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Numerical Investigation of the Combustion Kinetics of Partially Premixed
Combustion (PPC) Fueled with Primary Reference Fuel

Abstract
This work numerically investigates the detailed combustion kinetics of
partially premixed combustion (PPC) in a diesel engine under three
different premixed ratio fuel conditions. A reduced Primary Reference
Fuel (PRF) chemical kinetics mechanism was coupled with
CONVERGE-SAGE CFD model to predict PPC combustion under
various operating conditions. The experimental results showed that the
increase of premixed ratio (PR) fuel resulted in advanced combustion
phasing. To provide insight into the effects of PR on ignition delay
time and key reaction pathways, a post-process tool was used. The
ignition delay time is related to the formation of hydroxyl (OH). Thus,
the validated Converge CFD code with the PRF chemistry and the
post-process tool was applied to investigate how PR change the
formation of OH during the low-to high-temperature reaction
transition.
The reaction pathway analyses of the formations of OH before ignition
time were investigated. It was found that in the case of PR0%, the
second isomerization from C7H14OOH2-4O2 to NC7KET24 and the
decomposition of NC7KET24 contributed 27.6% and 46.46% of OH
formation respectively. The contribution of AC8H16OOH-B to the
formation of OH was just 12.13%. It can be concluded that the low
temperature oxidation reactions of n-heptane were key steps in
producing OH. While in the cases of PR30% and PR50%, because of
the higher in-cylinder temperature, most of OH derived from the
decomposition reaction of H2O2 that contributed 54.47% and 54.63%
of OH formation respectively. Besides, in the PR30% and PR50%, the
oxidation reactions of IC4H7 contributed 31.95% and 33.84% of OH
formation respectively, and the oxidation reaction of IC4H6OH
contributed 19.08% and 22.22% of OH formation respectively, which
indicated that the oxidation of iso-octane also contributed to the
production of OH. In addition, the distributions of mass fraction,
production rate and representative creation reaction (RCR) of OH
showed that in the case of PR30% and PR50%, the formation of OH
outside the spray periphery were dominated by the reactions R394
(H2O2 (+ M) <=> 2 OH (+ M)), while that in the spray periphery were
predominantly controlled by the reaction R21 (NC7KET24 =>
NC3H7CHO + CH3COCH2 + OH) and R125 (IC4H6OH + HO2 <=>
CH2CCH2OH + CH2O + OH). Premixed fuel from port injection
changed the formation pathway of OH during the oxidation of direct
injection fuel through the reaction R125.

Introduction
Internal combustion engines are the one of major consumers of oil.
With the fossil fuels being depleted, more stringent regulations have
been mandated to limit fuel economy, the carbon dioxide (CO2)
emission, and some other harmful gas emissions. In the past decades,
in order to achieve clean and high-efficiency combustion, some novel
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combustion concepts have been proposed, such as low temperature
combustion (LTC) [1], homogeneous charge compression ignition
(HCCI) [2]. HCCI mode which provides a homogeneous charge for
compression ignition, has drawn worldwide attention due to its
advantages in terms of high thermal efficiency and low soot and NOx
emissions, but it also meets with issues of the homogeneous fuel
mixture preparation, high pressure rise rate and load extension,
combustion phasing control and high HC (hydrocarbon) as well as
carbon oxide (CO) emissions [2]. Generally, both HCCI and LTC have
the compromise between emissions and operating range [3, 4].
With the deepening understanding on HCCI combustion, it was found
that the absolutely homogeneous charge is infeasible to be organized,
and inhomogeneity in concentration and temperature must exist in
HCCI combustion process [5, 6, 7, 8]. Moreover, the inhomogeneity in
compression ignition engine are beneficial to control the combustion
phasing and extend the range of operating conditions to some extent
[9, 10]. Based on the previous research on HCCI and LTC, PPC [11,
12] and premixed charge compression ignition (PCCI) [13, 14] have
been proposed to cope with the aforementioned challenges faced by
HCCI and LTC [15, 16]. The PPC and PPCI mode adopt controllable
stratified charge prior to ignition by only direct fuel injection in the
cylinder rather than homogeneous charge in HCCI. The reasonable
concentration stratification of the charge in the cylinder can control
combustion phasing well [17, 18]. Besides, according to different
operating conditions, the fuel concentration stratification can be
modulated by adjusting the injection timing of the fuel, thus the heat
release rate can be effectively controlled. For example, Dec [19]
designed fuel concentration stratification by premixing most of the fuel
with intake air during the intake stroke and direct injecting the rest of
the fuel during the compression stroke. It was found that staged
combustion can be achieve by fuel stratification, which can effectively
reduce the maximum pressure rising rate and is beneficial for the
expansion of high load.
The concentration stratification of charge in the cylinder can be
controlled by fuel injection strategy, such as different injection timings
and multiple injection strategy [20, 21, 22, 23], combination of port
injection and multiple injection strategy [24, 25, 26, 27, 28], and so on.
For instance, a double-injection strategy has shown the independent
control of mixture homogeneity of the early first injection and charge
stratification of the late second injection, which cause a lower rate of
pressure rise, extended high-load limit, and better combustion stability
[29, 30, 31, 32]. A compound injection strategy with port- and direct
injection can flexibly adapt to the change of load by adjusting the

