Article citation info:
CIE LIK, W., PIELECHA, I. Evaluation of mixture swirhithe cylinder chamber in a conceptual system gathbustion surrounded
by inactive gaseCombustion Engine2018,1754), 40-47. DOI: 10.19206/CE-2018-406

Wojciech CIELIK CE-2018-406

Ireneusz PIELECHA

Evaluation of mixture swirl in the cylinder chamber in a conceptual system
with combustion surrounded by inactive gases

Internal combustion engines have seen a reductidheodynamics of their efficiency growth in recgears. All kinds of new modi-
fications and changes introduced in this field ceaty manage changes of engine efficiency at thel lva fraction of a percent. Con-
sidering the concept of unification of SI and Gemmal combustion engine structures, one can exjoesee their efficiency increase by
the reduction of losses, whose causes and occurisncommonly known. The improvement of the cobusgstem is mainly related
to the reduction of thermal losses generated is piiocess. Therefore, the current issue is the ek analysis of any possibilities of
improving the combustion conditions and more fulglerstanding the processes that accompany themaithors of the article see
such a possibility in the conceptual control of dmnbustion process, which aims to obtain a conideshixture surrounded by non-
flammable gases. This way the flame contact wighciinder walls is limited, which should in turondribute to reducing the heat
exchange with the walls. This research is a coation of previous research work; current work foesion determining the actual
distribution of gases in the combustion chambengithe advanced shadow photography method. Theespecifies the effect of non-
flammable gas injection pressure increase on tlea af the boundary layer formed between the nanrflable gases and cylinder walls.
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1. Introduction tional internal combustion engines is essentialnfiexim-
The current stage of internal combustion engineg-de izing the efficiency of vehicles using them. In tea of
lopment is characterized by a considerable stratgimi- strong legal restrictions regarding fuel consumptand
larity of spark-ignition and compression-ignitiongines. engine exhaust emissions from vehicles, one otithe!-
This unification concerns not only similar boosstgyns, opment directions of these drives is using altévagpro-
but also the combustion systems. Both systems ineetd pulsion systems (hybrid and hydrogen drives) [16,25].
fuel injection into the combustion chamber. Siniilas Classic drives using spark-ignition and compression
also occur in exhaust aftertreatment systems, asksp ignition internal combustion engines are subjected
ignition engines also now work with values of exxedr modifications that can be summarized as actionggun
coefficient greater than 1 (stratified charge).idikar ana- the drive systems for operation with direct fugeation
logy can be expected in exhaust gas recirculat®®R) and boost systems [5, 9, 11, 14].
systems. The EGR system that is already widely used For a dozen or so years, a trend in the construafo
compression-ignition engines is also starting taypan car engines could be seen, consisting of obtainiogased
increasingly important role in spark-ignition enggn values of engine operating indicators with redustdke
The main reason for using an exhaust gas reciionlat volumes and a reduced number of cylinders [15, Tfg
system in internal combustion engines is the ghititre- actions taken by producers fall mainly into twoeggatries:

duce the emission of nitrogen oxides ()®y reducing the — downsizing primarily based on reducing the eagin
maximum combustion temperature. Increasing thegrop  displacement while using additional systems toéase
tion of recirculated gases for high engine loads efiec- the average useful pressure of the engine to cosapen
tively reduce the occurrence engine knock (in theer8 — downspeeding — a procedure involving engine speed
gine) and reduce the temperature of the exhaussgage reduction with the simultaneous use of additiong- s
negative aspect of using this system is — as theuanhof tems increasing the average useful pressure.

gasses transferred through the EGR increaseslltficfor In addition, downsizing was divided into two types:

decreases, which leads to the reduction of engingué. static and dynamic [5, 24]. Static downsizing isamteto
Research carried out by Alger [2] indicates thaigh pro- reduce the engine overall size by limiting its thspment
portion of recirculated exhaust gases reduces limef volume (usually achieved through the reduction loé t
propagation rate and leads to combustion procestatin number of cylinders) while compensating for itsestiope-
lity. The use of new injection systems in DI Sl ereg [3] rating parameters so that they do not change. Dynam
and further testing of these systems in Cl engidgscon- downsizing is the reduction of the engine's dispiaent
tribute to the increase of specific power valuesailed achieved by temporarily disconnecting some of tilenc
from these systems. Hence, the combination of ambcin ders depending on the engine operating conditidhss
injection systems with EGR systems can increasestfie type of downsizing has so far been applied verglyaand
ciency of these systems. used mainly for multi-cylinder engines.

