
Improving the Ecological Performance of Free-

Piston Gas Generator by Air-Gas Mixture Self-

Ignition

11 October 2023, Craiova, Romania / 12 – 13 October 2023, Chișinău, Rep. of MoldovaS
IE

L
M

E
N

 2
0

2
3

1
4

th
 I
N

T
E

R
N

A
T

IO
N

A
L

 C
O

N
F

E
R

E
N

C
E

 O
N

E
L

E
C

T
R

O
M

E
C

H
A

N
IC

A
L

 A
N

D
 E

N
E

R
G

Y
 S

Y
S

T
E

M
S

Alexei Abakumov alex.abakumov@gmail.com

Andrei Zelentsov zelentsov.aa@gmail.com

JSC “Cryogas”, Saint Petersburg, Russia

mailto:alex.abakumov@gmail.com


11 October 2023, Craiova, Romania / 12 – 13 October 2023, Chișinău, Rep. of MoldovaS
IE

L
M

E
N

 2
0

2
3

1
4

th
 I
N

T
E

R
N

A
T

IO
N

A
L

 C
O

N
F

E
R

E
N

C
E

 O
N

E
L

E
C

T
R

O
M

E
C

H
A

N
IC

A
L

 A
N

D
 E

N
E

R
G

Y
 S

Y
S

T
E

M
S

Introduction

Scheme of free piston gas generator: 

1 – piston, 

2 – combustion chamber, 

3 - damping device, 

4 – load device

• In modern conditions, there are acute issues of 

increasing the efficiency and ecological 

parameters of combustion process in internal 

combustion engines. 

• In this regard, a promising solution is to abandon 

the traditional crank mechanism in favor of a free-

piston scheme, characterized by low friction 

losses and capable of operating on various types 

of fuels, including gas ones.

• A free piston gas generator (FPGG) is a shaftless 

internal combustion engine in which the 

movement of the pistons is not controlled by the 

crankshaft, but is determined by the interaction of 

forces created by the working fluid in the 

combustion chamber, the damping device and the 

load device.
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Principle of FPGG Operation

FPGG start mode

End of compression stroke

Engine working stroke

Exhaust

Start of compression stroke



11 October 2023, Craiova, Romania / 12 – 13 October 2023, Chișinău, Rep. of MoldovaS
IE

L
M

E
N

 2
0

2
3

1
4

th
 I
N

T
E

R
N

A
T

IO
N

A
L

 C
O

N
F

E
R

E
N

C
E

 O
N

E
L

E
C

T
R

O
M

E
C

H
A

N
IC

A
L

 A
N

D
 E

N
E

R
G

Y
 S

Y
S

T
E

M
S

Research Objective

The research objective is the implementation of combustion of premixed mixture with compression 

ignition (HCCI-process) in a free-piston gas generator with power of 626 kW at a number of cycles 

corresponding to 1000 rpm (full load mode).

The research tasks are the next:

• Development of the FPGG model

• Clarification of the parameters of the mathematical model of combustion of air-fuel mixture in the 

FPGG cylinder

• Development of practical recommendations to ensure the required power indicators of FPGG

The engine under consideration:

D is 260 mm

S is 393 mm when compression ratio is 9

Max pressure up to 17 MPa

Power up to 626 kW

*Figure was first published in A.M. Abakumov, “Free-piston gas generator 

and method of its operation in thermodynamic combustion cycle mode 

using homogeneous fuel-air mix with compression ignition”, Patent RU 

2 800 197 C1, date of publication: 19.07.2023.
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The generalized differential equation of conservation laws (Navier-Stokes, energy conservation, mass conservation, 

concentration equations):

