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Abstract

The development of fuel efficient internal combustion ergifICE) have resulted in a
variety of different solutions. One of those are the vagaldlve timing and an imple-
menation of such is the Continuously Variable Cam Phasingd®). This thesis have
used a simulation package, psPack, for the simulation oféiseexchange process for an
ICE with CVCP. The purpose of the simulations was to invedégvhat kind of design
parameters, e.g. the length of an intake pipe or the durafioambustion, that were sig-
nificant for the gas exchange process with the alternatiamtake pressure, engine speed
and valve setting. The parameters that showed a vast imgaettvose who affected the
amount of residual gas and the temperature of the air charge.

Furthermore a validation was made between simulation dagaied from psPack and
measured data provided in Heywood (1988). The validatianskl that for the general
behaviour the simulation results from psPack corresponadido the measured data.
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Chapter 1

Introduction

A short introduction for this thesis is given, and the corseyb a four-stroke engine and
CVCP are introduced.

1.1 Background

With the growing concern on enviromental issues caused mpostion engines, a more
fuel efficient engine is wanted. Over the last two decadesgelaumber of solutions
have been made for the internal combustion engine makingii¢ refficient. A couple of
these solutions have been fuel injection (in-cylinder att pgection), supercharging and
downsizing (turbocharger or supercharger) and recergly available for a greater mass
production, Variable Valve Timing (VVT) or Variable Cam Ting (VCT). One technique
for the variable valve timing is th€ontinuosly Variable Cam Phasi{@VCP).

The main reference in this thesis is John B. Heywood’s “maé€iCombustion Engine
Fundamentals” {f]). Therefore, some figures presented4hljave been used as a com-
parison with results gathered from this thesis.

1.2 Four-Stroke Engine

This thesis is focused on four-stroke enginasd how their gas exchange processes work.
A four-stroke engine incorporates four different strol@sphases;
the intake, compression, combustion and the exhaust phase.

The gas exchange process occurs during the exhaust and sttakes, i.e. the removal
of exhaust gas and the filling of air/fuel mixture, in the oger.

lwhen spoken of “engine”, the internal combustion engineEjI@ omitted (in this thesis), thuenginewill
be short for ICE unless stated elsewise.
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With various type of valve settings (i.e. valve openinggahg/overlap and duration) the
gas exchange process can be vastly influenced.

1.3 Continuously Variable Cam Phasing, CVCP, Basics

The CVCP application in an internal combustion engine workise way that it rotates, or
phases, the camshaft relative to the camshaft sprocket wiithiet the camshaft sprocket
(which is connected to the cranskhaft via a (drive)chain iming belt) to turn without
turning the camshaft. Therefore, it is possible to alterphasing of the valve profile
(i.e.. the opening/closing of the valve). With a dual ovextheamshaft, both the intake
-and exhaust camshaft could be set independently of ond@mdthe number of valve
settings, i.e. the degree of freedom for camshaft phasieged by design criterion. With
a shift of valve settings, the influence on the amount of @él/mixture (air charge) and
residual gasare two important factors. The air charge is important fal fand torque
control and the residual gas for its effect on engine opamati

If the intake valve opens at an early crank angle, with theaaghvalve still opened, the
pumping of the exhaust gas is in full due. At a fired cycle thieaesst gas, which (more
often than not) will be at higher pressure than that of thénaihe intake manifold, will
expand into the same. This will lead to an increase on the ahafuesidual gas for the
next cycle.

The valve setting described in the paragraph above is saia®a nonzero valve overlap.
This valve setting is most favored at high intake pressunelshégh engine speed, i.e. at
vast mass flows. It will aid the scavenging of exhaust gaséncthinder and thus min-
imise the amount of residual gas. (This in turn can produogesanburned hydrocarbons
(HC) in the exhaust. Hence, the amount of inducted air in $fi@der during the intake
phaes will increase. Thus, the amount of energy for combustill increase.)

With the opposite valve setting, i.e. no valve overlap, tkeamsion of exhaust gas into
the intake pipe is reduced. (Residual gas can still expaodiie intake pipe.) Therefore
this valve setting can be used at low intake pressures arideesgeeds.

1.4 psPack

The simulation model used in this thesis has been implerdént®IATLAB SIMULINK .
The model, calleghsPack([€]), has been (and is still being), developed by Per Oberg at
Vehicular Systems. The model will be further introduced hra@ter3.

the amount of exhaust gas trapped inside the cylinder whemsxhaust valve closes (EVC), is referred to
as residual gas.
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Figure 1.1. Different valve profiles plotted against crank angles. Take overlap occurs during
those crank angles where both the exhaust valve (EV) andathlesi valve (1V) is opened.

