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Analysis of the possibilities to achieve adiabatization process of combustion  
surrounded by inactive gases in Rapid Compression Machine 

  
In this work non-combustible gases impact on combustion processes studies is performed. Research was performed in a optically 

accessible rapid compression machine (RCM) under spark ignition engine conditions. The distribution of the swirl charge in the relation 
to adopted for analysis sequence of gas delivery to the chamber was varied with regard to the main injection. Authors investigate the 
influence of these sequence on the combustion and the ignition delay of the main injection and the overall combustion characteristics. 
The aim of this work is the experimental recognition of possibilities of creating combustible mixtures of light hydrocarbon fuels 
surrounded by non-combustible gases affecting the function of the inhibitor. Specifying the ability of preparation and combustion of 
mixtures in such systems enables the scientific analysis of adiabatization of the combustion process of fuel-air mixtures in the operating 
chambers. Theoretical analysis of the issues indicates possibility of obtaining such a stratification of the charge, that the inactive exhaust 
gases creating the outer ring surround the combustible mixture inside in such a way as to reduce the amount of heat exchanged between 
the working medium and the walls of the cylinder. 
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1. Introduction 

The selected problem of assessing the emergence and 
spread of flame is critical for the search of new opportuni-
ties to reduce toxic emissions in spark ignition internal 
combustion engines [1, 2, 6]. The proposed system is asso-
ciated with a reduction in the energy indicators, however, 
due to the nature of the combustion and the advantage in 
the form of lack of heat loss in exchange with the cylinder 
walls, investigation of the subject is justified. In order to 
improve the efficiency of combustion engines the proper 
preparation of the combustible mixture in the cylinder 
chamber is very important. Suitable conditioning of the 
combustion process may allow a fuel consumption reduc-
tion. One of the methods that can be used to achieve those 
demands is to use recirculated exhaust gas in order to intro-
duce a controlled volume of non-combustible gases into the 
cylinder [6, 9].  

In contrast to the classic solutions currently used in en-
gines, the arrangement shown involves supplying the non-
flammable gases in a strictly defined manner. Paper [10] 
describes the possibilities of stratification of fuel load with 
non-combustible gases (separation of air and exhaust gas) 
which influenced the Authors to choose the described com-
bustion system concept. Different options for such a strati-
fication is shown in Fig. 1. Stratification can be divided into 
longitudal (from the left), axial, and radial. Radial stratifica-
tion (Fig. 1c) of the air and exhaust gases is the most suita-
ble choice, from the point of view of the compression 
stroke, in terms of maintaining the stratification during 
piston movement. The interior region of the fuel-air mixture 
is encased in the exhaust gas region. Both of these regions 
are coaxial in the cylinder, and therefore the compression 
stroke should not disturb the load stratification (the separa-
tion of injected air and exhaust gas). In addition, if the 
angular momenta of the loads are be kept during the com-
pression stroke then a mass of air and exhaust gas swirling 
in the same direction will result in a much longer lasting 
stratification of the mixtures at the end of the compression 
stroke. 

 
Fig. 1. Gases stratification modes: a) lateral, b) axial, c) radial [10] 

 
The Authors performed simulations using the AVL Fire 

software preceding the experimental studies [5]. The results 
of these studies on different strategies to introduce gases 
into the combustion chamber were considered for possible 
initiation and control of the combustion process. In the 
analyzed cases, the aim was to achieve a strong wall guided 
flow, thus the calculations used the k-� -f model developed 
by Hanjalica et al. [7]. The summary of the article is a 
choice of strategy of exhaust gas supply into the engine 
cylinder.  
 

 
Fig. 2. Spatial distribution of the current lines during the sequence used in 

the study [5] 
 

This article is a further research step taken by the Au-
thors towards adapting the results of the simulation on a 
single cycle machine. 

�
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2. Research methodology 
The test stand with a Rapid Compression Machine imi-

tates the working conditions of the internal combustion 
engine with spark ignition, direct injection, and has been 
adapted to the needs of this research. Test stand parameters 
are shown in Table 1.  

