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a b s t r a c t

The combination of alternate fuels, such as biodiesel, and low-temperature combustion (LTC) con-
stitutes a promising solution to reduce pollutant emission and to avoid dependence on fossil fuels.
However, this concept requires additional research to optimise LTC of biodiesel over wider operating
ranges, specifically including the implementation of numerical models to assist in the development
of these engines. In this work, an experimental analysis was carried out assessing both thermal
performance and emissions derived from the LTC of diesel/biodiesel blends with late direct injection.
Furthermore, this analysis allowed implementing a predictive tool to characterise in-cylinder pressure
trace under this operation strategy. This model was coupled with an empirical law to simulate heat
release during the combustion process. Least squares method was applied to fit this empirical law
to experimental data involving different conditions in terms of percentages of rapeseed biodiesel in
the fuel blend, rotational speed, fuel/air equivalence ratio and percentages of external exhaust gas
recirculation. To build the predictive model, a multiple regression methodology was used to correlate
the law parameters with the operating conditions. Finally, a validation process based on the simulation
of in-cylinder pressure trace was developed, revealing that the predictions agreed well with the
experimental data. This suggests that the proposed model is able to satisfactorily predict the LTC of
diesel/biodiesel blends within the test range.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The International Energy Agency foresees a significant increase
n the world consumption of primary energy in the coming years,
ainly due to the increase in the world population and the

mprovement of living standards (Ong et al., 2011). Moreover,
egarding the energy demand of the transport sector, the vast
ajority of vehicles are based on fossil fuels (Kumar and Chauhan,
013). This fact not only entails problems regarding the environ-
ent and the availability of declining reserves, but also economic
nd geostrategic dependence (Tong et al., 2007).
In such a scenario, a growing interest in the development

nd application of cleaner and more sustainable fuels has been
reated (Ogunkunle and Ahmed, 2019). Renewable fuels consti-
ute a technically feasible alternative, simultaneously allowing
ompliance with pollutant emission standards. Among these re-
ewable fuels, biodiesel is one of the most outstanding options for
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352-4847/© 2022 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
compression ignition (CI) engines (Suresh et al., 2018). Biodiesel
is chemically defined as the mono-alkyl esters of long-chain
fatty acids derived from vegetable oils (edible and non-edible),
animal fats, waste oil or algae. The renewable origin of biodiesel
minimises its life-cycle emissions of greenhouse gases. Moreover,
biodiesel is considered biodegradable, environmentally friendly,
non-toxic, locally available and free from sulphur and aromatic
contents (Agarwal, 2007; Wei and Wang, 2021). On the other
hand, the main disadvantages of biodiesel are its lower energy
content and higher density and viscosity, which result in poor
cold flow and spray characteristics (Rashedul et al., 2014).

Furthermore, the described context also demands significant
research to find alternative technologies to meet the future in-
ternational standards, especially in terms of emission of nitrogen
oxides (NOx) and particulate matter (PM). However, the simul-
taneous reduction of NOx and PM emissions in CI engines is
not easy since the formation of these pollutants presents an
inverse relation: the so-called NOx-soot trade-off (Newhall, 1968;
Ohigashi et al., 1971). Hence, to overcome this trade-off scenario
is one capital key in current research since these emissions are
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Nomenclature

A Heat transfer area
B Bore
BDC Bottom dead center
CAD Crank angle degree
CO Carbon monoxide
CO2 Carbon dioxide
Cp Specific heat capacity
Cm Mean piston speed
F Fuel/air equivalence ratio
h Instantaneous heat transfer coefficient
HC Unburnt hydrocarbons
HRR Heat release rate
LHV Lower heating value
mi Wiebe function adjustable parameter
NHRR Normalized heat release rate
NOx Nitrogen oxides
p Pressure
PM Particulate matters
Q Heat
R Ideal gas constant
rpm Revolutions per minute
t Time
T Temperature
TDC Top dead center
v Volume
vs Tangential speed
xB Fuel mass fraction burned
αi Wiebe function adjustable parameter
γ Specific heat ratio
θ Crank angle
θ0 Wiebe function adjustable parameter
λ Wiebe function adjustable parameter
ω Rotational speed

