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Combustion process control in system  

with semi-open combustion chamber for spark ignition engines 
 

Abstract: A few operation examples of combustion system with semi open combustion chamber for spark ignitron 

engines has been presented in this paper. This system has been designed in Aircraft Engine Department of Heat 

Engineering Institute of Warsaw University of Technology. The principal problem of operation this system is to 

assure that jet-stream commences to outflow from prechamber to main combustion chamber when the piston is 

at TDC and that it will have a sufficient energy quickly to displace all main chamber. This is a task for combus-

tion control system. This can be obtained by correct selection of the system operating parameters: the volume 

ratio of prechamber to total combustion chamber, the hole diameter in partition, the igniter locations, the igni-

tion advance angle. If this system has operate correctly it was obtained the shortening of combustion time about 

2.2 time, growth of maximum cycle pressure 1.9 time and increase of combustion efficiency 1.4 time, in compari-

son to standard combustion chamber. This research results concern the test conducted using rapid compression 

machine. 
Keywords: internal combustion engines, spark ignition engines, combustion process,   combustion process 

control, visualization of combustion process 

 

Kontrola procesu spalania w systemie półotwartej komory spalania dla silników  

z zapłonem iskrowym 
 

Streszczenie: W artykule przedstawiono kilka przykładów pracy systemu z półotwartą komora spalania prze-

znaczonego dla silników o zapłonie iskrowym. System ten został opracowany w Zakładzie Silników Lotniczych 

Instytutu Techniki Cieplnej Politechniki Warszawskiej. Podstawowym problemem pracy tego systemu jest za-

pewnienie, że początek wypływu strumienia z komory wstępnej do zasadniczej nastąpi wówczas, kiedy tłok znaj-

duje się w GMP i że energia strugi będzie wystarczająca, aby szybko przebyć całą komorę zasadniczą. Takie jest 

zadanie układu sterowania. Może to być osiągnięte przez właściwy dobór parametrów pracy systemu: proporcji 

objętości komory wstępnej do całej objętości komory spalania, średnicy otworu w przegrodzie, miejsca zapłonu 

oraz kąta wyprzedzenia zapłonu. Jeśli ten system działał prawidłowo, to uzyskiwano: skrócenie czasu spalania 

około 2.2 razy, zwiększenie ciśnienia maksymalnego cyklu 1,9 razy i wzrost sprawności spalania 1,4 razy, w 

porównaniu ze standardową komorą spalania. Wyniki te dotyczą badań, które były prowadzone z zastosowaniem 

maszyny pojedynczego sprężu. 

Słowa kluczowe: silniki spalinowe, silniki o zapłonie iskrowym, proces spalania, kontrola  procesu spalania, 

wizualizacja procesu spalania 

 

1.  Introduction 

The principal goal of development of combustion 

system with semi-open combustion chamber 

(SOCC) is improvement of fuel economy and ex-

haust emissions. This system was invented and 

developed in the Aircraft Engine Department of 

Warsaw University of Technology (AED) [2-13]. 

The operation goal of the combustion system can be 

achieved if all operating parameters of this system 

will be relevant fitted. This is a task for an experi-

mental research, to set the control system parame-

ters and to include its to electronic control unit 

(ECU), because, up to now the theoretical depend-

ences do not enable to calculate the required pa-

rameters with sufficient exactness. 

The combustion system with semi-open combustion 

chamber is similar to the jet-flame ignition systems 

which was applied in production engines, and to 

pulsed jet combustion (PJC) system, invented and 

experimented by Professor A.K. Oppenheim from 

University of California at Berkeley [1]. Basic 

difference between these systems and SOCC sys-

tem is: a bigger prechamber to whole combustion 

chamber volume ratio at SOCC system, the differ-

ent feed methods, and the physically separation 

prechamber and main combustion chamber when a 

piston is at top dead center (TDC) only. In SOCC 

system that same mixture (homogenous, stoichio-

metric) is fed to the prechamber and main combus-

tion chamber. In another systems, the mixture in 

prechamber is richer, generally, than in the main 

chamber. 

