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A coupled 3-D CFD and detailed chemical kinetics model of free-piston engine 
generator (FPEG) was adopted to investigate the effects of initial parameters on 
homogeneous charge compression ignition (HCCI) combustion and emission. 
Biodiesel with 115 species skeletal mechanism was selected as fuel. Five different 
parameters, namely the initial pressure, the initial temperature, the working fre-
quency, the compression ratio and the fuel equivalence ratio, were selected to 
analyze their influences in the HCCI combustion simulation of FPEG. The simu-
lation results showed that the change of the five parameters had visible impact on 
the heat release rate of HCCI combustion, which caused the in-cylinder temper-
ature and pressure to change, and also caused the emission content of NOx and 
SOOT to change obviously. 
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Introduction 

As an efficient technology, HCCI, integrating the merit of the traditional Diesel en-

gine and gasoline engine, has been attracting the attention of researchers due to its potential of 

low particulate and near zero-level NOx emission [1-5]. However, the operation of HCCI in 

conventional internal combustion engine (ICE) has some challenges, such as the narrow work 

range and the uncontrollable auto-ignition moment. The control means of HCCI in the con-

ventional ICE only include the fuel injection timing control and the exhaust gas recycling, 

which cannot fully utilize the advantages of HCCI. 

The FPE [6], no crank connecting rod, has some potential merit, such as variable 

compression ratio, flexible piston movement speed, extensive fuel applicability, and so on [7], 

which can solve the problem of the HCCI combustion starting time and rate control. 

From 1930’s to 1960’s, the air compressors had a rapid development on the basis of 

FPE introduced by Pescara in 1928 [8]. In recent decades, FPE are mainly applied for electric 

generator and hydraulic pumps [9]. For the electric generator, FPE with a linear electric gen-

erator, namely FPEG, is the most common form of implementation [10]. 
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Many FPEG prototype designs of different research institutions have been reported 

[8]. Several prototypes can bring about continuous output of energy conversion, and the pow-

er generation efficiency can achieve 34%. Biodiesel, a renewable alternative fuel, can be used 

in compression ignition engine and effectively reduce the harmful emissions. The obtainment 

of biodiesel has multiple sources, so wide application of biodiesel can reduce dependence on 

fossil fuels and can also protect environment by lowering emissions of harmful gas [11-16]. 

In this paper, a 3-D CFD model coupling a 115 species skeletal mechanism of bio-

diesel was established to investigate the HCCI combustion and emission performance of an 

opposed-piston two-stroke FPEG. Five different parameters, namely the initial pressure, the 

initial temperature, the working frequency, the compression ratio, and the fuel equivalence 

ratio, were selected to analyze their influences in the HCCI combustion simulation of FPEG. 

Coupled CFD and chemical kinetics model 

The piston dynamics of FPEG is different from that of the traditional ICE, because 

FPEG has no crank connecting rod. The piston motion law of FPEG was commonly obtained 

by using the 0-D models including dynamic model, thermodynamic model, frictional model, 

and generator model. The structure and 0-D modeling of FPEG can see [17]. 

With the piston motion curve of 

FPEG (dual piston, two-stroke) cal-

culated using the 0-D models and the 

key simulation parameters, the com-

bustion chamber moving mesh model 

was created in fig. 1. 

The detailed mechanism of bio-

diesel contains several thousand spe-

cies, which makes it impossible to 

model the combustion process in the 

3-D CFD model. So a 115 species 

skeletal mechanism
 

[18] developed 

from the detailed mechanism and 

validated for compression ignition 

engine was applied in the 3-D CFD model. The extended Zel’dovich NOx mechanism was used 

to calculate NO formation. The SOOT production was obtained through Hiroyasu-NSC model, 

and C2H2 was used as the SOOT formation species. 