premixed ratio of fuel [33, 34]. For example, Liu et al. [33] shows that
with the decrease of the premixed ratio, the peak heat release rate
decreases, combustion phasing delays, and the thermal efficiency show
the tendency of first decreasing and then increasing. However,
although the mixture homogeneity enhanced by the strategies of
double injection and compound injection contributes to suppressed
thermal NO and soot formation simultaneously, the unburned
hydrocarbon (HC) and CO emissions are higher. In general, numerous
researchers have investigated the engine performance and emissions of
PPC mode [35, 36, 37] from which a good understanding of thermal
efficiency and engine-out emission trends has been developed.
To provide insight into fundamentals of the combustion, optical
diagnostic techniques have provided an efficient means by which
direct investigate the engine spray, combustion and the evolution of
key species. For instance, Tang et al. [38] showed that the variation of
the fuel stratification degree caused by the different fuel injection
timings is responsible for this transformation in the flame development
pattern for gasoline PPC. Harsh et al. [39] took focus on how the
ignition occurs during the low- to high-temperature reaction transition
and how it varies due to single- and double-injection strategies. Their
experimental investigation showed that in the case of double-injection
gasoline PPC combustion, during the low- to high-temperature
reaction transition, the HCHO consumption to form OH radicals is
higher, indicating faster transition for better combustion stability.
However, the optical engine observations only focused on a number of
specific species, making it difficult to fully clarify the engine
combustion details [40, 41, 42, 43].
On the other hand, the computational fluid dynamics (CFD) model
coupled with chemical kinetics mechanism has been well known as a
powerful tool to investigate the PPC combustion and emission
formation processes [44, 45, 46]. For example, Dempsey et al. [47]
compared three mixture stratification (partial, moderate and heavy
stratifications) on the PPC combustion numerically. The results
demonstrated that there was a trade-off between fuel stratification and
combustion efficiency, and the heavy mixing case would have higher
soot tendency. More recently, Liu et al. [48] showed that the gasoline
PPC combustion was initiated by the spray periphery near the cylinder
bowl, and NOx was mainly formed in the spray periphery rather than
the homogeneous region, while soot was formed in the downstream of
the spray. According to literature research, obviously, the past analysis
of 3D CFD simulation of PPC combustion focused mainly on the
spatial distribution of important parameters, such as temperature and
key species. However, the detailed combustion chemical kinetics
process, such as the instantaneous species destruction pathway, in a
CFD model is very limited. Additionally, the research about the effects
of different premixed ratio fuel on combustion kinetics in PPC
combustion has not been reported before.
Therefore, in the current study, a CFD modeling coupled with incylinder reaction pathway analysis to investigate the ignition delay
characteristics of three different PR engine operating in the PPC
combustion mode. A post-processing method developed by Liu [43,
49] is able to carry out reaction pathway analysis by integrating over
the corresponding computational domains. This method is primarily
coded in the MATLAB environment. More details about the method
can be found in literature [43, 49]. The fidelity of the method has been
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verified by CHEMKIN results, which proves that the method is able to
well capture the combustion details.
This work is an attempt to further study the effects of premixed fuel on
the fuel combustion of PPC computationally, characterized by both
port injection and direct injection on a single-cylinder CI engine. More
specifically, the objective of the current study is to explore the function
of different PR on the ignition delay of PPC combustion and advance
our understanding of the combustion kinetics interaction between
premixed fuel and direct injection fuel.
Following the introduction section that provide a detailed literature
review and the objective of this research, a section is provided to
introduce the experimental and modeling setup, combustion
visualization method and modeling validation. Then the paper
discusses and analyzes the simulation results, aiming at the ignition
delay under three different PR in a CI engine, the creation reaction
pathway of OH, the spatial distribution of OH in cylinder during the
combustion process. Finally, conclusions are provided.

