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A Double-Wiebe Function
for Reactivity Controlled
Compression Ignition
Combustion Using
Reformate Diesel
Reactivity controlled compression ignition (RCCI) combustion has previously been
proposed as a method to achieve high fuel conversion efficiency and reduce engine emis-
sions. A single-fuel RCCI combustion strategy can have decreased fuel system complexity
by using a reformate fuel for port fuel injection and the parent fuel (diesel) for direct injec-
tion. This paper presents a one-dimensional computational model of a compression ignition
engine with single-fuel RCCI. A Wiebe function is used to predict the combustion process by
representing the mass fraction burned (MFB) on a crank angle resolved basis. One single-
Wiebe function (SWF) and two double-Wiebe functions(DWFs) were fitted to experimentally
derive MFB data using the least-square method. The fitted results were compared with
MFBs calculated from experimental data to verify the accuracy. The SWF did not fully
capture the MFB curve with high fidelity while the detailed DWF captured the MFB
curve within a root mean square error of 1.4%. The reduced double-Wiebe function
(RDWF) also resulted in a predicted combustion profile with similar accuracy. Hence,
the RDWF was used in a GT-power thermodynamic study to understand the effects of the
low-temperature heat release (LTHR) fraction and combustion phasing on combustion
characteristics. At optimum phasing of 5–10 crank angle degree after the top dead
center, increasing the LTHR fraction from 20% to 60% resulted in the fuel conversion effi-
ciency increasing from 39.5% to 41.1%, thus suggesting that the reformate fuel-based RCCI
strategy is viable to unlock improved combustion performance. [DOI: 10.1115/1.4053981]

Keywords: energy conversion/systems, energy systems analysis, combustion modeling,
reformate diesel fuel, reactivity controlled compression ignition

1 Introduction
Internal combustion engines (ICEs) have been widely employed

in power generation and transportation applications since the 20th
century. In the quest to achieve higher fuel conversion efficiency,
compression ignition (CI) engines are often favored to spark igni-
tion (SI) engines. However, combustion with diesel engines also
causes high exhaust emissions including carbon monoxide (CO),
nitrogen oxides (NOx), particulate matter (PM), and unburned
hydrocarbons (UHCs). Therefore, there exists a need for researchers
to investigate different combustion strategies to achieve cleaner
combustion while maintaining high enough efficiencies. Recently,
researchers have been working on investigating better combustion
modes that can accomplish the target and eliminate the disadvan-
tages of CI combustion associated with harmful emissions [1].
Low-temperature combustion (LTC) strategies have been previ-

ously proposed as a pathway to meet emissions regulations that
are required by government agencies, while still achieving compa-
rable thermal efficiencies. Among all of the LTC strategies, homo-
geneous charge compression ignition (HCCI) is a promising
strategy that unlocks near constant volume combustion. It can be
achieved when fuel and air are premixed homogeneously during
the intake stroke and subsequently compressed by the piston in

the compression stroke to the point where auto-ignition occurs in
the combustion chamber. HCCI combustion was first researched
during the late 1970s by Noguchi et al. [2] and has since been exper-
imented with various types of engines, fuels, and operating condi-
tions in the past 30 years. Onishi et al. [3] proved that HCCI
combustion could be performed easily on a two-stroke engine,
and Najt and Foster [4] showed that it could be used on a four-stroke
engine. Experimental results from past researchers like Kimura
et al. [5] and Zhao et al. [6] showed that the HCCI combustion strat-
egy emits less NOx and soot emissions than both SI and CI combus-
tion and maintains similar efficiency compared with CI engines.
However, although HCCI combustion can achieve the goal of emis-
sions reduction, this combustion strategy is not currently being used
in modern engines. Direct control of HCCI combustion remains
challenging as it is governed by chemical kinetic reaction rates,
thus making control of combustion phasing and heat release rates
not readily achievable [7,8]. Meanwhile, the emissions of carbon
monoxide and unburned hydrocarbons remain high.
In the meantime, several scientists also worked on LTC with

advanced engine development technologies. The effect of piston
bowl diameter was emphasized by Genzale et al. [9], and the
results proved that the combustion chamber affected the fuel–air
mixture and emissions. Bobba et al. [10] investigated the effect of
post-injection on engine performance and showed that post-
injection timing played a major role in combustion rather than the
gap between the post and main injection. Cao et al. [11] computa-
tionally analyzed the relationship between injection timing,
chamber geometry, and emissions. In this research, the vertical side-
wall bowl was affirmed to achieve the lowest emissions.
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Past LTC research by Bessonette et al. [12] has shown that fuels
with auto-ignition qualities spanning from gasoline to diesel fuels
can be suitable to be used in HCCI combustion. Inagaki et al.
[13] demonstrated a combustion mode that utilized a premixed
low cetane number fuel and a subsequent high cetane number
fuel that was directly injected. Meanwhile, Kokjohn et al. [14]
also showed that dual-fuel combustion mode, reactivity controlled
compression ignition (RCCI) combustion, is a possible pathway
to achieve increased control of the combustion process. Specifi-
cally, RCCI is a dual-fuel combustion mode that utilizes chemical
reactivity differences in the two fuels to control the combustion
phasing, duration, and magnitude of the combustion process.
Experimental research conducted by Dempsey et al. [15] explored
various dual-fuel low-temperature combustion modes, including
dual-fuel HCCI, dual-fuel premixed charge compression ignition,
single-fuel partially premixed combustion, and dual-fuel RCCI,
and compared their combustion controllability, combustion sensi-
tivity to intake conditions and emissions. Kokjohn et al. [16] exper-
imentally demonstrated dual-fuel RCCI combustion using gasoline
and diesel fuels over a significant range of engine loads, all while
achieving high fuel conversion efficiency and low NOx and PM
emissions. Hanson et al. [17] also investigated RCCI combustion
controllability by varying fuel injection timing and quantities.
Ryan Walker et al. [18] experimentally investigated methane/
diesel RCCI combustion and proved that the engine operating enve-
lope could be expanded in comparison to RCCI combustion with
gasoline and diesel as the fuels. Additionally, Reitz and Duraisamy
as well as Paykani et al. have extensively reviewed the literature to
show that RCCI is a potential low-temperature combustion strategy
that achieves high efficiency and low emissions [19,20].
Since RCCI combustion ultimately needs two fuels, featuring dif-