strictly controlled and reduced according to new international
standards (Euro VI, Tier 4). In general terms, the current methods
applied to meet these stringent standards include the use of after-
treatment systems, which can be costly and complex, as well as
advanced combustion modes (Lilik and Boehman, 2011). Among
the mentioned combustion modes, the so-called low-temperature
combustion (LTC) mode stands out (Noh and No, 2017). Since
NOx emissions form in the lean mixture zone when the flame
temperature is over 2200 K (mainly in post flame gases) and PM
is generated in rich mixture zones over 1800 K, the LTC modes
basically pursue increasing the combustion pre-mixing (Yousefi
et al., 2018; Shim et al., 2020). This results in the avoidance of
locally rich regions, thus leading to minimisation of the peak
temperatures. Therefore, LTC modes can significantly reduce both
NOx and PM emissions simultaneously (Johansson, 2007) as long
as performance is only minimally penalized due to an increase
in brake specific fuel consumption (BSFC). Furthermore, LTC is
flexible and can be applied to a wide range of fuels by choosing
the proper configuration. On the other hand, carbon monoxide
(CO) and unburnt hydrocarbons (HC) emissions increase as a
consequence of high exhaust gas recirculation (EGR) rates and
slight incomplete combustion (Jiaqiang et al., 2017). Moreover,
additional drawbacks of LTC are controlling combustion phas-
ing, extending the operating range and unacceptable noise levels
(Srihari et al., 2017).
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Although there are other methods, such as reactivity con-
trolled compression ignition, gasoline compression ignition, high-
efficiency clean combustion, spark-assisted compression ignition
or laser-assisted compression ignition, LTC is mostly achieved
through methods such as homogeneous charge compression ig-
nition (HCCI), premixed charge compression ignition (PCCI) and
partially premixed combustion (PPC) (Agarwal et al., 2017; Pachi-
annan et al., 2019), the latter being the mode applied in this
work. In PPC mode, fuel is injected directly into the combus-
tion chamber, close to the TDC (late direct injection) but later
than in conventional CI combustion (Jacobs and Assanis, 2007;
Bittle et al., 2010). Although the resulting mixture is not fully
homogeneous, PPC mode leads to lower in-cylinder temperatures
than PCCI, which is attractive from the NOx point of view. Apart
from controlling combustion phasing better than port or early
injections, late direct injection minimises wall-impingement and
allows for switching to conventional CI combustion mode, since
standard injectors are used (Zheng et al., 2015). In order to
promote a premixed charge, which is one of the main challenges
of PPC mode, long ignition delay is required (Gao et al., 2011).
This is accomplished by combining different strategies, such as
cooled EGR, high injection pressures and enhanced charge motion
(Kawashima et al., 1998; Kimura et al., 2002). Although PPC mode
results in slightly lower thermal efficiency and higher HC and
soot emissions than HCCI, the former provides better control
of combustion phasing. However, the combination of LTC and
biodiesel allows for the reduction of CO, HC and soot emissions
due to some inherent properties of biodiesel, such as its oxygen
content, stoichiometric need of air and lack of aromatics (Zhu
et al., 2014; Zheng et al., 2008; Saiteja and Ashok, 2021). This
trend reduces the necessity of after-treatment systems, whose
effectiveness is lower in LTC.

Since there is no direct actuator over autoignition, further
research is currently needed to optimise sustainable LTC over
wider operating ranges (Dev et al., 2017), contributing to the
relevance of this study. In this line, the main aim of this work
was to carry out an experimental analysis that would allow the
development of a predictive tool to map biodiesel LTC under
late direct injection and EGR conditions. This type of valuable
tool significantly helps to achieve improved LTC, optimising EGR
rates to simultaneously reduce NOx and PM emissions. There-
fore, the innovative nature of this work lies in the fact that
it combines two highly promising technologies in the field of
sustainable internal combustion engines (biodiesel and late di-
rect injection), also achieving objectively satisfactory results. This
study was structured in three blocks. First, the details corre-
sponding to the materials and methods applied in this work are
shown, including the details corresponding to the experimental
test bench, the properties of the biodiesel blends and the math-
ematical model used for the combustion characterisation. Next,
the obtained experimental data were analysed and the proposed
predictive model was developed, including the development of
empirical correlations and the validation of the results. Finally,
the conclusions drawn from this analysis are presented.