Experiment and modeling setup
Experimental Setup
All the PPC combustion experiments with primary reference fuel (70%
isooctane and 30% n-heptane, PRF70) were conducted in a single
cylinder, 4-stroke, 4-valve diesel engine, which was modified from a
six-cylinder engine with the other 5 cylinders unchanged. The
schematic diagram of the experimental setup is shown in Figure 1, and
the engine specifications are listed in Table 1. The detailed information
about the measurement instruments can be referred in the refs. [28].

Figure 1. Schematic of experimental setup

As shown in Figure 1, an air compressor was used to simulate the
intake boost pressure. A back-pressure valve was used to regulate the
EGR rate. The intake port injector (Delphi) was used to control the
premixed fuel distribution, and the common rail injector (Bosch) in the
cylinder head was used to control the direct-injection fuel distribution.
The in-cylinder pressure was measured by a piezoelectric transducer
(Kistler 6125C01U20). For each operating point, the in-cylinder
pressures of 100 engine cycles were collected. The fuel flow rates of
intake-port injection and direct injection were measured by two fuel
consumption meters (AVL 733S) respectively. Soot emission was
measured by a filter smoke meter (AVL 415S), while HC, CO and
NOx emissions were measured by a gas analyzer (Horiba MEXA7100DEGR).

Table 1. Engine specifications

adjusting fuel mass distribution between intake-port injection and
direct injection.

Engine Type

Modified single cylinder heavy-duty
diesel engine

Displacement

1.0818 L

Bore /stroke

105/125 mm

Connecting rod length

210 mm

IVC

-133 CA ATDC

EVO

125 CA ATDC

Compression ratio

16:1

Port fuel injector

4 holes, injection angle 15°, injection
pressure 0.3 MPa

Common rail injector

8 holes, injection angle 150°, injection
pressure 80 MPa, 0.15 mm nozzle

Swirl number

1.2

Table 2. Engine operating conditions.
Parameters

Case1

Case2

Case3

Engine speed (rpm)

1500

1500

1500

Total injection mass (mg/cyc)

32

32

32

SOI (CA ATDC)

-9

-9

-9

Premixed ratio (%)

0

30

50

Duration of direct injection (CA)

15.1

11.9

8.7

Intake air pressure (bar)

1.8

1.8

1.8

Intake air temperature (°C)

50

50

50

EGR rate (%)

45

45

45

Modeling Setup
In the current study the PPC combustion process was simulated using a
3D CFD software CONVERGE [44] with PRF70 represented by nheptane and iso-octane. The fuel chemistry coupled was a reduced
PRF mechanism consisting of 73 species and 296 reactions [50]. The
sub-models used in the simulation, which had been validated in
simulating the combustion process of a RCCI combustion engine [42,
43]. The renormalization group (RNG) k-ɛ model was adopted for the
calculation of turbulence [51]. The Hiroyasu-NSC model empirical
soot/oxidation model was applied to calculate the soot emission [52].
A Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model without
breakup length was used to model the spray breakup process [46]. The
no time counter (NTC) algorithm of Schmidt and Rutland was used to
model droplet collisions [53], the Frossling correlation was used to
model droplet evaporation [48]. In this study, a base mesh of 2 mm
was used. To accurately simulate complex phenomena such as highvelocity flow, an adaptive mesh generation method using 3 as adaptive
mesh refinement (AMR) scale was applied, with up to 770,000 grids
which correspond to maximum and minimum grid sizes of 2 mm and
0.25 mm, respectively. Figure 2 shows an example of the mesh
generated. The simulation started from the intake valve closing (IVC)
with the assumed homogeneous mixture of PRF70, air, and residue gas
and completed at exhaust valve opening (EVO). The simulations were
initialized with uniform concentrations, flow fields and temperatures at
IVC.

