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ABSTRACT

The aim of this diploma thesis the design and tuning othe intake manifold forthe
Formula Student car. The single cylinder SI engine Husaberg FE 570 is used as a po
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INTRODUCTION

Motorsport is a world dader in the use and implementation of new concepts and
technologies in the automotive engineering. It is an area where components are tested to their
limits with no space for mistakes. The racing car as a whatetobe a perfectly working
unit; enginees are making an effort to tune every car componeits tnaximum.The engine
represents onef the most important car design groups

There are many differences between common and racing engines. Generally, naturally
aspirated racing engines have a hrgb@mbustion pressure and a better charging efficiency
buti due to the tuning of the resonance manifoltionly applies to short spectrum of engine
speeds. One of the many differences in supercharged engines lies in a higher charging
pressure, this begna result of the charging efficiency thie used turbocharger athe
compressor. Due to the rujeke engines for most of the mospiort classes are not built from
scratch and that is why serial engines that need to be tuned dieetse

Basic conditons leading to the successful engine tuning include optimizing the intake
and exhaust manifolds, tuning the resonance manifold, optimizing the flow through intake
ports and valve seats etc. Therefore engineers work with the simulation sdftatcan
andyze the impact of the engine component changes on the final engine performance. Using
the simulation software leads to a shortening of the engine optimizing and tuning time but the
results and data obtained this way need to be verified experimentally.

The aim of this diploma thesis is the design and tuning of the imtekefold for a
Formula Student car according to theraula Studentules. For this purpose o En gi n e
tean® has chosen a single cylinder engine from a motocross motorbike. This ernljine w
overcharged byhe intake manifold using the ram wave effect.

As has beemmentioned beforethis diplomathesisis closely related tahe Formula
Student project, therefore some datathis work iss har ed with other i
members. NameyBc. Ji ndSich Dol 8k, Bc. Martin Fajk
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FORMULA STUDENT POWERTRAIN SPECIFICATION -

1 FORMULA STUDENT POWERTRAIN SPECIFICATION

This chapter containe summary ofthe formula SAE rules concerned witthe
powertrain.The wles are available at sources [1]

1.1 ENGINE LIMITATION

fiThe engine(s) used fwower the car must be a piston engine(s) using adhooke
primary heat cycle with a displacement not exceeding 610 cc per cycle. Hybrid powertrains,
such as those using electric motors running
1.2 AIRINTAKE SYSTEM

LOCATION OF AIR INTAKE SYSTEM

AAIl | parts of the engine air and fuel
carburetor, and the complete air intake system, including the air cleaner and any air boxes)
must lie within the surface defined by the top lué toll bar and the outside edge of the four
t i r(Eig DI[1]

REAR VIEW SIDE VIEW

SURFACE ENVELOPE SURFACE ENVELOPE

Fig. 1 car surface envelopg4]

INTAKE MANIFOLD

AThe intake mani fold must be securely a
with brackets and mechanical fasteners. This precludes the use of hose clampsieglastic t
safety wires. The use of rubber bushings or hose is acceptable for creating and sealing air
passages, but is not considered a structur a

1.3 THROTTLE BODY AND THROTTLE ACTUATION

THROTTLE BODY

fiThe car must be equipped with a carbowedr throttle body. The carburetor or
throttle body may be of any size or desigri]
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THROTTLE ACTUATION

AThe throttle must be actuated mechani ce
of el ectronic thr otbyWwier emhibiter. dpe th(otHeTcab)e oraad n d r
must have smooth operation, and must not have the possibility of binding or sticking. The
throttle actuation system must use at least two (2) return springs located at the throttle body,
so that the failure of any compent of the throttle system will not prevent the throttle
returning to the closed position. A positive pedal stop must be incorporated on the throttle
pedal to prevent over stressing the throttle cable or actuation systefn.1 ]

1.4 FUEL

AThe basi oble dt econbetitiang & ithe &ormula SAE Series is unleaded
gasoline with an octane rating of 93 (R+M)/2 (approximately 98 RON) andN¢gbing may
be added to the provided fuels. This prohibition includes nitrous oxide or any other oxidizing
a g e fl}. Fuéladditives are prohibiteas well

1.5 INTAKE SYSTEM RESTRICTOR

Aln order to | imit the power capability
be placed in the intake system between the throttle and the engine and all engine airflow must
pass hirough the restrictor. Any device that has the ability to throttle the engine downstream
of the restrictor is prohibited. The restrictor must be located to facilitate measurement during
the inspection process. The circular restricting cross section mayo@Tiovable or flexible
in any way, e.g. the restrictor may not be part of the movable portion of a barrel throttle
body. o [ 1]

THE MAXIMUM RESTRICTOR DIAMETERS

- Gasoline fuded carg 20mm (0.7874 inch
- E85 fueled cars 19 mm (0.7480 inch

Fig. 2 Formula SAE car (TU Brno racing)
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2 ENGINE DATA

For the purpose ofthe Formula Studentompetition our teamhas chosen aangine
from a HUSABERG FE 570 motocross motorbike (Fig.2). Our teamtention is to builda
small anda very light Formulacarand this compact powertrain unit perfectlysfib our car
conception. It is a four stroke water cooled single cylinder Sl engine andisplacement
565.5ccm and it weighs less than 33 kilografiifse valve mechanism is controlled via two
valve rockers ands powered bya single camshatft via cam tooh chain. IDI (indirect fuel
injection) is used herdecauseof better air/fuel mixing at higher engine spedtie fuel is
injected byasingle injector which is a part tiethrottle body.

Fig.3 section throughHusaberg FE 570 engin€]

Engine datahat | am going to work withnithis chapter, have partly gained fronthe
source B] and also byheengine measurement.
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2.1 HUSABERG FE 570 BASIC ENGINE DATA

Tah1Basic egine data

DESIGN 1-cylinder, 4 stroke engine, water coolq
DISPLACEMENT 5656 cnt

BORE 100mm

STROKE 72mm
COMPRESSION RATIO 122:1

CONTROL OHC

ENGINE POWER 46 kW

ENGINE TORQUE 58 Nm

The engine construction is not simil@r enginesof the samecategory i A

e n g i (Rigedpconstruction means théte cylinder of this engine is inclined at 70giees
angle to mass centralizatiowhich is a big advantage ithe motocross whem riderjumps
with the motorbike but for our formula car this could keelittle disadvantage due to COG
(center of gravity) requirements. Therefore maveput the engineat a frame inclined at 85
degreeswhich meanghatthe cylinder lies almost parallel withetrack. Naturally we hatb

Figdisl eepi ng

e nsgnclined [A]

70

BRNO 2011
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ENGINE DATA

checkthewater and oil pumps supply befdfet.

2.2 CRANKSHAFT CHARA

Tab.2 crankshaftcharacteristics

CTERISTICS

CON ROD LENG'H 1208mm
MAIN CRANKSHAFT 2
BEARINGS

PISTON RINGS 2
CRANKSHAFT

MATERIAL Forgedsteel

In (Fig.1) we can see FE 570 crankshaft

2.3 VALVE TIMING

Tab.3lInlet and exhaust valve timing

INLET VALVE TIMING

20A b e
INLET VALVE OPENING TDC

72A af
INLET VALVE CLOSING BDC
INLET VALVE TOTAL 2724

OPENINGANGLE

EXHAUST VALVE TIMING

EXHAUST VALVE 65A b e |
OPENING BDC NCT20
EXHAUST VALVE 28A af
CLOSING TDC

EXHAUST VALVE )

TOTAL OPENING 273A

ANGLE

IVO=20.0
IVO=20.0

TDC

BDC

BRNO 2011
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The \alve train § realizedoy 2 rocker arms with rollet® minimize friction losses and
it is powered bya single camshaft (Figl%ia a tooth chain.The @amshaft is also equipped
with adecompressdreause of &etter engine startingvhen the enginés turned off.

Fig. 5 FE 570 camshafb]

2.4 VALVE CHARACTERISTICS

Husabergises titanium forged valves and valve seatstf@FE 570 engindecause of
ahigh compression ratio and combustion presstinesefore the engine can be frequently run
under big loads without any serious problems

Tab.4 Valve characteristics

VALVES COUNT 4
INTAKE VALVE DIAMETER 38 mm
EXHAUST VALVE DIAMETER 32mm
INTAKE VALVE LIFT 10mm
EXHAUST VALVE LIFT 8.6 mm
INLET VALVE STEM DIAMETER 6 mm
EXHAUST VALVE STEM DIAMETER 5 mm

There are titanion valves and cylinder head of F570 engime (Fig.6)

BRNO 2011 17
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Fig. 6 FE 570 Cylinder head and valvey

2.5 EXHAUST SYSTEM

The factory exhaust system (Fig.5) is maifestainless steel antie exhaust silencer
of high quality aluminum, therefore the silences light-weight and it meets all noise
requrements.

O

Fig. 7 Factory exhaust system

All thebasic parameters tfiefactory exhaust system are shown in Tab.5.

BRNO 2011 18
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Tab.5 Factory exhaust parameters

PART DIAMETER LENGTH

INLET OUTPUT
EXHAUST MANIFOLD 41 mm 45 mm 925 mm
EXHAUST SILENCER 45 mm 28 mm 600 mm

2.6 INTAKE SYSTEM

At the beginning ofthe intake systenthereis an airbox (Fig.7}Yhatincludes an air
filter, airbox flow into the throttle bodgf 42 mmin diameter andhe length of100 mm, and
it is mounted over the rubber adaptor to the enginerelisenoseparate intake runner like in

4 cylinder engines with a similar displacement, but the throttle body provides a fundtien of

intake runner here. In the cylinder hahdreis an elliptical intake porf dimensions 42 mm
and 40 mm anthelength of 50 mm, after that it is dividedto 2 separate intake poriBhe
injection of fuel is provided bgsingle injectotthatis a part othe throttle body

Fig. 8 FE 570 airbox with air filter

Total intake system lengthdim the valve seat to the airbox is 18@. The @pacity
of the airba is approximately about 2 liters atite length of a resonance part thie intake

system isl90 mm. In (Fig.9) we can see the intakessgm without the cylinder head.

Tah6 Intake system parameters

RESONANCE LENGTH 190mm
AIRBOX VOLUME 2-31

RESONANCE DIAMETER 42 mm
VALVE THROAT DIAMETER 34 mm

BRNO 2011
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Fig. 9 Husaberg FE 570 intake system
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PARTS OF THE RACING INTAKE SYSTEM -

3 PARTS OF THE RACING INTAKE SYSTEM

There are severakquirementsyhich a good racing intake system should maet
some of them differ depeimd) on type of charging (naturally asmted engines or
supercharged and turbocharged engines).

Every good racing intake system should provadgood filtration with mininum

pressure losses at the air filtathichcan be reacheoly usinga high-pass air filter It also has

to provide a pefect fuelair mixing and a flow to each cylinder as diret possible to
minimize friction losses and air heatingtireintake Also thevolumetric efficiencyhas to be

ashigh aspossible fortherequired engine speeds rartgeoughprefect tuningof lengths and
diameters othe runners or in caseof aturbochargeit is important to choosan appropriate

type oftheturbocharger and set the adequate charging pressure. Another important feature of
a good racing intake system as optimized airbox whictprovidesthe flow stabilization and

which contributes tdhe engine overcharging.

Thewhole intake system has to be installed to the engine compaitmamioptimum
way. Mostracing cars ustheram intake systenT.o be able to overcharge this systenthvan
air blast,intake cutouts must be placed on the bodyworkhtosurfaces with a maxiom
aerodynamic pressure. These surfaces are miosthd on the front bumper anthe hood,
which is agreatadvantage for cars witthe front placed engine. Racingtake systenalso
hasto be very lightweight to minimizethe total car weight, therefore materials like carbon
fiber sandwiches and fiberglasse used. Theskave good strength characteristas well
This is necessargue tohigh levels of velocity ath depression ithewhole intake systerand
thatmightbe muchhigherherethan in aserial intake system.