The combustion chamber in the cylinder head was 

divided on prechamber and main combustion 

chamber with partition. But this division exists only 
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when a piston is near TDC. Therefore, this system 

we assigned  the combustion system with semi-

open combustion chamber. When the piston is far 

from TDC a big clearance between partition and 

piston crown appears. So, through this clearance, 

the burning mixture can outflow, from prechamber 

to main chamber, instead through the hole in parti-

tion, because the cross section area of the clearance 

is bigger than cross section of the hole. When the 

piston is far from TDC the flows between 

prechamber and main combustion chamber are free. 

The combustion process in this system can be di-

vided in two phases. In the first phase of combus-

tion, a mixture in the prechamber is ignited and 

when the pressure difference, between prechamber 

and main combustion chamber achieves the rele-

vant level the jet-stream of a burning mixture and 

the radicals is formed. This jet-stream should to 

outflow, from the prechamber to the main chamber 

through the hole in the partition. In the second 

phase of the combustion, this outflow jet-stream 

should ignite the successive layers of the mixture in 

the main combustion chamber, displacing through.  
 

 

at ignition the 
prechamber and the 

main combustion cham-

ber are filled up with 
homogeneous, stoichi-

ometric mixture and 

they are open 

if piston is near to TDC, 

the prechamber with 

burned gas is separated 
from the main combus-

tion chamber and the 

burned gases begin to 
flow from the 

prechamber to main 

combustion chamber 

 

Fig. 1. Operating principle of the tested combustion 

system:  
1. Prechamber, 2. Partition with orifice, 3. Main combustion 

chamber, 4. Piston, 5. Stream of burned gases and radicals 

 

The principal problem of this system operation is to 

assure, that the jet-stream outflowed from a 

prechamber to a main combustion chamber begins 

its outflow, when the piston achieves TDC, but the 

jet-stream energy will be enough to displace to the 

end of the main combustion chamber, before a big 

clearance between a piston crown and a partition 

has been arisen. This is because of the clearance 

cross section area is bigger than the hole cross sec-

tion in the partition and all outflow through a hole 

can disappear, and almost all mixture will be out-

flow through the clearance. The outflow in due time 

and the relevant jet-stream energy should be ob-

tained by changing the different system parameters: 

the rate of the prechamber volume to total combus-

tion chamber volume, the hole diameter in the parti-

tion, the ignition place, and the ignition advance 

angle (IAA). As the experiments showed these first 

three system parameters decide, first of all, about 

the combustion time in the prechamber and the jet-

stream energy, but the IAA decides about the be-

ginning of outflow from the prechamber to the main 

combustion chamber. The role of the respective 

system parameters were discussed in this paper. 

The research results obtained in RCM the high 

speed combustion photography and the high speed 

pressure measurements has been presented. 

The RCM research results showed, that by assuring 

a relevant operations of the system and its control it 

can obtain the expected combustion courses in the 

combustion, what was confirmed by engine tests. 

 

2. Experimental apparatus and proce-

dure 

2.1. Test stand 

Figures 2 and 3 show the test stand schematic and 

the test stand view, respectively. Application of the 

RCM allows obtaining of high speed combustion 

photos, very good quality, in the plain goes over the 

longitudinal axis of the combustion chamber. 

Moreover it does independent of research results 

from disturbance caused by cyclic induction and 

exhaust processes. 

 

 

 

 

 

 

 

Fig. 2. Schematic of RCM test stand. 1.Crank mecha-

nism, 2.Combustion chamber, 3.Piston, 4.Insert model combus-
tion chamber, 5. Refueling and emptying system, 

6.Electromagnetic clutch, 7.Flywheel, 8.External belt transmis-

sion, 9.Electric motor, 10.Pressurized bottle, 11.Vacuum pump, 

12.Spark plug, 13.Ignition apparatus, 14.Piezoelectric transduc-

er, 15.Amplifier, 16.Crank encoder, 17.Indiskope 427, 18.ECU 
of optical system, 19.Measurement card, 20.PC 

 

 
Fig.3. View of test stand 
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Crankshaft of   RCM was driven with electric mo-

tor, power 3 kW, by an external belt transmission 

which allows obtaining required RCM speed in 

short time after switch on of electromagnetic clutch. 
At the beginning, a flywheel powered by the elec-

tric motor reached required speed to conduct the 

test, then electromagnetic clutch is connected with 

RCM crankshaft. The crankshaft of RCM due to 

big power of electric motor and big inertia moment 

of flywheel, very soon, after about 90
o
 CA, gained 

required speed – 1800 RPM. 