1.5 Objective

The objective with this thesis was to investigate what kihdesign parameters that are
significant for the gas exchange process. The differengdgsrameters used in this the-
sis are described further in Chapfgian example of such a design parameter is the length
of an intake pipe. In addition, why and how these paramétffsct the gas exchange
process at different operation points, should be invesgdjaFurthermore, the value of
each parameter was changed-byp% from its nominal value. Parameters correspond-
ing to pipes and etcetera, that are located before the imta@kefold, or after the exhaust
manifold, will not be investigated.

Swhen spoken of the design parameters that have had the@svaliered, the part “design” in design paramter
will be omitted.
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The three parametef3uration, i.e burn durationPhasing, i.e the crank angle at which
50% of the total mass inside the cylinder has burned,lang;, i.e the cylinder wall tem-
perature, were the only parameters that can change frora tyclycle or within a cycle,
during the operation of an engine. With the exception of engsrameters, the chosen
parameters that were used in this thesis for the sensitiviajysis, corresponds to areas
or lengths for different pipes/volumes or valves.

The trustworthiness of psPack should also be confirmed watimgparison between mea-
sured data and simulation results.



Chapter 2

ldeal Otto Cycle and Heat
Transfer

In this chapter some important properties of heat transfet an expression for the resid-
ual gas mass fraction from the ideal Otto cycle, will be preed.

2.1 Ideal Otto

The ideal Otto cycle is presented and explained further uersé references see e.g.
[6], [4], or [1]. The ideal Otto cycle can be summarised into two differéetrmody-
namic processes, an isentropjrocess and an isochotiprocess. The compression and
expansion phase follows an isentropic process, and thegdflheat during combustion
is adiabatic and isochoric.

With the adding of that the expansion of the cylinder gas atghs exchange occurs
instantly and follows an isentropic process, an ideal gab&mxge process may be added
to the Otto cycle. The ideal Otto cycle, with the additionasgxchange is shown in

Figure2.1

As will be noted in later chapters, the residual gas (mass}ifin plays a vital role for the
internal combustion engine. Thus, with the aid of an ide&b ©ycle with the additional
ideal gas exchange process, one will find an expressiondaesidual gas fractiom;,.,,
as,

pevcVEVC

_ Myrg  “"RTgyc
Tpg = = , (2.1)
‘ Mot pevoVevo
RTgvo

where the values ofgv o, pevo, Vevo, Teve, pEve andVey o will be derived at the
event of the exhaust valve opening (EVO) and closing (EVEpeetively.

1i.e. with no heat transfer (i.e. adiabatic) and a reversilmek the process will become isentropic.
2; -
ie.dv=0.
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Figure 2.1. The ideal otto cycle with the additional gas exchange pmcdhe numbers in the
figure are refered to as: “1” being the start of compressighilte start of combustion, “3” the end
of combustion and start of expansion, “4” the end of expansib” burned gas expansion to the
exhaust manifold pressure, “6” EVC and “7” IVO.

Thus, e.9.pEvo = Pesp, IS the cylinder pressure at the end of the isentropic exjpani
process, the same goes 10 = Tesp andVeyvo = Ve + Va.

At EVC, the burned gas have undergone an isentropic expatsibe exhaust pressure,
ie.
‘/tot

N
= Pexh — 5 2.2
PEVC = Dexh pEvo(VEVC) (2.2)
_ _ Pezxh %71
Teve = Tewn = Tevo( ) » and (2.3)
PEVO
Veve = Ve, (2.4)

wherey = 22 andc, andc, are the specific heatswith a reversibléprocess the specific
heats can be expressed as follows,

dh
cp = (ﬁ)p and (2.5)

du

). (2.6)

e = (

3The energy needed for the increase of one degree of a unit mass
4A process where the path of the process is always infinitésilose to its equilibrium conditions, is called
areversible process.
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With the use of Equatiofi.2- 2.3in Equation2.1, the following will hold,

‘/c Tew < 1 Tew 1
Trg = hy5= = % h)wfl. (27)
) ‘/tot Tezp 1 + 7‘: Tezp

2.2 Heat Transfer

The transport of thermal energy occurs through three diffetypes of heat transferpn-
vection conductiorandradiation.

Heat transfer to the cylinder wall in a spark ignited (SI) imegoriginates from heat trans-
fer by convection. The conductive heat transfer that ocoetaeen the cylinder wall and
the coolant, is not of interest in this thesis. The heat fearisy radiation in a Sl engine is
insignificant in magnitude compared to the heat transfernyection (f]). Thus, it will
be left aside.