Simulation 

Three combustion stages, namely CA10, CA50, and CA90, were chosen to reveal 

the temperature and fuel concentration field distribution under the initial conditions of tem-

perature 345 K, pressure 1.14 bar, fuel equivalent ratio 0.4, compression ratio 20.2, and 

working frequency 22.9. The CA10 was defined as the CA position for 10% of the cumulative 

heat release, while the CA50 and CA90 were defined in the same way. Table 1 demonstrated 

the distribution of calculated in-cylinder temperature field. The distribution of fuel concentra-

tion field was indicated in tab. 2. 

At CA10, the temperature near piston bowl was the highest, where the fuel was most 

oxidized. At CA50, the temperature rose and the distribution of that began to be uniform, and 

the fuel was further consumed. At CA90, the temperature further increased and the distribu-

tion of that was almost uniform, and the almost all fuel was consumed. 

Figure 1. The combustion chamber moving 

mesh model 
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The effects of parameter change on combustion process 

Initial temperature 

Figure 2 showed the results of initial temperature change on combustion progress 

with working frequency f = 22.9 Hz, fuel equivalence ratio  = 0.4, initial pressure P = 1.14 

bar, and compression ratio  = 20.2. It was seen that when the initial temperature increased 

from 315 K to 375 K, the FPEG ignition time had 5° CA in advance, the peak value of 

in-cylinder temperature increased from 1922 K to 2111 K, maximum heat release rate in-

creased from 104 J/° to 141 J/°, and maximum in-cylinder pressure decreased from 14.6 MPa 

to 13.4 MPa.  

Table 1. The temperature field 

Combustion 
stage 

Temperature field 

 
 
 

CA10 
 
 
 
 
 
 

CA50 
 
 
 
 
 
 

CA90 

 

Table 2. The fuel concentration field 

Combustion 
stage 

Fuel concentration field 

 
 

CA10 
 
 
 
 

CA50 
 
 
 
 
 

CA90 
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Initial pressure 

Figure 3 indicated the results of different initial pressure on combustion progress 

with working frequency f = 22.9 Hz, initial temperature T0 = 345 K, fuel equivalence ratio 

 = 0.4, and compression ratio  = 20.2. It was noted that when the initial pressure increased 

from 1.14 bar to 1.46 bar, the FPEG combustion phase slightly advanced 0.2° CA, the maxi-

mum temperature and heat release rate slightly increased 13 K and 14 J/° separately, and 

maximum pressure obviously increased from 18 MPa to 14 MPa. 

Fuel equivalence ratio 

Figure 4 revealed the results of different fuel equivalence ratio on combustion 

progress with working frequency f = 22.9 Hz, initial temperature T0 = 345 K, initial pres-

sure P = 1.14 bar, and compression ratio  = 20.2. It was seen that when the fuel equivalence 

ratio increased from 0.3 to 0.45, the FPEG combustion phase delayed 1.2° CA, while the 

maximum heat release rate, pressure and temperature increased from 25 J/° to 252 J/°, 12.3 

MPa to 14.9 MPa, 1790 K to 2130 K, separately. 

Working frequency 

Figure 5 demonstrated the results of different working frequency on combustion 

progress with fuel equivalence ratio  = 0.4, initial temperature T0 = 345 K, initial pressure 

P = 1.14 bar, and compression ratio  = 20.2. It was noted that when the working frequency 

increased from 19.6 Hz to 27.9 Hz, the FPEG combustion phase delayed 1.3° CA, while the 

maximum heat release rate, pressure and temperature remained basically unchanged (only 

changed 3 J/°, 0.01 MPa and 5 K, separately). 

Figure 2. The results of initial temperature change  
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Figure 3. The results of initial pressure change  

Figure 4. The results of fuel equivalence ratio change  
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Compression ratio 

Figure 6 showed the results of different compression ratio on combustion progress 

with working frequency f = 22.9 Hz, initial temperature T0 = 345 K, initial pressure P = 1.14 

bar, and fuel equivalence ratio  = 0.4. It was seen that when the compression ratio increased 

from 15.9 to 20.2, the FPEG combustion phase advanced 2.5° CA, while the maximum heat 

release rate, pressure and temperature increased from 108 J/° to 127 J/°, 10.5 MPa to 14 

MPa,1920 K to 2025 K, separately. 