Theintake system facture dependstbatype ofanengine. For naturally aspirated Sl
racing engineghe components order itheair flow directonis usuallyas follows anair filter
(sometims could be a part aheairbox ),anairbox,aresonance runner withthrottle body,
inlet ports,a valve throat,aninlet valve. For turbocharged enginids® components ordes
quite similar to naturallyaspirated engines, only a compressor part of the turbocharger,
intercooler anda blow off valve areaddedhere. Obviously there are many sensors and
measuring units in the whole intake system in ortdeprovide important informatiorior
ECU, e.g.the volume, pressure and temperaturetiodé inducedair, pressure beforéhe

Fig. 10 Main part so intake syain: 1,airbox with air
filter 2, resonanceunner with throttle lmdy|[6]
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PARTS OF THE RACING INTAKE SYSTEM -

compressohousingetc

Fig.11 Main parts of the intake system in cylinder head: 1, ir
port 2,intake port, 3valve throat, inlet val{&

3.1 AIRFILTER

main task of the air filter iso separat dust particles fromthe induced air ando
protect theengine. Dust particlethat get into the engineecrease the engine efficiency and
may causea greatdamage especiallyat high engine speeds. Air filte@so have positive
effecton thenoise reduction when the engine is running.

Most frequently acing cars use cotton or foam air filters with siticoil. These air
filters have much smaller pressure losses than ordinary papertfitiéase frequently used in
common cars. But on the other hand there are some groups of racing cars which do not use air
filters at all Circuit cars are a good exampmkthese typesBecause ofery low dustiness on
the racing circuits these cars do not use air filtessall filters have some pressure and
hydraulic losses and these losses have bad influencgh@rengine efficiency and
performancelt is absolutely ecessary to use an air filter in caseadiurbocharged engine,
due to very precise dimensionstbéturbocharger compressor wheel

Todaytheworld leading air filter producers are K&Nfiltef$G andMann Hummel.

Fig.12ITG racing filters and otherintake componefit$
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3.2 AIRBOX

The airbox in a common car iswally a box with an air filter which flows through a
single throttle body to the resonant plenum.

In a racing car the function of the airbox is slightly different. The racing car airbox
usually acts as a resonant plenum which is connected to thenesomaers. It is situated in
the front part of the engine compartment to enable a better access of cold air which is
delivered to the airbox through massive intake cutouts. The main function of the racing airbox
is the engine overcharging when the theotibdy is fully open and the car is on the corner
exit. This happens when the car is entering the corner. It has to decrease its speed (throttle
body closure) due to the physical point of view. At this moment the throttle bodies are closed
but the air is &l ramming to the airbox which leads to airbox blast overcharging. Then, on
the corner exit when the throttle bodies are opened again, the excess of pressure from the
airbox overcharges the cylinders. But this only works well when the throttle bodies are
located between the engine and the airbox. When the engine has a single throttle body located
in front of the airbox downstream of air flow, the airbox works as an ordinary resonator.
Which means that it reflects pressure waves evoked by the transiewliite the engine is
in the induction strokeRacing airbox also equally distributes air to the individual cylinders.

NVOLKSWAGENS

Fig.13 Formula 3airbox( volkswagen§]

3.3 THROTTLE BODY

Nowadaysmost common and racing cars use a butterfly throttle body (Fig. 14).
Design of this type is very simple andstalso easy to manufacture. The main disadvantage
of the butterfly throttle body is that when it goes fully open, the cross section of the intake
runner will never be complete. This leads to hydraulic losses when the induced air flows
through the buttely valve.

BRNO 2011 23
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Anothertype of the throttle bodys a roller barrel throttle body (Fig. 15), which is
purely used for racing purposes. These throttle bodies are used in F1 engines because it is
very important to have no barrier in the intake runners to aheidforementioned hydraulic
and friction losses. But it is rather difficult to tune these throttle bodies to work perfectly
together and to deliver the right mass of air to each cylinder in the right time.

Fig.14 Butterfly throttle bodies (BMW M3%]

There are two main types of throttle body cano | | i ng. ADrive by
popular controlling system nowags. It is a throttle body thats controlled by an
electromotor inside the throttle body. Butterfly valve turning angle is controlled by a
potentiometer which is placed on the acceleratmt by ECU as well. The second type of
controlling, frequently wused in motorsport
ordinary system where the throttle body and the accelerator are connected with @andable
controlled mechanically byttdr i ver Es f oot .

Fig.15Roller barrel throttle body (F1 cosworth enginELD]
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3.4 INTAKE RUNNERS

They are usually placed between the cylinder head and the airbox, ended by a
bellmouth. For common cars they are often made of aluminium alloys or plastic materials
because of very low production cosiacing engines usugllused intake runners made of
aluminum alloys in the past but nowadays most racing engines use carbon fiber sandwiches
because of their low density, high strength and low weight.

The ntake runners are often of a circular cross section due to aetteumference to
area ratigo which brings the lowest hydraulic losses. Through the medium of diameters and
lengths it is possible to tune the ram wave overcharging for required engine speeds.

Fig.16 Carbon fibre intake Fig.17 Intake runners (F1 Ferrari enging}1]
runners[11]

3.5 INLET PORT DESIGN

The racing engine inlet ports should k= rearrow as possible (Fig. 18 c) and they
should make a sharp angle with the valve axis. If the inlet port is shaped like on (Fig. 18a), the
flow direction is changed; this leads to flow inflation on the outer side of the port and this
causes a reductiom ithe flow area. But it is not easy to realezsharp angle condition. In
order to keep a sharp angle, the valve spring has to be of quite a large diameter. This leads to
the valve stem extension and thereby to the increase in both its weight and aiginties
head height. Heavier valves are very inconvenient therefore 2 smaller and lighter valves are
usually used instead of one.

Fig.18Inlet port desigri12]
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o -
Fig.19 F1 intake system withanrow inlet port[11]

In (Fig. 19) we can seaprecise narrow inlet port fromF1 engine.

3.6 INLET VALVE AND VALVE SEAT

The inlet valve separas the combustion chamber from the rest of the intake system. It
is the most important throttling component (when the throttle body is fully opened) on the
intake sideThe whole air flow to the engine has to go through the inlet ports and therefore it
is logical that parameters like the valve lift, the valve stem length, the valve stem thickness,
the valve seat and the valve shaping critically influence the air flow coefficient. The valve
throat area and the intake manifold aperture area belong to @temyportant parameters.
These two areas define the manifold to port area ratio (FigwR@h is critical for the
performance of the engine. This ratio controls the amplitude of any pressure wave created
within the ducting by the cylinder state condit$o

PIPE TO PORT AREA RATIOS, Cemp & Cimp
Cimp =Aim + Aipt Cemp =Aem + Aept

INTAKE EXHAUST
Agpt = Ney . A
Aipt = niv - Aip pr=lieu-iep
piston

Fig.20 Pipe to port ratig13]
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There are eight engines in the chart in (Fig. 21). Each one is competitively famous for

its purpose. The description of each engine simply means: swept volume, layout and number

of cylinders, number of valves and application. F1 stands for Formietaior Formula 2,

SRM stands for Supersports Motorcycle, SRC for SRacing Cars, ITC for Touring &s
and OPB stands for OffshoreWwerboats.

Measured manifold-port area ratio
ENGINE exhaust Cgmp intake Cimp
2.0L 14 4v F2 1.26 0.84
35LV124vF1| 1.60 0.90
0.6L144vSRM| 1.40 1.00
3.0LV104vF1 | 140 0.90
3.5L V8 4v F1 1.60 0.90
45L V8 4v SRC| 1.40 1.10
2.0L 14 4v ITC 1.20 1.00
8.2Lv82vOPB| 1.55 1.05

Fig.21 Measured manifold port area ratig13]

As is shown in (Fig. 21), the intake manifold to port area ratios of these top engines
are keeping around. @0 and 1.0@hich makes these values a good starting point in setting

criteria for the intake port design.

The intake valve cross section area is another very important dimension. It should be
around 0.6 D where D is the aforementioned cylinder borevalve should also be short to
keep the weight at low levels but the above mentioned sharp angle of the intake port has to be

adhereds.

The

val ve
Racing engines also have radius shapmlge seats to secure better air flow. Sharp edges can

seat

angl e

shoul

causeaflow separation which decreases mass air flow through the valve seat.

In (Fig. 22)thereis a racing valve. As you casee the valve is hollow due tatrium

cooling of the valve

Fig. 22 Racing valve cross

section (F1) [14]

d
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4 STRUCTURAL DESIGNS OF FORMULA STUDENT INTAKE
SYSTEM

In contrast to common cars, where the intake system space layout matters, in racing
prototypes like our Formula car several structural designs of intake system, providing the best
charging, can be used.

Thereis not any best and clear solution of the intake system design. There are many
factors that influence the intake system tuning. These factors will be menticcteapier 8

Generallythere are three main variants of the intake system structural desgstem
with the central airbox input under the main hoop, a system with the side airbox input, and a
system with the central airbox input at the back of the car.

4.1 SYSTEM WITH CENTRAL AIRBOX INLET UNDER THE MAIN HOOP

This structural design (Fig. 23) isuge popular, especially for 4 cylinder engines. It
can be slightly disadvantageous in terms of the COG (center of gravity) location but on the
other hand the system is located against the driving direction, which enables the engine to be
blast overchargedlhe air streantines do not have to make any sharp bends which means
that there are smaller velocity changes and thus the flow coefficiegites.

Fig. 23 System, with central airbox input under the mai
hoop[15]

4.2 SYSTEM WITH SIDE AIRBOX INLET

This structural design (Fig. 24) aifgig. 25) can be very convenientelto a lower
COG location and thus better assembling dimensions. This system is usually very compact
and it perfectly fits to the free space above the engine. But there could be a problem with the
equal airstreamlines directions to the intake runnerthe last intake runner could be charged
less than the first one.
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Fig. 24 System with side airbox input forc¥linder engind16]

In (Fig. 24) you can sea TU Delft intake system; this big airbox can provide a better flow
stabilization and engine charging, but because of the big airbox volume we can expect a
worseengine response on the throttle.

Fig. 25 System with side airbox input for supercharged engir
[17]

4.3 SYSTEM WITH CENTRAL AIRBOX INLET AT THE BACK OF THE CAR

Owing to the low COG location, this structural design (Fig. 26) can have many
advantages as well as the above mentioned system with the side airbox inputaAHiste
go right to the airbox thanks to central airbox input and they do not have to makeratsy
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This can be very positive regarding minimum hydraulic los®esthe other hand the intake
system is located downstream ttheving direction which meanthat the engine cannot be
blast overcharged. The induction of hot air flowing from the hot engine could be another
drawback. Hot air has a lower density which means that the engine will be able to induce less
air; thereby the engine charging efficiencyllviall and the engine performance will fall as

well.

Fig.26 System with central airbox input ¢
the back of the cgi5]

The airbox in (Fig. 26) is quite small for acylinder engine; it could bring about worse
charging, especially at higher engine speeds when the engine needs more air and has very
little time for theinduction.
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5 RESONANCE OVERCHARGING

All naturally breathing racing engines use thesonanceovercharging and our
Formula Studenéngine is not an exceptiott.is very important to calculate perfectly both
lengths and diameters the intake runers to maximie the resonance effect on the engine
overcharging. There is a rapid charging pressure increase at demanded enginargpeeds
when the resonance ake system is properly tuneithe charging efficiency rises as well. In
some cases the chargiefjciency can reach values arouh@0%.

There are three main principles how to overcharge the engine by resonance effects:
Induction inertial ram cylinder overcharging, Induction wave ram cylinder overcharging and
Helmholtz resonator cylinder overchargi These effects work on a similar basis and they
can occur together.

5.1 INDUCTION INERTIAL RAM CYLINDER OVERCHARGING

Most engines utilize the momentum acquired by the cylinder during its induction
period (Fig. 27).

the beginning of the induction strokdpmag with the end of the overlap period, the
piston commences a move away from the TDC. The piston accelerates down the BDC and
thereby the space between the cylinder head and the piston crown quickly expands.
Depression, generated by this rapidly enlaggspace, will be transmitted to the inlet port via
the valve seat. Because of this pressure drop the column of charge, trapped in the induction
manifold, moves towards the open inlet valve. Charge in the intake tract entering the cylinder
acquires a higfflow velocity due to a big difference in cross sectional areas of the piston and
the intake tract. The momentum, built up by the-fasving column of charge in the intake
tract, comes to a halt when the inlet valve closes against the charge flow. Thirsetiee
energy generated by the fasbving charge is converted to the pressure energy in the blanked
out inlet port and consequently, the density of the charge rises. This pressure increase on the
inlet port enables continuation in the cylinder chargaftgr BDC. It also enables an earlier
inlet valve opening due to pressurized charge that is stored behind the inlet valve head when it
openg 18]

AThe greater momentum produce the great e
low in accelerating # flow, the inertial ram effect will be beneficial in cramming that extra
mi xture intd8the cylinder. o [

Induced
Ram pipe tract air plug

.

