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ABSTRACT 

 

ARTICLE INFO 

In this paper, the influence of the equivalence ratio on combustion 
characteristics has been examined by considering 16 different 
operating conditions. The fuel used in this research is gasoline and the 
ignition takes place in two stages. The first stage of combustion is due 
to low-temperature reaction heat release (LTRHR), and the second 
stage is related to the high-temperature reaction heat release 
(HTRHR). The three-dimensional computational fluid dynamics (3D-
CFD) with chemical kinetics has been chosen as the numerical method. 
In all of the studied operating conditions, the 3D-CFD simulations were 
able to see the combustion properly and the increase of maximum 
pressure and maximum rate of heat release (ROHRmax) with the rise of 
the equivalence ratio was properly observed. Also, by increasing the 
equivalence ratio, the 3D-CFD model show advanced maximum 
pressure and ROHRmax but mistakenly predicted the start of LTRHR 
more delayed, while the HTRHR was properly predicted. 
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1) Introduction 
Nowadays, most of the required power for 
transportations is supplied by conventional 
internal combustion engines (ICEs), including 
spark ignition (SI) and compression ignition (CI) 
engines.  
The fuel consumption rate, efficiency, and 
emission levels are important factors in ICEs. 
Low-temperature combustion (LTC) engines are 
one of the promising technologies designed by 
considering the importance of efficiency, 
environmental pollution, and fuel consumption.  
Homogeneous charge compression ignition 
(HCCI) engines are one variant of the LTC 
engines that are designed by combining the 
combustion processes of conventional ICEs. In 
the HCCI engines, the poor premixed air-fuel 
mixture enters the combustion chamber, and 
during the compression stage, due to the rise of 
temperature in this mixture, auto-ignition occurs 
in the combustion chamber.  
This combustion process in the HCCI engines 
presents better engine performance than the 
engines with other combustion strategies. High 
thermal efficiency and low levels of soot 
emission are some of the advantages and having 
a limited operating range and being unable to 
control the start of combustion are some of the 
limitations of the HCCI engines.  
One of the other significant advantages of the 
HCCI engines is that these engines do not require 
another production line, and this technology can 
be achieved by adding some auxiliary equipment 
and some modifications in the production line of 
conventional ICEs [1-5]. 
Investigating the effects of important 
parameters in an engine, controlling the 
combustion process, analyzing the behavior of 
influential parameters on combustion, and 
optimizing the engine performance in different 
operating conditions are some of the goals that 
can be obtained by experimental and numerical 
studies [6, 7]. 
The usage of different fuels and the behavior of 
important parameters on combustion, fuel 
consumption, and the emissions of HCCI engines 
are some of the topics that the researchers have 
experimentally examined. 
Lu et al. [8] examined the auto-ignition and 
combustion characteristics in an HCCI engine 
that worked by a mixture of ethanol and n-
heptane fuels. The results showed that by using 
ethanol and n-heptane, the maximum mean 
effective pressure increases from 3.38 bars to 5.1 