Only compression stroke and power stroke were 

realized with RCM. Pressurized bottle was used to 

feel up the combustion chamber before testing but 

the vacuum pump was using  for emptying the 

chamber after test. Homogeneous, stoichiometric 

the air natural gas (contained 96% of methane) the 

test was used mixture. The tested mixture was pre-

pared in pressurized bottle for all tests, before start 

of research  to avoid the discrepancies of a compo-

sition for subsequent tests. 

 
2.2. Rapid  Compression Machine (RCM) 

Table 1 presents major details of the RCM 

Table 1 

RCM specifications 

Piston Dimension [mm] 78x30 

Stroke [mm] 78 

Connecting Rod [mm] 132 

Combustion Chamber 

Volume [cm
3
] 

36 

Compression Ratio 6:1 

Engine Speed [RPM] 1800 

 

The RCM includes: crankshaft, connecting rod, 

sliding rod, piston and combustion chamber. Cross 

section of the piston is rectangular, but  combustion 

chamber is parallelepiped. In combustion chamber 

a special shaped inserts, modeled combustion 

chamber of real engine, were fixed. The quartz 

windows in a front and back walls  were mounted,  

to assure optical access into combustion chamber. 

Volume of combustion chamber, in specification is 

done summary volume of prechamber  and main 

combustion chamber. In successive tests the ratio 

volume of prechamber to main combustion cham-

ber was varied, but summary volume was constant.  

The volume of prechamber is presented in percent 

with respect to summary volume. In head of com-

bustion chamber the spark plug and valve for refill-

ing and emptying combustion chamber were in-

stalled. Elimination of train valves mechanism  

from RCM design enables the  excellent optical 

access into combustion chamber.  

 

2.3. Combustion process visualization 

Figure 4 shows optical system applied in the re-

search. This system include: plain and concave 

mirrors, lenses, optical knife, source of light and 

photographic drum camera. In optical system paral-

lel luminous flux, which illuminate the research 

volume, was shaped. The light source was the light 

emitting laser diode. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Schematic of the optical system 

 

Luminous flux was interrupted and controlled with 

electronic control unit. The images were registered 

on black and white negative film with frequency the 

same as flash frequency of laser diode – 2500 pic-

ture per second. Electric motor drove drum camera. 

It reached the required speed before start beginning 

of the test. Then RCM and electronic control unit 

were started. Electronic control unit controlled: 

time of connecting the electromagnetic clutch with 

RCM crank mechanism, time of flashing laser di-

ode, time of ignition. 

 

2.4. High speed pressure measurement 

At the same time, when the images of combustion 

were registered in film band, the pressure meas-

urement into combustion chamber versus crank-

shaft angle was performed. The pressure measure-

ment system include: piezoelectric transducer 

Kistler 6053A (pressure range 0-250 bar, sensitivity 

-6 pC/bar, natural frequency 120 kHz, linearity -
+ 

0,5%, temperature range 223-623 K), amplifier 

Kistler 5011A, crank angle encoder PFI 80, data 

acquisition system Indiskope 427 with PC computer 

and measurement card. Angle encoder PFI 80 to the 

crankshaft end was fixed. 

 

3. Research results 

 

Before the test a combustion chamber of RCM was 

feed with a homogenous, stoichiometric mixture of 

air and natural gas (96 percent of methane). Then 

the valves in filling installation were closed and the 

combustion chamber was tight. After about ten 

minutes an electric motor was started and flywheel 

achieves about 1850 rpm. Then the electromagnetic 

clutch was engaged and the RCM crankshaft was 

joined with the flywheel. All research results were 

obtained at RCM speed 1800 rpm, because during 

engaging of the clutch, the flywheel speed de-

creased about 50 rpm. Before the test, the photo-
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graphic drum camera was started and achieve a 

relevant speed for photographed of combustion 

process. The equipment for high speed pressure 

measurement was switched on, too. When a drive 

unit was clutched with RCM, immediately the con-

trol unit of a flushing laser diode has been automat-

ically actuated. The flushing of laser diode was 

actuated at the same time as the discharge of a 

spark plug. After 10 ms the flushing diode was 

switch off, because this is maximum photographed 

time with this length of photographic tape. After 

test the RCM was stopped, the valves were opened 

and vacuum pump was actuated to empty the com-

bustion chamber from exhaust gases. 