Internal combustion engines continue playing an im- The combination of these two approaches of internal
portant role as a source of propulsion for motdnicles. combustion engines modification by manufacturers is
Although there is a growing trend in the automotine called rightsizing. It means the proper selectibthe drive
dustry of the development of vehicles with hybridve unit (its power) for a given vehicle. This is padtarly
systems or plug-in vehicles, the modernizationafwen- important in cases where a combustion engine \eitlhiced
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capacity was used in a vehicle where it operatethen of 1.3-2.5 df) was introduced based on this concept. In
conditions of reduced overall efficiency. order to increase efficiency, it is necessary tduce the

In order for all the engine construction changesi-melosses of thermal energy supplied with the fuela{Hess
tioned so far to make a real contribution toware$ucing through exhaust, cooling, pumping and mechanitalfat
the impact on the global environment, it is necgsdar  study [14], the authors point out that just sevemtol
advanced combustion engines to be introduced imehli- factors may enable the reduction of these lossgsiré- 1
cle models. The development packages for enginessershows Mazda's strategy in the pursuit of creatirggideal
manufactured by Mazda, presented by Hirose andntiitointernal combustion engine, for both spark ignitiand
[14], adopt the so-called common architecture cpnCehe compression ignition engines.
first generation of Skyactive engines (with a disgiment
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Fig. 1. The concept of complete modernization téiimal combustion engines; Cl and Sl engines sgi¥or common construction [14]

According to the presented concept, in order taiabt (which results from the necessity of averaging vhkies
the target state (marked in green in Fig. 1), hralstion obtained, due to the non-repeatable nature optioicess).
process should be made adiabatic. This means tthat i  One of the main elements used to supply gaseseto th
necessary to control the heat exchange with thimdsit combustion chamber is the air intake system. Tlidyeto
walls during combustion. Considering the conce@loind generate the appropriate turbulence of injectecegake-
Cl internal combustion engine construction unificat one pends on its construction. The concept of its dpmran-
can expect their efficiency to increase due to cadpsome volves creating a rotational movement of gasehéncylin-
of the losses present in current constructions.celethe der. The whirling motion is caused using a twistgiaar
improvement of the combustion system mainly me&mes tmomentum) created as the mixture flows into to ¢be-
reduction of thermal losses generated in this g@icEhere- bustion chamber. In order to obtain more circulawfof
fore, the current research issue is an advancedgsanaf gases, the air intake channels must be properlpesha
the possibilities of improving fuel combustion cimmhs However, as the swirling motion increases, the fi@w
and fully describing the accompanying processesomgn sistance also increases, which leads to the detédo of
the many possibilities of increasing the efficienaythe the fill factor ..

engine, the article will focus on the aspect of possibility In air intake systems of internal combustion engjitiiee
of the engine thermal efficiency increase with awrmem- gases are given a swirled motion through a speg#ame-
bustion system using recirculated exhaust gases. try of inlet channels. The methods of inducing atex

motion can include using:

a tangential channel (generates a bend relativilngo
cylinder axis),

a spiral channel (generates a bend relative tosdhe
axis),

a different position (lift) of the valve seat rél&tto the
head combined with the head gathering the matarial
the valve seat proximity,

turbulence generator in the channel (Fig. 2),

2. Aim of research

Combustion in an internal combustion engine isghllyi
dynamic process, and the phenomena occurring dthieg
pre-flame processes take place as a result of chagtions
[1]. Once initiated the process cannot be stoppEdl.
properly initiate the combustion process, the fielmix-
ture must be prepared accordingly. The qualityhef com-
bustion process achieved can be assessed only itsfter
completion, often analyzing several combustion eycl ~
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- variable lift of valves,
- deactivation of valves.

Fig. 2. The use of a turbulence generator in thenfof a shutter in the
inlet channel forcing a tumble motion of the gaées example used in
Audi 2.0 FSI engines) [15]

In most internal combustion engine designs theipuev
sly listed types of turbulence occur simultaneaudlyis

possible for one of them to dominate depending han t

shape of the intake channel, the shape of therpstmwn,
head surface and the engine speed. A given typerbfi-
lence can be noticeable in both macro- and mictesca
specific phases of the engine's operation cycle.