ferent reactivities, to control the combustion process, it is anticipated
that the fuel delivery and storage systemswill increase in complexity.
As an alternative, single-fuel RCCI combustion has been proposed in
recent years. For example, one could add a cetane improver into the
low reactivity fuel to effectively dope the fuel into behaving as a
higher reactivity fuel. For this concept, part of the low reactivity
fuel is injected at the intake port and premixed with air, while the
rest of the fuel is mixed with improvers such as di-tert butyl peroxide
(DTBP) [21] and 2-ethylhexyl nitrate [22,23] and injected into the
cylinder directly. Splitter et al. [24] experimented using gasoline at
intake port and gasoline doped with an improver in the cylinder to
achieve single-fuel RCCI combustion. Results showed that a small
amount of additive had an apparent effect on fuel reactivity and there-
fore satisfied the requirement of achieving fuel reactivity for RCCI
combustion.
Fuel reforming has been proposed in recent decades as another

strategy to accomplish single-fuel RCCI combustion mode.
Lawler and Mamalis patented an onboard reformation process to
accomplish this single-fuel RCCI strategy [25]. Chuahy and
Kokjohn [26] illustrated a combustion mode using syngas as the
low reactivity fuel and diesel as the high reactivity fuel. A type of
green syngas relevant to modern power generation is anode-off
gas, which is readily produced as a byproduct of solid oxide fuel
cells. Ran et al. [27,28] and Nikiforakis et al. [29] demonstrated
the feasibility of using anode-off gas as a primary fuel in internal
combustion engines. Another interesting type of gaseous fuel is
reformate which is generated by external catalytic reforming of
liquid fuel. Hariharan et al. [30] and Yang et al. [31] presented a
group of studies with two kinds of diesel reformate fuel generated
by the catalytic partial oxidation process, which includes H2, CO,
and several partially oxidized hydrocarbons. The reactivities of
the reformate fuels were determined by a research octane number
map. This study showed that two reformate fuels resulted in low
lower heating value (LHV) compared to conventional hydrocarbon
fuels. Hariharan et al. [32] also quantified the combustion character-
istics and emissions of single-fuel RCCI combustion with varying
ignition timing and reformate-diesel blend ratio (BR) using the
two reformate fuels.

In principle, most compression ignition engines are designed for
use with commercial diesel fuels. Therefore, using reformate fuels
in conventional diesel engines requires modifications to the
engine injection system and operating conditions, and also intensive
studies of utilizing single-fuel RCCI combustion strategies.
Computational modeling of the ICE combustion process is a crit-

ical part of the design, calibration, and understanding of advanced
engine technologies [33]. Models of engine combustion are
divided into two broad categories, zero-dimensional (0D), thermo-
dynamic, energy-based and multidimensional, fluid dynamic-based
models [34]. Thermodynamic models can be formulated as single
zone or multi zone [35–37]. A single zone 0D model, based on
the first law of thermodynamics, is often used in engine simulation
studies due to its reduced requirement on computational time at the
expense of model accuracy [35]. The input to such an efficient
in-cylinder combustion model is the fraction of fuel mass burned
during the combustion as a function of crank angle degrees (CADs).
The Wiebe function has extensively been used in engine model-