R — e |
Constant

40 mm tract |

diameter { .i-l o

Constant
600 mm 1
tract L

—
inl
=

lenght i%—’ j- 50 mm
600 mm d

Fig.27 Method of evaluating inertial ram cylinder chargiptg]
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In (Fig 28) you can sethe relationship between changing intake lengths from (Fig.
27) andthe volumetric efficiency witha constant diameter.

110 T T T T
Constant 3.5 litre
40 mm pipe six-cylinder
105F diameter engine
< 100}
>
Q
&
B 95r
£
©
g 90}l
3
S
85
80 1 1 ! L

1000 2000 3000 4000 5000 6000
Engine speed rev/min

Fig.28 Relationip between inlet tract lengtfzd
volumetric efftiency with constant diametet §|

It is obvious that for a given tract diameter, the longer is the tract the greater is the charge
column peak ramming effect; but the increased flow resistance causes the charge column
pressure to peak at lower engine speeds. This could be a disadvantage Formula
Student because we need both the maximum performance and the volumetric efficiency at
high engine speeds

In (Fig 29) you can see the relationship between changing intake diameters from (Fig.
27) and the volumetric efficiency with a constasridth

110

T T T b

1
3.5 litre Constant

six-cylinder 600 mm
105 engine pipe length 7
)
<100
>
3
s
S 95
£
)
€ 90
=
Ie)
>

85

80 1 1 1 1
1000 2000 3000 4000 5000 6000

Engine speed rev/min

Fig.29 Relationship betweemlet tract diameters an
volumetric eficiency with constant length [18
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For a given tract length both small and large tract diameters produce approximately the same
peak volumetric efficiency in the cylinder. However, the volumetric efficiency with the
smaller diameter tract peaks much earlier than the largefi8je.

5.2 INDUCTION WAVE RAM CYLINDER OVERCHARGING

When the engine is running, every time the inlet valve opens, the reduction in the
cylinder produces a negative presswave (primary wave), which travels at the speed of
sound through the column of air (FormlB was used for the speed of sound calculation)
from the back of the inlet valve to the open atmospheric end of the intake manifold. When this
pressurevave pulse reaches the atmosphere, there is a pressure change and as a result, a
reflected positive mssurewvave is produced due to the inertia of the air; and this causes the
pressure pulse to travel back to the inlet valve port. This wave, if timed correctly, is
responsible for ramming the air into the cylinder when the piston is behind the BDC and is
rising. When the pressuteave reaches the inlet valve again, it reverses its direction and it is
reflected outwards. These negative and positive pressure waves are continuously reflected
backwards and forwards until the inlet valve is closed. When thegeswaove in a column
of air, it is similar to a coil spring movement as you can see in (Fig[1H)).

To make use othe pressure wave pulse, it must be timed so that its first positive
pressure wave arrives at BDC towards the end of the inductiore sttas peak amplitude.

coil spring slightly
Closed coil loops stretched out

Sudden R

impact
pulse

(@)

Fig.30 Il ustration of wave movindL8]

filf the induct i ond=19Rig 31hthat tee cylinder presaurehas rigern a t
to about atmospheric pressure at BDC and then moves to a positive pressure before the
effective inlet valve closing point (ElGhatis effective inlet valve closing is reached. It can

also be seen that the presswave has peaked at BDC, which provides time for the charge in

the inlet port to be transferred to the cylinder before the cylinder is cut off from its supply.
This phasingof the resultant pressureave is therefore at its optimum for cramming the
greatest amount of[l&@ harge into the cylinder
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First Cylinder
reflected pressure reflected
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Fig. 31 Pressure wave movemgig]
SPEED OF SOUND CALCULATION
O My (2)

a1 is Poisson constant
r i gas constant for gir
T1 air temperature.

Thereare two constants in the formula (1) and it is obvious that the temperature will have a
major influence on the speed of sound magnitude which also can be $&eaph. 1)

Speed of sound / Temperature

Speed (m.s'!)

300
0 10 20 30 40 30 &0 70 &0 o0 100

Temperature (°C)

Graph.1 Speed of sound on tempenat relationship

That is why there are replaceable intake runners in racing cars which use the induction ram
wave overcharging and which can be replaced when the weather changes beéwe. the
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5.3 HELMHOLTZ RESONATOR CYLINDER CHARGING

The operating princip of the Helmholtz resonator is as follows: when the chamber of
a given size is shaken, the air in the chamber will start oscillating at its own unique frequency,
known as a natural frequency of vibration. Provided that this chamber is almost directly
comected with the inlet port and the open ended pipe becomes the air intake tract, then every
time the inlet valve is opened, a negative pressure wave pulse will disturb the air in the
resonator chamber and the pipe. When the engine speed is increasédhsotessure wave
pulse frequency corresponds to the natural frequency of the resonator, then the column of the
air in the intake manifold will be excited to the resonance state and the amplitude of this
pressure wave moving through the manifold willguroe a series of jolts. If these waves are
timed properly, they will bombard the cylinder with surges of the compressed air towards the
end of the induction cycle when the piston goes against the incomifgelmixture. As a
result of this pressure waugmmbarding, more charge will be crammed into the cylinder
before the inlet valveloses.

The main principle is to choose the right volume of the manifold as well as the
resonator resonating at an engine speed at where the boost of the torque isitessaksd
necessary to experiment with the tuned pipe length to reach the optimum results. But there
can also arise problems caused by the interferences between the pressure wave pulses and the
normal inertial ram effects; the cylinder filling may be irdpd as a result. Therefore the
experimental work has to be very careful to obtain the best possible compromise between the
inertial and wave ram effects.

Resonating volume

Air Tuned pipe
intake \

B

Fig. 32 Helmholtz resonator[18]

5.4 VARIABLE LENGTH INTAKE SYSTEM

All these ram induction charging systems produce an improvemenolumetric
efficiency at certain engine speeds by means of individual cylinder induction pipes. This can
be seen in (Fig 32).
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Fig.33 Relationship between intake tract leng
for maximum ram wave effect and engine spu
(18]

The variable length intake system has to be applied if we want to usanthenduction
charging in adrger spectrum of enginpeeds.

Two systems are the most common variable intake systems. These intake systems are
composed of a mechanism that is able to switch between two various lengths of the intake
runners. Longer intake runners provide better torque at low engine speetie ghorter ones
provide the maximum torque at high engine speeds. The switching part may be designed in
many ways and almost every motor car company taie ownsystem.

150 T E 3 T T T
i 100
o
) Power Power
% valve  valve
?, closed open 300 E
L= <
o 50} {200 8
i H
Switchover 1100 2
point 2
1 1 1 1 L o uw

0
0 1000 2000 3000 4000 5000 6000
Engine speed (rev/min)

Fig. 34 Engine power and torque witlarable
length intake system (AUDI) [18]

Fig. 35 Variable length intake system
(AUDI) [18]
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In (Fig. 34) you can see the effect of a two stage variable intake. Themsolgvitches the
intake runner lengths at switching point (approximately 4,000"min

Racing cars and motorcycles use simpler and yet very effective variable intake
systems. In (Fig 36, Fig 37) there is a system us&@maha YZFR1

/ L . Fig. 36 Variable intake system (Yamaha ¥ZF
7 o\ _ 28X R1)[19]

Fig. 37 Variable intake system (Yamaha ¥ZF
R1) [19]
Theideal intale system for todayods naturally a

intake system, where there is an equivalent intake runner length for each engine speed. In
(Fig. 38,Fig 39) there is a BMW full variable intake systéine otating labyrinth is placed

inside the resonator and it spins so that the maximum volumetric efficiency will be reached
for every enginepeed.

?
7
7

Fig. 38 Full variable intake system (BMW) [20]
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Fig. 39 Full variable intake system (BMYZD]

5.5 DESIGN CALCULATION OF THE LENGTH OF RAM WAVE INTAKE RUNNER

For the design calculation | will use relation (1). As has already beed,ntite
temperature ofthe induced air has a main effect on the speed of sound in a given
environment, and magnitude of this speed influences the length of the ram wave intake
runner.

| have decided to choose a mean temperature in the intake system 286#nthat
means around 3 A C

MEAN SPEED OF SOUND CALCULATION

O Vp8 ¢ Y wRpy

®w otgHpuwd
where: a=14,
r =289 J.kg K"

Ts=29615 K
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LENGTH OF THE RAM WAVE INTAKE RUNNER CALCULATION
s -h )

| €

ﬁ

where: as1 mean speed of sound

ni engine speefs™].

Computed values depending on the engine speeds

Engine
speed
[min] | 1,000 | 2,000 |3,000 |4,000 |5,000 |6,000 |7,000 |8000 |9,000

Runner

length
[m] 2596 |1.298 |0.865 |0.649 |0519 |0432 |0.370 |0.324 |0.288

As has been explained before, thegémof the ram wave intake runner is shortened
with increasing engine speeds and as the (Graph. 2) shows, the dependence of the length on
theengine speed isxponential.

Runner length / Engine speed

e NN NDN
PN o0 NNV RAOD W
L~

Runner length (m)

o009
N A o

o

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Engine speed (mirt)

Graph.2 Intake runner length to engine speed relationship
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There are two possibilities of the runner length tuning, maximum torque and
maximum performance tuning.

5.5.1 MAXIMUM TORQUE TUNING

If we want the best course of the torque through the spectrum of engine speeds, we
need the runners as long as possible. Basdéhlong runners are not applied in practice
because of too large intake manifold dimensions. We can use the Helmholtz resonator where
volumes are used for the manifold tuning instead of the length. Therefore the Helmholtz
resonator is a better choice fow engine speeds.

5.5.2 MAXIMUM PERFORMANCE TUNING

On t he ot her hand we can al so tune t |
performanceodo through choice of very short i
wave effect at high engine speeds. The drawlodc¢kis tuning is that the engine only works
in a narrow spectrum of engine speeds and the course of the torque is not as good as with
longer intake runners. But this tuning is frequently used in the circuit racing where the course
of the torque is not simmportant comparedo the performance course. We can let the car held
in this thin spectrum of maximum power.

Formula Studenis a circuit competition as well. Because we use a one cylinder
engine with a big displacement, our engine provides a lot gfi¢oin a very large spectrum of
engine speeds. As a result we can afford to tune the intake manifold to the maximum
performance.
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6 LOTUS ENGINE SIMULATION SOFTWARE

There is arengine cycle simaltion tool, developed for the Lotasvn engine reearch
and development departmenthe tool has been developed thanks to Lowmdensive
experiencewith appication ofthe performance simulatiom the engine design projects. The
tool can be used to simulate the performance of two and four strokeingasotl diesel,
naturally aspirated or supercharged and turbocharged engimekotus Engine Simulation
modelsthe gas dynamics in the engine manifolds and enables the complex operating modes
used inmodern engines to be simulated, it combines a dimelesi® model of the cylinder,
combustion models, heat transfer models and 2D flow through each part.

6.1 MANIFOLD PROPERTIES

Every part of the manifold in the Lotus engine simulation can be described by the inlet
diameter, the outlet diameter, the lengltie wall thickness, the material and friction and heat
transfer coefficients (Fig 40). The software also enables to use a model of manifolds which
are defined by an exact diameter for individual len@hg. 41).