There is not much information in the literatureaeting
research into the combustion process control usirey
turbulent swirl of recirculated fumes. Analyzes artjng
the possibility of generating turbulence are dedcpri-
marily at Cl engines [7]. There is not much reskanc the
combustible mixture formation in S| engines wittredi
gasoline injection taking into account the natufethe
mixture formation involving recirculated exhaustses. In
direct injection, creating too much turbulence casult in
the fuel being taken along with the gases, whiclddeto
problems with mixture ignition at the spark pludheTuni-
formity of the exhaust gas supplied to each cylirideur-
rently also a problem.

The analysis of the Sl engines gas distributiothése-
fore not an investigated aspect that requires éaréxperi-
mental research, such as the research preseritesl amticle.

An experimental analysis of the aspect used tordete
mine the possibility of generating swirling motiohgases
in the cylinder chamber of a rapid compression nimechas
been attempted in this paper. In order to do this,rapid
compression machine cylinder head was adapteddw al
non-flammable gases to be introduced near the dsfin
walls. Injection of gases took place as shown @ &i

spark plug

injector

Fig. 4. The concept of radial layering of non-flaatite (red) and flamma-
ble (blue) gases with the visualization of the détijlen method (using
electromagnetic valves) to the RCM chamber

3. Research object

Experimental research on gas turbulence in the aemb
tion chamber have some limitations as a resulheftest
method used. It is impossible to accurately deteerthe
distribution of inactive and active gases in therking
volume of the cylinder. There are research methbds
enable partial recognition of the stratification tble gas
charge depending on their composition (shadow nadetho
schlieren); it is possible to perform tests usipgckle pat-
tern (marking part of the mixture). Regardless taf tne-
thod chosen to determine the air-fuel dose didfiobuin
the chamber, whenever the image is recorded usiogr a
mera, it is only possible to produce images ofaa tivo-

The studies performed by Perini [7] concerning thgimensional exposure.

modeling of the compression ignition engine cylintia-
bulence indicate the possibility of creating a colied
turbulence in the chamber using special dampershatan
be controlled to generate a radial swirl as shawkig. 3.

Lol \\&\‘LH

Fig. 3. Predicted tangent velocity field in the m@&@ment plane; the “+”

sign means the calculated vortex center (colorgespond to the velocity

of the mixture turbulence) [23]
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Fig. 5. Hierarchical research approach to the rebketopic using the
simulation research method and the experiment [6]
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Model tests enable the extension of the experimhenta The schlieren method (shadow method) was developed
analysis of gas swirls in the combustion chambeh wi- in the 17" century by Robert Hooke. This technique was
formation on: the mass fraction distribution of tt@mpo- then refined by Toepler in the @entury [20, 22]. A ge-
nents supplied to the combustion chamber and treeth neral schematic explaining shadow measurementwisrs

dimensional current characteristic. The hierardhiap-
proach to solving research problems presented Jiw§s
used for author's research. The connection betwieenla-
tion and experimental research is presented ing-ig.

The simulation and experimental investigations rega

ding the possibility of generating mixture turbutenin
earlier publications [8, 12, 18] were verified ugithe ex-
perimental method presented in this article.

The rapid compression machine was adapted foradptic source

testing in shadow photography (Fig. 6). The teschewas
constructed based on the instructions and tipsdist [12,

13, 20, 22, 27]. The main elements of the systemewe

a concave mirror (1) with diameter= 150 mm and focal

f = 750 mm, mirror (9) semi-permeable 50:50 at wave

length 450-650 nm £10% with a diameter 50 mm from
Thorlabs, placed at a 45° angle to the optical, axilight
source in the form of a diode (10) and a knife-e(eThe
remaining elements of the test bench are: eleciyoetic
valve supplying CQto the cylinder chamber (2), glass
85 mm enabling optical access to the combustiomblea
(3), gas outlet solenoid valve from the cylindeardher (4),
mirror with optical access from the piston crowtes(5) and
a camera (7) with a lens (8).

AR

" - | 4

Fig. 6. The rapid compression machine test benciptad for optical
testing in shadow photography (description intthe)

Optical tests were performed using a high speecam
the parameters and selected filming speeds alotigtie
maximum resolution values are shown in Table 1.