bars, and while in high engine speeds, the 
indicated thermal efficiency can be raised to 
50%, in low engine speeds, the thermal 
efficiency decreases. 
Maurya and Agarwal [9] studied the impacts of 
air inlet temperature and air-fuel ratio on the 
cycle-to-cycle variations of combustion in the 
HCCI engines. They stated that the maximum 
rate of pressure rises and the coefficient of 
variations (COV) of indicated mean effective 
pressure are critical parameters that can define 
the operating range of an HCCI engine. 
The influences of iso-propanol and n-heptane 
fuel mixture on combustion specifications of 
HCCI engines and the performance of these 
engines were analyzed in the work of Ipci et al. 
[10]. These researchers concluded that 
increasing iso-propanol delays the start of 
combustion (SOC) while reducing the 
combustion duration. 
Cinar et al. [11] evaluated the influence of the air 
inlet temperature on the engine performance 
and combustion in a gasoline-fueled HCCI 
engine. The results suggested that increasing the 
air inlet temperature leads to higher in-cylinder 
pressures and ROHR, but decreasing the 
combustion duration. 
Polat [12] carried out a study on HCCI engines. 
The used fuel in this research was a mixture of 
diethyl ether and ethanol. In this study, the in-
cylinder pressure, ROHR, indicated mean 
effective pressure (IMEP), and the combustion 
duration was analyzed. It was observed that 
higher λ values could result in lower in-cylinder 
pressures and ROHR. It was also shown that the 
combustion duration rises by increasing the air 
inlet temperature. 
Calam et al. [13] evaluated the influences of the 
compression ratio on combustion in HCCI 
engines. The results showed that by increasing 
the compression ratio, the combustion duration 
decreases. Moreover, longer combustion 
durations were observed by increasing the fuel 
octane number. 
Because of the complications of the combusted 
fluid flow in the combustion chamber, for 
analyzing the effective parameters on the 
performance of the engine, accurate 
examinations require a 3D-CFD simulation that 
considers the chemical kinetics. Different 
problems can be analyzed by CFD codes.  
These codes can use various approaches to 
generate an accurate grid. For solving the 
problems, different initial and boundary 
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conditions and also multiple sub-models are used 
by the CFD codes. Considering the rise of 
computational power, the computer codes and 
software programs such as AVL FIRE, KIVA, Open 
FOAM, and CONVERGE CFD are employed for 
simulating the fluid flow, the combustion process, 
and the emissions in the engines [14-16]. 
Numerous research studies have used 3D-CFD 
simulations for evaluating the influence of 
important parameters in HCCI engines, and here 
are some of these studies: 
Ognik and Colovitchev [17] numerically analyzed 
the effects of changing the engine speed, air-fuel 
ratio, and valve timing on the performance of 
HCCI engines using 3D-CFD simulations that 
considered detailed chemical kinetics. These 
researchers used AVL FIRE software for the 3D-
CFD simulation, and they employed chemical 
kinetics that included 479 chemical reactions and 
101 chemical species. The comparison of their 
simulation results with the experimental data 
showed an error of 1-10%. 
Noel et al. [18] used a 3D-CFD approach that 
considered chemical kinetics to examine an HCCI 
engine with n-heptane fuel. In this research, for 
analyzing the combustion in the engine, reduced 
chemical kinetics was used along with Star-
CD/Kinetics combustion CFD code.  
The reduced chemical kinetics included 37 
chemical species and 61 chemical reactions. The 
simulation results for different rates of exhaust 
gas recirculation (EGR) showed that for a 
constant gas temperature, dilution of the air-fuel 
mixture with the EGR retards the ignition timing. 
In a study carried out by Wang et al. [19], the 
combustion in an HCCI engine was numerically 
analyzed. This numerical study was performed 
by the 3D-CFD method in AVL Fire software and 
the Chemkin chemical kinetics program. The fuel 
used in this research was gasoline. These 
software packages were employed to simulate 
the injection and combustion and the production 
process of the emissions. 
Poorghasemi [20] performed a 3D-CFD analysis 
coupled with reduced chemical kinetics on an 
HCCI engine. The used fuel in their research was 
natural gas (NG). The reduced mechanism 
included 26 species and 63 reactions. The in-
cylinder pressure, maximum pressure, gross 
IMEP, and accumulated heat release rate were 
selected as the parameters for analyzing the 
reduced mechanism. They showed that the 
studied reduced mechanism is valid for the 
combustion and appropriate for estimating the 

operating characteristics. 
In a research study performed by Yousefzadeh 
and Jahanian [21], the combustion process of an 
HCCI engine was analyzed by 3D-CFD 
simulations coupled with detailed chemical 
kinetics. The used fuel in this research was NG. 
This research aimed to examine the effective 
parameters for adjusting the combustion 
process in an HCCI engine. The results indicated 
that by changing the concentration of hydroxyl 
radicals (OH), the combustion phase can be 
altered. 
So far, different studies have been carried out on 
evaluating the influences of different parameters 
in HCCI engines. To the best of the authors’ 
knowledge, there is no study that numerically 
and experimentally investigated the effect of 
equivalence ratio on the time of occurrence of 
combustion parameters such as LTRHR, HTRHR, 
the maximum pressure (Pmax), ROHRmax, and rate 
of iso-octane and n-heptane in a wide operating 
condition in HCCI engines. 
 
2) The Experimental Setup and Procedures 
Table 1 and Figure 1 show the characteristics 
and schematics of the examined engine in this 
research, respectively. This test engine is a four-
stroke single-cylinder Ricardo Hydra engine. 
 

