CA10 
(start of combustion) is defined as the ignition dwell (IDW). It could be 
observed that the soot formation duration, from the onset of soot 
inception to the soot peak time, decreases with the PRF number, which is 
the possible explanation for soot reduction, as discussed in Fig. 25. 
Regarding the combustion phase, it is worth noting that the ignition 
(CA10) is retarded as the consequence of the poor auto-ignition pro-
pensity of high RON fuel. However, there is no obvious variation in 
CA50 and CA90 when altering from PRF0 to PRF70. It might be attrib-
uted to the fact that IDW remains negative or around zero during such a 
fuel transition, implying the establishment of the diffusion flame after 
the intense burning of the premixed charge, which could maintain the 
CA50 and CA90. To this end, an IDW around 0 might be the optimum 
solution since it could make the best use of conventional and advanced 
engines: 1. it mitigates the emissions of the conventional Diesel engine 
by an increased mixing time and premixed burning portion; 2. it extends 
the operating regime of LTC engines by controlling the burning rate and 
combustion phase with the subsequent diffusion flame. This might be 
the reason why PRF70 achieves the best performance concerning fuel 
efficiency and emissions at current operating condition. A wide range of 
engine operating conditions should be considered to confirm this 
finding, which will be of great interest in future work. 

5. Conclusions and outlook 

A comprehensive numerical study of combustion and emission 
characteristics of primary reference fuels (PRFs) was performed in the 
Diesel-like spray combustion vessel and the heavy-duty CI engine using 
Tabulated Flamelet Progress Variable (TFPV) approach. The temporal 
and spatial characteristics of the flame structure and soot formation 
under baseline constant-volume combustion condition were investi-
gated and compared for different fuels from PRF0 (n–heptane) to PRF80 
(20% n–heptane, 80% iso-octane), representing the transition from 
Diesel-like to gasoline-like fuels. Then, a co-optimization of fuel auto- 
ignition quality and injection timing was performed for the high- 
temperature, short-ignition delay (HTSID) Diesel engine operating 
condition considering 10 PRFs, from RRF0 to PRF90 with 10% incre-
ment in iso-octane mass fraction, and altering the SOI from − 5 to − 13 ◦

ATDC. Key findings and suggestions that originated from the presented 
results can be summarized as follows: 

1. Diesel-like spray combustion vessel 

• In both simulations and experiments, a non-linear increase in igni-
tion delay and lift-off length with PRF number could be observed, 
with the latter one enriching air quantity in the upstream mixture of 
the lifted-flame. It could then accelerate the depletion of cool-flame 
products (CH2O), and in combination with the low local scalar 
dissipation rate, promote a high-temperature premixed combustion 
to take place near the lift-off location. 

• In low RON cases, a combustible rich mixture was formed in up-
stream of the lift-off location after the transient EOI entrainment 
wave, resulting in a high-temperature combustion recession and a 
consequent “flashback” of soot. Using high RON fuel could overcome 
this issue, which, however, may potentially increase the UHC and CO 
due to the absence of high-temperature oxidation of overly lean 
mixture upstream of the lifted flame. A proper manipulation of the 
EOI transient might be an ideal solution for such an issue, which will 
be one of the interesting future investigations.  

• The soot inception time, describing the sooting propensity at the lift- 
off location, could well represent the trend of soot mass with the fuel 
content. The shortest inception time, as well as the highest soot mass, 
was observed in PRF20, implying a non-monotonic effect of fuel RON 
on soot formation under the Diesel engine conditions. Such a result 
emphasizes that in low RON cases, where flame stabilizes in the fuel- 
rich mixture near the injector, a slight increase in the lift-off length 
and air enrichment resulted from the addition of iso-octane could 

boost the heat release, temperature, and the C2H2 formation at the 
lift-off location, thereby increasing the sooting propensity and 
deteriorating the soot emission. 

2. Heavy-Duty CI engine  

• A Diesel-like fuel with a RON of 0–30 or a gasoline-like fuel with a 
RON of 60–70 could preserve the intrinsic high fuel efficiency of 
Diesel engine. Further increase in RON (PRF80 and PRF90) could 
lead to the reduction of combustion efficiency due to the overly lean 
mixtures, which is not fully oxidized and remains as UHC and CO 
after the combustion event. An earlier injection timing could slightly 
improve the efficiency, but with the sacrifice of intensifying the 
ringing intensity.  

• Shifting from low RON to high RON fuel could successfully defeat the 
trade-off between NOx and soot in CI engines. With the same increase 
in NOx and maintaining an optimum fuel efficiency, the soot mass 
can be reduced to 40%, 35%, and 5% of the baseline value using 
PRF0, PRF30, and PRF70, respectively. Concerning both fuel effi-
ciency and emissions, the best performance is obtained by PRF70 at 
the current operating condition. 
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