Table 1. LaVision HighSpeedStar 5 camera paramgt8is

Image sensor type CMOS
Size of the
photocathode 17mm” 17mm
pixel
Maximum , .
resolution 1024" 1024 pixels
3 000 photo/s at resolution 1024024
Selected

5 000 photo/s at resolution 512 512 (capture
speed used for the research)
20 000 photo/s at resolution 384152

maximum image
capture speed

in Fig. 7.

Deflected ray

S
Light

Lens, L,
Sr— |

f J P I |

Fig. 7. Diagram of shadow visualization [21] (d@stion in the text)

The light source is placed at the focus of the lend
produces a wide parallel beam passing throughahmke.
The light is focused by the lens (L2), and therches the
screen of the measuring camera, set so as to abtstiarp
image of the measured sample. In the focus ofahg (L2)
the knife-edge was set, also known as an opticé ktnat
is moved in a plane perpendicular to the opticéd akthe
system. The path of any ray of light that has resrbaf-
fected by changes in sample density is marked avitolid
line, and the angle at which the light refracte@@vhen such
density changes occur) — was marked with a dashed |
The distance of the skewed light beam from thecaptixis
at the lens L2 focal point is equal to:

(1)

In order to obtain the appropriate sensitivity bkt
measurement system, it is necessary for the imagdieeo
light source that arrives at the focus of the Lasléwith
dimensions a0 x b0) was partially cut by the keiflgre. This
value is strictly determined by the value @fas shown in
Fig. 8.

Optical axis Image of the light source

\ﬁ_ 74i (reflected beam)

|Ia.< Undisturbed beam
11

a|
l

Kinfe-edge

Fig. 8. Knife-edge principle of operation [22]

As a result, the rays that have been refracted ften
axis, increase the camera's matrix illumination @ is
positive) or are blocked on the blade (i& is negative)
causing local drop in the luminosity of the obsergam-
ple. The relationship regarding the contrast atvangpoint
is defined as follows:

Gray-scale Monochromatic 10-bit
recording _ _ @)
Optical range 380 nm to 800 nm
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where: | — the intensity of light on the screen, in the abgoes combustion, and the process in theory follthves

sence of changes in the sample density and the-kdie
cutting off the light source image by the valye d =1 — |y
— the difference in light intensity at a given poof the

equilibrium equation:

I #$ %I$ - $ (4)

screen relative to| n, — the refractive index value outside

the measurement space.

Thus, by measuring the intensity of light in vaso
places of the camera matrix, a derivative of tHfeaotive
index can be determined at the corresponding pointise
measuring space. This allows determining the dévivaf
density:

©)

This method is widely used for internal combustém
gines research. There are many variations in théqoa-
tion of light sources, lenses or mirrors. In thesanted
study the optical path of the test bench was desigs
described in Fig. 9.

Laser diode

Optical way
A Mirror
H \ Semi-permeable glass
Power ===
Quartz glass
supply ]
Invisible
chamber area
Quartz glass
\HSSS Camera Concave mirror

Fig. 9. Test bench construction schematic [6]

One of the main construction elements is the semi-
permeable mirror EBS2 from ThorLabs, which transmit

a beam of light in the ratio 50:50, in the visibdage 450—
600 nm (Fig. 10). This mirror allows directing lighto the
measurement space while simultaneously allowingeto
cord the sample image on the side of the lightemur

80 o~

=% Transmission

=% Reflectance
40 —

T
400 900 1400 Wavelength (nm)

Fig. 10. Transmission and reflection propertieshef EBS2 semi-perme-
able mirror [10]

The streak method allows registering the densifgdi
rence of two mediums. Hence, the choice of gasethi®o

experiment was analyzed and presented below. Tiaear

analyzes the combustion in a spark-ignition engiystem.
In such systems, the stoichiometric mixture=(1) under-

CmHn in the equation refers to the fuel, which for 8t e

ygines is gasoline, consisting mainly of aliphatahgin)

hydrocarbons with the number of carbon atoms irctian
ranging from 6 to 12. There are also some amourdas
matic hydrocarbons and unsaturated hydrocarbonsifou
gasoline, but they are not a significant portioft®tompo-
sition [28]. During gasoline combustion in the @mese of
air, exhaust components are produced, and the @nebun
harmful or toxic compounds created in this prockggends
directly on the combustion system quality. Typivalues
for exhaust gases concentration from fuel mixedh wit in
S| engines are shown in Fig. 11. The main gasemxis t
components of the exhaust are: carbon monoxidejrohb
hydrocarbons and nitrogen oxides.