Table 1: Specifications of the HCCI engine 
Bore 80.26 (mm) 

Stroke 88.90 (mm) 
Compression ratio 5:1 – 13:1 

IVC 56 °CA ABDC 
EVO 56 °CA BBDC 

 

 
Figure 1: Test setup 

1- Computer, 2- Combustion analysis device, 3- Gas 
analyzer, 4- Dynamometer control, 5- DC 

Dynamometer, 6- HCCI engine, 7- Exhaust, 8- Fuel 
tank, 9- Injector, 10- Thermocouple, 11- Throttle 
valve, 12- Air heater, 13- Airflow measurement 

device, 14- Encoder 
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During the tests with the test engine, the amount 
of fuel was adjusted with a fuel control system 
and it was injected into the inlet manifold 
through an injection system. A system equipped 
with a potentiometer was used to keep the 
equivalence ratio constant. The used fuel tank in 
this setup had a precision of 0.01 g. Also, a 
McClure brand electrical type dynamometer was 
employed on this setup.  
A K-type thermocouple was used to measure the 
air inlet temperature. For evaluating the in-
cylinder pressure, a Kistler 6121 piezoelectric 
with a precision of 0.5% and the operating range 
of 0-250 bars was employed. The pressure values 
were recorded every 0.36° CA. Furthermore, to 
collect raw in-cylinder pressure signals a Cussons 
P4110 combustion analysis device was used.  
The analog pressure signals were changed to 
digital signals using the National instrument USB 
6259 device. A line drive encoder with 1000 
pulses in each CA rotation was connected to the 
crank angle and it produced a signal for locating 
the piston location every 0.36° CA. In each 
experimental state, the pressure values were 
averaged for 50 successive cycles.  
The examined engine was initially in the SI state, 
but it was set in the HCCI state by setting the 
cooling water temperature and oil temperature 
constant at 343 K and 333 K, respectively. In this 
study, gasoline fuel with an Octane number of 20, 
which is a mixture of 20% iso-octane (C8H18) and 
80% n-heptane (C7H16), was used. 
The experiments in this research were 
conducted in 16 different operating conditions 
with a constant air inlet temperature of 313 K, a 
constant compression ratio of 12, and various 
engine speeds and equivalence ratios. The 
operating conditions for these tests are 
tabulated in Table 2. 
 

Table 2: The operating conditions for the tests 
Speed 
(rpm) 

Equivalence 
ratio 

Speed 
(rpm) 

Equivalence 
ratio 

800 

0.31 

1200 

0.34 
0.39 0.40 
0.50 0.53 
0.62 0.58 

1000 

0.32 

1400 

0.35 
0.41 0.41 
0.54 0.46 
0.61 0.55 

 

Finally, the ROHR was calculated using the 
developed MATLAB code based on the first law 
of thermodynamics [22]. 

3) The Numerical Approaches and 
Procedures 
The 3D-CFD simulations were conducted using 
the AVL Fire commercial software coupled with 
chemical kinetics. In the 3D model, the 
continuity, Navier-Stokes, energy, and the 
equations for the mass fraction of species were 
solved.  
Also, for modeling, the turbulence of the flow, the 
k-ε turbulence equations were used. The species 
mass fractions were obtained from the chemical 
kinetics. The solving algorithm of these 
equations has been shown in Figure 2. The 
equations as mentioned earlier are respectively 
presented, as follows [21, 23]: 
 

𝜕𝜌

𝜕𝑡
+ (∇. 𝜌𝑈) = 0 (1) 

𝐷(𝜌𝑈𝑖)

𝐷𝑡
= 𝜌𝑔𝑖 −

𝜕𝑃

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

[𝜇 (
𝜕𝑈𝑖

𝜕𝑥𝑗

+
𝜕𝑈𝑗

𝜕𝑥𝑖

−
2

3

𝜕𝑈𝑘

𝜕𝑥𝑘

𝛿𝑖𝑗) − 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ] 

 
 
 
 
 

(2) 

𝐷(𝜌𝐻)

𝐷𝑡
= 𝜌𝑞̇𝑔 +

𝜕𝑃

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝑈𝑗𝜏𝑖𝑗) +
𝜕

𝜕𝑥𝑗

(𝜆
𝜕𝑇

𝜕𝑥𝑗

) 

 
 
 

(3) 