Table 3. list of the key RCR reactions.
R5

NC7H16 + O => C7H15-2 + OH

R20

C7H14OOH2-4O2 <=> NC7KET24 + OH

R21

NC7KET24 => NC3H7CHO + CH3COCH2 + OH

R22

C7H14OOH2-4 => OH + CH3CHO + C5H10

R31

IC8H18 + O => AC8H17 + OH

R40

AC8H16OOH-B => IC8ETERAB + OH

R43

AC8H16OOH-BO2 <=> IC8KETAB + OH

R46

IC8KETAB => IC3H7CHO + TC3H6CHO + OH

R97

TC3H6O2HCO <=> CH3COCH3 + CO + OH

R108

IC4H7 + HO2 => IC4H7O + OH

R112

IC4H7 + O2 <=> C3H4 + CH2O + OH

R125

IC4H6OH + HO2 <=> CH2CCH2OH + CH2O + OH

R165

C3KET21 <=> CH2O + CH3CO + OH

R178

C3H5 + HO2 <=> OH + C2H3 + CH2O

R224

C2H5 + O2 => CH3CHO + OH

R282

CH2CHO + O2 => CH2O + CO + OH

R305

HCCO + O2 => OH + 2CO

R377

CH3O2H => CH3O + OH

R394

H2O2 (+ M) <=> 2 OH (+ M)

R439

CH2O + O => HCO + OH

The engine operating conditions are listed in Table 2. As can be seen,
PPC experiments with PRF70 were conducted under a similar
operating condition (around 5.4 bar IMEP) through three different
injection strategies. During the experiments the engine speed was fixed
at 1500 rpm, with the temperature of cooling water and lubricating oil
kept at 85 °C and 95 °C respectively. The intake pressure was fixed at
1.8 bar and the EGR rate was fixed at 45%. The total cyclic injection
mass of PRF70 was 32 mg/cycle, while PR varied from 0% to 50% by
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Figure 2. Computational grid.

The AHRR is derived from the first law of thermodynamics balance on
the cylinder contents. It is essentially the chemical heat release rate
minus the heat loss rate to the combustion chamber walls, and is given
by:
AHRR=

𝑑𝑄
𝑑𝜃 𝑐ℎ𝑒𝑚

−

dQ
𝑑θ wall

=

1
𝛾−1

𝑉

dp
𝑑θ

+

𝛾
𝛾−1

𝑃

dV
𝑑θ

(1)

where P is the average in-cylinder pressure, V is the cylinder volume,
and γ is the ratio of specific heats for the in-cylinder gas mixture.
According to Heywood’s research, in this work, γ was taken to be a
constant of 1.3 when calculating the AHRR [54].

Combustion visualization method
To study the interaction mechanism between premixed fuel and direct
injection fuel, a combustion visualization method was applied to
examine the rate of production (ROP) of each species in each cell. The
detailed information about the method can be referred in the Refs.
[43]. For a specific species, the representative reactions accounting for
its destruction and creation in each computational cell were also
calculated and termed the representative destruction reaction (RDR)
and creation reaction (RCR), respectively. By visualizing and

analyzing the RDRs and RCRs of the important species (such as OH
and formaldehyde), some significant combustion characteristics can be
explained. In the current work, the instantaneous species destruction
pathway (ISDP) was calculated using the contribution of each reaction
to the whole creation or destruction process for a specific species by:
𝜔𝑖,𝑗

𝛽𝑖,𝑗 = ∑

(2)

𝜔𝑖,𝑗

where the 𝛽𝑖,𝑗 is the normalized creation/destruction rate of the ith
species by the jth reaction, 𝜔𝑖,𝑗 is the actual creation/destruction rate of
the ith species by the jth reaction, and ∑ 𝜔𝑖,𝑗 is the total
creation/destruction rate of the ith species by all the reactions. Table 4
summarizes the major reactions identified by the RDR analyses in this
work. Table 3 summarizes the major reactions identified by the RCR
analyses in this work.