A few examples show how the system parame-

ters of combustion process (the ratio of combustion 

chamber volume, the hole diameter in the partition, 

the ignition location, and the ignition advance angle 

(IAA)) influence on the course of this combustion, 

its performances and control procedures. 

For compare of the test results, the first of this tests 

applying the standard combustion chamber were 

conducted .  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Laser shadowgraph photographs of  com-

bustion chamber process in model standard  com-

bustion chamber 

 

Figure 5 presents the combustion course in the 

model combustion chamber with the best ignition 

timing (30
0
 CA BTDC). In these conditions, the 

highest of the maximum cycle pressure, the biggest 

cycle work, the smallest compression work and the 

highest combustion efficiency were obtained. Al-

most constant speed on the flame front displace-

ment was held during test. The flame front near 

piston crown begin to displace lather than the flame 

front near cylinder head; the oblique flame front 

was created into combustion chamber. Moreover 

the big fluctuation flame front speed near of the 

piston crown were observed. 

The test results of the combustion chamber with 

the smallest ratio of prechamber to main combus-

tion chamber volume (10 percent), the hole diame-

ter in the partition d=3 mm, the ignition location at 

a middle of the prechamber and the IAA 20
0 

CA 

BTDC, were presented in Fig. 6. The flame front 

displacement results are shown in this picture. The 

outflow of a burned gas   and the radicals from 

prechamber to main chamber take place when the 

piston is in the TDC. The clearance between parti-

tion and piston crown was the smallest, so then the 

jet-stream begins to outflow via the hole in the 

partition from prechamber to main chamber. Its 

energy was to small, to displace in short time full 

main chamber. 

 

ignition +2,8ms 

+0,8ms +3,6ms 

+1,6ms +5,2ms 
 

Fig. 6. Laser shadowgraph photographs of combus-

tion process in model combustion chamber of the 

system with semi open combustion chamber 

(VP=10%, d=3 mm, ignition at middle, φi=20
0 

CA 

BTDC)  

 

The jet-stream has a small range what can be seen 

on the curve of flame front displacement, Fig. 7. 

(Attention! In all figures of the flame front dis-

placement the dashed line in the figure concerns the 

displacement in the standard combustion chamber)  
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Fig.7. Flame front displacement in model combus-

tion chamber (VP=10%, d=3mm, ignition at the 

middle, φi=20
0 

CA BTDC) ; dashed line- standard 

combustion chamber  

 

The speed of displacement of jet-stream is small 

and after short time a big clearance between the 

partition and the piston crown opens, and the end 

gases from prechamber outflows via this clearance 

instead through hole in the partition. This gases are 

swirled on the partition edge, but their rotation 

direction is opposite to jet-stream displacement 
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from the hole. The burn rate in main chamber is 

braked. In Fig. 7 one can see that burn rate in the 

prechamber is bigger, than in standard combustion 

chamber. At the beginning after an outflow to main 

chamber, the burning rate is accelerated but after 

about one millisecond the curve bends what means 

that the speed of flame front is similar to speed in 

standard chamber. Figure 6 shows that after about 

2.8 ms the clearance between the partition and 

piston crown is so much that under partition ap-

pears the outflow which is swirled on the partition 

edge.  This vortex brakes the jet-stream outflowed 

via the hole in the partition. So, a burning accelera-

tion effect in comparison with the standard cham-

ber, is small. The small prechamber volume has too 

small burning mixture, its internal energy is too 

small to give a relevant energy and speed of the jet-

stream outflow. As a result the cycle maximum 

pressure is small and the combustion efficiency is 

just bigger from in standard combustion chamber. 

The test results of the combustion chamber, 

with the biggest rate of prechamber volume in this 

research – 28 percent, the d=2 mm hole diameter in 

the partition, the ignition location – on the 

prechamber wall, and the ignition advance angle 

45
0 
CA BTDC, were presented in Fig. 8.  

