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Analysis of air flow velocity distribution in the intake system of an Sl engine

The conditions of air flow in the intake determiraver generated by the engine to a large extent.blgngest resistances in flow of
the air sucked or pumped into the engine are gdndrhy the throttle, which is at the same timerttaen component which allows for
regulation of engine power. For the purpose of resea@onducted in this work, time density of engiekwoints in analyzed velocity
profiles was determined with the use of Engine Roaald Simulator. Thanks to the knowledge of timecitgloit was possible to
determine throttle positions at which the enginerapes most frequently. With the use of image aislyethods, obtained parameters
were experimentally researched, considering flowudistnces which are the effect of air flow througk throttle and uneven air

distribution in the intake manifold of a four-cydier engine.
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1. Introduction

The air flow process in the IC engine intake systdfm
fects the cylinder filling ratio, therefore affewj its perfor-
mance. Power is one the main operation indicatonsoalern
engines, and efforts to increase it are constamttiertaken.
The main ways of obtaining more engine power agttirg
more fresh air to the cylinders by increasing tingoeessure
in the manifold, lowering air temperature and mizinyg
flow resistances in the intake manifold. In a maitinder
engine it is also important to evenly distribute #ir between
cylinders. In IC engines where the fuel dosing eystis
situated at the beginning of the intake systemc¢aeburetors
or Single Point Injection), uneven air supply résih une-
ven engine operation. In newer designs, equippéd Malti
Point Injection systems, fuel is delivered sepdyai® each
cylinder, however its distribution is based on theasured
air flow for all cylinders. In such cases, the useair distri-
bution results not only in uneven engine operatinrt, also
in increased harmful substance emissions, includargon
dioxide. The application of newest technologiesshsas
broadband lambda sensors (two per one cylinder-2a14
exhaust systems) partially solves this problem. el this
design can naturally be implemented after the ccutidnu
process already took place. Moreover, in most casasgle,
narrow-band lambda sensor is used. The main sofrce
information about the quality of a combustion psxé the
quantity of free oxygen contained in exhaust gasdes fuel
dosage is adjusted so that a stoichiometric fuelatio ( =
1) is maintained. This means that the air-fuebrabmputed
by the ECU is a mean value for all cylinders. Desproper
mean value of air-fuel ratio, a situation wherenldairning
occurs for some cylinders and rich burning occarsthe
other ones.

Maintaining a stoichiometric air-fuel ratio for aylin-
ders on an IC engine is a challenge for many autemo
research and science centers. One of the mainswub
this problem is an intake manifold designed witk fbl-
lowing factors in mind:

1. Ensuring an even filling ratio for all cylinders,

2. Measure the mass of air delivered to each cylind
separately,

3. In the future- to use separate pressure sensors for
each cylinder, which will allow to implement cortiens in
fuel dosage, taking into account both to engineratpey
parameters and engine wear.

In this work the authors on researching the phemame
of air distribution in the intake manifold of an I€hgine
were focused.

2. Scope of research

The experimental research conducted on a reabbfe
ject are time consuming and costly. A way to reduee
search costs and time is to implement simulatiach-te
nigues. In the Chair of Road and Agricultural Véémscat
Opole University of Technology, a Road Engine Load
Simulator was conceived. It utilizes a virtual erisaved
in a numerical form in computer memory, which alfofer
realization of simulation of drive cycles. Such slations
allow to facilitate recognition of key operatingipts in the
scope of engine operating characteristics.

The main indicator of IC engine operation used ay c
manufacturers is the engine power, which in margesa
exceeds 70 kW. However, power utilization in reg-|
driving conditions is significantly lower, rarelgaching the
maximum value of engine power- which only occursrtyl
very intense accelerations and near maximum vehicle
speed.

Observation of simulation results shown on graphs i
Fig. 2 it can be seen that mean power utilization dity
driving cycles does not exceed 30 kW, being onighsly
larger for out-of-city driving cycles, namely undsr kW.

Management of engine power is realized mostly by
means of lowering or increasing the cylinder fijinatio,
which is possible due to changes in throttle positngle.
Especially in Sl engines, low filling ratio valuese ob-
tained for fully closed or only partially openeddttle. For
researched driving cycles, it is possible to deteerthrottle
operation points at different engine speeds whiesult
from drivetrain operating conditions. Most denselycu-
pied areas in Fig. 1 show most frequent engine atjoer

éiFIds during simulated driving cycles.
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Fig. 1. Engine operation point density during rzstiion of chosen driving
cycles

The analysis of graphs presented in fig. 1 shoasttie
greatest density of engine operation points ocatirs
and
2000 RPM.