ing studies to determine mass fraction burned (MFB) combustion
profile [34,38–40]. This normalized function generates an
S-shaped MFB curve that ranges from the value of zero to one
[41]. A value of zero corresponds to 0% of the MFB and delineates
the start of combustion, while a value of one corresponds to 100%
of the MFB and delineates the end of combustion. The standard
single-Wiebe function (SWF) generally shows a high modeling
accuracy for SI combustion engine simulations, while it has
proved to be less reliable when used with advanced combustion
modes [42,43]. On the other hand, a double-Wiebe function
(DWF) was demonstrated by Yasar et al. [38] for HCCI combus-
tion, where a second Wiebe function was proposed to capture
boundary combustion conditions. The DWF is also generally used
to capture the fraction of fuel burned for compression ignition,
which includes premixed combustion and diffusion combustion.
A modified DWF was introduced by Yeliana et al. [42] and was
well validated with a SI combustion engine. Yıldız and Albayrak
Çeper [44] generated a double function that was used to simulate
the combustion process in a methane and methane-hydrogen
blend SI engine. Liu and Dumitrescu [45] modified a DWF with
a signum function to describe the MFB curve in a diesel engine.
Liu and Dumitrescu [46] and Liu et al. [47] also introduced a
triple Wiebe function to model the combustion of a spark ignition
engine fueled with natural gas. Additionally, Awad et al. [48] intro-
duced a triple Wiebe function to describe the combustion process
and characteristics of a diesel engine fueled with biodiesel. Addi-
tionally, Yang et al. [49] have previously been successful at using
a DWF to describe syngas/anode-off gas and diesel fuel under
RCCI/dual-fuel combustion conditions.
In this paper, an SWF and two DWFs were developed and com-

pared in their ability to predict the MFB profile of a single-fuel
RCCI combustion mode, achieved by running diesel and reformate
fuel in a CI engine. The Wiebe function corresponding coefficients
were computed by performing a heat release analysis of the mea-
sured pressure data and using the least-square method for data-
fitting. Subsequently, a one-dimensional (1D) system-level model
was created and calibrated for further thermodynamic analysis.
The fitted Wiebe functions were used to predict heat release rates,
which were imported in the well-validated model to produce the
modeling pressure traces. By comparing those profiles against
experimental results, the accuracy and validity of the three Wiebe
functions could then be examined. The equation with the highest
accuracy and lowest complexity was selected for further studies
of the heat release rates using a baseline case. In the following sec-
tions, a thermodynamic study and fundamental first law analysis are
performed to understand the effects of low-temperature heat release
(LTHR) fraction and combustion phasing on single-fuel RCCI com-
bustion by determining MFB profiles that generate the highest effi-
ciency. This study was performed to qualitatively analyze the
effects of the combustion process and associated heat release on
the fuel conversion efficiency performance. Determining such
effects can allow for the optimization of the reformate fuel
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catalyzing process to yield desirable fuel components and for the
shift of engine operating conditions to achieve the most ideal single-
fuel RCCI combustion possible.

2 Experimental Setup and Methodology
2.1 Experimental Setup. The experimental study was con-

ducted on a 1.7 L four-cylinder General Motors diesel engine
with a Ricardo Hydra research engine block. One cylinder is used
for the experiments and the three remaining cylinders were deacti-
vated. Figure 1 shows the engine setup schematic, while Table 1
shows the specifications of the engine.
Air at atmospheric pressure is inducted through an intake air

filter. A compressor controlled by a pressure regulator is set next
to the setup to supply dry boosted air to the engine. The intake
airflow pressure and flowrate are measured and controlled by an
Alicat airflow meter. The intake air is heated by a proportional-

integral-derivative (PID) controlled intake heater, and an intake
plenum downstream of the heater is used to reduce the pressure fluc-
tuations. The fuel for the port fuel injection (PFI) and direct injec-
tion (DI) systems is supplied from a customized fuel cart located
next to the engine. Two micro-motion Coriolis fuel flow meters
are used to measure both the PFI and DI fuel flowrates. Gaseous
fuel is supplied from compressed gas bottles into the intake
plenum and premixed with intake air. The gaseous fuel pressures
and fuel flowrates are controlled by an Alicat mass flow controller.
Two PID-controlled heaters and radiators are used to control the
coolant and oil temperatures.
Cylinder pressure, intake pressure, exhaust pressure, and

common rail pressure are all measured and collected with Kistler
high-speed pressure transducers. A Kistler optical shaft encoder
with a resolution of 0.1 crank angle degree (CAD) is used to
trigger the high-speed signal readings. The emission samples are
measured and analyzed via a Horiba MEXA7100 D-EGR emissions
bench. The data acquisition system is built based on two National
Instruments CompactRio systems with an in-house built LABVIEW

program for real-time data collection, post-processing, and engine
operation controlling.
To achieve single-fuel RCCI, a reformate fuel mixture must be

catalytically derived from the parent diesel fuel, which is used as
the high reactivity fuel. The reformate fuel will serve as the second-
ary, low reactivity fuel. Further compositional and thermophysical
property details of the diesel reformate fuel are provided in Table 2.
In this simulation study, 12 groups of experimental data were col-

lected and analyzed from the single-fuel RCCI combustion. The
operating conditions for the experiments were a fixed intake pres-
sure of 1.4 bar, an intake temperature (Tin) sweep from 320 K to
350 K, and two different blend ratios of 35 and 50. The blend

Fig. 1 The single-cylinder single-fuel RCCI experimental setup at Stony Brook University has been adapted from Ref. [50] for
use in this study

Table 1 Ricardo Hydra single-cylinder engine specifications
(further details can be found in Ref. [32])

Bore (mm) 79
Stroke (mm) 86
Connecting rod (mm) 160
Piston offset (mm) 0.6
Compression ratio 17
Optical encoder shaft resolution (CAD) 0.1
Intake valve opening (CAD aTDC) −354
Intake valve closing (IVC) (CAD aTDC) −146
Exhaust valve opening (CAD aTDC) 122
Exhaust valve closing (CAD aTDC) 366
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ratio used during the experiments is determined with Eq. (1):