The effects of parameter change on emissions 

Initial temperature 

Figure 7 indicated the results of different initial temperature on emissions with 

working frequency f = 22.9 Hz, initial pressure P = 1.14 bar, fuel equivalence ratio  = 0.4, 

and compression ratio  = 20.2. It was noted that as the initial temperature increased from 315 K 

to 375 K, NOx content significantly increased from 0.18 g/Kg fuel to 7.1 g/Kg fuel, while the 

consumption of UHC and the production of CO and SOOT were 13°, 9°, and 11° CA in ad-

vance, separately. 

Initial pressure 

Figure 8 revealed the results of different initial pressure on emissions with working 

frequency f = 22.9 Hz, initial temperature T0 = 345 K, fuel equivalence ratio  = 0.4, and 

compression ratio  = 20.2. It was seen that as the initial pressure increased from 1.14 bar to 

1.46 bar, NOx content increased from 1.3 g/Kg fuel to 1.7 g/Kg fuel, while the consumption of 

UHC and the production of CO and SOOT content were at almost the same CA, separately. 

Figure 5. The results of working frequency change  
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Figure 6. The results of compression ratio change  

Figure 7. The results of initial temperature change  
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Fuel equivalence ratio 

Figure 9 demonstrated the results of different fuel equivalence ratio on emissions 

with working frequency f = 22.9 Hz, initial temperature T0 = 345 K, initial pressure P = 1.14 

bar, and compression ratio  = 20.2. It can be noted that because of the incomplete high ther-

mal release heat release (fig. 5), when the fuel equivalent ratio equaled to 0.3, the NOx content 

was 0.02 g/Kg fuel. And as the fuel equivalent ratio increased from 0.3 to 0.45, the NOx con-

tent increased from 0.02 g/Kg fuel to 7.5 g/Kg fuel, while the consumption of UHC and the 

production of CO lagged 1.5° CA and 1.6° CA, and the production of SOOT advanced 1.2° CA. 

Working frequency 

Figure 10 showed the results of different working frequency on emissions with fuel 

equivalence ratio  = 0.4, initial temperature T0 = 345 K, initial pressure P = 1.14 bar, and 

compression ratio  = 20.2. It was seen that as working frequency increased from 19.6 Hz to 

27.9 Hz, NOx content decreased from 1.7 g/Kg fuel to 0.9 g/Kg fuel, while the consumption 

of UHC and the production of CO and SOOT lagged 1° CA, 1° CA, and 1.7° CA, separately. 

Compression ratio 

Figure 11 demonstrated the results of different compression ratio on emissions with 

working frequency f = 22.9 Hz, initial temperature T0 = 345 K, initial pressure P = 1.14 bar, 

and fuel equivalence ratio  = 0.4. It was noted that as compression ratio increased from 15.9 

to 20.2, NOx content increased from 0.17 g/Kg fuel to 1.29 g/Kg fuel, while the consumption 

of UHC and the production of CO and SOOT advanced 2.4° CA, 2.2° CA, and 2.6° CA, sep-

arately. 

Figure 8. The results of initial pressure change  
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Figure 9. The results of fuel equivalence ratio change  

Figure 10. The results of working frequency change  
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Conclusions 

The simulation results obtained were summarized as follows. 

 These five parameters have a significant impact on HCCI combustion performance of 

FPEG, and these values determine whether it is a complete two-stage auto-ignition. 

 The changes of parameters cause the change of the FPEG combustion phase, further 
lead to different heat release rate, in-cylinder pressure and temperature.  

 The emission is closely related to the combustion process, and the production of NOx is 
sensitive to all parameters, while the production of SOOT is sensitive to only fuel 
equivalence ratio. 
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