Each throttle position value for specific engineeeqh
has a corresponding specific values of cylinddin{l ratio,
which is shown in Fig. 3.
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Fig. 2. Utilization of engine power during realizet of chosen drive
cycles

Despite the relations not being linear, it is digaro-
ticeable that with the increase in throttle positiangle,
filling ratio also increases. Biggest differences de noted
for throttle position angles between 0 and 45 degrevhile
they are not so significant between 45 and 90 @agre

throttle position and engine speeds of 1500 and
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Fig. 3. Characteristics of cylinder filling ratip relation to throttle inclina-
tion and engine speed [8]
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Fig. 4. Characteristics of cylinder filling ratio relation to engine speed
for chosen throttle repeal angles

By reading data from Figs 3 and 4, it can be if@rr
that the lower throttle position values have thggbst role
in engine power management- this is especially entidn
Fig. 4. At higher throttle position angles, theeeffis not so
prominent. This confirms the earlier observatidmtten-
gine operation points occurring at throttle posi-
tion and engine speeds of 1500 and 2000 RPM sHumeild
subject to further analysis.

For chosen parameters the amount of air flowing
through the intake system was computed, taking &to

count the corresponding cylinder filling ratios.
V=V, Rx x| D

where: V — volume of air, Y- engine capacity, h — engine
speed.

Table 1. Volume of air flowing through the intakkechosen operating

points
1500 RPM 2000 RPM
10 37 m/h 40 m/h
20 49 ni/h 60 nmi/h
30 52 ni/h 71 mih

3. Digital Particle Image Velocimetry
The literature study on the subject of an intakenima
folds shows that most of the research is basedopuater
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simulations. The analysis of multiphase flow research
methods has led the authors to conclude that it is possible to
conduct experimental research of engine intake manifold
through the use of DPIV (Digital Particle Image Veloci-
metry) method. The DPIV method relies on registering flow
phenomena with the use of laser light sheet technique, for
visualization of velocities vector fields, as shown in fig. 5.
Lasers of different kinds (both constant and impulse-
operating) are used as light sources. The use of laser light
sheet technique allows to obtain a camera view area within
a single chosen plane. In most cases of DPIV application,
for calculation of the velocity vector field is also necessary
to introduce additional inert seeding particles into circula-
tion.

Analysis:
velocity
Correlation _yf

; ~~ |Orientation
function turbolence

#

C ison of R
1 3 Vector velocity area

sections

Fig. 5. Measurement scheme of DPIV method [11]

A video camera registers a series of images of flow area
illuminated by the laser at a specified frequency and rec-
orded images in double frame technology. In this technolo-
gy every single image consists of two frames of image,
separated by a time interval AT called the Time Between
Pulse (TBP). Obtained images are being analysed in the
aspect of changes the concentration of seeding particles
suspended in the flowing gas. The result is that the seeding
particle distribution from the first image is recognize in the
second one, as shown in fig. 6. To find a mean seeding
particles translation value, a Cross Correlation Function
(CCF) method is used. Those computations are done ac-
cording to Wiener-Kinchin law, which states that autocorre-
lation and power spectral density are equal to each other
and linked by Fourier transform, given by equation below
[5]

m=0n=0 N

F@ik) =Bo Mil Nilo(m, n)exp[ - jzl\zmi jexp( = jzmnk j 2)

form=0,1,..., M-1;n=0,1,..., N-1
where:

o NN j2mmi j2mnk 3
O(m,n) =P > 0F(1,k)oexp[ M )exp( N ) 3)

i=0 k=

fori=0,1,..., M-1;k=0,1,..., N-1

1

BoBr =, @)
The researched plane is divided into squares of known
dimensions for the purpose of analysis. It is recommended
to use sections of 32 x 32 pixels, assuming the translation
of researched particles is no bigger than 33% of the ana-
lyzed square [9]. It is considered a good practice to run an
initial research with the aim of estimating image capture
time before beginning the main course of research. The
assumption of excessively long image capture time would
result in the seeding particle moving too far to be noticed
by the computation algorithm, whereas a too short timespan
would mean that the seeding particle would not change its
position in the researched square. A correct choice of image
capture time to be as short as possible while allowing the
seeding particle to move, drastically increases measurement

accuracy.
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Fig. 6. (Division of captured images into sections - research ares and
designation of movement vectors for each section. 1-image section 1, 2-
image section 2, 2’image sections 1 found in section 2 é-translation of
section 2’ in relations to section 1, conversion of translations to velocity
vector field) [10]

Before captured images can be subject to verification by
the DPIV algorithms mentioned above, it is recommended
to carry out a series of image processing with the use of
graphics software. In a situation where the area of interest
does not fully fill the camera view area it is recommended
to apply an image mask, which will exclude unwanted areas
from the recorded image. Next, every pair of recorded im-
ages is subject to geometrical analysis, which searched for
areas of pixel concentration that are constant in position
(creation of background image). The generated background
image is subtracted from all raw images of the recording
session. The effect of this subtraction is a new series of
images which show only moving seeding particles in inter-
est area. Measurements which are prepared in such a way
lower the risk of occurrence of hiss caused by uneven light-
ing etc. Generation of image depicting the flow of seeding
particles which is free of interruptions requires capturing a
series of images, conducting full calculations for each im-
age, and then averaging of obtained results.