[Label |default pipe t1 i'
|41 Dimensions &
|Dimension Summary

|Total Length (mm) | 37.70

IND. of Diameters

IStart Diameter (mm)

|End Diameter (mm)

|Pipe Graphical Display

[Pipe Valume ()

ISurface Area (mm,)
|N0. of Meshes
[wall Thickness (mm) [1.000

ICooling Type IAir Cooled :J
[Temperature ('C) [20.00

[Ext HTC gav/m /K) [20.00

[wall Material [Aluminium ] +|

Fig.41 Model with different dimeters for each length Fig.40 pipe input parameters

6.1.1 MANIFOLD ELEMENTS

As you can see in (Fig4l), the manifold is divided into several elements. This
provides a possibility to calculate instantaneous parameters of the flow through each element.
When you set the basic manifold parameters, the software creates its own number of elements
and it maybe very accurate, which results in the sldewn of the calculation. Therefore,
your own parts setting will be a better option. For the intake manifold the Lotus Engine
Simulation recommends the length of the parts between 15 and 20mm and for the exhaust
manifold between 25 and 30mm. These settings may enable a better calculation running but
they can also induce some inaccuracies in the calculation because of very fast changes, e.g.
changes of the temperature in the exhaust manifold with rising enginesspeed

As | have mentioned before, the Lotus Engine Simulation can only simulate a 1D
flow, therefore the step changes in the manifoltha manifold with big sequential changes
in the flow area are not suitable for the calculation running and the resulisrg often non
convergent.
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6.1.2 MANIFOLD HEAT TRANSFER PROPERTIES

Forthe heat transfer calculation through the pipe the Lotus Engine Simulation uses an
ordinary equation fosimple convective heat transfer in the radiaéction from the gas to the
manifold. Formula (3) is the heat transfer per un#ss

. TQ, Lk 3
N 5o Y “Yh 3)
where: g1 heat transfer

h1 convective heat transfer coefficient
Tw 1 temperature of the pipe inner wall
Ty 1 temperature of gas

D i manifold diameter

[ 1 gas density

6.1.3 MANIFOLD MATERIALS

The Lotus Engin&imulation uses the heat transfer through the pipe wall equation
its calculation. Therefore we can also choose which kind of material to use for the pipes and
we also have to set the wall thickness. This provides a better model of the engine tthes and
final calculation can be more accuraide Lotus Engine Simulation includes some basie pre
set materials which can be seeifliabz).

Tab7 Pipe (manifoldmaterial propeties

THERMAL SPECIFIC HEAT
MATERIAL DENSITY CONDUCTIVITY CAPACITY
[kg/m?]

[W/m/K] [kJ/kg]
STEEL 7,900 48 490
ALUMINIUM 2,700 204 940
PLASTIC
(POLYAMIDE 6,6) 1,400 025 1,256
MAGNESIUM
ALLOY (AS21) 1,760 86 1,005

For both the simulations that next chapter will concern, | have chosen types of
materials acaaling to the real situation on the engise that the model is as accurai®
possible For the intake runner | have chosen plastic and for the inlet and exhaust port | have
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selected aluminium because these two portsiaside the cylinder head thet male of
aluminium alloy.

Forthe exhaust manifolgteelhas been chosen

6.1.4 COOLING MEDIUM

The Lotus Engine Simulation also contains several cooling media (Tab. 8) because the
temperature ofhe surroundings also influences the heat transfer calculation. bifers two
types of cooling media (water, air). Again | have selected a cooling medium accortiieg to
real situation on the engine. For the intake runners it is air and for the inlet and exhaust ports
it is water in accordance with the water cooledradirhead.

Tab8 Pipe (manifold) data

COOLANT CONVECTIVE HEAT
COOLING MEDIUM TEMPERATURE TRANSFER
[c] [W/m?K]
AR AMBIENT AIR TEMP. 20
WATER 100 5,000

6.1.5 LOSS JUNCTIONS

The intake and exhaust manifolds also include junctiongrike ports, exhaust ports
and exhaust branch pipes. If we want to build a simulation model of the engine as close to
reality as possible, we have to involve the loss junctions as well (Fig. 42).

Fig. 42 Loss junction

Theseloss junctions should simulate hydrodynamic lossbghvcome up with the
friction between the pipe wall and gas or air fuel mixture when they flow through a real
junction like the above mentioned intake or exhaust ports etc. As we know, the flow velocity
has a radical influence on hydrodynamic losses. & lkesses are increased with a higher flow
velocity and the flow velocity is logically increased by higkagine speeds. In (Fig. 43) a
loss junction model from the Lotus Engine Simulation is shown. The red pipe is a reference
and angles of all the otheipes are related to this reference. If the pipes aténnone plane,
than anothereference pipe is requirétlue pipe).
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REF1 in RED
REF2 in BLUE

COLECTIVE INLET PORT

RIGHT AND LEFT INLET PORTS

Z00M

Fig.43 Loss junction model for intake port

6.2 ENGINE COMBUSTION MODELS

To be able to simulate the flow through the intake or exhaust manifolds precisely, we
need to know howmuch heat was generated during the combustion and what was the
combustion course. Mathematic combustion models are a fundamental basis of the engine
thermodynamic simulations. There exist basic theoretical models but these models are not
applicable becausa the fact that they are working with ideal thermodynamic processes. The
Lotus Engine Simulation uses combustion models which enable to describe state values

changes in the cylinder.

Heat that is released during the combustion of théualrmixture isa basis of the
energy transformation in the cylinder. But the amount of the released heat is not the only
factor that influences values like the engine heat efficiency, the indicated engine performance
etc., Another factor is a course of the combustitich has a radical effect on the values as
well. The amount of released heat is expressed by calorific value of fuel and the amount of
burned fuel we can see expressed by Forif@)la
(oY o&a h (4)
where: dQg T heat released from fyel

Hyi calorific value of fuel

dm, T amount of burned fuel [kg]
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6.2.1 VIBE COMBUSTION MODEL

A German engineer Vibe derived a dimensionless formula which is called the Vibe
combustion model. It was derived in a seampirical way and the formula (5) indicatthe
relative amount of heat in dependencelwrelative combustion time.

w p Q h (5)
where: a’i unburned fuel in cylinder ratjo
mi combustion parameter

x andy which are both dimensionless parameters are defined in formula (6),(7).

a o .
@ ——Nh (6)
a
0O .
o —~h (7)
0
where: mg(0) T mass dfuel burned in elapsed timéi )

mg I mass of fueburned in total combustion tintg,
t(d) 7 elapsed combustion time
ty 1 total combustion time

Course otheVibe formula for achanging parameter m is shown(Graph. 3)
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Graph.3 Vibe fuel burning in cylinder
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(Graph. 3) showsurned rate of fuel in dependence on the time rate of total combustion time.
At the start of the combustion= 0 andx =0 and at the end of the combustipnl and x is

shown at formula (8).

w p Q h (8)
With the parametem changes we are able to wéince thecourse of combustion in the
cylinder. When we differentiatéhe Vibe formula (formula (9)), we gehe course ofthe
combustion intensity i given time. At (Graph. 4) we can sén course of combustion for a

changing parameten
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Graph4 Courses of fuel comistion for changing parameter m

Many parameters (likepressures and temperaturestire cylinder) that radically
influence the final engine performance depend on the course of combustion. The Vibe
combustion model works witkhe aforementioned pamaetersm and a. These parameters
cannot be chosen randomly because they depend on many other parameters like the shape of
the combustion chamber, the fuel charge, the time of injection, the engineegpeed

In the Lotus Engine Simulation | have simulatedny variants of combustion models
with different parametersi anda, | have observed behavior of the performance course with
the same engine simulation model and from my point of view the paramet@randa=10

seem to represent the most convenientaghoi
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6.2.2 CYLINDER HEAT TRANSFER

During the combustion process the heat transfer occurs between gas and the cylinder
wall and also the losses caused by the heat passage occur through the cylinder wall. We can
divide the whole cylinder heat transfato threestages.

- convection heat transfer betengas inside the cylinder arttie inside cylinder
wall

- heat conduction throughecylinder wall

- heat transfer between the outside cylinder and the coolant (in our case, water)

The Lotus Engine Simulationses a formla (10) for thecalculation ofthe cylinder
wall temperature.

oy
= (10

— —
where: Tw 1 wall temperature
T T coolant temperature
Ui heattransfer coefficient of coolant
Uy T heat conductivity of dinder wall,

ay I cylinder wall thickness

This formula is analogous to the Ohmés |
are serially lined up like resistors. But it does not describe a heat transfer between gas inside
the cylinder andheinside cylinder wall. This convection heat transfer is computed by another
formula.

I »

COMBUSTION CHAMBER CYLINDER WALL COOLANT

T o T A, O T (S I

W W L

Fig.44 Heat transfer schenj@1]

Formula (10) is compsed of two parts. First (formula (11)) is a part which represents heat
convection through the cylinder wall.
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YUY (11)

Second part (formula (12)) represents convection heat transfer between the outside cylinder
wall andthe coolant.

B | Y “Yh (12)

Therefore we can deduce temperaturéhefcylinder wall T,, from formula (10). Formula of
this tempeature is formula (13).

S (13)

Valuesfrom the formula (13) can be selected by a user or can be preset like default
values in the Lotus Engine Simulation. Coolant temperature and heat transfer codtiicient
the coolant are one of these preset valMiés can also set the material of the cylinder head
and the engine block with preset values of the heat conductivity (Tabi 9 ease we have
sufficient measured datawe can define our own material witheasured or computed values
of the heat conductivity. For our purpose | have chosen aluminium alloy for both parts.

Tah9 Heat conductivity of default Lotus materials

HEAT CONDUCTIVITY
MATERIAL (WIm/K)
ALUMINIUM 45
CAST IRON 150
STEEL 48
ZIRCONIUM 4.1

Calculation of the convection heat transfer between gas inside the cylinder and the
inside cylinder wall is the last step of the total heat transfer calculation. Heat transfer inside
the cylinder can be described with the basidyditaformula (formula (14)).

6 | 6"Y Yk (14)
where: Ui heattransfer coefficient

AT instantaneous value of combustion chamber area depend on actugl piston
location

TT1 gas temperature

Tw 1 cylinder wall temperature
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The Lotus Engine Simulation also works with AndaWoschni or Eichelberg heat
transfer models. All these models are used for setting values of the cylinddrahstdr
coefficient.

6.3 CAM PROFILE

Becawsethe cam curve of our engineagnot availablewe had tomeasureghe cam
curveourselves.

6.3.1 CAM PROFILE MEASUREMENT

The measurement was carried out in the laboratory of the Automotive Engineering
Institute Brno University of Technology.

Camcurve was measured with the cam shaft inside the cylinder head. Removing the
ignition cover was the first steffthen | put a circle for the angle measuring (Fig. 45) to the
ignition rotor and | also fixed a piece of wire to the engine block to be able to measure the
actual crankshaft angle to a fixpdint.

Fig. 45Cam profile measurement

Then | had to find a compression TDC which was notdliffibecause there is a TDC mark

on the camshaft drive chain sprocket. After that | set the circle for the angle measuring to
zero, which was followed by the dial indicator installation. | put it on the valve shim, so that
the gauge was located in the axik the valve (Fig. 47). This was important for the
measurement accuracy. If the indicator was positioned anywhere else, the valve lift
measurement would be very inaccurate. After that | started to rotate the crankshaft and every
5 degrees we measured ambte down values of the valve lift on the valve shindid the
measurement for each intake and exhaust valve.
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2o | |
Fig. 46 Dial indicator instalation

Fig. 47 Cam profile measurement

6.3.2 CAM MEASUREMENT COMPARISON

| put the data resulting from our measurement to Microsoft Excel and as a result the
inlet and exhaust valveift characteristics were obtained. | also wanted to verify our
measurement which is the reason why | compared our measurement with the Lotus Engine
Simulation

Lotus has its own cam profile generator, (Fig. 48) and when the valve lift and the
opening ad closing angle are entered, Lotus is able to generate, using the preset
polynominals. This method can only be used in case the engine uses a symmetric cam and the
Husaberg FE 570 uses such a cam

| first generatedhe cam profile inLotus and expoed the generated data to Microsoft Excel

re Default Polynomial Coefficients =|E
File Graph Data
No of Values:4 E
Coefficient | E;(ponent ﬂ WAL
1j‘—'1,242 2,0000 -
2/0,255 12,0000
30115 68,0000 ‘ —
40,102 70,0000 -
-;I : I g 5.000
s 5
Crank Angle (deg) Lift (mm) ﬂ =
1/-20,000 0,000 e
213,000 0,008
318,000 0,019 1080
4-17.000 0,034
5/-16,000 0,057 < - 'UDPw.zun 7,200 §1.E00 116,000 170,400 224,800 279.200 |
4 4 J Cronk Angle {(deg}

Fig. 48 Lotus cam profile generator
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then | madea comparison of our measurement data @ned_otus data. Results for each valve
can be seen &Graph. 5, Graph.)6
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Graph5 Comparison of measured and lotus values of inlet valve lift
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Graph6 Comparison of measured and lotus values of inlet valve lift
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For both the inlet and exhausvalves, measured values are very similathoLotus
values.It can be seen i(Graph. 6). After hte maximumexhaust valve liftthe exhaust valve
is pushed down by a valve spring ahdreit was very hard to keegme crankshaft rotatiomy
5 ATherefore there are small offsets here. There is no doubthbseé ffsets are rather
insignificant because the course of our cam profile is very similar to the Lotus course. |
repeated this measurement 3 times for a better measuraccenacy.