Due to the sensitivity of the research method (shad
photography), the use of real exhaust gas in testdd
cause interpretation problems of determining thenbary
between these gases. The air contains about 78%geit
and about 21% oxygen, while in the exhaust gasp eve
though the oxygen content is fractional, the nigrogon-
tent is still prevalent. In the gases emitted b $ internal
combustion engine, the share of carbon dioxide rheso
noticeable, as it reaches over 12%.

AIR COMPOSITION

Nitrogen
78.08%

EXHAUST COMPOSITION (SI)

Oxygen
0.7%

Nitrogen
72.3%

~— Steam
12.7%

X' Harmful
compositions
1.0%

Fig. 11. The composition of air and exhaust gasethé S| engine (with
a catalytic converter) [26]

The following postulates were considered to besdat
for the selection of gas to simulate recirculatetiaeist
gases in the research:
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- anon-flammable gas,

- greater density than air,

- acomponent in a Sl engine exhaust gases,

- easy to store and supply to the RCM combustion eham
ber.

Two gases meet the above criteria: carbon dioxide a
nitrogen. Because nitrogen is present in the air ianthe
exhaust gases, and its density differs only by 88t fthe
density of air, its use would result in the obsdrebanges

in density differences to be very small. Carborxitie, on In order to determine the scale range of the pedas-

i 0, 1 . . . .
the othler hand, ﬂhas deglsrcy m(;)re than 50% grﬁmaralr. ther processing of the results is necessary. Teeehhis,
Ith|.s ha' S0 hnqn- amn;]a € an hpresent In dex aUSBHYAS 4 alysis of the film material was performed using PIV
which is why it was chosen for the performed experits.  particle Image Velocimetry) method. The PIV aneraem

4. Optical analysis of gas distribution try method i_s used in velocity area measuremer?t]; [is

The processing method of the measuring materiagusi@ Non-invasive method (because it does not reddreise
LaVision DaVis software is presented in Fig. 12eThst Of flow sensors that disturb the flow) and consatsom-
stage of postprocessing consists of determiningdbistra- Paring images representing the same background with
tion cross-section and defining the further processrea @ moving object. The time between recorded imagemi
(defining the mask). The circular marker visibletfre im- important parameter in this method that allows uheieing

ages was used for determining the concave mirrotece the degree of change (in the performed researchthge
with respect to the optical path. capture frequency was 5 kHz, so the time betweergés

was 0.2 ms). Usually, in order to carry out PIV mea-
ments, it is necessary to use a laser to lighthepflowing
molecules (methods using speckle pattern). TheaBeec
masks are chosen based on local displacementsr&krsa
from two images, (these markers are the only elértnen
can introduce a disturbance in the tested systEor)each
mask position, a two-dimensional correlation fuorttiis
calculated (Fig. 15). This is a statistic methodl dinre-
quires that there is an appropriate number of mankéhin
the mask.

Fig. 14. CQgas swirl comparison for the pressures of 6 andat0

Fig. 12. Streak method test results processing
Frame A at t,

The streak method allowed observation of the gad sw
in the rapid compression machine chamber. Sequence PIV
shown in Fig. 13 is an example. Image analysisc@ofse- Software
cutive frames) allows a qualitative assessmenhefflow Vs
Vector map

of gas in the chamber (carbon dioxide and air)s Thove- At
ment clearly takes on the character of radial tierize. \

Frame B at (ty,At)
Fig. 15. The principle of using PIV in calculatitige flow rate [19]

Although in tests of non-flammable gas turbulence i
a rapid compression machine, no speckle patternused,
an attempt was made to determine velocity vectsisgu
the DaVis software and the PIV image analysis piooe

The results of gas turbulence tests recorded fordify ~ implemented in it.
ferent injection pressures were presented in Fg.rjec- Images of gas swirls in the entire cylinder chanvbere
ting a non-combustible gas with a pressure of ¥0chases chosen for a cross-correlation. Masks were addetheo
greater gas turbulence than injection at 6 bas (gridency images imported for the PIV calculations in ordedeter-
was expected). In addition, there is a relationdigpveen Mmine the image area in which the changes takingepiia
the non-combustible gases injection pressure amavitith the cylinder were located. The selection of appever
of the resulting gas layer. In the tests, a lamgeith of the Vvelocity vector calculation parameters was anotepect.