𝐷(𝜌𝐶)

𝐷𝑡
= 𝜌𝑟̇ +

𝜕

𝜕𝑥𝑗

(𝐷
𝜕𝐶

𝜕𝑥𝑗

− 𝜌𝑐𝑢𝑖̅̅ ̅̅ ) (4) 

𝐷(𝜌𝑘)

𝐷𝑡
= 𝑃 + 𝐺 − 𝜀 +

𝜕

𝜕𝑥𝑗

(𝜇 +
𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗

)  
 
 

(5) 

𝐷(𝜌𝜀)

𝐷𝑡
= (𝐶𝜀1𝑃 + 𝐶𝜀2𝐺 + 𝐶𝜀4𝑘

𝜕𝑈𝑘

𝜕𝑥𝑘

− 𝐶𝜀2𝜀)
𝜀

𝑘

+
𝜕

𝜕𝑥𝑗

(
𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑗

) 

 
 
 
 
 

(6) 

𝑃 = −2𝜇𝑡𝑆: 𝑆 −
2

3
[𝜇𝑡(𝑡𝑟𝑆) + 𝑘](𝑡𝑟𝑆) (7) 

𝑆 = √2Ω𝑖𝑗Ω𝑖𝑗  (8) 

Ω𝑖𝑗 =
1

2
(

𝜕𝑈𝑖

𝜕𝑥𝑗

−
𝜕𝑈𝑗

𝜕𝑥𝑖

) (9) 

𝐺 = −
𝜇𝑡

𝜌𝜎𝑝

∇𝜌 (10) 

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

𝜀  (11) 
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The constant values in Eq. (6) have been 
presented in Table 3. 
 

Table 3: The constant values in the turbulence 
equation [23] 

σp σε σk Cε4 Cε3 Cε2 Cε1 Cµ 

0.9 1.3 1 0.33 0.8 1.92 1.44 0.09 

 

 
Figure 2: The coupling algorithm of the chemical 
kinetics and the governing equations on the 3D 

model in the FIRE software [23] 

 
In this research, the reduced mechanism of 
gasoline, which included 296 reactions and 73 
chemical species, was used for simulating 
chemical kinetics [24]. 
As it was mentioned, the mass fractions of 
species were obtained from the chemical 
kinetics. The combustion chamber of an ICE can 
be considered as a control volume from IVC until 
the EVO. In a closed system, chemical reactions 
are the only reason for changing the 
concentration of each chemical species. A 
reaction with a third body, the reaction rate, the 
reaction constant, and the chemical species 
production rate can be presented respectively, 
as follow [25]: 

∑ 𝜈𝑘,𝑖
′ 𝑀𝑖 + 𝑇𝐵

𝑁𝑠

𝑘=1

↔ ∑ 𝜈𝑘,𝑖
′′ 𝑀𝑖 + 𝑇𝐵

𝑁𝑠

𝑘=1

 (12) 

𝑅𝑅𝑖 = [∑(𝑎𝑘,𝑖)(𝑇𝐵𝑘)

𝑁𝑠

𝑘=1

] [𝑘𝑓,𝑖 ∏(𝑀𝑘)𝜈𝑘,𝑖
′

𝑁𝑠

𝑘=1

− 𝑘𝑏,𝑖 ∏(𝑀𝑘)𝜈𝑘,𝑖
′′

𝑁𝑠

𝑘=1

] 

 
 
 
 
 

(13) 

𝑘 = 𝐴𝑇𝛽𝑒
−(

𝐸𝑎
𝑅𝑢𝑇

)

 
(14) 

𝜔̇𝑘 = ∑ 𝑅𝑅𝑖(𝜈𝑘,𝑖
′ − 𝜈𝑘,𝑖

′′ )

𝑁𝑅

𝑖=1

 (15) 

 
Before validating the model, mesh and time-step 
independence tests were carried out for the 3D-
CFD simulations. To examine mesh 
independence, meshing was done by four 
different cell sizes.  
The number of mesh has been presented in Table 
4. Due to the homogeneity of the mixture and 
geometrical symmetry of the piston bowl, a 45° 
sector of the combustion chamber was selected 
for further analysis. Figure 3 illustrates the 
generated mesh structure. 
 