 

ignition +2,8 ms 

+0,8 ms +3,6 ms 

+1,6 ms +5,2 ms 

 

Fig. 8. Laser shadograph photographs of combus-

tion process in model combustion chamber of the 

system with semi open combustion chamber 

(VP=28%, d=2 mm, ignition at wall, φi=45
0 

CA 

BTDC)  

 

The big value of IAA is caused by the long 

burning time in the prechamber with big volume. 

The outflow of the jet-stream from the prechamber 

via clearance under the partition commences in 

short time before follows closing this clearance 

between the partition and the piston crown. At the 

edge of the partition appears weak vortex 2.8 ms. 

When the clearance is closed, at the TDC, all 

prechamber become filled with exhaust gases the 

pressure difference between prechamber and main 

combustion chamber is so big that these gases begin 

to outflow to main chamber. Big pressure in 

prechamber and small hole diameter in the partition 

causes, that there is a long way break-up of the jet-

stream, but the charge is strong turbulized. The 

range of the jet-stream is not sufficient to displace 

in short time main chamber. After 4.4 ms from 

ignition we can see the vortex which brakes the jet-

stream outflowed from hole in the partition. Figure. 

9 shows the curves of the flame front displacement. 

The burning speed in the prechamber is bigger than 

in standard chamber, but at short time after the 

outflow of the jet-stream, about 2 ms, the curve 

bends and the speed of flame is similar as in stand-

ard chamber. But in this case the mean burn rate in 

both combustion chambers (prechamber and main 

chamber) is bigger than in standard combustion 

chamber, the cycle maximum pressure and the 

combustion efficiency are bigger as well.   

 Figure 10 shows the jet-stream displacement of 

flame front in research combustion chamber if the 

volume rate is 28%, the hole diameter is d=5 mm, 

the ignition location is in the middle of prechamber 

and the IAA is 55
0 
CA BTDC. 
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Fig. 9. Flame front displacement in model combus-

tion chamber (VP=28%, d=2 mm, ignition at wall, 

φi=45
0 

CA BTDC); dashed line- standard combus-

tion chamber  

 

ignition +2,8ms 

+0,8ms +3,6ms 

+1,6ms +5,2ms 

 

Fig. 10. Laser shadograph photographs of combus-

tion process in model combustion chamber of the 

system with semi open combustion chamber 

(VP=28%, d=5 mm, ignition at middle, φi=55
0 

CA 

BTDC)  
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The big value of IAA causes, that before a piston 

achieves the TDC, the pressure difference between 

prechamber will be so big, that the jet-stream from 

prechamber begins to outflow to main chamber via 

clearance under the partition. Simultaneously after 

closing the clearance the jet-stream from 

prechamber outflows via hole in the partition, but 

their speed is small because their energy is too 

small. This vortex which appears at the partition 

edge is so strong, that pushed the jet-stream from 

partition hole to the cylinder head and decides 

about burn rate in the main chamber. What is inter-

ested the vortex muffles a turbulisation in the main 

combustion chamber, so it diminishes the burn rate. 

When a piston passes TDC, the vortex amplifies a 

in power and fully eliminated the jet-stream dis-

placement. The flame front displacement in this 

case in the Fig. 11 is presented. This displacement 

are very slow, similar as in standard chamber. The 

cycle maximum pressure is sufficient high, but it is 

caused by the high pressure during compression 

stroke and it causes the big compression work and 

smaller combustion and cycle efficiency. 
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Fig. 11. Flame front displacement in model com-

bustion chamber (VP=28%, d=5 mm, ignition at the 

middle, φi=55
0 

CA BTDC);  dashed line- standard 

combustion chamber  

 

 

Figure 12 presents the best case, in which the 

combustion work accordingly with idea of this  

system. The data of this system configuration: the 

rate of prechamber volume – 20%, the hole diame-

ter in the partition d=3mm, the ignition location – 

the prechamber wall, the IAA-35
0
 CA BTDC. The 

outflow from prechamber to main chamber follows, 

when the clearance between the partition and the 

piston crown was closed, but a piston was at TDC. 

The pressure difference between prechamber and 

main chamber was big and the outflow jet-stream 

has so big speed and energy, that very quickly trav-

ersed full main chamber. When the clearance be-

tween prechamber and piston crown has been 

opened, the jet-stream achieves yet of the opposite 

main chamber wall and the end gases from 

prechamber and main chamber continue mixing. It 

draw attention, that the burned charge in 

prechamber and main chamber is strongly turb 

RPM – Revolution per Minute ulized. 