BR =
Energy of reformate fuel

Total fuel energy
× 100% (1)

Heat release analysis, based on the first law of thermodynamics,
was performed on the experimental data. The fuel–air charge
mixture was considered an ideal gas. Heat loss from the valve,
blowby, conduction heat transfer, and radiation heat transfer was
neglected. The apparent heat release rate can thus be calculated
using Eq. (2):

dQ

dθ
=

γ

γ − 1
p
dV

dθ
+

1
γ − 1

V
dp

dθ
+
Qheat

dθ
(2)

where Q, θ, γ, p, V, and Qheat refer to the heat release rate, crank
angle, ratio of specific heat, cylinder pressure, combustion
chamber volume, and heat transfer to the wall, respectively. The
cylinder pressure was measured as a function of crank angle and
the ratio of specific heats was defined from the composition of
the mixture, the instantaneous temperature, and the instantaneous
pressure. The volume was calculated based on the crank
angle and geometry. The heat transfer to the wall was conducted
by Eq. (3):

Qheat

dt
= hA(T − Twall) (3)

where h, A, T, and Twall represent the heat transfer coefficient, com-
bustion chamber surface area, instantaneous temperature, and wall
temperature, respectively. In Eq. (3), the heat transfer coefficient
was defined by the Hohenberg heat transfer correlation [51]:

h = asV(θ)
−0.06p(θ)0.8T(θ)−0.4(Sp + b)0.8 (4)

where Sp refers to mean piston speed while as and b are constants
with values 130 and 1.4, respectively. The MFB was calculated
based on the cumulative heat release during the combustion and
will serve as an input to the 1D combustion model. The engine is
considered a steady-state, and the energy balance for a cycle is
defined by Eq. (5):

Q̇f = Ẇn + Q̇e + Q̇h (5)

where Q̇f is the fuel energy rate, Ẇn is the net work, and Q̇e is the
exhaust energy rate. The fuel input energy into the control volume
can be obtained from Eq. (6):

Q̇f = ṁfLHV (6)

where ṁf is the fuel flowrate and LHV is the lower heat value of the
fuel. The net work can be divided into two parts, which is shown in
Eq. (7):

Ẇn = Ẇg + Ẇp (7)

where Ẇg is the gross work and Ẇp is the pumping work. The
exhaust energy rate is calculated by Eq. (8):

Q̇e = ṁeCp exhTexh (8)

2.2 Simulation Model. In this paper, a system-level commer-
cial software (Gamma Technologies GT-POWER) was employed for
the engine simulation of the single-fuel RCCI combustion mode.
Further details of this software and model theory details can be
found in the GT-POWER user manual guide [52]. The intake and
exhaust pipes used the 1D Navier–Stokes equation to calculate
the flow and mechanical properties. The intake and exhaust valve
lift profiles were measured and generated from the experimental
setup. The 1D combustion model used the Combprofile function,
and a normalized cumulative gross heat release calculated from
the experimental results was used to calibrate the model. The
model used the Hohenberg heat transfer correlation to capture
heat loss to the wall. Figure 2 illustrates the comparison between
experimental and computational results. Two experimental cases
with intake temperatures at 320 K and 350 K are shown in the
figure. Exp refers to experimental data and Sim refers to the simula-
tion result. As can be seen from the figure, the cylinder pressure
generated from the model was well validated against measured cyl-
inder pressure data.

2.3 Wiebe Function Combustion Model. The MFB curve
during combustion represents the percentage of fuel involved in
chemical reaction versus crank angle, as determined by dividing
the cumulative energy released by the total energy input. A
Wiebe function is proposed and used to predict the MFB curve.
The SWF is shown in Eq. (9) [34]:

xb(θ) = 1 − exp −a
θ − θ0
Δθ

( )m+1
[ ]

(9)

where xb(θ) is the percentage of total mass fraction burned, θ is the
engine’s crank angle with respect to top dead center (TDC), θ0 is the
crank angle corresponding to the start of the combustion, Δθ corre-
sponds to the combustion duration in CAD, m is the form factor,
and a is the efficiency parameter.
The DWF, originally intended to approximate the (1) premixed

and (2) diffusion combustion mode experienced in compression
ignition engines, combines two standard SWFs using a relative
weighting factor. This has been demonstrated to sufficiently
predict the fraction of fuel burned in both SI and HCCI combustion

Fig. 2 Calibrated numerical model results in good agreement
with corresponding experimental conditions

Table 2 Diesel reformate fuel composition and related
properties [32]

Acetylene (%) 0.05
Methane (%) 1.35
Ethylene (%) 2.90
Carbon dioxide (%) 11.09
Carbon monoxide (%) 3.40
Hydrogen (%) 3.07
Nitrogen (%) 79.15
Density (kg/m3) 1.19
Lower heating value (MJ/kg) 2.32
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modes. The form is expressed as Eq. (10) [44]:

xb(θ) = λ 1 − exp −a1
θ − θ0
Δθ1

( )m1+1
[ ]{ }

+ (1 − λ) 1 − exp −a2
θ − θ0
Δθ2

( )m2+1
[ ]{ }

(10)

where λ is the weight factor and n stands for combustion stage n. In
this study, this DWF in Eq. (10) is referred to as the detailed double-
Wiebe function (DDWF).
If the efficiency factor, a, is defined as the same value, the DDWF

can be defined by Eq. (11):

xb(θ) = λ 1 − exp −a
θ − θ0
Δθ1

( )m1+1
[ ]{ }

+ (1 − λ) 1 − exp −a
θ − θ0
Δθ2

( )m2+1
[ ]{ }

(11)