 
Figure 3: The selected mesh at TDC 

 
Table 4: Number of cells at TDC 

7764 Mesh 1 
13656 Mesh 2 
26516 Mesh 3 
32488 Mesh 4 

 

To compare the generated meshes, the test 
engine was analyzed by the CFD method in a 
constant state. The in-cylinder pressures for four 
different generated meshes were evaluated and 
Mesh 3 was selected for the simulations. 
To examine the time-step independence and 
select the best time-step size, several time-step 
sizes were tested while keeping the operating 
condition constant. For this purpose, five 
different time-step sizes of 1, 0.5, 0.2, 0.1, and 
0.09° CA were tested. The in-cylinder pressure 
results based on different crank angles and with 
different time-step sizes have been evaluated 
and the time-step size of 0.1° CA was selected. 
After performing the mesh and time-step size 
independence tests, the 3D-CFD model was 
validated. To validate the simulation results, the 
results from the 3D-CFD model coupled with 
chemical kinetics were compared with the 
experimental results. This comparison has been 
presented in Figure 4.  
These results were obtained with the air inlet 
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temperature of 313 K, the compression ratio of 
12, the engine speed of 800 rpm, using gasoline 
fuel with an octane number of 20, an equivalence 
ratio of 0.62 for (a), and an equivalence ratio of 
0.39 for (b). As can be observed, the results of the 
3D-CFD model are in good compatibility with the 
experimental results. 
 

 

 
Figure 4: Comparison of the in-cylinder pressure and 
ROHR from the 3D-CFD model and the experimental 

tests. 
 
4) Results and Discussion 
As explained before, the combustion in HCCI 
engines depends on the history of in-cylinder 
pressure and temperature. Also, the changes in 
the in-cylinder pressure and ROHR due to crank 
angle are connected to the air-fuel mixture and 
the in-cylinder temperature.  
The used fuel in this research is a mixture of iso-
octane and n-heptane. These two fuels have 
different combustion behaviors in terms of 
ROHR and SOC.  
Thus, the ignition of the used fuel mixture 
happens in two stages. Therefore, the changes in 

the in-cylinder pressure and the ROHR are 
different from those with the fuels that have one 
stage of ignition. Two-stage ignition can be 
noticed from the behavior of the in-cylinder 
pressure and ROHR. In every stage an ascending 
state is created in the plot, so with the fuels with 
one stage of ignition, there are just one of these 
increases. On the other hand, with the fuel 
mixtures with two stages of ignition, this 
increase happens two times. These two stages 
are attributed to the LTR heat release and HTR 
heat release, respectively.  
Figure 5 depicts the changes of in-cylinder 
pressure and ROHR for all 16 operating states of 
the engine that were experimentally tested. As 
was mentioned before, these tests were 
conducted in a broad range of engine speed 
(N=800, 1000, 1200, and 1400 rpm) and with 
different air-fuel ratios, which are defined as 
equivalence ratios.  
These experimental results indicate that with 
higher equivalence ratios, the maximum in-
cylinder pressure and the maximum ROHR 
increase. Also, with higher values of equivalence 
ratio, both stages of ignition happen earlier.  
The reason for this behavior is that with higher 
equivalence ratios, the fuel mass and the heat 
released from the combustion increase.  
This behavior can be observed for all 16 
examined states in this research. It is noteworthy 
that in the compression stage since the ignition 
and heat release are not started yet, the in-
cylinder pressure trend for all of the equivalence 
ratios are identical. From the ROHR plot, it can be 
noticed that in this range, the same similarity 
exists for the ROHR results with different 
equivalence ratios. 

 

Crank Angle (
o
CA)

P
re

s
s

u
re

(b
a

r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

15

30

45

60

75

90

0

200

400

600

800

1000

1200
Experiment

3D CFD(a)

Crank Angle (
o
CA)

P
re

ss
u
re

(b
a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

20

40

60

80

0

200

400

600

800

1000
Experiment

3D CFD
(b)

Crank Angle (
o
CA)

In
-c

y
li
n
d

er
P

re
ss

u
re

(b
a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

30

60

90

0

200

400

600

800

  

  

  

  

N= 800rpm(a)



M. Rabeti et al, The Journal of Engine Research, Vol. 61 (Winter 2021), pp. 47-59 53 
 

  
 

 

 

 
Figure 5: The experimental results for the ROHR 

and in-cylinder pressure based on the crank 
angle 

 
Figure 6 shows the results from the 3D-CFD 
model for the changes in the in-cylinder pressure 
and ROHR based on the crank angle in different 
equivalence ratios and engine speeds.  