𝜕

𝜕𝑡
𝜌𝛷 + div 𝜌𝑈𝛷 = div 𝛤𝛷grad𝛷 + 𝑆𝛷 ⇔

𝜕

𝜕𝑡
𝜌𝛷 +

𝜕

𝜕𝑥𝑗
𝜌𝑈𝑗𝛷 =

𝜕

𝜕𝑥𝑗
𝛤𝛷

𝜕𝛷

𝜕𝑥𝑗
+ 𝑆𝛷

k-ζ-f turbulence model with Hybrid Wall Function:
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Combustion model – Extended Coherent Flame Model (ECFM)
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here Σ is a flame front surface area per volume unit; PrtD is turbulent Prandtl number;
       SΣ is an source term.
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Here 𝑓 – is elliptic relaxation function, 𝑇 – turbulence time scale; 𝑙– length scale Eddy viscosity:

Model constant:

r Tp lw w= − Average combustion reaction rate:                ρTp – partial fuel density; wl – laminar flame velocity

2

t

k
c 


=

( )*
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Mathematical model
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Calculation Preparation

To prepare a dynamic mesh with moving boundaries that 

considers the movement of pistons from bottom dead center 

(BDC) to top dead center (TDC), a preliminary determination of 

FPGG stroke depending on time (conditional crankshaft angle) 

is required.

Meshes with moving boundaries are generated 

for the entire computational domain, which 

includes the internal volumes of inlet and outlet 

receivers (static volumes), as well as the FPGG 

cylinder (variable volume).
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Calculation Preparation

Computational mesh: a – engine pistons position at TDC (number of elements: 1068946), 

b – engine pistons position at BDC (number of elements: 1306062)

a b
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Pressure (a) and temperature (b) in the FPGG cylinder when working on air-

gas mixture with spark plugs (five sequential cycles)

a b
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Rate of heat release (a) and mass flow (b) in the FPGG cylinder when working 

on air-gas mixture with spark plugs (five sequential cycles)

a b

The results allow us to state that the process of ignition of the air-gas mixture under consideration 

is characterized by a satisfactory degree of repeatability from cycle to cycle, starting from the 4th 

combustion cycle
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540 °CA 545 °CALocal temperatures (K) in FPGG combustion chamber

Simulation Results and Analysis
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Local 

temperatures (K) 

in FPGG 

combustion 

chamber

Simulation Results and Analysis
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Pressure in the FPGG cylinder when working 

with spark plugs with the self-ignition 

mechanism turned off (red line), without spark 

plugs with the self-ignition mechanism turned 

on (blue line)

Rate of heat release in the FPGG 

cylinder when working with spark plugs 

with the self-ignition mechanism turned 

off (red line), without spark plugs with 

the self-ignition mechanism turned on 

(blue line)
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Simulation Results and Analysis

NOx mass fractions in the FPGG cylinder at 5 °CA after TDC

Level of NOx emissions during operation on gas compared to the diesel cycle is reduced from 

0.13301 g/cycle (diesel) to 0.00067681 g/cycle (gas)
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Simulation Results and Analysis

Analysis of Influence of Spark Angles
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Analysis of Influence of Spark Plugs Position
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Conclusion

• The possibility of achieving the specified parameters of FPGG when operating on lean air-gas

mixtures has been confirmed.

• The possibility of self-ignition of mixture in the HCCI mode has been confirmed. The maximum local

gas temperatures in case of HCCI process are quite low (1856 K), which leads to a decrease in

nitrogen oxide emissions in comparison with diesel process. It was implemented a mixed ignition

process in case of lean air-gas mixture with preliminary ignition of spark plugs and subsequent

ignition of the main volume of mixture in the cylinder.

• The possibility of FPGG operation without spark plugs has also been confirmed. In this case, in

comparison with spark-assisted HCCI process, combustion begins later and is characterized by larger

peak values of rate of heat release.

• A high degree of repeatability of the processes of combustion of the air-fuel mixture from cycle to 

cycle is shown when operating in the spark-assisted HCCI mode. When working on a mixture with 

an excess air coefficient λ = 3.38, the absence of reverse flash of flame into the intake receiver and 

early ignition of mixture in the cylinder by products of incomplete combustion is confirmed
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Thank you for your attention!

Questions?
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