 
Table 1. Characteristic of RCM [8] 

Quantity Value 
Stroke 89 mm 
Bore 80 mm 
Volume of combustion 
chamber 55 cm3 

Method of delivery 
non-combustible gases 

solenoid valves 

Compresion ratio 11 
Type of combustion 
chamber 

hemispherical chamber in the head + cham-
ber in the piston 

Optical access 
from the bottom of the combustion chamber, 
quartz glass f50  mm arranged in the piston 

 
The adaptation of RCM, previously used by the Authors 

to study the dynamic [4] and optical processes, was to de-
sign an appropriate system implementing the injection of 
combustible and non-combustible gases into the combus-
tion chamber (Fig. 3).  

 

 
Fig. 3. Modified ring of RCM 

 
 

The 3D model of the test stand with the elements neces-
sary to carry out tests is shown in Fig. 4. In order to achieve 
a radial load stratification intake channels were added on 
the RCM periphery that fed non-combustible gases, con-
trolled using solenoid valves, tangentially to the cylinder 
axis (13). Technical carbon dioxide was used as a non-
combustible gas (9) with a purity of 99.95% by volume. 
The Rapid Compression Machine (8) operation is con-
trolled using a sequencer (1, 2). An additional valve mount-
ed in the head (12) is responsible for providing air in the 
spark plug area. In the first stage of the research presented 
in this article an outward-opening piezoelectric injector 
Siemens VDO (11) was located at the central point of the 
engine head. Spark plug (10) with the built in pressure 
sensor AVL GH13Z-31 is arranged in such a way that the 
formation and ignition of loads in RCM were carried out 
based on the spray guided combustion principle. 

The elements used to perform tests on the present stand 
is: 
– the high-speed camera (6) by LaVision, taking pictures 

with frequency of 5 kHz, 
– piston displacement sensor – contactless potentiometric 

displacement sensor – Megatron LSR 150 ST R5k, 
– the system for acquisition of measurements of fast-

varying signals AVL IndiModul (4). 
The obtained results: indicated (3) and optically meas-

ured (5) were processed using the following programs: 
AVL Concerto V4.5 and DaVis 7.2. The test results were 
compared with each other in relation to the recorded time. 

3. Thermodynamic indexes of combustion process  
A preliminary analysis of the impact of non-combustible 
gas injection into the combustion chamber is made on the 
basis of the indicated pressure registered in the combustion 
chamber. The system response has been shown in the form 
of the combustion process delay and a reduced increase of 
the maximum combustion pressure (Fig. 5). 

 

 
Fig. 4. Three-dimensional view of the measurement stand of Rapid Compression Machine 
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Fig. 5. The results of the measurements of the combustion pressure 
 
In the arrangement without providing a non-combustible 

gas into the chamber, which serves as reference in studies, 
the maximum combustion pressure of 31.5 bar was ac-
quired occurring within 93.6 ms after the piston movement 
began. Providing non-flammable gases into the combustion 
chamber in a selected sequence resulted in a delay of pres-
sure increase of 11.8 ms and a reduction in the maximum 
pressure. Because of the previously cited articles, which 
demonstrated both the repeatability of RCM operation in 
the analysis of indicated parameters [4] and optical pro-
cesses [3], the analysis covers two representative runs in 
which one is a reference run, and the second shows the 
effect of the proposed modifications. Figure 6 shows the 
heat release rate.  

 

 
Fig. 6. Heat release rate 

 
In this context, the fuel injection and combustion with-

out the presence of non-combustible gases results in a large 
heat release rate with a maximum value of 183 J/ms. Using 
the load with recirculated exhaust gases strategy causes the 
combustion to be delayed significantly resulting in a far 
lower rate of heat release. Its maximum value is 41 J/ms, 
which is only 22% of the reference value. 