 

 

 

 
Figure 6: 3D-CFD model results for the In-cylinder 

pressure and ROHR based on different crank angles 

Crank Angle (
o
CA)

In
-c

y
li
n
d

er
P

re
ss

u
re

(b
a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

30

60

90

0

200

400

600

800

  

  

  

  

N= 1000rpm(b)

Crank Angle (
o
CA)

In
-c

y
li
n
d

er
P

re
ss

u
re

(b
a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

30

60

90

0

200

400

600

800

  

  

  

  

N= 1200rpm(c)

Crank Angle (
o
CA)

In
-c

y
li
n
d

er
P

re
ss

u
re

(b
a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

30

60

90

0

200

400

600

800

  

  

  

  

N= 1400rpm(d)

Crank Angle (
o
CA)

In
-c

y
li
n

d
e

r
P

re
s

s
u

re
(b

a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

15

30

45

60

75

90

0

200

400

600

800

1000

1200

1400

  

 

  

  

N=800rpm
(a)

Crank Angle (
o
CA)

In
-c

y
li
n

d
e

r
P

re
s

s
u

re
(b

a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

15

30

45

60

75

90

0

200

400

600

800

1000

1200

1400

 

  

  

  

N=1000rpm
(b)

Crank Angle (
o
CA)

In
-c

y
li
n

d
e

r
P

re
s

s
u

re
(b

a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

15

30

45

60

75

90

0

200

400

600

800

1000

1200

1400

 

  

  

  

N=1200rpm
(c)

Crank Angle (
o
CA)

In
-c

y
li
n

d
e

r
P

re
s

s
u

re
(b

a
r)

R
O

H
R

(J
/o

C
A

)

-40 -20 0 20 40
0

15

30

45

60

75

90

0

200

400

600

800

1000

1200

1400

  

  

  

  

(d) N= 1400rpm



M. Rabeti et al, The Journal of Engine Research, Vol. 61 (Winter 2021), pp. 47-59 54 
 

  
 

As it can be noticed from the plots, this model 
predicted the two-staged combustion in all of the 
cases. Also, it was observed that by increasing the 
equivalence ratio, the pressure and ROHR increase. 
Even though with higher equivalence ratios, the 
model exhibited an insignificant error in 
determining the start of LTRHR; the start of 
HTRHR and the overall trend of the combustion 
were correctly predicted. 
As it is said that in this study, gasoline which is the 
mix of iso-octane and n-heptane was used, and also 
the octane number of gasoline was 20 and which 
means that the fuel was formed of 20% iso-octane 
and 80% n-heptane.  
The time of ignition for both iso-octane and n-
heptane is different and as a result of the fact, the 
gasoline has ignited in two distinct steps.  
Since the octane number of n-heptane is zero and 
it bears no resistance against ignition, it burns 
earlier and initiates the first step of ignition. Iso-
octane is a type of fuel with the octane number 100 
which shows high resistance against ignition; 
Therefore, it burns later and it causes the second 
stage of ignition to form.  
Figure 7 illustrates the effect of ignition of iso-octane 
and n-heptane on the first and second stages of 
ignition. The impact of the ignition of iso-octane and 
n-heptane on the trend of pressure is recognizable. 
Whenever the rate of n-heptane reaches its 
maximum, the first increasing trend of pressure 
creates, and as the rate of iso-octane hits its peak, the 
second upward trend of pressure creates.  
It is necessary to declare that the rate of n-heptane 
is more than the iso-octane rate and the reason 
behind this behavior is that when the octane 
number of gasoline is 20, the amount of n-heptane 
is higher in comparison with the iso-octane. 
 