Compared with Eq. (10), this modified form resulted in an
improvement in reducing the complexity of the equation. In this
study, this DWF is referred to as the reduced double-Wiebe function
(RDWF).
The Wiebe function coefficients were determined using experi-

mental data by fitting the normalized cumulative heat release data
using the least-square method. The accuracy of the predicted
MFB profile is evaluated by the value of the root-mean-square
error (RMSE) between experimental data and the estimated

function, which is calculated by Eq. (12):

RMSE =

�����������������
1
i

∑i

1

(yp − yr)
2

√√√√ (12)

where i is the number of data, yp is the predicted value, and yr is the
regression’s dependent value. After estimating the coefficients, a 1D
engine system modeling study is performed to estimate the combus-
tion process in the cylinder using the 0D model mentioned in Sec.
2.2. The stages of this simulation study are shown in Fig. 3.

3 Results and Discussion
Figure 4 illustrates the cylinder pressure traces for both conven-

tional diesel and RCCI combustion modes with the same equiva-
lence ratio and intake pressure. The average ratio of specific heats
(γ) of the charge mixture during compression is 1.42 for diesel com-
bustion and 1.37 for RCCI combustion, all at an intake pressure of
1.4 bar. As can be seen, the peak pressure achieved under RCCI
combustion is significantly higher than that of diesel combustion.
This indicates that the RCCI combustion has a wider range of
peak pressure rise rates than conventional compression ignition
under the same threshold of ringing intensity, which means that
single-fuel RCCI combustion can extend this operating range limi-
tation and potentially achieve a higher load, as shown in previous
research by Wang et al. [53]. The figure also shows the simulated
pressures during the compression stroke of two polytropic cycles

Fig. 4 In-cylinder pressure compared for traditional diesel com-
bustion, RCCI combustion, and corresponding polytropic ideal
cycles

Fig. 3 Model flowchart

Table 3 Detailed parameters for the numerical single-Wiebe and double-Wiebe functions

Intake temperature (K) Blend ratio (%)

Single-Wiebe
function
(SWF) Detailed double-Wiebe function (DDWF)

Reduced double-Wiebe function
(RDWF)

a m λ a1 m1 a2 m2 λ a1 m a2

340 35 12.18 0.89 0.57 11.78 8.35 3.55 0.78 0.57 3.02 8.34 0.78
340 35 12.8 0.97 0.58 11.16 7.96 3.47 0.82 0.58 3.49 7.96 0.82
340 35 15.9 1.21 0.6 9.97 7.03 3.41 0.91 0.6 3.55 7.03 0.91
350 35 14.86 1.2 0.6 10.31 8.34 3.39 0.96 0.6 3.51 8.34 0.96
340 50 7.24 0.37 0.57 13.53 6.79 3.27 0.59 0.57 3.36 6.79 0.59
340 50 8.56 0.52 0.59 12.86 6.99 3.27 0.66 0.59 3.27 6.99 0.66
340 50 10.43 0.71 0.6 11.94 6.71 3.31 0.72 0.6 3.34 6.71 0.72
340 50 9.6 0.5 0.61 12.19 4.65 3.26 0.51 0.61 3.33 4.65 0.51
340 50 13 0.79 0.64 10.59 4.41 3.19 0.61 0.64 2.9 4.41 0.6
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with γ and initial pressure taken from conventional diesel
mixing controlled compression ignition combustion and RCCI
combustion data at intake valve closing (IVC). The polytropic
trace is close to experimental data with the same ratio of specific
heats, which demonstrates that the difference in fuel properties is
one of the main reasons for the misalignment in-cylinder pressure
trace between diesel and single-fuel RCCI combustion at compres-
sion stroke.

3.1 Mass Fraction Burned. The normalized cumulative heat
release profile was derived from experimentally collected cylinder
pressure data and further processed to determine combustion perfor-
mance metrics including phasing and duration. The MFB curve was
then determined using curve fitting of the SWF parameters, a model
intended to describe a singular stage of combustion, to determine
the above combustion performance metrics. The start of combustion
is defined as the CAD associated with 0% of the fuel burned,
whereas the combustion duration is defined as the crank angle
period between the start and end of the MFB curve. Among all
12 cases, nine groups of data were used as a training set to estimate
the coefficients for all the functions, and the other three cases were
used as validation data to evaluate the accuracy of the determined
equation coefficients. An average of RMSE between experimental
data and computational results was used to evaluate the fitting.