2. Materials and methods

2.1. Experimental setup

A four-stroke Deutz FL1 906 unit, whose technical specifica-
tions are listed in Table 1, was used to perform the experimental
campaign analysed in this study. However, the original config-
uration of this engine was modified to work under late direct
injection conditions. These modifications are required to balance
the reducing emissions and the improving performance opposing
effects. To attain LTC of biodiesel blends using the late direct
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Table 1
Characteristics of the analysed unit.
Parameter Value

Type Single cylinder naturally aspirated
Ignition Compression
Cooling system Air-cooled
Displacement 708 cm3

Bore 95 mm
Stroke 100 mm
Compression ratio 18.4:1
Rated power 11 kW @ 3000 rpm
Inlet valve opening 2 CAD before TDC
Inlet valve closing 36 CAD after BDC
Exhaust valve opening 36 CAD before BDC
Exhaust valve closing 2 CAD after TDC
Fuel system Direct injection
Injection pump Mechanical
Nozzle opening pressure 300 bar
No. of injection holes 5
Injection hole diameter 0.26 mm

Table 2
Main instrumentation specifications.
Parameter Range Accuracy

Crankshaft angle encoder 0◦–720◦ 0.1◦

In-cylinder pressure 0–250 bar 0.5%
Air flow 15–480 kg/h 3.0%
Fuel flow 0–30 kg/s 0.2%
Carbon monoxide 0–5000 ppm 5 ppm
Unburnt hydrocarbons 0–1000 ppm 50 ppm
Nitrogen oxides 0–1000 ppm 50 ppm

injection strategy, a series of modifications is required to enhance
the mixture formation, affecting fuel evaporation and proper
mixing, as follows:

• Late injection timing, with a start of injection (SOI) delayed
to 10 CAD before TDC.

• Cooled EGR, typically used in CI engines (Abu-Jrai et al.,
2009; Labecki and Ganippa, 2012), to reduce in-cylinder
temperature and to increase the ignition delay (Pandian
et al., 2010). The use of EGR is based on the introduction
of a fraction of the exhaust gases in the engine cylinder,
causing a decrease in the temperatures during combustion
due to dilution, capacitive and chemical effects caused by
combustion products (Song et al., 2021; Li et al., 2020). The
disadvantages of EGR are higher emissions of CO, HC and PM
(Qi et al., 2011). Particularly in late direct injection systems,
the use of EGR is also related to lower thermal efficiencies.

• Internal turbulence induction mechanisms based on high-
swirl chamber pistons to boost turbulence close to the TDC,
promoting the evaporation of the fuel and its mixture with
the air (Jaichandar and Annamalai, 2021; Saito et al., 1986).
Therefore, the original piston was replaced by a new one
with a ratio between cylinder and chamber diameters of 2.8.

• Maximum injection pressure was increased to 650 bar from
the original 450 bar. This modification implies a reduction in
the injection duration and an increase in the surface-volume
ratio of the fuel droplets, which positively contribute to
mixture formation (Hountalas et al., 2003).

The test bench scheme is shown in Fig. 1. The rotational speed
as controlled with a 25 kW electric dynamometric brake. The
ain specifications of the relevant instrumentation, connected

o a data acquisition system (1 MHz, 16 bit), is characterised in
able 2 (Godiño et al., 2022):
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2.2. Fuel and operating conditions

The tests involved in this work were carried out using blends
of EN-590 diesel fuel and EN-14214 biodiesel. Biodiesel from
rapeseed (Brassica napus), pertaining to the mustard family, was
specifically used in this study. A typical fatty acid methyl ester
(FAME) composition of rapeseed biodiesel mainly includes 65%
oleate (C18:1), 20% linoleate (C18:2), 7% linolenate (C18:3) and,
finally, 5% palmitate (C16:0) (Kumar and Chauhan, 2013), where
the first figure represents carbon atoms and the second refers to
double bonds. The physical and chemical properties of biodiesel
are conditioned by the FAME composition (Kumar and Chauhan,
2013; Ashraful et al., 2014), which affects engine performance
and emissions. Three fuel blends were considered in this work,
which are defined by their biodiesel volume ratio: 0% (B0), 30%
(B30) and, finally, 65% (B65). The properties of the different fuel
blends, which were characterised in the laboratory, are shown in
Table 3.

Each fuel blend was analysed under different operating con-
ditions, as shown in Table 4. Furthermore, the control of the
external EGR was ‘constant fuelling rate’, which led to equiva-
lence ratio increasing with the EGR rate although the injected fuel
remains constant.

2.3. Mathematical modelling

2.3.1. Experimental HHR
The most common method for combustion characterisation is

use of the heat release rate (HRR), which allows for observations
that are not apparent from in-cylinder pressure. HRR curves
were obtained from the chamber pressure data using a zero-
dimensional model (perfect mixing reactor with time-dependent
chemical composition) (Heywood, 2018). Although current CFD
models provide detailed results, they involve intensive computa-
tional resources, hence zero-dimensional models are used for fast
preliminary analysis of engines.