 
Figure 7: Influence of the maximum rate of iso-

octane and n-heptane on two stages heat release in 
pressure trend 

Figure 8 depicts the effect of equivalence ratio on 
the variation of the rate of iso-octane and n-
heptane consumption versus crank angle for 16 
operating conditions.  
The result of Figure 8 has been earned via 3D- 
CFD simulation and could not see these results in 
experimental tests. As it can be seen, in all 
different circumstances, the maximum rate of n-
heptane consumption happens sooner 
compared to the highest peak of iso-octane.  
From a technical viewpoint, with increasing 
equivalence ratio, the amount of fuel rises and it 
is expected that the start of both stages of 
ignition occurs beforehand.  
Figure 8 clears that with rising equivalence ratio 
the maximum rate of iso-octane consumption 
occurs earlier although the highest peak of n-
heptane shapes later which is against the 
experimental results. Because in the 3D-CFD 
model, the start of the first stage of ignition 
(LTRHR) is recognized by the maximum n-
heptane consumption rate, a detailed 
mechanism thoroughly covering the initial 
reaction is needed. The mistake could be related 
to the examined reduced mechanism. 
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Figure 8: Variation of the rate of iso-octane and n-

heptane via crank angle 

 
Concerning the two stages of ignition which 
were mentioned above and also the results 
obtained till now, a reasonable definition for 
recognizing LTRHR and HTRHR will be offered 
quantitatively. LTRHR and HTRHR are 
considered as the first and second steps of 
ignition respectively. In this study, when the 
amount of ROHR (dQ/dθ) reaches 3 , it is 
introduced as the start of LTRHR and whenever 
the derivation of ROHR (d2Q/dθ2) goes beyond 
40 J/deg2, it is introduced as the start of HTRHR. 
The definitions of LTRHR and HTRHR are 
depicted schematically in Figure 9. 
In Figure 10., LTRHR and HTRHR are checked for 
all the operating conditions for both experiments 
and 3D CFD simulation. As it is shown in Figure 
(a) which entails the experimental results, with 
increasing equivalence ratio LTRHR and HTRHR 
occur in advance. Section (b) is designed for the 
results of 3D CFD simulation.  
With rising equivalence ratio HTRHR occurs 
earlier while LTRHR happens later. In the 
explanation of Figure 8, the maximum rate of n-
heptane is introduced as the main factor of 

LTRHR. At this point, as it has shown with 
increasing equivalence ratio the maximum rate 
of n-heptane has happened later which has 
caused some issues in predicting the effect of 
equivalence ratio on LTRHR. 
 

 
Figure 9: Definitions of the start of LTRHR and 

HTRHR 

 

 
 

 
Figure 10: LTRHR and HTRHR for (a) experimental 

and (b) 3D CFD results 
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The impact of equivalence ratio on the values 
of Pmax and crank angle related to Pmax for all 16 
operating conditions are inspected which is 
illustrated in Figure 11. For both simulating 
and experimental results, with increasing 
equivalence ratio the maximum value of Pmax 
increases, and also the moment of occurrence 
of Pmax happen in advance. 
 

 
 

 
Figure 11: Pmax and time of occurrence of Pmax for 

(a) experimental and (b) 3D CFD results 

 
In Figure 12., for the examined operating 
conditions, the impact of equivalence ratio on 
ROHRmax and the moment of occurrence of 
ROHRmax are provided. As it is obvious that 
with increasing equivalence ratio the 
maximum value of ROHRmax increases and also 
the moment of occurrence of ROHRmax happen 
in advance for both experimental and 
simulated results. 
 

 

 
Figure 12: ROHRmax and time of occurrence of 

ROHRmax for (a) experimental and (b) 3D CFD results 

 
5) Conclusions 
In this research, the in-cylinder pressure and 
ROHR were studied in a broad range of HCCI 
engine operating states. To evaluate the changes 
of in-cylinder pressure and ROHR, 16 different 
operating conditions were specified.  
The influence of the equivalence ratio was 
studied on the in-cylinder pressure and ROHR 
behaviors, LTRHR and HTRHR, rate of iso-octane 
and n-heptane, Pmax and ROHRmax, and the crank 
angle related to Pmax and ROHRmax, and the results 
were presented. The results of this study were 
obtained through experimental tests and 3D-
CFD simulations coupled with chemical kinetics. 
The main findings of this research can be 
summarized as follows: 
1. In the studied operating conditions, the 

experimental results indicated higher 
equivalence ratios, the maximum in-cylinder 
pressure, and the maximum ROHR increase.  

2. The experimental results suggested that in 
the examined conditions, increasing the 
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heat release (LTRHR and HTRHR) and also 
advances the time of occurrence of the 
maximum in-cylinder pressure and the 
maximum ROHR. 