Equation (13) shows the SWF, which minimizes the RMSE of
the MFB curve to be 8.1%, and Table 3 shows the parameters for
each case:

xb(θ) = 1 − exp −11.62
θ − θ0
Δθ

( )0.79+1
[ ]

(13)

The DDWF and RDWF defined in Sec. 2.3 included two com-
bustion stages. For the DDWF, the combustion phasing for stages
one and two were assumed to be the same. The end of combustion
for the primary stage was estimated by the least-square method,
whereas for the secondary stage, it was defined as the ending
CAD when all fuel had been consumed. Equation (14) shows the
coefficients of the DDWF with a minimized RMSE of 1.4%, and
Table 3 shows the coefficients for the function:

xb(θ) = 0.6 1 − exp −11.59
θ − θ0
Δθ1

( )6.8+1
[ ]{ }

+ (1 − 0.6) 1 − exp −3.35
θ − θ0
Δθ2

( )0.73+1
[ ]{ }

(14)

Fig. 5 MFB curves comparing the experimental and numerically predicted single-Wiebe and double-Wiebe functions shown
for operating conditions consiting of: (a) blend ratio of 35% and intake temperature of 320 K, (b) blend ratio of 35% and intake
temperature of 350 K, and (c) blend ratio of 50% and intake temperature of 350 K
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Equation (15) illustrates the parameters with a minimized RMSE
of 1.3%:

xb(θ) = 0.6 1 − exp −3.31
θ − θ0
Δθ1

( )6.8+1
[ ]{ }

+ (1 − 0.6) 1 − exp −3.31
θ − θ0
Δθ2

( )0.73+1
[ ]{ }

(15)

The coefficients for each case are shown in Table 3. Equa-
tions (14) and (15) resulted in the smallest average RMSE in con-
trast to the results of Eq. (13). The RMSE of Eq. (15) is similar
to Eq. (14), which means that the RDWF with a reduced number
of coefficients has similar accuracy as the DDWF. However, the

RMSE of the SWF is much larger than the DWFs, which proves
that the standardWiebe function is not able to fully capture the com-
bustion characteristics of the single-fuel RCCI combustion and
hence is not suitable to predict the MFB curve.
Figure 5 compares the measured normalized cumulative heat

release profile with the MFB curve predicted by the SWF and
DWF for three selected cases that were not used in the curve
fitting. The operating conditions for the three groups of data were
(a) intake temperature at 320 K with a blend ratio of 35%,
(b) intake temperature of 350 K and blend ratio of 35%, and
(c) intake temperature of 350 K with a blend ratio of 50%, respec-
tively. Exp refers to experimental data, SWF refers to a single-
Wiebe function, DDWF refers to detailed double-Wiebe function,
and RDWF refers to reduced double-Wiebe function.
It can be seen from Fig. 5 that the DDWF and RDWF of Eqs. (14)

and (15) can accurately predict the combustion process of single-
fuel RCCI combustion over a range of operating conditions. For
the DDWF, the weight factor is determined as 0.6, which means
the percentage of fuel burned in premixed combustion and diffusion
combustion is close to each other. The form factor for stage one is
much larger than stage two, which means stage one has a slower
ignition, but faster flame propagation, while stage two has a faster
ignition at the start of combustion, but a slower flame propagation.
Meanwhile, the initial small deviation from the horizontal line that

can be discerned in both the experimental and simulated data shown

Fig. 6 Experimental and model-predicted pressure traces shown for shown for operating conditions consiting of: (a) blend
ratio of 35% and intake temperature of 320 K, (b) blend ratio of 35% and intake temperature of 350 K, and (c) blend ratio of
50% and intake temperature of 350 K

Table 4 Operation condition and combustion characteristics of
the baseline experiment

Intake temperature (K) 320
Blend ratio (%) 35
Combustion phasing (CAD aTDC) −2.2
LTHR fraction (%) 2.5
Gross indicated mean effective pressure (kPa) 517.84
Indicated gross thermal efficiency (%) 33.52
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in Fig. 5 marks the beginning of the combustion process and is
defined as the LTHR region, while the main heat release section is
defined as high-temperature heat release (HTHR). Curve fitting the
DWF to match the MFB profile during the LTHR region is quite dif-
ficult and thus localfidelity can be sacrificed to achieve globalfidelity
since the LTHR region here typically accounts for only 2–5% of the
total heat release. The results of Eq. (15), in comparison to Eq. (14),

achieve similar accuracy, within 0.1% RMSE, and are able to follow
the trend of the experimental data, capturing most of the characteris-
tics of RCCI combustion with less modeling complexity. On the
other hand, the MFB curve generated from the standardWiebe func-
tion is not able to capture the trend of experimental data, since the
SWF has a standard exponential curve shape, which is different
from the calculated profile.
Figure 6 portrays the experimental cylinder pressure data com-

pared to the cylinder pressure data derived from simulated results
that were reproduced using the RDWF. The cylinder pressure
traces show a similar accuracy as observed in the MFB profile
shown in Fig. 5, which proves that the RDWF can accurately fit
experimentally derived MFB curves. It is worthy to note that
there exists a small deviation in the pressure traces between exper-
imental and simulated results at the top dead center (TDC). This
stems from a small offset observed in the computationally deter-
mined MFB curves due to a small fraction of heat release occurring
early in the compression stroke, which ultimately could not be cap-
tured by the DWF.