Figure 4. Comparisons of IMEP, CA50, and ignition delay period between
experiments and simulations with three different injection strategies.

(a)

(b)

Figure 5. Comparisons of soot and NOx emissions between experiments and
simulations with three different injection strategies.
(c)
Figure 3. Comparisons of in-cylinder pressures and AHRRs between
experiments and simulations. (a) 0%PFI+DI (b) 30%PFI+DI (c) 50%PFI+DI
injection strategy.
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Modeling validation
The combustion model has been validated against the experimental
combustion and emission results. As shown in Figure 3, the simulated
cylinder pressure and AHRR were found to agree well with
experimental data measured at PR0%, PR30% and PR50%,
respectively. Figure 4 compares the simulated IMEP, CA50 and
ignition delay period with experimental data, and Figure 5 compares
the soot, NOx, CO and HC emissions. It can be seen that the CFD
model could reasonably predict the trend of combustion and emissions
at three operating conditions. Therefore, the CFD model is able to
reasonably study the PPC combustion process by analyzing the
physical and chemical process.

Results and discussions
Comparatively, as shown in Figure 4, The PR0% case ignited slightly
later than the PR30% case, while the PR50% case ignited much earlier.
With the increase of PR, the ignition delay period decreased gradually.
From the PR0% case to the PR50% case, the ignition delay decreased
by 2.5 CA. That is to say, the intake-port injection fuel had an effect
on the combustion ignition delay time.
It is known that the ignition delay time is related to the formation of
hydroxyl (OH). Thus, the mass fraction profiles of OH were
investigated, as shown in Figure 6. With the increase of PR, the
ignition time were gradually advanced. It can be seen that there was a
close correspondence between the peak of OH mass fraction and the
peak of AHRR. For the PR30% case and PR50% case, the OH mass
fractions went up firstly, and then them went down during the NTC
period. The first peak of OH is at -23 CA. It’s worth noting that the
OH concentration of the PR30% and the PR50% case were much
higher than that of the PR0% case during whole ignition delay.

Figure 7. Evolutions of the mass fraction of in-cylinder key species with three
different injection strategies. The key species include NC7H16, IC8H18,
C3KET21, CH2O, CO, CH3COCH3, H2O2, H2O, H2, CH3O2H and C2H2.

Wang et al. [55, 56] showed that the key species, such as C3KET21,
H2O2 and CH3O2H, produced through the low temperature reaction
products of PRF can effectively shorten the ignition delay, which
works by changing the OH concentration. Figure 7 shows the
evolutions of the mass fraction of in-cylinder key species with three
different injection strategies. With the increase of in-cylinder
temperature, n-heptane and iso-octane began to be consumed by lowtemperature oxidation reactions. During the low-temperature
oxidation, many key species that can promote ignition were produced.
It can be seen that the concentrations of C3KET21, H2O2 and CH3O2H
in the PR30% and PR50% cases were much higher than that in the
PR0% before the ignition time.
Figure 8. The simulated peak temperature profiles with three different injection
strategies.

Figure 8 shows the simulated peak temperature profiles. When the
temperature is higher than 1000K, large H2O2 will start to decompose
through R394 (H2O2 (+ M) <=> OH + OH (+ M)), which releases a
large amount of heat and means the beginning of the high temperature
ignition stage [57]. As shown in Figure 8, the peak temperature in the
PR30% and PR0% were below 1000K at -5 CA, while the peak
temperature in the PR50% case was slightly above 1000K.

Figure 6. Evolutions of AHRRs and the mass fraction of OH with three
different injection strategies.
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Thus, the reaction pathway analyses of the formations of OH at -5 CA
were investigated. Figure 9 shows that OH can be produced both from
n-heptane and iso-octane. Table 4 shows the ratio of different
formation pathway of OH at -5 CA ATDC. It can be seen that the low
temperature reaction sequence, the first oxygen addition-the first
isomerization-the second oxygen addition-the second isomerization,
accounts for most of the formation of OH. The decompositions of the
small hydroperoxides also contributed substantially to the formation of