This measurement was of high importance because the measured \alitekedp to
improve the engine model for the simulation so that the results approach the reality.

6.4 PORT FLOW COEFFICIENTS

Goodinlet and exhaust ports are the basis of high performance engines and global
shape of these ports radically influences flow tigto the cylinder head and also the engine
performance. Lotus simulates the shape of the port WSin(@ort flow coefficient). This
coefficient (formula. 15) depends on the valve lift/port throat diameter ratio. Lotus offers two
possibilities of the datanéry. There are few default ports with pre§gtvalues. This option
can be used when you do not have any measured data Qpauhkies. The second option
provides a possibility to define our own inlet or exhaust port by the measataed

6 (15)
where: C:1 port flow coefficient

G OAAAGE DEOT @K OO

G OEAT OAICBE AT D & O
a 0 "Qf M ARY 8Y 8h (16)
where: - V(f(po,pc, T)) T theoretical flow speed

Sei 1 valve throatarea
" T density of medium
| decided to choosthie second optiopnamelyto use theneasured data.

6.4.1 PORT FLOW DATA MEASUREMENT

The measurement was carried out in the laboratory oAtltemotive Engineering
Institute Brno University of Technology on the flow bench Super Bé&w260.

First of all | mounted the cylinder headtbe Husaberg FE 570 engine with the intake
valves on the flow bench, then | had to mount the inlet pipe wehbellmouth on the inlet
port (Fig. 49). When everything was mounted and prepared for the measurement, | set the
pressure drop to 5,000 Pa (Fig. 50) and the valve lift to 1 mm. | measured the mass flow
through the inlet port with a constant pressure ditopas possible to measure the mass flow
with a constant velocity but this solution did not meet our requirements.
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' Institute of Automotive

Engeering 51 |

owBench SF-260

I

Fig.49 Cylinder head on the flow bench

Then the measurement followed. | was opening the inlet valve by 1 mm at a time until |
reached 10 mm which is the maximum measuredeviifly After everymmof the valve lift |
recorded down the value of the mass flow which was measufesf iMidway through the
measurement | found out that the pressure drop is too big and the flow bench is not able to
suck in sufficient amount of adue to the Husabermgnormous inlet ports, therefore | had to
lower the pressure drop H000PaAfter | had gained all the measured values for each valve

Fig. 50 Flow bench display
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lift, I had to calculate port flow coefficien{€;) for each valve lift. | used formula$%,17,18
for the C; calculation

(17)

where: Vi theoretical speed
pqT pressure drgp
} T density of medium

Formula (15) represents a calculationtlod theoretical velocity of flow at aiven pressure
drop.

¢ e (O (18)
a B) “TUh

where: Si area of valve throat
D i valve throat diameter
(Tab. 10) showthemeasured data and final port flow coefficient for each valve lift

Tah.10 Measured values for each valve lift

VALVE Qv(l.sh- Qv(m’s™) - PRESSURE DROP
LIFT(mm) MEASURED MEASURED (Pa) Cr
1 16.2 0.0162 5,000 0.099
2 312 0.0312 5,000 0.19
3 472 0.0472 5,000 0.29
4 60.9 0.0609 5,000 0.37
5 747 0.0747 5,000 0.46
6 778 0.0778 4,000 0.53
7 83.2 0.0832 4,000 0.57
8 86.9 0.0869 4,000 0.59
9 859 0.0859 4,000 0.59
10 86.5 0.0865 4,000 0.59
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The Lotus Engine Simulation uses the port flow coefficient in dependence on the L/D
ratio (valve lift /valve throat diameter) for the mathematical modelling of the port, therefore |
put these value® (Graph. 7).

0,6

O 0,3 //
0,2

/
01 /

0 0,05 0,1 0,15 0,2 0,25 0,3
L/D ratio

Tab11L/D ratio to portflow coeficient ratio

With help of this measurement and the obtained results, | was able to improve my
engine model; these improvements led to specifications of the simulation and also its results.
As you will see in the next chapter, there is a consideraffe¥etice between a default Lotus
port model and a real model that is composed of the measured data. | repeated this
measurement 3 times and | applied the mean average of all measured values. Flow Com
measurement accuracy wasitb% ofreading.
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7 CREATION OF STOCK ENGINE SIMULATION MODEL

Because no Performance/ Torque course could be found and the manufacturer did not
provide these characteristics either, | had to make a simulation model of the stock engine so
that our team could have at least somformation about the aforementioned characteristics.
When | entered the data to Lotus, | made an effort for every parameter to be as close to reality
as possible. Naturally | could not set every parameter exactly as if on the engine, because
Lotus onlyallows entering the circular geometry for the pipe elements. Therefore | had to
substitute elliptical areas like the inlet port input, which is located in the cylinder head, or
connection area of the inlet ports. In (Fig. 51) you can see a simulation ofdtiel stock
engine.

FUEL
2 ENGINE BLOCK

VALVE THROAT

| VALVE THROAT |

| EXHAUST MANIFOLD

[\Ya TNV
Al g PN STV E

= ! () il
[ ari)
=

[n il
sy sy paFoig
INLET PORT IN EXHAUST PORT IN
AIRBOX CYLINDER HEAD CYLINDER HEAD
BELMOUTH | | RAM PIPE| | INLET VALVE || EXHAUST VALVE | MUFFLER

Fig.51 Smulation modebf stock engine in Lotus engine simulation

The last step remaining to bring the model as close to reality as possible, was
measuring the inlet ppbgeometry.

7.1 INLET PORT GEOMETRY MEASUREMENT

This measurement included 2 steps. Tingt Step was casting of the inlet ports to get a
solid model of the inlet ports. The second step consisted of scanning andimgooethe
inlet port casting to get 4A data of the inlet port geometry and cross section areas of the
inlet ports. These areas were exported to Lotus

7.1.1 INLET PORT CASTING

Considering previous experience | decided to cast the inlet port from eloaripéded
silicon caoutchouc Lukopren N 1522owever, as it turned out, it was not the right decision
because Lukopren was not elastic enough and when | was tryingl tthewasting out, it
ripped up For another test | chose Lukopren N 5221 which is convenient for more exacting
castings, has bett elasticity and tearing resistance as well.
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The whole casting process was carried out in the laboratory of the Automotive
Engineering Institute Brno.

The first step was sealing off the valve throat with valves, than | had to prepare the
casting Lukopen mixture. When all preparations had been carried out, | poured the mixture to
the inlet port and after that | let the mixture solidify. As the next step came pulling the casting
out. In (Fig. 52) you can see the final inlet poasting.

Fig. 52Inlet port casting

7.1.2 SCANNING AND MODELLING OF INLET PORT CASTING.

The whole scanning process was carried out in the laboratory of the Automotive
Engineering Institute Brno on the ATOS 3D optical scanner

First1 had to mark the inlet port casting with special scanning points, then latatbr
the scanner to meet the measurement accuracy requirements. After that | set parameters of the
scanning, like a fineness of scanning element, which has a major influence on the model
accuracy, and also the amount of the model data. When everythihg&agroperly set and
calibrated, | started to scan the casting. After a scanning there are several steps that need to be
done. To begin with, | had to convert a scanned model format to STL format, than | inset the
model with primitive elements (cylindesphere, cube, etc.) due to better work with the model
in CAD software. Last step was covering blind spots which were a result of the scanning
points placement. A final model of the inlet port can be seen in (Fig. 53). After all these
operations had beenrc@d out, | exported the model to CAD system, made several cross
sections through both parts of the inlet port model and finally | measured areas of these cross
sections. Through application of the measured values | was able to find equivalent diameters
that correspond with the areas of the cross sections and that can be ussdnal#dt®n.
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Fig.53 Scanned model of inlet port casting

7.1.3 INLET PORT DATA EXPORT

In Lotus the inlet ports consist of pipe elements that are ended by a port element and a
valve element (Fig. 54). For the simudatimodel improvement, the above mentioned loss
junctions elements can be used. These are placed to a point where the common inlet port is
divided into two separate ports that open into the cylinder. Port flow coefficients and length of
the port can be defed at the port elements menu. The cam profile, valve lift and timing can
be defined at the valve elements menu. Data acquisition for these last named elements was
mentioned in the previouhapter.

‘ COMMON INLET PORT |

PORT ELEMENT

LOSS JUNCTION |
3 ']
ﬁ . | > e .-
é
3 ®

1
—® > o .
ﬁ o
\{ VALVE ELEMENT

SINGLE PORT

Fig. 54 Inlet part of the cylinder head model

| measured the length of a common inlet port frita CAD model and its cross
section area as well. Other dimensions that | needed to obtain were lengths of the divided
ports and the angle between them and also a few cross section areas of these ports. All these
dimensions | measured from the CAD modediagand | exported them to Lotus.
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7.2 STOCK ENGINE PERFORMANCE/TORQUE CHARACTERISTIC

| aimed to set every parameter of the simulation model as close to reality as possible to
be able to compare the outputs from the simulation model with the dynamomatey test
outputs. Unfortunately, there appeared several problems with the dynamometer and due to our
laboratory reconstruction there was no other rdaehyperate dynamometer available
therefore | had to manage without the measured performance/torque course.

At the purchase of the engine the salesman gave us approximate values of the torque
and engine performance. It was around 60 Nm4&idV. These values were the only ones |
could compare my results with. In (Graph. 7) there is a performance/torque chstiaci€a
simulation model of the Husaberg engiAs.you can see, the peak of torque is around 7,500
min™ and its value is 57 Nm. You can also see an apparent torque loss between 3,000 and
5,000 min'. This is a result of a resonance intake system wikitimed for a larger spectrum
of engine speeds. Engine performance has the 68k min™with 46 kW. This computed
data will be a basis used for the following endimging.
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Graph.7 Simulation model Performance/Torque caurs
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8 OPTIMIZATION OF FORMULA STUDENT INTAKE SYSTEM

Oneof the major parts of this thesis is the study of the intake system changes and their
influence on the engine torque and performance. The main aim of these changes was to
optimize the intake systerso that it meets our requirements in terms of the engine
performance and torque courses. Based on the optimization of each element, | built up the
final simulation model that will be shown in the following chapters.

8.1 INTAKE RUNNER LENGTH OPTIMIZATION

The first step in the successful intake runner tuning is the assessment of an engine
speed for which the runners wil/l be tuned.
and because of good performance values and torque course of a serial engimeda8 800
and 9,000 miti, | decided to optimize the length of the intake runners for 8,000".nhin
decided to use the value of theoretical length of the ram wave runner which | calculated
before formula (2), then | made several other simulations ¢toHgs value. | evaluated the
results of the simulations and the length 220mm appeared to be the best. The total length of
the intake manifold was then 320 min. (Graph. 8) you can see the comparison of the
optimized and stock intake runner lengths #relr influence on the performance and torque
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— =Torque - Stock runner

Torque - optimize runner

Graph8 Comparison of stock and optimize intake runnegtien
characteristics.