 

4. Optical analysis of the combustion process 
Optical test consisted of visual recording the combus-

tion process in the RCM with a frequency of 5 kHz. In 
order to specify the area the flame takes up during combus-
tion in a given system the recorded data was subject to 
digital processing consisting of: (1) defining the viewing 
window area mask and (2) counting the pixels whose radia-
tion intensity was higher than the background noise. Then, 
by registering the triggered discharge on the spark plug, it 
was possible to determine a common time baseline for the 
indicator and optical research results (synchronization). 
Figure 7 shows the areas occupied by the flame in subse-
quent measurement attempts. Three functions relate to the 
classic combustion system without a supply of non-
combustible gases and are marked in the article with the 
color blue, while the measurements using the supply system 
with non-combustible gases have been marked in red. The 
results of the calculated areas occupied by the flame have 
been again juxtaposed with pressure changes in the cham-
ber. The results thus illustrate a direct correlation between 
the recorded test results of indicated pressure and the opti-
cal two-dimensional (flat) recording of the flame.  

The reference measurements recorded a sharp flame 
size increase in the chamber, covering on average almost 
100% of the viewing window located in the RCM piston. In 
this configuration, the flame is maintained for a long time 
in the whole viewing window, which indicates the long 
post-combustion process.  

 

 
Fig. 7. The flame area in the combustion chamber with marked average 
times (indicated by black vertical bars) of the recorded maximum values 

 
The supply of non-combustible gases into the combus-

tion chamber resulted in the suppression of growth of both 
the intensity of the flame and its accumulation in the central 
part of the cylinder. In this case, the maximum area occu-
pied by the flame reached 50 to 87% of the viewing win-
dow size. This indicates that the research concept has been 
reached and the flame was isolated from the cylinder walls.  

Due to the extensive amount of data obtained in the 
course of this research further presentation of the results of 
optical tests in this article is limited to representative indi-
vidual measuring points. Figure 8 displays the sequences of 
images of the flame development from the start of the igni-
tion. Since the process was filmed with a frequency of 5 
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kHz, the time interval between images was 0.2 ms. In order 
to present the main features of the whole combustion pro-
cess the chosen time interval between images shown in Fig. 
8 is 2 ms. Comparison of the image timing and indicated 
test values made it possible to determine the flame image 
(in pictures) corresponding to the value Pmax for a given 
measurement point. These pictures are marked with circles. 

The analysis of reference measurement images (left) re-
veals a sharp increase in pressure without the load motion 
and post-combustion flame around the cylinder walls. 

The sequence of images of the combustion measure-
ment in the vicinity of non-combustible gases (Fig. 8; right 
side) shows the development of the flame in the center of 
the cylinder. In addition, the flame is suppressed, and in 
contrast to the reference measurement, no long post-
combustion near the cylinder walls was observed. Due to 
the design of the engine head, where the spark plug is lo-
cated on the side, a clear swirling of the flames from the 
ignition point was observed, which corresponded to the 
turbulence created by the injection of carbon dioxide. 

 

 
Fig. 8. A comparison of combustion: on the left – a reference measurement, on the right – measurement along with the injection of carbon dioxide 

 

5. Summary 
The assumed achievement of radial stratification, allow-

ing the separation of the load in the combustion chamber in 
the spark ignition engine with direct petrol injection has 
been completed. The test results indicate that the flame 
access to the cylinder walls was limited. The resulting re-
duction in flame area ranged from 13% to 50% (for the four 
repeated tests of the combustion process). The proposed 
system is essential for carrying out further analyzes of the 

injection sequence effect, and to further develop the con-
cept. In future projects, the Authors expect to use an engine 
head with a centrally positioned spark plug. This configura-
tion will allow for better flame accumulation inside the 
cylinder volume. 
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Nomenclature 

AF area of flame 
EGR exhaust gas recirculation 
CO2 carbon dioxide 
dQ heat release rate 

Pcyl cylinder pressure 
Pmax maximum cylinder pressure 
RCM rapid compression machine 
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