Moreover, CFD models depend heavily on the initial and
boundary conditions imposed for simulation. Additionally, the
in-cylinder pressure trace derived from these simplified models
constitutes a very useful tool for studying the effect of different
operating parameters on the main pollutant emission.

The combination of the state equation of ideal gases and the
first principle of thermodynamics allows the characterisation of
the experimental HRR curves, as follows (Foster, 1985):

HRR =
1

γ − 1

(
p · γ ·

dv
dθ

+ v ·
dp
dθ

)
−

p · v

(γ − 1)2
·
dγ
dθ

−
dQLOSS

dθ
(1)

The properties of the different chemical components were
considered variable with chamber temperature (Eq. (2)) (Depcik
et al., 2007):
CP

R
= c1 + c2 · T + c3 · T 2

+ c4 · T 3
+ c5 · T 4 (2)

The heat losses through the cylinder walls (dQLOSS/dθ) were
haracterised using Eq. (3), involving a heat transfer coefficient
h), the exposed cylinder surface (A), the temperature difference
etween the gas and the wall (T − Twall) and, finally, the engine
otational speed (ω). Moreover, an instantaneous cylinder average
eat transfer coefficient (Eq. (4)) was considered (Woschni, 1967),
ith parameters K1 and K2 defined in Table 5.

dQLOSS

dθ
=

dQLOSS

dt
·
dt
dθ

= h · A · (T − Twall) ·
1
ω

(3)

h = 3.26 ·
p0.8

B0.2 · T 0.55 ·

[
K1 · cm + K2 ·

Vd · Tivc
pivc · vivc

· (p − pm)

]0.8

(4)
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Fig. 1. Schematic diagram of the engine setup.
Table 3
Properties of the fuel blends.
Fuel blend Density @ 15 ◦C

(kg/m3)
Viscosity @ 40 ◦C
(cSt)

LHV
(MJ/kg)

95% distillation
temperature (◦C)

Cetane
index

B0 832.0 2.9 43.1 175–350 47.0
B30 858.8 3.3 42.2 200–390 47.6
B65 865.5 4.0 41.2 207–405 52.2
f
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t
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Table 4
Tested operating conditions.
Parameter Value

Speed (rpm) 1800
2100
2400

Fuel/air equivalence ratio (–) 0.20
0.30
0.45
0.60

EGR (%) From 0%
Up to misfiring condition (max. 41%)

Fuel blend (–) B0
B30
B65

Table 5
K1 and K2 used heat losses model (Eq. (4)).

Compression Combustion and expansion

K1 2.28 + 0.308 ·
vs
cm

2.28 + 0.308 ·
vs
cm

K2 0 3.24 ·10−3

The effect on transfer coefficient caused by turbulence mech-
nisms was modelled through the mixture tangential speed (vs)

(Jiménez-Espadafor et al., 2009). Finally, it should be noted that,
for each test considered, the chamber pressure curve used in the
analysis results from averaging 150 consecutive cycles
(COVIMEP<5%) (Heywood, 2018; Rakopoulos et al., 2017)
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2.3.2. Predicted HRR
In order to develop the proposed predictive model this work

was based on continuous functions. These empirical functions
represent a computationally effective and fast method to predict
the fuel burn rate, which is used as an input into more complex
numerical models to assist engines analysis. This engineering
approach, initially proposed by Ivan Wiebe (Ramos, 1989), was
conceptually based on the combustion reaction kinetics, but by-
passing the chemical details and resulting in an empirical heat
release law. Initially, a standard single-Wiebe law, as a function
of the crankshaft position θ , was used, as follows (Eq. (5)):

xB = 1 − exp

[
−

(
θ − θ0

α

)m+1
]

(5)

where xB is the fuel mass fraction burned, θ0 is the start of
combustion, α is proportional to the combustion duration and,
finally, m is the shape factor (Yeliana et al., 2011). The parameters
in the single-Wiebe law were computed using the least-squares
fit method, resulting in three parameters to be adjusted (θ0, α, m)
or each specific operating condition (Section 2.2). However, as
emonstrated in Section 3.2, the single-Wiebe law was not able
o reproduce the experimental heat release rate associated to the
TC of diesel/biodiesel blends characterised in this work. Hence,
he measured heat release rate consists of two phases: a pre-
ixed stage (the so-called ‘‘mode 1’’), controlled by the oxidation

ate, and a diffusive stage (the so-called ‘‘mode 2’’), controlled by
he mixing process (Ghojel et al., 2006). As previously researchers
uch as Pugachov, Ghojel, Watson and Miyamoto did in different
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Fig. 2. NOx emissions (A), brake mean effective pressure (B) and maximum average temperature (C) (0% EGR).
pplications (Ghojel, 2010), a double-Wiebe function involving
ix adjustable parameters (λ, θ0, α1, m1, α2, m2) was proposed
Eq. (6)) to reproduce the experimental burn rate:

B = λ

{
1 − exp

[
−

(
θ − θ0

α1

)m1+1
]}

+ (1 − λ)

{
1 − exp

[
−

(
θ − θ0

α2

)m2+1
]}

(6)

This type of double-Wiebe functions were successfully used in
the past to model the heat release process in diesel LTC applica-
tions (Yasar et al., 2008; Glewen et al., 2009).

3. Results and discussion

3.1. Experimental analysis

The demonstration of the attainment of LTC is not feasible
using conventional diagnosis instrumentation (Bittle et al., 2010).
LTC attainment is often justified if the injection pulse is shorter
than the ignition delay. However, this situation does happen
at low load in many conventional CI engines, not meaning LTC
attainment. Additionally, it is not accurate to state that injection
is completed before the start of combustion since chemical mech-
anisms always start before the end of injection. Hence, to justify
the attainment of biodiesel LTC in this work the most practical
tool is to stablish a comparison between some key results of the
original and the modified configurations (Fig. 2). In addition to
the inherent sustainability derived from the use of biodiesel, the
adopted modifications led to a 50% reduction in NOx emissions at
high load (Fig. 2A). Additionally, the engine modification did not
result in a significant reduction of performance, since the peak
value of brake mean effective pressure (BMEP) showed a shortfall
lower than 7% at 2400 rpm (Fig. 2B). This drastic reduction in NOx
emissions while practically maintaining the original performance
levels justified the attainment of a sustainable LTC in this work. As
already mentioned in Section 1, this performance improvement is
possible due to the reduction of the average combustion tempera-
ture, quantified by 16% in this particular case (from 2500 K in the
conventional CI mode to 2100 K in the modified configuration,
Fig. 2C). This figure is in line with the 15% decrease proposed by
Pachiannan et al. (2019).
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To provide better understanding, the effect of biodiesel per-
centage over LTC main features was analysed. Fig. 3 illustrates the
results derived from the methodology described in Section 2.3.1,
comparing in-cylinder pressure, normalised HRR traces (NHRR =
dXB/dθ) and average temperature for different fuel blends. As de-
rived from experimental HRR curves, two different phases com-
pose the combustion: a more vigorous premixed phase and a
less intense diffusive phase. This allows for the conclusion that
although the previous results suggest LTC attainment, the fuel/air
mixture is not fully homogeneous, as expected for PPC mode.
Regarding HRR, Fig. 3 shows shorter ignition delays when higher
fractions of biodiesel are tested. This is a result of the different
cetane number of each fuel blend, which is higher for biodiesel.
On the other hand, the lower the biodiesel fraction the higher the
maximum pressure, pressure rise rate and HRR peaks, which is
attributed to the longer evaporation and mixing period before the
start of combustion. The in-cylinder temperature traces shown
in Fig. 3(C) reveals a general decrease in comparison to the con-
ventional CI combustion, as mentioned in previous paragraphs.

Fig. 4 shows ignition delay (A), combustion duration (B) and
brake efficiency (C) as a function of brake mean effective pres-
sure. Ignition delay is the period (or angle) between the start of
injection and the start of combustion (SOC). The SOC is typically
established as X SOC

B = 5% to avoid the noise in the experimental
signal (Liu and Dumitrescu, 2019). Similarly, combustion duration
is defined as the interval between the SOC and end of combustion
(EOC). Since the final phase of combustion is slow and without
actual attractiveness, the EOC is typically established as XEOC