OH. In the case of PR0%, the second isomerization from C7H14OOH24O2 to NC7KET24 and the decomposition of NC7KET24 contributed
27.6% and 46.46% of OH formation respectively. The contribution of
AC8H16OOH-B to the formation of OH was just 12.13%. It can be
concluded that the low temperature oxidation reactions of n-heptane
were key steps in producing OH in the case of PR0%. While in the
cases of PR30% and PR50%, because of the higher in-cylinder
temperature, most of OH derived from the decomposition reaction of
H2O2 that contributed 54.47% and 54.63% of OH formation
respectively, from which it can be inferred that the temperature in most
areas of the cylinder was close to 1000K, which can be confirmed in
Figure 11. Besides, the oxidation reactions of IC4H7 contributed
31.95% and 33.84% of OH formation respectively, and the oxidation
reaction of IC4H6OH contributed 19.08% and 22.22% of OH formation
respectively, indicating that the oxidation of iso-octane also
contributed to the production of OH.

and PR50% had more widely distribution of OH mass fraction in the
combustion chamber due to the oxidation of the homogeneous
distributed fuel. Besides, all distributions of OH shows distinctive jet
structures corresponding to nozzle holes, and the area around the spray
was the area with the fastest OH formation rate. In addition, compared
to PR0%, the formation of OH that derived from the oxidation of
direct injection fuel was enhanced in the cases of PR30% and PR50%.
To further explain the difference about the formation of OH during
ignition delay, Figure 12 evaluates the representative creative reactions
of OH in each computational cell at -5 CA, from which information
relating to the interaction between port-injection and direct injection
fuel can be observed. As shown in Figure 12, in the PR0% the widest
distribution of OH formation was predominantly controlled by the
reaction R21, while in the cases of PR30% and PR50% that was
predominantly controlled by the reactions of R394, R21 and R125. It
can be seen RCRs dominated by R394 were distributed in the
combustion chamber area outside the spray periphery. Combined with
the absolute rate of production analysis of OH shown in Figure 10, it
can be concluded that most of OH derived from the oxidation of port
injection fuel. In addition, in the PR30% and PR50%, the formation of
OH around spray periphery were dominated by the reactions R21and
R125, which indicated that premixed fuel from port injection promoted
the formation of OH during the oxidation of direct injection fuel by
R125.
Table 4. Ratio of different formation pathway of OH at -5 CA.

Figure 9. Reaction pathway analyses of the formation of OH at -5 CA. (The
number marked in the figure as the formation pathway of OH, detailed
description in table 4)

The absolute rate of production analysis of OH at -5 CA with three
different PR are shown in Figure 10. The formation of OH was
dominated by the decomposition reactions of NC7KET24,
C7H14OOH2-4O2, AC8H16OOH-B and TC3H6O2HCO in the PR0%
case, while these reactions contributed very little to the formation of
OH in the cases of PR30% and PR50%. On the contrary, in the cases
of PR30% and PR50%, the formation of OH was dominated by the
decomposition of H2O2, and the oxidation reactions of IC4H7,
IC4H6OH and C3H5, while these reactions contributed very little to the
formation of OH in the PR0% case. It can be seen that the formation of
OH in the cases of PR30% and PR50% was exactly the opposite of
that in PR0% case at -5 CA.
To further figure out the differences of the formation of OH between
three levels of PR, the combustion visualization method was applied to
analyze the distribution of mass fraction and production rate of OH in
cylinder. Figure 11 shows distributions of the mass fraction and
production rate of OH under three different PR. Obviously, PR30%
PR0%
PR30%
PR50%