Results of the optimization are evident from (Graph. 8). There is a major panfoem
increase (around-8 kW) in the spectrum from4,000 to 8000 min (47 kW) as | had
expected. The coursd the engine performance also meets our requirements better than the
stock. As you can see, the peak of the performance8i®@@min™ and due to the optimized
intake runner we have more power at lower engine speeds than with the stock runner. Of
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coursethere is a massive decrease in the performance after 8,000butrit does not matter
because we will not run the engine above this level. | also achieved a good improvement in
the torque. There is a considerable increase ( around 5 Nm ) in theugp&ctm 4,000 to
8,500min™. The course is much more positive than in the stock because, as you can see, in
the spectrum from 3,000 to 5,000 mithe stock engine has an adverse drop, while with the
optimized runner | partially managed to remove thigpdand thus improve the torque course.

As you can see, the peak of the torque (61 Nm) is between the 6,000 and 7,0Q@imia

the torque starts to drop.

Optimizing the runner length has alsomeminor influence on the course of cylinder
and valve hroat pressure, which fact strongly influences the engine charging efficiency. As
you can see in (Graph. 9), at the valve opening the cylinder pressure almost equals to the
valve throat pressure. This is convenient because the charge does not flowthadktake,
and when the valve throat pressure is higher than the cylinder pressure, it brings even better
results. At the inlet valve closing there is a major pressure difference: the cylinder pressure is
higher than the valve throat pressure which mehatsthe charge flows back to the intake;
but this effect is insignificant because of a very small valve lift which is typical for the valve
closing area. Naturally, at the maximum valve lift the difference between the presdhees is
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Graph9 Valve throat anatylinder pressureourse at 8000 rpm

biggest- this is anarea of the maximum flow through the port.

8.2 INTAKE RUNNER LENGTH INFLUENCE ON ENGINE POWER

Now we will have a look at the influence of the intake runner length on the torque and
engine performance. As we can expect, with lengtheninthe intake runnerhe engine
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torque will be higher at lower enginpeeds. imade several simulations with different runner
lengths to compare changes in the torque and performance (Guapé. 10)
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Graph.10Influence of runner length comparison

As it turned out, the aforementioned optimized length (green) wasetsteoption; it
provides the performance improvement in comparison with the stock runner at almost all
engine speeds up to 8,000 fifThe shorter version of the runner (red) would not necessarily
be a bad choice either; but it provides a high power ingm@nt at 5,000 mihwhich is not
our working engine speed, and on the other hand there is less power around 8;0@Bemnin
we need a major performance improvement. The last runner (black) in the graph is 50mm
shorter than the stock runner. It providepower increase only in the spectrum from 9,500
min which is predictable. It might also be interesting to see how large the improvement
could the runner provide at engine speeds above 10,008 mirere | have not carried out
any testing.

Thesedifferences in the engine performance and the torque course are induced by the
pressure pulsations in the intake manifold. This fact proves once again that the ram wave
overcharging only works in a narrow spectrum of engine speeds. Therefore the intake
manifold tuning mostly consists in a compromise between the maximum of power at
maximum engine speeds and an acceptable torque course. Important thing here is to recognize
what we want to obtain and what is our aim.

8.3 RESTRICTOR INFLUENCE ON ENGINE PERFORMANCE

As it has beemmentioned beforethe intake system for thé-ormula Studentar
includes a restrctor which is placed between thierottle body and the engin€he restrictoris
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aimed to reduce thmass flow at higher engine spee@hapter 1 deals with theetdled
description of the restrictor

In our case the restrictor consists of a reduced circular section, that reduces the intake
air mass flow to the engine. This reduced section sets a maximum air flow which can flow
through the restrictor because of ttréical flow velocity (speed of sound) which occurs at
high air flows. This effect reduces the maximum engine speed and thus also the maximum
engine performance, the result of which is a reduction of the maximum speed of the car. Our
team decided to buythrottle body with the restrictor from the AT Power manufacturer. This
restrictor is designed like a De Laval nozzle, composed of a convergent part known as a
nozzle and a divergent part known as a diffuser. The diminishing section is typical for the
conwergent part. For a divergent part an opposite effect is typical, the section expands along
the diffuser length. There are other possibilities of restrictor designs, more suitable for
situations where the intake air mass flow is at the restrictor limitaforajor spectrum of
engine speeds. Turbocharged engines can serve as exgoople
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Graph.11Restrictor influence on engine performance and torque

8.4 AIRBOX INFLUENCE ON ENGINE PERFORMANCE

A stronger influence of the airbox on the basic engine parameters occured after | had
added the restrictor into the simulatiomdel. Suddenly the engine did not have enough
intake air due to a small section of the restrictor &ras was explained and shown in the
previous chapter in (Graph. lilpoth the engine performance and torque dropped.
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Thereare several main purposestbé airbox; it functions as the engine air reservoir
and it also damps and reflects pressure waves from the runners. The air, flowing from the
restrictor to the airbox, should be influenced by a pressure wave from the intake runners as
little as possiblethereby it should enable a full utilization of the restrictor. When the air
flowing from the restrictor is influenced by pressure waves from the intake runners, a
turbulent flow in the restrictor may occur; this is caused by an earlier reaching thal critic
velocity inside the restrictor and thereby its earlier overloading as well. A praperking
airbox should increase the engine volumetric efficiency and thereby compensate the
performance losses caused by the intake restriction, until the criticaityah the restrictor
IS reached.
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Graph.12 Airbox influence o engine performance

In the first simulations with an optimized simulation model | used a standard Lotus
airbox model. But it soon turned out that the standard model is quite inadequate for my
purpose. This standard airbox compensatestigine power by approximately k®/, buti
as you can see in (Graph. Ii2}he intake air flowing through the restrictor still reaches the
critical velocity very early (around 3,000 rifip which means that the airbox is not working
properly. | tried tochange the airbox volume and it brought some improvement in the engine
performance course, but the throttle response got worse with the increasing volume of the
airbox, which feature is not desirable in a racing engdezause the Lotus standard airbox
model only offers volume changes, | have decided to create my own airbox (Rafed5,

Fig. 56)
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| >}

Fig.55 Standard lotus airbox

Fig.56 My airbox model

8.4.1 OWN CONCEPT OF AIRBOX.

wanted to make an airbox that would be a good compromise between the volume and
the volumetric efficiency, therefore | decideduse a concept similar to that one used in the
Formula 3,000 engines (Fig. 57). A divergent part of the restrictor, placed inside the airbox, is
the basis of the concept. Pressure waves from the intake runner expand through the airbox and
due to a major aa difference between the restrictor outlet and the airbox wall, the pressure
wave expands to the airbox wall along the inserted part of the restrictor. That means that the
restrictor is influenced by pressure waves very little, thereby there is mininnbatetot flow,
minimum velocity changes and that results in better air flow througte stector.

Fig.57 CAD model of my airbox concept

Using a standard Lotus airbox it was impossible to simulate the aforementioned effect,
that is why | had to create my own simulation model (Fig 56) rlestavith a Lotus model for
the intake silencer because it works with similar conditions; there is also a pipe which is
inserted inside another pipe, which was the most serious problem in the standard Lotus
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airbox.The Lotus help center describes the galecwith which the intake silencer operates...
There is also a structure of pipes which the silencer is composed of. | used this pipe layout
and my own values that are related to the CAD model of the airbox. | also had to make a little
change here becausiee intake silencer model does not count with a conical inserted pipe.
Afterwards | carried out several simulations with different airbox volumes and different
lengths of the inserted pipe. It turned out that the best solution is the airbox volume around
3.5 1, the inserted pipe length 100mm and its outlet diamM&term.
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Graphl13Influence of airbox to engine power atmigue compensation

In (Graph. 13) you can see, how my airbox concept compensates the power and
performance losses. There is a small performance and torque loss bafaeand 4000
min’ due to a mmentary insufficiency of the pressure in the airbox. This loss could be
reduced by the increase in the airbox volume, but it would mean that a response of the throttle
will be worse. | decided to keep the airbox volume (3.5I) because values of the
aforemetioned losses are 3 kW and 5 Nm which is a very small difference awvoikng
engine speeds. Both curves (performance and torque) are quite similar to the curves of the
model without a restrictor up t6,000 min™’. At these engine speeds the velocitytfre
restrictor starts mounting to the critical speed and the engine performance and torque begin to
be limited. A total maximum performance loss is around 2 kW and a total maximum torque
loss is around 10 Nm at the same engine speeds as in the modet witesinictor.

8.5 OPTIMIZATION RESULTS

| started the optimization from the intake runners and | continued through the restrictor
to the airbox optimization. As | have already mentioned, | prepared several simulation

BRNO 2011 66



OPTIMIZATION OF FORMULA STUDENT INTAKE SYSTEM -

variants that were tuned afterwards. &riant with the intake runner length 220 mm and a
constant diameter 41mm which is opened into the 3.5 airbox seemed to be the best option.
Inside the airbox there is a conical pipe which is 100 mm long and its outlet diameter is 42
mm. This pipe freely wges into the restrictor with the smallest diameter of 19 mm and its
distance from the wall of the airbox is 100 mm.. At the cylinder head there is one common
inlet port which is divided intdwo separate ports that are opened into the cylinder. The length

of the common port is 44 mm and the lengths of the separate ports are 40 mm and 45 mm.
The valve timing was kept the same as in the stock engine.

Maximum engine performance was increased by 7.5 kW comparing with the stock
engine (maximum performance dfet tuned engine is 53kW and maximum performance of
the stock engine is 45.5 kW, bott8#00 min™) and maximum torque was increased by 10
Nm compared with the stock (maximum torque of the tuned engine is 63.5 Nm and maximum
torque of the stock engine igt \m at6500min™). The performace increase occurs tte
spectrum between,B00 to 8000 min™ due to theoptimized intake runnersThe brque
increase occurat speeds abov&000andup to 8,000 min™ the course of the torque remains
almost constaniThe torque improvement at higher engine speeds occurs due to an optimized
runner length whereas at lower engine speeds the improvement may occur due to the airbox
volume. Both performance and torque courses are sho(@raph. 14).
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Graphl14 Comparison of performance/torque characteristics of stock and tuned engine

| assume that the tmization has been successful and that | have met all the primary
goals. The best way to verify the conclusions will certainly be the engine testing on the
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dynamometer. Due to complications with our laboratory dynamometer | will not be able to
test the tned engine until June.
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9 INTAKE MANIFOLD FLOW

9.1 FLOW BASIC QUANTITIES

The flow is created by randomly moving particles that are simultaneously moving in
the flow direction. The hydraulic gradient is the basic condition ofiohe

Intake air that flows though the engine could be described in the terms of the
thermodynamics aan inert gas mixture which cdre regarded ideal gas if the atmospheric
boundary conditions are convenient. Ideal gas is composed of a set of ramgovirg, non
interacting point pdicles that have a zero volume. It also has constant physmaérties

Intake air can be parametrically described by the state quantities like the temperature,
density, velocity and the pressihatare described at formula (19)

Y Qafuoid
" QoD
O Qe (19)
Qe

The flow can be subdivided into a steastate flow and an unsteady flow. Theadystate
flow refers to the condition where the fluid properties do not change over timneeatain
point in the systemOtherwise the flow is called unsteady. An unsteady flow is very difficult
to calculate , therefore it is practically solved as a sts#ate flow. This approach is called a
guastistationarysolution.

Everyflow particle moves along its own streamlingtreamlines are a family atirves
that are instantaneoudigngento thevelocity vector of the flow. These show the directian
which thefluid element will travel at any poimt time (Fig. 58).

vl

Fig. 58 Flow streamline$23]
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9.2 LAMINAR FLOW

The laminar flow occurs when the fluid flows in parallel layers, with no disruption
between th layers. At low velocities the fluid tends to flow without mixing and adjacent
layers slide past one another. In the laminar flow the motion of the particles of the fluid is
very orderly with all particles moving in straight lines parallel to the pip¢éswahe laminar
flow is usual for fluids with higher viscosity andwer flow velocities. As you can see in
(Fig. 60), on the pipe wall there is zero flow velocity which rises with the increasing distance
from the pipe wall. The flow velocity is at its meum in the middle of the flow velocity
profile. Then the mean velocity is a half of the maximum flow veldg¢ity. 59)

Side View of
Parabolic Flow Profile v=0
;"“-h ; :
al = T
Pressure —» » Vmax . )_L - = (L
(i.e., forcel/unit area)

|
Vs =0,5-Vimax

Cylindrical (Volume) Flow Concentric Fluid
Layers
! Fig. 59 Laminar flow mean
Fig. 60 Laminar flow[23] velocity[22]

9.3 TURBULENT FLOW

Theturbulent flow is a flow regime, characterized by chaotic and stochastic property
changes. This includes atanomentum diffusion, a high momentum convection and a rapid
variation of pressure and velocity in space and time, which generates whirls. The turbulent
flow generates a significant pressure reduction in the flow direction contrary to the laminar
flow. In (Fig. 61) you can see the velocity profile of the turbuftent.