B =

95% (Sun et al., 2017). It is observed that the ignition delay is
reduced as a consequence of the heating effect derived from
the load increase. Moreover, the ignition delay increases because
of the lower cetane number when the biodiesel fraction in the
blend is reduced. Fig. 4 also shows that combustion duration
is proportional to BMEP, as a consequence of the longer time
required for the oxidation of higher amounts of fuel. Additionally,
it is observed that the higher biodiesel fraction in the blend
the shorter the combustion duration. This trend is related to
the higher mixture temperature derived from shorter delays.
Additionally, oxygenated fuels produce more reactive radicals,
which also contributes to shorter combustion duration. Further-
more, Fig. 4 illustrates an inverse relationship between ignition
delay and combustion duration. Hence, the longer the delay the
shorter the duration, as a consequence of the additional time
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Fig. 3. Chamber pressure (A), normalised heat release rate (B) and average temperature (C) (2100 rpm, F = 0.45, 0% EGR).
Fig. 4. Ignition delay (A), combustion duration (B) and brake efficiency (C) (0% EGR).
or fuel evaporation and mixing. This results in a faster burn
ate in the premixed phase and, finally, in lower combustion
uration. However, longer delays move combustion further in the
xpansion stroke, where temperatures are lower. Additionally,
ver-mixing may result in regions that are too lean to burn.
oth charge quenching and over-mixing result in higher products
f incomplete combustion (Han et al., 2009). Finally, Fig. 4 also
eveals that the higher biodiesel fraction in the blend the higher
he brake efficiency, since the combustion takes place closer to
he TDC (refer also to Fig. 3), increasing the expansion work. This
rend derives from the lower values of both the ignition delay
nd the combustion duration, as previously discussed. On the
ontrary, longer ignition delays penalize brake efficiency due to
ncomplete combustion.

Regarding the pollutant emission, Fig. 5 shows the data corre-
ponding to CO, HC, soot (characterised from the smoke opacity
ndex) and NOx as a function of brake mean effective pressure.
he higher proportion of biodiesel the lower the emissions of CO,
C and soot, as demonstrated in Fig. 5 (subplots A, B and C respec-
ively). This reduction of emissions derives from some character-
stic properties of biodiesel, such as its oxygen content, lower
toichiometric need of air and lack of aromatics. Additionally,
ncomplete combustion is reduced due to the aforementioned
horter ignition delay corresponding to biodiesel. Contrarily, an
7481
increase of biodiesel percentage results in slightly higher NOx
emissions (Fig. 5 subplot D). Apart from the already mentioned
increase in the combustion temperature (higher cetane number),
this increase is also associated to a set of different effects, as
follows:

• Biodiesel has a higher speed of sound and isentropic bulk
modulus of compressibility than fossil diesel, which results
in an advance in fuel injection timing.

• Biodiesel has a higher adiabatic flame temperature due to
the presence of unsaturated molecules in its composition.
Additionally, faster combustion processes increase the in-
cylinder temperature and residence time.

• The different properties of biodiesel regarding mixture for-
mation influence the portion of energy released in the pre-
mixed and diffusive stages.

3.2. HRR curve fitting

After discussing the experimental analysis carried out, the de-
velopment of the proposed predictive model is described, starting
with the curve fitting procedure. Fig. 6 shows two comparisons
between the experimental and the modelled HRR curves. Both
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Fig. 5. Carbon monoxide (A), unburnt hydrocarbons (B), smoke opacity index (C) and nitrogen oxides (D) emissions (0% EGR).
Fig. 6. Experimental and modelled normalised heat release rate (B30, 2400 rpm, F = 0.3, 11% EGR). Left: Single-Wiebe law (3 coefficients). Right: Double-Wiebe law
6 coefficients).
α

x

omparisons correspond to the same operating conditions. Specif-
cally, the left plot of Fig. 6 compares the experimental trace
ith the curve derived from the single-Wiebe law. A prelimi-
ary conclusion can be drawn that single-Wiebe function fails
o model the HRR in late direct injection LTC. However, the
ight plot of Fig. 6 demonstrates that the double-Wiebe law
ccurately matches the experimental HRR trace. The high level
f accuracy of the resulting prediction, without this entailing a
ignificant increase in computational cost, is noteworthy. Further-
ore, Fig. 6 (right side) depicts the two summands that make up

he employed Wiebe law, namely ‘‘Mode 1’’ and ‘‘Mode 2’’.
Although Fig. 6 clearly shows the need for the double-Wiebe

unction, the box plot analysis corresponding to the six fitted
arameters (Fig. 7) revealed the existence of an excessive number
f outliers. This would be highly detrimental in the later phase of
efining correlations for the prediction of the Wiebe parameters,
eing necessary to modify the proposed approach. Since the
nterquartile ranges (Q3 − Q1) corresponding to parameters m1
nd especially m2 are comparatively smaller than in the rest of
he Wiebe parameters (meaning low dispersion), fixing the values
f m1 and m2 is proposed. Consequently, both parameters will

be independent from the operating conditions, with each one
adopting the value corresponding to its median (m = 0.50 and
1
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m2 = 2.25). This approach results in a modified double-Wiebe
law (Eq. (7)), which involves four adjustable parameters (λ, θ0,
1, α2):