3.2 Low-Temperature Heat Release Fraction. The LTHR
which appears in RCCI combustion was caused by diesel fuel and
affected by the octane number of the low reactivity fuel. In order
to better understand the relationship between LTHR and combus-
tion characteristics, a study of LTHR fraction and combustion
timing was performed. In this section, the relationship between
the fraction of LTHR and engine performance is investigated. An
initial set of experimental data was employed in the 1D model,
under the operating conditions detailed in Table 4.
The predicted MFB curve from the RDWF was employed in the

model. As mentioned in the previous section, the fitted curve is not
able to fully capture the section of LTHR. To have a more precise
result and a better understanding of the relationship between com-
bustion process and engine performance, a MFB curve combining
LTHR data from the experiments and HTHR data from the DWF
was used in the model. The MFB profile was generated by varying
the LTHR fraction from 20% to 60% and reducing the corresponding
HTHR to reach the total normalized heat release to 100%. The start-
ing crank angle and duration of the combustion event were main-
tained constant. The modified MFB curve is shown in Fig. 7.
Figure 8 shows the indicated gross fuel conversion efficiency and

brake fuel conversion efficiency with respect to the LTHR fraction.
Figure 9 illustrates the energy distribution with respect to the frac-
tion of LTHR, by setting the total energy input constant for all
cases. The fraction of pumping work for all cases is approximately
1%. In Fig. 8, both the indicated efficiency and brake efficiency are
reduced from 38.4% to 36.2% and from 27.8% to 25.3%, respec-
tively, as the LTHR fraction is increased from 0.2 to 0.6. The
decrease in indicated efficiency is due to the increase in LTHR at

Fig. 8 Gross fuel conversion efficiency and brake fuel conver-
sion efficiency with respect to the LTHR fraction

Fig. 9 Total engine system energy distribution with respect to
the LTHR fraction

Fig. 10 Gross fuel conversion efficiency with respect to the
combustion phasing at different LTHR fractions

Fig. 7 MFB curves predicted by the double-Wiebe function and
experimental data with varying LTHR fraction
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compression stroke, which results in a higher bulk temperature in
the cylinder. A higher cylinder temperature increases the heat trans-
fer coefficient, and thus increases the heat transfer loss to the cylin-
der wall, as shown in Fig. 9. Since more combustion occurs during
the compression stroke, where the piston is moving in the opposite
direction of the expanding fuel–air mixture, this causes an increase
in compression work, which reduces the gross work, as shown in
Fig. 9. A similar result was established by Splitter et al. [24]
using gasoline and DTBP additive. The energy in the exhaust gas
is reduced from 26.9% to 24.2%, and the heat loss is increased

from 34.7% to 39.7%, with increases in the LTHR fraction. The
combustion during the compression stroke also generates a higher
amount of friction, which causes a decrease in torque and thus a
decrease in brake fuel conversion efficiency. The plot also shows
that the largest energy loss during combustion is due to heat trans-
fer, which suggests that adding thermal barrier coatings to the cyl-
inder can be considered to improve efficiency.

3.3 Combustion Phasing. Combustion timing and LTHR
have a significant effect on RCCI combustion, as shown in previous

Fig. 11 Total engine system energy distribution as a function of combustion phasing for different LTHR fractions ranging
from: (a) 20%, (b) 30%, (c) 40%, (d) 50%, and (e) 60%
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research byHariharan et al. [32]. The LTHR is caused by diesel com-
bustion and is controlled by the reactivity difference between the low
reactivity fuel (reformate) and the high reactivity fuel (diesel). The
sensitivity of the combustion phasing to reactivity increases with
the difference in reactivity. An analysis of fuel conversion efficiency
and energy distribution with respect to combustion phasing (varying
from−5 to 15CAD after the top dead center (aTDC)) is performed in
this section to find the optimal timing of the combustion phasing to
achieve the highest fuel conversion efficiency for different LTHR
fractions. In contrast with the study of LTHR fraction in the previous
section, the crank angle of the start and end of combustion is varied to
match the combustion phasing. The combustion phasing is defined as
crank angle corresponding to 50% of total fuel mass burned (CA50),
which is defined as the crank angle where 50% of total fuel mass has
been burned. Figure 10 demonstrates the gross fuel conversion effi-
ciencywith respect to combustion phasing, and Fig. 11 illustrates the
energy distribution with respect to the combustion phasing, with
(a)–(e) referring to the LTHR fraction increased from 20% to 60%,
respectively. Thus, the gross fuel conversion efficiency at LTHR
of 20% increases from −5 to 5 CAD aTDC, reaches its peak value
of 39.5%, and then decreases from 5 to 15 CAD aTDC. Similar
trends appear at LTHR of 50–60%, where the gross fuel conversion
efficiency increases from −5 to 5 CAD aTDC, and then decreases
from 5 to 15 CAD aTDC. However, the gross fuel conversion effi-
ciency for LTHR fraction between 30% and 40% has a slightly dif-
ferent trend, with all the cases reaching their maximum at around
10 CAD aTDC. Overall, the maximum fuel conversion efficiency
is 41.1%, occurring for a 60% LTHR fraction and a CA50 at 5
CAD aTDC.
As the combustion phasing is retarded, more combustion occurs