4. Experimental setup for research of phenomena
in the intake manifold

To understand the real-life phenomena occurring in the
intake, a series of experiments was conducted, utilizing
a modified intake manifold from a Volkswagen 9A engine.
The manifold was modified in a way that retains its original
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geometry while allowing for the use of DPIV meth&dont tem. In the research all image analysis were cautywith
wall along with two side walls was removed to alltive the use of Dantec Dynamics Dynamic Studio 4.1 saiw
use of the laser light sheet technique for flowusligzation

with the use of a camera. To ensure airtightnetheofys- PC COMPUTER
tem, the missing walls were replaced with compaoment
made of transparent plastic. Flow direction coesisivith
real engine operating conditions was forced with tke of )
Helios MVZ315 fan, which sucked the air out of theani- SYNCHRONIZER
fold. The quantity of the air flowing through thgstem was
regulated with the use of fan speed regulator argine
throttle mounted in its original position on themifald. To

<«—>| CAMERA '

|

preserve flow conditions similar to an on-engingiaion, FOLD AR FLOW SENSOR
a stock intake pipe was installed before the throttaser ) — i P

light sheet with the use of Nano L 200-15 PIV 1200m | /™ @

Laser produced by Litron Lasers was generated. Atdza l 1
Dynamics FlowSense EO 4M camera perpendiculartiigo e

laser light sheet was placed. Engine operating npeters FAN FRABERER ﬁ
and corresponding with them flow parameters chadsen m —'
previous chapters of this research, required sSpetBP.

Applied TBP value for each measuring series on melwf
air and throttle position angle were depended.hia ite-
search the following values of TBP were finally pterl: 5. Research results

for throttle position angle equal to 10 degrees aoth According to the DPIV method described in the chapt
values of volume of air assumed TBP equal to 60fqrs, 3, it is assumed that the seeding particles moeastically
others throttle position angle TBP only on the wéuof air  to the flowing air through the manifold. Thereforelocity
were depended and were fespegtlvew 40 ps (fomd%a vector field generated by the computational algonit
m/h) and 60 ps (for 60 and 71°m). Each double frame jllustrate real air flow through the investigatedake mani-
image in the measurement series with 10 Hz frequengld (Fig. 8). Consequently colored vectors depielocity
were captured. and movement direction of air flow in manifold. The-

A Flow Visualization Components R700CE Flowsearch describes the flow of medium in a planeespond-
Tracker which generates seeding particles of 2+5djam- ing to the center of intake canals distributingtaithe cyl-
eters was placed near the air inlet of the sysfeTosol of inder head. It is common to use this localization BPIV
the Di-Ethyl-Hexyl-Sebacat (DEHS) was used as sepdiimaging [2, 4]. Some elements of the intake madifolade
particles for DPIV method. of original material (aluminum) reflected the ladaght

Series of trials with the aim of determining a rekd sheet, which significantly interfered with the raseh. In
amount of seeding particles were carried out. Tlip@se the effect reflecting green laser beam caused noitfgose
was to determine an optimum outflow pressure fréwd t areas.This resulted in measurements being disturbéte
Lasskin nozzle in the flow tracker to ensure a progon- areas where the air flow is slower. Usual in sueses
centration of seeding particles in captured imagew. attenuation by shifting the histogram of the brigtsts of

For better mixing of seeding particles with thevdnan  the image would become a barrier that would prevent
air, a two-meter long circular pipe was installexfdse the recognition of the seeding particles at the predewer
intake manifold. A Siemens VDO 5WK97002 Mass Aifimit of brightness. For this reason, during thalgsis an
Flow sensor was installed at the half of intakegtanto
ensure a proper amount of the air flowing through sys-

Fig. 7. Scheme of experimental setup

1

Fig. 8. Velocity vector distribution and air flowirdction in the intake

manifold at 1500 RPM engine speed and 10 thretiition angle Fig. 9. Velocity vector distribution and air flow direction the intake

manifold at 2000 RPM engine speed and 10 thrpibl&tion angle
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Fig. 10. Velocity vector distribution and air fladirection in the intake
manifold at 1500 RPM engine speed and 20 thrptigition angle

s 1 2 3 4 s 5 7 8 3 10

Fig. 12. Velocity vector distribution and air fladirection in the intake
manifold at 1500 RPM engine speed and 30 thrptbl&tion angle