 

 

 ignition +2,8ms 

+0,8ms +3,6ms 

+1,6ms +4,4ms 

 

Fig. 12. Laser shadograph photographs of combus-

tion process in model combustion chamber of the 

system with semi open combustion chamber 

(VP=20%, d=3 mm, ignition at wall, φi=35
0 

CA 

BTDC)  

 

In this case, the biggest cycle maximum, the highest 

combustion efficiency, and the biggest useful work, 

were obtained. The burned time was about two time 

shorter (4.4 ms and 9.6 ms) but maximum cycle 

pressure was almost three time larger.  
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Fig.13. Flame front displacement in model combus-

tion chamber (VP=20%, d=3 mm, ignition at wall, 

φi=35
0 

CA BTDC); dashed line- standard combus-

tion chamber  

   

 

Figure 13 show flame front displacement in model 

combustion chamber. The jet-stream after 4.4 ms 

from the spark plug discharge achieve the opposite 
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wall of main chamber. For comparison, in the 

standard combustion chamber the flame front 

achieves opposite wall after 9.6 ms. So, they exist 

an extensive possibilities for acceleration of com-

bustion process in the combustion system with semi 

open combustion chamber.  

 

4. Conclusions 

 

1. The research results, which were conducted 

using RCM for combustion mechanism deter-

mination, show that combustion system apply-

ing with semi-open combustion chamber makes 

possible the increase efficiency, an improve-

ment reliability and ignition repotability, and 

exhaust emissions decrease. 

2. The combustion mechanism in this system is 

essentially depended on combustion system pa-

rameters: the rate of prechamber to total com-

bustion chamber volume, the hole diameter in 

the partition, the ignition place and the ignition 

advance angle. 

3. Very exact control of the combustion system 

parameters is required to obtain expected results 

– higher fuel economy and lower exhaust emis-

sions. 

4. The analysis of the high-speed movies of 

Schlieren photographs shows that a control sys-

tem should provide, that the jet stream outflow 

from prechamber to main combustion chamber 

begins when a piston of an engine is at TDC, 

and the jet-stream energy will be enough to 

travel all main chamber before the outflow starts 

through the clearance between a piston crown 

and partition. 

5. The rate of the prechamber volume, the hole 

diameter in the partition, and the ignition place 

have a decisive influence on the burn time in 

prechamber and the jet stream energy, but the 

jet-stream outflow start is strongly affected by 

ignition advance angle. 

6. If the prechamber volume is small, a burn time 

is shorter than in similar volume of the standard 

combustion chamber, but the range of jet-stream 

is small; in short time after jet-stream outflow 

from prechamber, the burn rate is similar as in 

the standard combustion chamber. 

7. If the prechamber volume is big, a burn time is 

similar as at similar volume of standard com-

bustion chamber but the jet-stream range can be 

enough to travel, to opposite wall of the main 

chamber if the ignition advance angle is rele-

vant. 

8. The range of jet-stream is depended, first of all, 

on internal energy of the burning gases and 

therefore the range is bigger when the 

prechamber volume is bigger. 

9. The combustion process control is easier if the 

prechamber is small, because of a repeatability 

of ignition process and burn time in 

prechamber. 

10. The initial process of inflammability in the 

prechamber has a bigger dispersion, especially 

concerning of burn time and flame structure, if 

the prechamber volume is big, furthermore the 

ignition advance angles must be large, then 

what causes undesirably outflow from 

prechamber to main chamber under partition in-

stead through the hole in the partition, and get 

worse combustion mechanism of this system. 

 

 

Nomenclature/Skróty i oznaczenia  

AED – Aircraft Engine Department of Institute of 

Heat Enginering of Warsaw University of 

Technology 

CA – Crank Angle 

CA BTDC – Crank Angle Before Top Dead Center 

IAA – Ignition Advance Angle 

ICE  – Internal Combustion Engines 

 

PJC –  Pulsed Jet Combustion 

RCM – Rapid Compression Machine 

RPM – Revolution per Minute 

SI – Spark Ignition 

SOCC – Semi-open Combustion Chamber 

CI – Compression Ignition  

TDC – Top Dead Centre 
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