swirled gas layer in the chamber was obtainedpeasure Multi-pass iterations for a fixed image size of 32xpixel,
of 10 bar (different radii of air are marked in yed a 75% overlay of areas, and a minimum number ofstra

Fig. 13. An example of the images showing gas swithe chamber

COMBUSTION ENGINES, 2018, 175(4) 45



Evaluation of mixture swirl in the cylinder chamlyera conceptual system with combustion surrourmeithactive gases

tions set to 3. After calculating the velocity st the
results settings were changed to display the ctuliees,

(red solid line in Fig. 16), which correspondstie aiverage
turbulence in the cylinder volume. In addition, ereince
vectors on the chamber radius were selected andphe
rameters determined (Fig. 17).

Fig. 16. Gas current lines with G@ijection pressure of: a) 6 bar,
b) 10 bar

The shape of the current line in the air flow as&lyn
the vicinity of the non-flammable gas indicatestthtin-

creased C@gas pressure (10 bar), the size of the spal

without turbulence (ring formed from the current€l is
increased — Fig. 16. It is possible to introdu@aminable
mixture of air and fuel into this space, which didotesult

Fig. 18. Relative vortex velocity in a rapid comgs®n machine chamber
at CQ injection pressure equal to: 6 bar (green), 1Q(fzat)

The uniformity of the formed ring surrounding thene
ter of the combustion chamber is evidenced by ¢hgths
of velocity vectors described by the color paléEiy. 19)
on a scale from 0 to 100%. The colors black ané bidi-
cate the smallest values, and the colors orangeeshd the
géeatest values of the obtained gas velocity.

in the combustible mixture being surrounded by non-

flammable gases. In a situation where the, @@ection

pressure was 6 bar, radial turbulence could alseba, but
its velocity was lower. Additionally, the currermés were
arranged in a screw shape, which indicates a |laweér

formity of the created layer.

Each obtained vector was described by its direciiuh
length equal to the speed. Since the measuremehbdhe
does not have a typical speckle pattern, the spealysis
was done in relative values. The maximum speediaat
calculated was taken as 100%. Then for each véEigr
17) its parameters were determined in order to stimv
relative velocity of the swirl (Fig. 18).

Fig. 19. Turbulence velocity at GGnjection pressure equal to: a) 6 bar,
b) 10 bar

4. Conclusions

Optical method of recording the turbulence usingdsh
ow method and using carbon dioxide as a non-flanfenab
gas, showed strong response to the observed phaaome
The shadow method allows obtaining information sece
sary to confirm the assumptions made on the creaifo
a new combustion system. As a result, it was plassid
analyze the combustion process in the vicinity ohn
flammable gases, which will become a part of furtree
search of the article authors.

It has been shown that a 60-percent increase iprés
sure of non-flammable gas injection causes aboB0%
increase in the relative velocity of gases nearcimder

Fig. 17. Velocity vectors with Cnjection pressure of: a) 6 bar, b) 10 bar ywg||s (20 mm from the combustion chamber centeowH

Note that the image capture area is smaller tharath
tual cylinder size. Hence it should not be assuthed at
lower pressures, the boundary layer of the non+fialle
gas is insufficient to achieve the assumed resiis. flow
velocity has increased by 30% in the area 15—-22fram
the center of the cylinder (the diameter of théblésimage
is equal to 50 mm, the RCM cylinder is 80 mm innaka
ter). The decrease in velocity near the bordehefrecord-
ed image probably results from the lack of inforiorat
(points, markers) outside the observed area.

ever, as the injected gases pressure increaseaigmficant
increase in gas velocity around the combustion deam
center was observed. Initiating the combustion ggsawill
be possible in this region, assuming that the iigecand
ignition of the combustible mixture takes placeaispray-
guided system.

The research presented in this paper was perfonmitdn the
statutory work, project no. 05/52/DSPB/0279.
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Nomenclature

a light beam corresponding to knife-edge LES large eddy simulation
CFD computational fluid dynamics N, refractive index value outside the measurement
Cl compression ignition space
CMOS complementary metal-oxide—semiconductor  NOj nitrogen oxides
CO, carbon dioxide PIV particle image velocimetry
DI direct injection RANS  Reynolds-averaged Navier—Stokes equations
EGR exhaust gas recirculation RCM rapid compression machine
f focal lengths of lens Sl spark ignition
HSS high speed star (camera model) h, volumetric efficiency
I illumination from knife-edge to the screen
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