Fig. 11. Velocity vector distribution and air fladirection in the intake
manifold at 2000 RPM engine speed and 20 thrptbkstion angle

Fig. 13. Velocity vector distribution and air flagirection in the intake
manifold at 2000 RPM engine speed and 30 thrptbl&tion angle

additional image mask was used. Image masking psocéetween the sides of the throttle can be the effttte air

had to be erased flawed areas in the DPIV compumsiti
algorithm. The procedure was also done in Dynarticli§
4.1 software. The areas with errors resulting feuoh state
of things were marked red in Figs 8-13. Markingsdus
the later parts of this work are shown in Fig. 8jck also
naturally refer to Figs 9-138y observing vector fields
depicted in Figs 8-13, it can be clearly seen tbiagll of
research parameters, significant whirl occur in direcol-
lecting part of the intake manifold. It can be méa that
this adversely affects the air filling ratios of lioglers
1 and 4. For each researched case, biggest flovcitieb
occurred near the upper wall of the manifold, disebe-
hind the throttle. It is assumed that this unevearia flow

Velocity, m/s

100 150

Distance, mm

Fig. 14. Air velocity profiles in the manifold olafv plane for different

throttle position angles at 1500 RPM

eddying in the original intake pipe placed befdre throttle
mechanism. The ejecting effect of the air partictes/ing
with high velocity causes suction of the air flogithrough
the other side of the throttle plate and affecesfirmation
of whirl visible above the inlets to cylinders 3dad. A
clearly visible flow at both sides of the throttke present
only for throttle position angles of over 30 degree

It can be noticed that at these parameters thd dir
ameter is significantly lower, as are flow velociffer-
ences above inlets to cylinders 3 and 4.

It was seen that for each of the analyzed casesytiirl
formation also occurs in a part of the manifoldizied at
the opposing end of the throttle mechanism.
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Fig. 15. Air velocity profiles in the manifold oldfv plane for different
throttle position angles at 2000 RPM
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This results in air movement along the manifoldisvad
a direction opposite to the air stream entering itiet.
Therefore it can be concluded that redesigningotiginal
intake pipe section (mounted before the throttied she
section situated at the opposing end of the tleratibcha-
nism would result in an improvement in this sitoati

DPIV technique is very sensitive to any neglect and
accuracies that can occur during the course ofareke
Meticulously preparing the experimental setup iway to
provide as even lighting as possible without cagisinnec-
essary flashes, as well as the need to experinentaify
image capture parameters multiple times for eachv fi

Figs. 14 and 15 shows experimentally obtained air vvelocity has elongated and complicated the whodearch

locity profiles for select engine speeds and thegibsitions
occurring just above the row of inlet canals of tienifold.
Black outlines drawn at the lower part of graphkesc
matically depict manifold shape while retaininglIreeale
in X axis. Lines situated at value of 1 at veloatis show
the location of air outlet, while the remaining spaorre-
sponds to places where baffles between inletsituated.

process. However, conducted measurement have shown
that it is possible to use the DPIV technique fearaina-
tion and analysis of engine intake manifold. Theaoted
results have shown significant differences in @tribution
between cylinders. Variations in fresh air suppétvieen
cylinders can result in different values of air ess factors,
therefore causing elevated harmful substance emnisgio

Highest velocities at manifold outlet areas for @50the environment.

RPM engine speed occur at throttle position andl@@
degrees, and highest inflow speeds were notedyforder
3. However, it has to taken into account that Heiecity is
the resultant velocity of inflow and whirl velo@s.

Flow velocities obtained for 2000 RPM are charanber
by bigger variations in value between cylinders aeiGin
similar tendencies for all throttle positions. dt interesting
that velocities of air particles are higher nedeticanal baf-
fles, where the air flows between them, than atntlaaifold
outlets. It is possible that redesigning outletpsisawould
result in an improvement in air outflow conditions.

6. Summary

The conducted research depicts free air flow thinahg
intake manifold. They do not however fully show tteal
conditions of forced air flow in IC engines. Air mentum
forced by the fan does not cause pulsations, whodur in
real-life conditions due to piston operation andsgting
nature of valvetrain operation.

It can be assumed that shown measurement resudts gi
an overall outlook on flow processes in the intatanifold,
showing differences in the air flow occurring withit.
Conducting the research presented in this work egasn-
tial to develop methodology for quantitative andlifative
analysis of air velocity distribution in the intakeanifold
with the use of DPIV technique.

Both simulation and experimental results have shown

that point of maximum engine power and torque at n

the most commonly utilized engine working paramzter
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