R165 C3KET21=CH2O+CH3CO+OH
R43 AC8H16OOH-BO2=IC8KETAB+OH

Reaction pathway

PR0%

PR30%

PR50%

R394
R439
R165
R305
R21
R20
R22
R5
R224
R377
R282
R178
R125

1
2
3
4
5
6
7
8
9
10
11
12
13

0.19
0
1.2
0.14
46.46
27.06
1.16
0.02
0.04
0.22
0.02
0.01
0.06

54.47
0.42
0.3
2.46
2.19
1.79
0.66
0.22
0.07
2.94
3.07
4.59
7.79

54.63
0.56
0.1
1.85
0.82
0.7
0.41
0.16
0.06
2.31
3.63
5.2
9.56

R108
R112

14

0.08

9.85

12.39

R97
R46
R43
R40
R31

15
16
17
18
19

1.14
5.96
3.83
12.13
0.02
99.74

0.27
0.3
0.24
3.72
0.6
95.95

0.14
0.13
0.11
2.47
0.57
95.8

Total

R282 CH2CHO+O2=CH2O+CO+OH

R46 IC8KETAB=IC3H7CHO+OH+TC3H6CHO

R178 C3H5+HO2=C2H3+CH2O+OH

R40 AC8H16OOH-B=IC8ETERAB+OH

R125 HO2+IC4H6OH=CH2CCH2OH+CH2O+OH

R20 C7H14OOH2-4O2=NC7KET24+OH

R108 HO2+IC4H7=IC4H7O+OH
R394 H2O2(+M)=2OH(+M)

R21 NC7KET24=CH3COCH2+NC3H7CHO+OH
0.0

PR0%
PR30%
PR50%

R40 AC8H16OOH-B=IC8ETERAB+OH

0.1

0.2

0.3

0.0

0.1

(a)
(b)
Figure 10. Absolute rate of production analysis of OH at -5 CA under two different standards: (a) based on PR0%, (b) based on PR30%.
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0.2

0.3

0.4

Temperature

OH mass fraction

OH production rate

PR0%

PR30%

PR50%

Figure 11. Distributions of temperature, mass fraction and production rate (mole/m3/s) of OH at -5 CA with three PR.

Figure 13 shows the Phi-T diagrams of OH RCRs at -5 CA. Combined
with the RCR distribution of OH shown in Figure 12, in all cases, the
reactions R20 and R21 dominated the formation of OH in the higher
equivalence ratio regions corresponding to spray periphery, while the
R394 only dominated OH formation in the regions with higher
temperature and low equivalence ratio. Compared with the PR0%, the
reaction R125 dominated the formation of OH in the regions with
higher equivalence ratio and lower temperature in the cases of PR30%
and PR50%, while in the similar regions R97 dominated that in PR0%,
from which the results were consistent with the previous analysis.

(a)

(a)

(b)

(b)

(c)
Figure 12. Distributions of RCR of OH at -5 CA with three PR: (a) PR0%, (b)
PR30%, (c) PR50%.
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(c)
Figure 13. Phi-T diagrams of OH RCRs at -5 CA with three PR: (a) PR0%, (b)
PR30%, (c) PR50%.

Figure 14 shows the ROP analyses for OH at -5 CA. Combined with
the RCR distribution of OH shown in Figure 12, in the case of PR0%, it
is noticed that although the reaction R97 dominated in some areas in
the distribution of OH RCR, there was no R97 in the top 6 contributors
of OH formation, and most of the OH was derived from reactions R21
and R20, all belonging to the significant low temperature consumption
pathway of n-heptane. And in the cases of PR30% and PR50%, most of
the OH was derived from the reaction R394, the second and the third
largest amount were produced by the reactions R108 and R125, which
means that OH mainly was produced by the oxidation of port-injection
fuel.

PR0%

R165 C3KET21=CH2O+CH3CO+OH

2. Before the ignition, most of OH derived from the oxidation of port
injection fuel in the cases of PR30% and PR50%.
3. The increase of PR can promote the formation of OH that derived
from the oxidation of iso-octane and restrain that derived from the
oxidation of n-heptane.
4. In the cases of PR30% and PR50%, the formation of OH outside
the spray periphery were dominated by R394, while that in the
spray periphery were predominantly controlled by the reactions
R21 and R125. Premixed fuel from port injection changed the
formation pathway of OH during the oxidation of direct injection
fuel through the reaction R125.
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Definitions/Abbreviations
ATDC

After top dead center

AHRR

Apparent heat release rates

CFD

Computational fluid dynamic

EVO

Exhaust valve open

IVC

Intake valve closing

IMEP

Indicated mean effective pressure

LTC

Low temperature combustion

PPC

Partially premixed combustion

PPCI

Premixed charge compression ignition

PR

Premixed ratio

PRF

Primary reference fuel

ROP

Rate of production

RCR

Representative creation reaction

SOI

Start of injection

RDR

Representative destruction reaction
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