T is the core of turbulent flowy is the turbulent boundary laye®,is the transition

Vnax, ,
} -
Vv I
L
j =)l 4
Vs 4% ..
o

// s /Z
Fig.61 Turbulent flow velocity profil§2]

7_;#_‘- !
V=V Y W

layer,L is a laminasublayer.
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The velocity gradient close to the pipe wall is higher than ansavieése in the
velocity profile. The turbulent flow generates fluctuation velocity components which are
cumulated close to the pipe wall and the flow character is near to the laminar flow

The turbulent flow is changing to a laminar one close to the pigks, which effect
generates the laminar sidyer. The transition layer lies between this laminarlaybr and
the turbulent flow. These two layers form the boundary layer.

9.4 BOUNDARY LAYER

A boundary layer is tlayer of the fluid in the immediate vicinity of a bounding
surface wherethe effects of viscosity of the fluid are considered in detaiparticle adhering
to the wall has a zero velocity, the friction force equals to the dynamic forcinenedore a
part of the kinetic energy is changed into heat. In (Fig. 62) you can see the laminar and
turbulent boundary layers.

TURBULENT BOUNDARY LAYER

LAMINAR BOUNDARY LAYER

il

B

———

A 1y 1t

Fig. 63 Turbulent aad laminar boundary layer [J2

When the flow runs around an obstacle (point A), then a part of the flow is ripped off at the
entering edge and forms anhinar layer on length |,). After this length the partial flow is
converted to a turbulent layer on lendt). But a part of the laminar layer stays under the
turbulent layer and thereby a laminar daper isformed

Fig. 62 Wake formation [24]

Thekinetic energy is converted the pressure force dhe objectbeing run aroundrhe flow
starts to ripoff at the separation point and the wake starts to be formed. Particles start to be
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ripped off when the preseaiforce is sufficient to stop thogmrticles which are going to
sepaate.

9.5 CONTINUITY RELATION

” nY‘ ” nY .
! ’ VI Yok (20)
T T o0

where: —— Al 1T OAIADB@AT CA

— 1T ARIGEARCA
"8Yd) 0 Qe id o (21)

The formula (20) is a continuity relation for the 1D flow. Ipresents the conservation of the

mass law. In our case the second part of the equation equals zero which means that the
equation can be simplified to formula (21). The mass flow is constant for every section of the
pipe which you can see in formula (21).

9.6 EULERG® FORMULA FOR HYDRODYNAMICS

Thef or mul a for hydrodynamics represents a
in hydrodynamics. The formula (22) represents this law for a compressible flow, when the
external forces haweanished.

D . . y 22
—“:)am)?cs’ mth (22)

—a, —n

The first equation term represents a local acceleration. The second equation term
represents a convective acceleration, which is formed when the fluid flows through the
manifold with a variable section.

9.7 BERNOULLI®G FORMULA

TheBernoul |l i 6s formula represents the con
sum of the kinetic energy, the pressure energy and the potential energy that equals zero
(formula (23)).

n (23)

“gB:} T[F]

h|8-l

The formula (24)is applicableto the flow through variable section manifolds, because it
includeslength and local losses.

g g . 24
r,],— @Q n— ‘@Q Oh (24)

h|8-l
h|8-l
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10 COMPARISON OF ANALYTICAL AND CFD SOLUTION

To verify my CFD simudtion, Idecided to make a basic testing model of the tube and
to compare the results from my CFD analysis withaaalytical result which ¢alculated on
the basis of generally known formulas.

10.1 VERIFICATION MODEL AND BOUNDARY CONDITIONS

| have chosen aie which is similar to the optimized intake runner. The pipe has a
constant circular section, the diameter 40 mm and the 1dn@@® mm Temperature of the
air flowing through the pipe is 20AG008and i
Pa.l left out the heat transfer between the air and the tube which influences the air density. |
have also left out the material and wihlickness of the tube andchose a turbulent type of
theflow.

10.2 ANALYTIC SOLUTION

As | have mentned before, | usegenerally known formulas fohts analytic solution
and Icompared the results with my CFD model.

10.2.1 ANALYTIC BOUNDARY CONDITIONS
Tab 12 Pipe basic dimensions

DIAMETER 40 mm
LENGTH 1,000 mm

VOLUME 1.25610° m°
SECTION AREA 1.256.10° m*

Tab 13 Analytic boundary conditions

DENSITY 1.2041 kg.nt
AIR TEMPERATURE 29315 K
VISCOSITY 1.817.10° Pa.s
ATMOSPHERICAL PRESSURE 101,325 Pa
INLET PRESSURE (RELATIVE) 0
OUTLET PRESSURE (RLATIVE) -5,000Pa
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10.2.2 ANALYTIC CALCULATION

First | calculated the velocity dhef | ow from t he Bernoull i ds
| removed a potential energy component, due to a zero difference in the altitude. | specified
other quantities. The inlet velocity =0, the inlet presse p;, the outlet pressure ip,, the
outlet velocity isvs.

Thepressure difference from the Bernoullids
the inlet and the outlet and on its basis | expressed the flow ve(fooityula (25))
. 25
\ ¢cn n cn - (29)
U U - —h
After the substitution | calculated (formula (26)).
pﬁTnnwﬁbaﬁ(&D 8 0
pg T P

Reynoldsnumber calculation, which defines a type of tlovflturbulent or laminar), was the
following step. First | had toalculate the mean velocity which is one of the Reynolds number
equation terms. | expressed the mean velocity from the mathematical equation of the turbulent
velocity profile(formula (27)).

w (27)

where: y1 is a distancéom the pipe wall
ni is a function of Reynolds numbBe
R pipe radius
Mean speed of turbulent flois approximately 85% of maximuffow velocity (26).
0 Tq X0 h (28)

| chose a value 85% fadine mean speed calculation. Aftéhe substitutionl obtainedthe mean
velocity oftheturbulent flow which | substituteto Reynolds number equatieformula (29)

0 T O 8w o X8 @8 h (29)
v U8 X R 08p (30)
YQ S

~ wpmn o

From the result of Reynolds number equation it is obvious that the flow is a turbulent one.
The mean velocity and the maximum velocity ratio results from the mass flow equation. After
the equation editing | obtained formula (31). After that | expregsediean velocity and the
maximum velocity ration from formula (31)

BRNO 2011 74



COMPARISON OF ANALYTICAL AND CFD SOLUTION -

(31)

. ¢“'YOU
0

. : “Y U h
€ ¢ & p

0 q . (32)
Al ) N h
V] € ¢8¢ p

a

Index n=0.125 and velocity ration=0.837 are experimentally foud values for the Reynold
number range 8.f8 Re > 5.18. | calculateda more accurate alue of the mean flow
velocity, then | also calculated the mass and volumetric flow through the pipe.

Mean flow velocity:

L A& ™Moo X & & h (33)
Volumetric flow:
0 ™ “8Yd) “8mMicK @ x Wrwd 8 (34)
Mass flow:

0 08 nnwudg nt prep CQ'A h (35)
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Graph.15 Dependance of the velocity on the pipe wall distance

In (Graph. 15) you can see the dependendbedflow velocity on the distance from the pipe
wall.
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10.3 CFD SOLUTION

| have used the simulation software for @ED simulationsThe software is divided
into several parts. Two main parts consist of the preprocessor and the postprocessor.
Geometry export, material of the flow medium, boundary conditions and mesh are set in the
preprocessor part. The postprocessor enables to workhsitiesults of the simulation.

10.3.1 BOUNDARY CONDITIONS

It is important to set the boundary conditions before each simulation. | designed the
model as an air model therefore | left out the wall thickness and the surface roughness. First
of all I imported themodel geometry to the CFD software, then | set the material properties
(Tab 14) and the boundary conditions (Tab 15). | placed the inlet at the end of the pipe and at
the opposite end | placed the outlet. After that | set the hydraulic gradient thagnsbgithe
boundary conditions. Finally | set the flow parameters (Tab. 16).

Tab 14 Material properties

DENSITY 1.2041 kg.nt
VISCOSITY 1.81710° Pa.s
GAS CONSTANT 287.05m".s K™
ATMOSPHERIC PRESSURE 101,325 Pa
TEMPERATURE 29315 K

Tab15Boundary conditions

INLET PRESSUREGAGE) 0 Pa

OUTLET PRESSURE -5,000 Pa

Tab 16 Flow parameters

FLOW COMPRESSIBILITY INCOMPRESSIBLE
FLOW MODEL TURBULENT (K-EPSILON)
SOLUTION MODE STEADY STATE
NUMBER OF ITERATION 1,000
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10.3.2 MODEL MESHING

| meshed the model @he CFD software which has its own meshing tobket the
number of elements at 50, 000 and at both ends | compressed the mesh because of a better
calculation courseAfter that | set the3 layers of prisms which enable to simulate the
boundary layerln (Fig. 64 you can sethemeshed model.

Fig. 64 Meshed model

10.3.3 CFD RESULTS

The simulation software finishethe solution after 500 iterations because | had set the
monitor point, monitoring the conditions cargence; when all these conditions are fulfilled,
software finishes the solution. In (Tab. 17) there are results of this simulation.

Tab 17 Simulation results

MEAN FLOW VELOCITY 73.% m.s’
MAXIMUM FLOW VELOC ITY 91.23m.s*
VOLUMETRIC FLOW 0.08Bm*s*
MASS FLOW 0.11 kg.s*

After the simulation | put the results tioe Microsoft Excel and Imadea graph othe
velocity dependence on the distaficen the pipe wall. (Graph. 16)
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Graph.16 Dependence of speed on the distance from pipe wall bfsokution

10.4 COMPARISON OF ANALYTIC AND CFD SOLUTION

As you @n see in (Tab. 18) and (Graph. 17), the analytic solution is very similar to the
CFD solution. This basic model proves the accuracy of the CFD analysis. The type of
elements and a mesh size have major influence on the results accuracy. Generally, the mesh
could be more compressed at narrow and more complicated.places

Tab18 Comparison of analytic and CFD solution

COMPUTED QUANTITIES | ANALYTIC SOLUTION CFD SOLUTION
MEAN FLOW VELOCITY 76.27 m.§" 73.96 m.§'
MAXIMUM FLOW 4 ]
Ve e 91.13 m.§ 91.23 m.&'
VOLUMETRIC FLOW 0.095m°.s? 0.0925m°.s*
MASS FLOW 0.12kg.s™ 0.11kg.s*
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11 CFD SIMULATION OF AIRBOX

As a part of the design of the whole intake system, | also had to project the airbox. |
had projected three wants, and because | was the first one who solved the shape and
properties of the airbox for a single cylinder Sl engine, | did not have any basis to compare
them with. Therefore | decided to simulate the airflow through the airbox to find out which of
the designed variants will be the most suit
was slightly short of time, | decided to do steady state simulation only. This type of
simulation helps to find the mass flow rate of each of the designed airboxexs anésult |
can decide which airbox is able to provide the best engine chaigwegpurpose of these
simulations is to choose the best variant which goes into production.

11.1 CREATION OF 3D MODELS

To create a 3D model, | used the data of the optimiziadke, dtained from the Lotus
Engine $mulation (chapter 8). Important data for the model creation included: the volume of
the airbox, the length andadneters of the restrictor partserted inside the airbox, and the
length of the bellmouth which wassa inserted inside the airbox. | designed the models by
CATIA V5 R19 software. | have selected this software because the models are quite
complicated as far as the shape is concerned and therefore they have to be designed in

Fig. 65 section of surface model of airbox(variant 1)
surfaces.