close to and after TDC. At close to TDC and during the expansion
stroke, the piston is moving in the same direction as the expanding
and burning fuel–air mixture. This reduces energy loss and, there-
fore, increases the gross work, as shown in Fig. 11. If the combus-
tion phasing is retarded further, more of the combustion process
occurs later in the expansion stroke and far away from TDC.
Hence, the cylinder pressure and temperature are both reduced in
magnitude, which reduces reaction rates and the fraction of fuel
burned, thus causing a reduction of gross work and a decrease in
gross fuel conversion efficiency. Previous RCCI research by Ma
et al. [54] using gasoline/diesel dual-fuel combustion showed that
indicated specific fuel consumption decreased with retarding
CA50 until it reached a minimum value and then increased as
CA50 was further retarded. An investigation by Mohammadian
et al. [55] with single-fuel RCCI using isobutanol and DTBP addi-
tive also showed a decrease of indicated fuel conversion efficiency
when the major combustion period was close to TDC, which is
similar to the results shown in Fig. 10. The pumping work is
almost constant with respect to the combustion phasing and
LTHR fraction. The energy contained in exhaust gas monotonically
increased with respect to the combustion phasing from 28.8% to
35.5% with 20% LTHR and from 27.2% to 34.4% with 60%
LTHR. The exhaust energy is affected by the temperature of
exhaust gas and the fraction of unburned fuel. Since the cylinder
temperature decreases at early expansion stroke and increases at
late expansion stroke, the increase of energy in the exhaust gas is
due to the effect of cylinder temperature at late expansion stroke,
with the bulk of the reactions occurring after TDC. The heat loss
to the cylinder wall is monotonically decreasing with respect to
the combustion phasing from 34.8% to 26.9% with 20% LTHR
and from 34.7% to 27% with 60% LTHR, which is due to the
decreasing of temperature at early expansion stroke and corre-
sponded decreasing of heat transfer coefficient.
By comparing Fig. 10 to Fig. 8, it is evident that the gross fuel

conversion efficiency decreases with increasing LTHR at the
advanced combustion phasing cases. Conversely, at retarded com-
bustion phasing, gross fuel conversion efficiency increases as the
fraction of LTHR is increasing. This is due to more of the combus-
tion process occurring after TDC, thus maximizing gross work. The
fuel conversion efficiency achieved in this study is higher than the

experimental result shown by Hariharan et al. [32]. This suggests
that the modified combustion profile, with delayed combustion
phasing close to TDC and a high LTHR fraction, can yield a
higher fuel conversion efficiency. This strategy can be used as a
potential target for RCCI combustion in future studies.

4 Conclusions
In this paper, a SWF and two DWFs were estimated to predict the

MFB curve using experimental data collected from single-fuel
RCCI combustion. The DWF with the highest accuracy was
selected for further combustion analysis using a 1D thermodynamic
model built on GT-POWER. A modeling study of the fraction of LTHR
and combustion phasing was performed and the fuel conversion
efficiency and energy distribution were investigated using this 1D
model. From a detailed analysis of the DWF and the thermody-
namic simulation results, the following conclusions can be drawn:

• The DDWF is able to predict the MFB profile for single-fuel
RCCI combustion and it fits the best experimental data. The
RDWF predicts a similar MFB profile as the DDWF. The
SWF is not able to provide a combustion profile with high
accuracy.

• The LTHR has an effect on fuel conversion efficiency and heat
loss. At the advanced combustion phasing, the indicated net
fuel conversion efficiency monotonically decreases from
37.5% to 35.2% as the fraction of LTHR is increased. The
exhaust energy is decreased from 26.9% to 24.2% and the
heat loss to the cylinder wall increases from 34.7% to 39.7%
as the LTHR fraction is increasing.

• The indicated fuel conversion efficiency increases first and
then decreases as the combustion phasing is retarded from
before TDC to after TDC for different LTHR fractions. With
a retarded combustion phasing, the indicated net fuel conver-
sion efficiency increases as the fraction of LTHR is increased.
The maximum efficiency of 41.1% is reached for LTHR of
60% and with CA50 at 5 CAD aTDC and 60%. The modified
combustion profile with delayed CA50 and high LTHR frac-
tion shows a potential combustion strategy that could
achieve higher efficiency than previously demonstrated for
single-fuel RCCI combustion.

• The exhaust gas energy monotonically increases as the com-
bustion phasing is delayed. The maximum fraction of
exhaust gas energy is 35.5% with CA50 occurring at −5
aTDC and for 20% LTHR, while the minimum is 33.9%
with CA50 at 15 aTDC and for 40% LTHR. The energy loss
to the cylinder wall decreases as the combustion phasing is
retarded. The maximum fraction of heat loss is 36.1% with
CA50 −5 aTDC and 40% LTHR and the minimum is 26.8%
with CA50 at 15 aTDC and with 50% LTHR.

Ultimately, this study numerically determines the most appropriate
LTHR fraction and combustion profile to achieve the maximum effi-
ciency for single-fuel RCCI combustion for the conditions studied. In
addition, these findings can be utilized to alter the reformate fuel cat-
alyzing process to develop a reformate fuel composition that can
deliver the desired LTHR percentage, thus unlocking the most favor-
able performance possible for single-fuel RCCI combustion.
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