B = λ

{
1 − exp

[
−

(
θ − θ0

α1

)0.50+1
]}

+ (1 − λ)

{
1 − exp

[
−

(
θ − θ0

α2

)2.25+1
]}

(7)

After modifying the approach of the Wiebe function, the least
squares fit method was repeated to adjust the four parameters
involved in Eq. (7). Fig. 8 illustrates the comparison between
the experimental HRR and the trace derived from the modi-
fied double-Wiebe function for the same operating condition in
Fig. 6. This figure allows for the conclusion that although the
adjustability of the four-coefficient function is logically lower
than that of a six-coefficient law, the proposed modified double-
Wiebe law is perfectly valid to reproduce the development of
the late direct injection LTC analysed in this work. Additionally,
as will be detailed in Section 3.3, the modified approach has
allowed the practical elimination of outliers, which will make
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Fig. 7. Box plot of six fitted parameters of the double-Wiebe law.
ossible the development of more precise correlations for the
iebe parameters.

.3. Wiebe parameter correlations

Once the four adjustable parameters corresponding to the
odified double-Wiebe law were accurately fitted, a multiple

egression methodology was used in order to correlate the Wiebe
arameters with the operating conditions. Consequently, HRR and
n-cylinder pressure curves could be predicted within the tested
perating range, constituting a powerful design tool. Hence, the
our adjustable parameters were expressed as mathematical func-
ions of the operating variables considered in this work. The
nherent limitations derived from the use of empirical laws was
alanced by the development of an extensive experimental anal-
sis. However, before fitting the coefficients of the correlations, a
ultifactorial variance analysis was performed in order to deter-
ine the operating variables that have a statistically significant
ffect on each Wiebe parameter. The results of this analysis,
hose box plot is depicted in Fig. 9, show that all of the four op-
rating variables analysed (percentage of biodiesel, speed, fuel/air
quivalence ratio and percentage of external EGR) are statistically
ignificant in relation to the four Wiebe parameters. Additionally,
he existence of only one outlier in Fig. 9, as a consequence of the
odified approach proposed in Section 3.2, is noteworthy.
Specifically, the use of polynomial correlations was proposed,

hich have allowed for satisfactory results in similar applications
Maroteaux and Saad, 2013). Despite their simplicity, polynomial
orrelations present a great potential in predicting HRR parame-
ers due to the low computational effort. The validity of such a
redictive approach is limited to the operating conditions used
or determining the model parameters, which are defined in
ection 2.2. The functions that will be used to develop Wiebe
arameters correlations will be a cubic polynomial without in-
eractions (Eq. (8)), thus limiting the potential appearance of
he Runge phenomenon, consisting of significant numerical os-
illations for points located outside the calibration range of the
orrelation produced by higher order terms (Sun et al., 2017). This
ecision implies the adjustment of 13 coefficients for each Wiebe
arameter, which were determined by applying a least squares
itting procedure (Table 6). The goodness of the results obtained
hrough this method is captured by the correlation coefficients
nd is shown in Fig. 10, validating the modified approach pro-
osed in the previous section to enhance the predictability of the
iebe parameters.

= β0 +

3∑
βBIO
i ·

(
%BIO
100

)i

+

3∑
βRPM
i ·

(
RPM
10000

)i
i=1 i=1

7483
Table 6
Correlation coefficients for the adjustable parameters of the modified
double-Wiebe law.

λ θ0 α1 α2

β0 1.006E0 −1.534E1 3.007E1 1.471E1

βBIO
1 3.552 E0 3.568E1 2.331E2 1.053E2

βBIO
2 −1.582E1 −1.669E2 −1.113E3 −4.968E2

βBIO
3 1.615E1 1.742E2 1.161E3 5.178E2

βRPM
1 1.055E1 −9.903E−1 −1.667E2 6.102E1

βRPM
2 −2.673E1 −1.259E1 3.124E2 1.114E2

βRPM
3 1.952E1 −2.698E1 6.019E2 −5.105E2

βF
1 −3.893E−1 −5.475E−1 4.359E1 −3.520E1

βF
2 1.266E0 −2.910E−2 −3.992E1 6.837E1

βF
3 −5.315E−1 −2.445E0 1.139E1 −3.858E1

βEGR
1 5.000E−3 −5.822E−1 1.119E0 5.153E−1

βEGR
2 2.213E−1 −9.393E−1 1.399E1 1.988E1

βEGR
3 4.710E−2 5.421E−1 −3.111E1 −2.143E1

R2 0.959 0.998 0.957 0.909

+

3∑
i=1

βF
i · F i

+

3∑
i=1

βEGR
i ·

(
%EGR
100

)i

(8)