3. In the 3D-CFD simulations, the increase of the 
maximum pressure and ROHR with the rise of 
the equivalence ratio was properly observed. 

4. The 3D-CFD simulations properly saw the 
combustion in all of the studied operating 
conditions. 

5. By increasing the equivalence ratio, 3D-CFD 
simulations show advances in the time of 
occurrence of the maximum in-cylinder 
pressure and the maximum ROHR but 
mistakenly predicted the start of LTRHR 
more delayed, while the start of HTRHR was 
properly predicted. 

 
List of Symbols 

A Arrhenius coefficient 

C mass concentration of species, kg 

CA
 

Crank Angle, deg 

Ea activation energy, KJ/mole 

H specific enthalpy, J/kg 

I ith species 

K reaction rate constant 

k turbulence kinetic energy, m/s2 

N engine speed, rpm 

NR number of reaction 

Ns number of species 

P In-cylinder pressure, Pa 

q  specific energy source production, W/kg 

r  
species source production, kg/s 

Ru universal ideal gas constant, J/mole K 

T temperature, K 

t time, s 

Y species mass fraction, kg 

 

Greek Symbols 

β Arrhenius coefficient 

ε 
weighted turbulence dissipation rate, 
kg/ms3 

θ
 

crank Angle, deg 

λ conduction coefficient, W/m K 

μ viscosity, kg/m s 

μt turbulence viscosity, kg/m s 

ρ density, kg/m3 

τ shear stress tensor, Pa 

  
chemical species production rate, 
mol/cm3s 

' ''

, ,,k i k i 
 

stoichiometric coefficient of the kth 
chemical species of ith reaction in the 
forward and backward direction 

 
Abbreviations 

3D-CFD Three-dimensional computational 
fluid dynamics 

ABDC After the bottom dead center 

BBDC Before the bottom dead center 

COV Coefficient of variations 

DI Direct injection 

EGR Exhaust gas recirculation 

EVO Exhaust valve opening 

HCCI Homogeneous charge compression 
ignition 

HTR High-temperature reaction 

HTRHR High-temperature reaction heat 
release 

IVC Intake valve closing 

IMEP Indicated mean effective pressure 

ICE Internal Combustion Engine 

LTC Low-temperature combustion 

LTR Low-temperature reaction 

LTRHR Low-temperature reaction heat 
release 

NG Natural gas 

Pmax Maximum of pressure 

ROHRmax Maximum of the rate of heat 
release 

RON Research octane number 

SOC Start of combustion 

TB Third body 
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 مقالهاطلاعات 

هاي احتراقي بررسي شده است. ارزي بر ويژگيحالت عملکردي اثر نسبت هم 16در اين مقاله در 
گرفت. مرحلة اول اشتعال سوخت استفاده شده در اين تحقيق بنزين بود و اشتعال در دو مرحله صورت 

هاي انرژي واکنشهاي دما سرد و مرحلة دوم وابسته به آزادسازي وابسته به آزادسازي انرژي واکنش
بعدي ديناميک سيالات محاسباتي با در نظرگرفتن جزئيات شيميايي سازي سهدما داغ بوده است. شبيه

بعدي سازي سههاي انجام شده، شبيهبه عنوان روش عددي انتخاب شده است. در تمام آزمايش
ت. همچنين با افزايش ديناميک سيالات محاسباتي احتراق را به خوبي و به طور کامل نشان داده اس

بعدي جلو افتادن زمان وقوع بيشينه فشار و بيشينه آزادسازي انرژي را نشان ارزي، الگوي سهنسبت هم
که شروع داده است اما به اشتباه شروع آزادسازي انرژي واکنش دما سرد را با تأخير تخمين زده در حالي

 ي کرده است.بينآزادسازي انرژي واکنش دما داغ را به درستي پيش

 
 تمامي حقوق براي انجمن علمي موتور ايران محفوظ است.

 تاريخچة مقاله:
 1399 آذر 15دريافت: 
 1399 دي 27پذيرش: 

 ها:کليدواژه
 مخلوط همگن احتراق اشتعال تراکمي

 سازي ديناميک سيالات محاسباتيشبيه
 ارزينسبت هم

 آزادسازي انرژي واکنش دما سرد
 واکنش دما داغآزادسازي انرژي 

 
 

 