To build the surfae model | used functions like the multisection surface, which draws
the surface from section to section along the designed spine or guides. | also used the trim,
revolute and extrude functions for the model creation. | had to design an air model of the
airbox due to the CFD simulations. This model is composed of the air plenum, which has to
simulate surrounding air, the whole airbox model and the steadying tube. The length of the
steadying tube should be 20 times longer than the diameter of the tube g thatflow
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could be stabilized and we are able to get undistorted results. In our case the length of the
steadying tube is 800mm and its diametetGsim

11.1.1 VARIANT 1

When creating the first variant of the airbox, | started with the aforementioned
Formda 3,000 airbox which has quite similar requirements to thenkla Student airbox.
But | found only few pictures of the Formula 3,000 airbox; apart from that there are other two
big differences between these airboxes: Formula 3,000 engines are 4 cSlinddr 2 liter
displacement and in contrast to the Formula Student rules, the Formula 3,000 concedes a
throttle body for each cylinder which is placed inside the intakaer.

Fig. 66 Air model d variant 1

In (Fig. 66) you can see the air model of the airbox (variantl). On thkdeét side
you can see the air plenum which | created first like a surface by the revolute function. On the
right-hand side at the bottom you can see the steadying tube which | also designed in surfaces
by the revolute function. In the centre you can $eeairbox body which | created by using
the multisection surface function and also trim and join functions. When preparing the
complete model of the airbox in surfaces, | started with the volume conversiaal to
switch CATIA tothe part design (volumeprogram unit), the | created the volume model of
intake air by theclose surface and sphtinctions The ction ofthe final volume model is
shownin (Fig. 67).
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Fig. 67 Section of variantl air model

11.1.2 VARIANT 2

Variant2 is quite similar to the variant 1; the only difference betwéemtis in the
intake runner location. The intake runner is moved by 60mm towards the front of the airbox
wall, under the restrictor outlet (Fig. 68). The section of the air model is shqWwigir69)

Fig. 68 Air model of variant2
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Fig. 69 Section of variantair model

11.1.3 VARIANT 3

Thethird variant is radically differerfrom the previous ones. | started with the sphere
shape because as far as hydraulic losses are concerned, the sphere is shaped in an ideal way.
also eliminated the single bellmouth which is now included in the airbox shape. There is also
a place for thénjector at the upper side of the airbox.

| started with the airbox body. First | used the revolute function for the airbox base,
than | joined the sketch of the upper base to the bottom base with tangential curves. After that
| used the multisection gace function to design the shape. After | had obtained the basic
airbox shape, | started to design the space extension for the restrictor outlet (Fig. 70) which |
shaped by the multisection surfdoaction.

Fig. 70 Work with surfaces at airbox varia
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Next step consisted of the designing #ieplenum andhe steadying pipe which had been
describé invariant 1.

You can also see the air model d@hesection ofthe air modeln (Fig. 71,72).

Fig. 72 Air model of variant 3

You can also sethe abovementioned elimination athe single belmouth which is replaced
by the arbox shapingn (Fig. 72)

Fig. 71 Section of variant air model
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11.2 BOUNDARY CONDITIONS

It was necessary to set the same boundary conditions for all of the models because of
the results comparability. The set boundary conditions are lis{@&m19,20,2).

First | had to set the material qwerties(Tab. 18). Icalculated with a model of air,
therefore |1 chose one of the preset air materials. This air model has a changeable density
because | use the compressible flow, which means that the air density changes in dependence
on thetemperature.

Tab 19 Material properties

DENSITY EQUATION OF STATE
VISCOSITY 1.817.10°Pa.s
GAS CONSTANT 28705 nf.&. K™
ATMOSPHERIC PRESSURE 101,325 Pa
TEMPERATURE 29315 K

Setting the boundary conditions was the following step.(Tab.. 20applied the
pressure load first on the air plenum and then at the end of the steadying pipe, in which way
the hydraulic gradient waseated

Tab20Boundary conditions

INLET PRESSUREGAGE) 0 Pa

OUTLET PRESSURE -5,000 Pa

The kst step was setting tilew parameters (Tab. 21)

Tab21 Flow parameters

FLOW COMPRESSIBILITY COMPRESSIBLE
FLOW MODEL TURBULENT
SOLUTION MODE STEADY STATE
NUMBER OF ITERATION 3,000
FLOW MODEL K-EPSILON
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11.3 MODEL MESHING

| used te CFD meshing tool for th@eshingof the models. | prset the basic number
of elemens for each model, then | set special regions, which Hla&e own mesh density, at
critical airbox areaslhe last step was prism creation.

11.3.1 VARIANT 1

| set the basimesh density at 100, 000 elements, then | started to mesh more critical
places. For more accurate meshing | used the regions that are si{évgn 12).

Fig. 73Meshing regions variant 1

| placed the regions on the restrictor and the bellmouth with the intake runner because
these areéhe most critical places for the flow. Finer mesh means that the solution will be more
data intensive and more accurate as well. In (Fig. 74,@6)can seeahe top view of the

Fig. 74 Mesh of variant 1(top view)
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meshed airbax

Fig. 75Mesh of variantl (side view)
The final mesh of variant 1 had 3800 elements and solutidime was around Bours.

11.3.2 VARIANTZ2

As has been mentioned before, variant 1 and variant 2 are very similar to each other,
therefore | kept the same meshing procedure as in variant 1. In (Figor6an seéhe used

Fig. 76 Meshed regions of variant 2
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meshingregions.

The final mesh of vaant 2 had around 350, 000 elements and solution time was similar to
variant 1 (around 2 hours). In (Fig. 77) there is the mesharaint 2

Fig. 77 Mesh of variant 2 (side view)

11.3.3 VARIANT 3

For variant 3 | set the basic mesh density at 150, 000 elements because this variant
was more shapeomplicated than previous two variants; then | placed the regions to the
restrictor and also to the bottom of the airlfBig. 78)

Fig. 78 Meshed region of variant 3
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The final mesh (Fig. 79,800f variant 3 had around 4@M0 elements and solution time was
around 3 hours.

Fig. 79 Mesh of variant 3(side view)

Fig. 80 Mesh of variant 3 (top view)

11.4 RESULTS

| set the number of iteration 8000 for eachsimulationand afterthe calculation |
switchedthe programto the postprocessor terify the results.

| made 2 sections through each of the models. First section divided the model into two
halves and itcrossed the air plenum and the steadying pipe. This section was important
because it showed the flow direction and | was able to predict eventual hydraulic losses on the
walls. The second section was perpendicular to the first section and it was plideedrat of
the steadying pipe to secure the results accuracy. As the flow is steady at the end of the pipe,
accuracy of the results sgh.
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As | have explainedefore | wanted to comparthe mass flow rate through eact
thevarians and therto choose the best one, i.e the variant with the maxinnuass flow rate.
| started withvariant 1(Fig. 82

RE%LL

Fig. 81 Flow direction expresed by vectors (variantl) Velocity magnitude MIN =0 , MAX =194 n

As you can see, the intake air uses the whole volume of the airbox, which is very promising in
terms of the influence on the restrictor. This is alseghli promising base fothe transient

air flow mode in which the engine operates. When the engine is in the intake period, we need
the air to flow to the intake runnas short the way as possible; and also the influence of the
aforementioned pressure vemvfrom the intake runner on the restrictor has to be as little as
possible. That is the reason why the restrictor outlet has been inserted here. Because when the
pressure wave extends across the airbox volume, it should flow towards the airbox front wall
ratherthan to the restrictor, akis part of the airbox has a bigger volume than the restrictor
outlet part. In (Fig. 81) you can see the flow traces flowing througaithex.

The results of th@ariant 2 were noas promising as the results of thepousvariant As |
havementioned beford moved the bémouth closer to the front wall @he airbox, which

(1) Velocity Magnitudg £ m/s
194.091
186004
177.916

+ 163,829/
161742
F 153.695

[~ 145.568
- 137.451
- 129.394
- 121307

™ 113.2p
[~ 105.132
97.045
88.9582

- 80.87
- 72.784

[~ 64.6963
[~ 56.6098
- 48.5227
[~ 40.4356

,, i

Fig. 82 Flow traces (variant1) Velocity magnitude MIN =0 , MAX =194 . s
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alsobroughtthe belmouth andhe intake runneunde the restrictor outlet. Thisocid bean
advantagein terms of pressure waves effect onethestrictor but on the other hand the
utilization of the airbox volume is wors¢éhan invariant 1. In (Fig84) you can see velocities

Fig. 83 Velocity course (variant 2) Velocity magnitude MIN =0, MAX =129m. s

in theairbox (variant 2).

(1) Velocity Magnitude -
123,752

124,346
118.94
113.533

108.127

97.3143
91.9079
86,5016
81.0852
75.6889
70.2825

Fig. 84 Flow traces (variant 2)/elocity magnitude MIN =QMAX =129 m. $

In (Fig. 83 thereare flow traces whichdw through the airbox variai2You can also
compare the aboveentioneduseof theairbox volumewith (Fig.79). | used the same number
of traces as in the varidnand athe first sighthe utilizationof the volumeis lower.

The results of the variaBtwerevery promisingas well. The utilizatn of the airbox
volume was very higandthe hydraulic losses were also lowe to the sai spherical shape.
In (Fig. 85)there are velocity vectors in variant 3
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Fig. 85Flow direction expresed by vectors (variani®locity magnitude MIN =0 , MAX =157 m* s

You canalsosee the precis@olume splitting (Fig. 86), in the presented simulation there is a
swirl which is a result ofhecircular shape othe airbox. This swirl could ban advantaga

(1) Welocity Magnitude - m/s

157.242
[ 150.691
144,139

e~ 137.587
T 131.035
/1 124.434
— 117.932
1 111.38
— 104.828
T 98.2765
/1 91.7247

85.173
% 78.6212
72.0694

I [ 65.5177
1 58.9659
[ 52.4141
1 45.8624
1 39.3106
[ 32.7588
1 26.2071

139.6553
13.1035
6.55177
0

Fig. 86 Flow traces (variant 3) Velocity magnitude MIN =0, MAX =157 fh. s

terms ofthe air fuel mixing and thengine charging.
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11.4.1 RESULTS COMPARISON

In (Fig. 82,83,85) there are flow traces through all the variants. A flow trace is a trace
of an intangible particle which is drifted by the air flow. In (Fig 82) the airbox variant 1 is
split to the two flow parts which both create the thumdmhel perfectly utilize the airbox
volume. This effect could lead to the charging efficiency improvement. In (Fig. 83) you can
see that the flow through the airbox is chaotic and this could lead to higher hydrodynamic
losses, restrictor influence and chaggefficiency lowering. In (Fig. 85) the airbox is divided
into two flow parts that make the swirl and make a very good use of the airbox volume. This
effect could lead to the charging efficiency improvement.

Fromall the simulations | obtained the massaflrate values which were measured at
plane, placed at the end of the steadying pipe, and afterwards | compared these results
(Tab. 22).

Tab22 Results comparison

MASS FLOW RATE
VARIANT 1
(9s7)
1. 50.1
2. 369
3. 412

Having considered the simulation results, | decided to choose the airbox (variantl) due to its
mass flow rate and also its assembling dimensions
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12 FINAL DESIGN OF INTAKE SYSTEM

| havedesigned the final variant of the intake system on the basis dfotiie and
CFD simulations. Lengths and diameters of the intake runner are results of the Lotus
simulations and the airbox resulted from the CFD simulation.

When | had the final variant of the intake system, | started to solve the airbox
manufacturing. © select the material was the first step. | had the three options that are shown
in (Tab. 23).

Tab23 Material comparison

DENSITY
MATERIAL (kg/m?)
ALUMINUM 2,800
GLASS FIBRE LAMINATE 1,800
CFRP (CARBON FIBRE 1500
COMPOSITE) ’

Material surface should be as smooth as possible to minimize hydraulic losses of the air flow.
Another requirement is the weigbf the material which depesdn the material density. The

intake system should be as lightweight as possible because it issam@iiting construction;
another reason is the total car weight. Last of the main material requirements is the material
strength. The intake system has to be strong enough to endure nonstop pressure loading
during the engine running and it must not implodeéestruct itself.

| decided to choose the CFRP (carbon fibre composite) material because it is very
lightweight and strong. It is rather expensive but the total price of our airbox material is not
high thanks to total dimensions of thiebox.

Nextstep wago createof moulds for manufacturing (Fig. 87)

Fig. 87 Airbox mould (left part of airbox)
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