3.4. Model validation

To determine the validity of the developed model, the previous
correlations were used to obtain estimated HRR curves and this
information was used to reconstruct in-cylinder pressure traces
by inverting the methodology stated in Section 2.3.1. In Figs. 11
and 12, the modelled HRR and pressure traces are compared to
the experimental curves for different fuel blends and different
percentages of external EGR, respectively. These figures show
that the proposed predictive model gives very reliable results
compared to experimental measurements since modelled and ex-
perimental traces are practically coincident. The model accuracy
is remarkable in terms of SOC and maximum pressure, regarding
both magnitude and CAD. Specifically, the average maximum
relative error in pressure trace, generally located close to SOC,
is 4.15%, while the average absolute deviation of the maximum
pressure is 0.29 bar (typically overpredicted).

The BMEP is an additional indicator to test the accuracy of
the predictive model within the tested range. Effective parame-
ters were obtained from the integration of modelled in-cylinder
pressure and applying an ad hoc mechanical losses model as
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Fig. 8. Experimental and modelled normalised heat release rate using a modified double-Wiebe law (4 coefficients), (B30, 2400 rpm, F = 0.3, 11% EGR).

Fig. 9. Box plot of the four adjustable parameters corresponding to the modified double-Wiebe law.

Fig. 10. Adjusted and predicted parameters corresponding to the modified double-Wiebe law.

7484
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Fig. 11. Normalised heat release rate (left) and in-cylinder pressure (right) (1800 rpm, F = 0.6, 0% EGR).
Fig. 12. Normalised heat release rate (left) and in-cylinder pressure (right) (B30, 2100 rpm, F = 0.45).
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function of engine rotational speed (Heywood, 2018). Fig. 13
hows the good agreement between experimental and modelled
MEP. Despite the mentioned general agreement (R2

= 0.988),
he largest deviations are located at high loads, where some
verpredicted values are identified.

. Conclusions

In the present study, an experimental analysis was carried out
o assess both thermal performance and emissions and to propose
predictive tool aiming to characterise the innovative LTC of
iesel/biodiesel blends with late direct injection (PPC mode). In
rder to provide the predictive model with enough prediction
apability, an extensive set of operating variables (Section 2.2)
nvolving different conditions of percent biodiesel in fuel blend,
otational speed, fuel/air equivalence ratio and percent external
GR was experimentally tested to fit the proposed empirical laws.
The developed experimental analysis confirmed the ability of

TC to reduce NOx emissions (50% reduction), maintaining ther-
al performance, compared to conventional diesel configuration.
dditionally, this study proved the significant reduction in the
missions of CO, HC and soot associated to biodiesel compared
o fossil diesel (more than 66% decrease for B65 at high load),
7485
due some characteristic properties of biodiesel, such as its oxygen
content, lower stoichiometric need of air and lack of aromatics.
However, these properties of biodiesel also led to higher NOx
emissions compared to fossil diesel (20% increase for B65 at high
load).

After analysing other alternatives, the optimal solution in
terms of predictability consisted in the experimental HRR to
be fitted to a modified double-Wiebe function involving four
adjustable parameters (λ, θ0, α1, α2). Then, predictive correla-
ions between Wiebe parameters and operating conditions were
btained, resulting in correlation coefficients ranging from 0.909
o 0.998. The validation of the predictive model, focused on
ressure trace, revealed that the predictions agreed well with the
xperimental data, which suggests that the proposed model is
apable of reasonably predicting the LTC mode in the range ad-
ressed in the present work. Specifically, the average maximum
elative error was 4.15% and the average absolute deviation of
he maximum pressure was 0.29 bar. Additionally, the goodness
f the proposed model was validated by comparing values of
easured and predicted BMEP (R2

= 0.988). This accuracy
would make it possible to study the effect of different operating
parameters on the main pollutant emission from models based
on the in-cylinder pressure trace.
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Considering the previous results, this predictive model is con-
idered a relevant tool that may significantly help to optimise
ustainable biodiesel LTC. Moreover, in order to extent the limited
perating range of biodiesel LTC mode, these predictive models
ould help in the assessment of the combination of LTC with ad-
anced hybrid powertrains. Differently from time-consuming CFD
odes, this predictive model is also suitable for implementation
f Hardware in the Loop (HiL) simulations used in engine con-
rol, being run in real-time applications due to its computational
implicity.
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