Heat transfer to the cylinder wall is described by Newtoa{s of cooling:

Q = Ah(T — Twan), (2.8)

whereA is the contact area, is the heat transfer coeffiecefit,;; is the temperature of
the cylinder wall,T" is the temperature of the gas afids the heat transfer to the wall. The
heat transfer coefficent is an unknown parameter, it maygkiewybe estimated using the
Nusselt, Reynolds and Prandtl numbers, as show]irFpr estimating the heat transfer
coefficient, Equatior2.9is used, which holds for a number of different flow geometries
([4]) (e.g. flow trough pipes).

Nu = C(Re)™(Pr)" (2.9)

whereNu is the Nusselt numbeRe is the Reynolds numbeRr is the Prandtl number,
C, m andn are constants.

The Reynolds, Nusselt and Prandtl numbers are dimensgaqiestities that are defined
as,

Pr= % (2.10)

Re =2 (2.11)
1

Nu = %, (2.12)

wherey. is viscosity,k thermal conductivety;, is the specific heat under constant pres-
sure,p is density,v is gas velocity] is the characteristic unit of length aids the heat
transfer coefficient.



8 Ideal Otto Cycle and Heat Transfer

2.2.1 Approximations

Annand, Hohenberg and Woschni, have all provided appraioms for Equatior2.9.
For this thesis Woschni’s approximation was used and igftwr presented further. The
other two are presented in e.d].[

Woschni

Woschni found a good approximation to Equatibf (see [L1]) with,
Nu = 0.035Re™. (2.13)

As noted in Equatior2.11, the Reynolds number depends on the velocity of the gas and
Woschni further assumed that the gas velocity was propwtio the mean piston speed
during the intake, compression and exhuast stroke, 5de During combustion and
expansion, the gas velocity will increase due to the fadttth@density changes. Hence,

a term that is proportional to the pressure rise (at a firedegyompared to a motored
cycle (p — pmotored), IS added to the gas velocity. The derived gas velocity,liergas
exchange, compression and combustion is presented inigqdat4

ViTrve

0 - MPmotore 9 9 214
orveVive P(0) = Pmotorea()) (2.14)

v = 015p+02

whereS,, is the mean piston speed (i.8,, = 2/N, wherel is the stroke anadV is the
engine speed) alis the crank angle. The values of the two constantandcs, have
been derived through experiments made by Woschni. Theatkvizlues are,

(6.18,0) during gas exchange,
(c1,c2) = < (2.28,0) during compression, (2.15)
(2.28,0.0034) during combustion and expansion.

With the approximation of: ~ 7952 andk ~ T° 7 from Woschni (1965) ([(]) and that
the gas is ideal, in Equatich13 then the following will hold,

hB #7VB \m

T0.75 — 0.035( 70.62 )" =
0.035,R~™ pm —0-62my/m
—

c3

<~
h = Cgme0'75_1'62mBm_1’Um (216)

where the linear characterisc dimension has been takeneasytimder bore B) and
Woschni ([L1]) further suggested that the parameteshould be set to 0.8. (Note that,
is the heat transfer coefficient, not enthalpy.)



Chapter 3

Introduction to psPack

This chapter will give a brief introduction on the tool fonwmilation, important models
and their built-in alternatives.

3.1 Modules

The simulation package, i.e. psPack, is built, or desigh@dye modular. Therefore
any adding, or removing, of a different implementation. (i@ submodule) should be
easy. Thus, there might be a vast number of implementatmreny such module. The
modules are combined into a model for simulation at an usemdty GUI*. A snapshot

of the GUI is shown in Figur8.1 For further information regarding the design of psPack,
see B]. The purpose of psPack is to give a better understandingartiie gas exchange
process is affected by various valve settings.

3.2 Multi-Zone Model

A multi-zone model has several zones at which a fraction efehtire volume will be
present.

The reason for a having a multi-zone, could be that of e.g.damapression ignited (Cl)
engine, the charge is stratified, hence the fuel/air-ratiwill differ throughout the cylin-
der. Also the calculation of emissions from a spark ignitet,(or CI, engine requires an
extensive temperature history. The temperature historyaoe, will provide neccessary
data for deriving the different speciments after combustié/hen this is not needed, a
one-zone model is sufficient. The simulation package, gsPas the implementation of
both a two-zone model and a one-zone model.

1Graphical User Interface
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File Help ¥
-A- psPack -A-
— Sub maodules:
- Information:
Currert dir. Hlosjobb
psDist dir HuejabbipsPack_WOpsDist
Simulation clir: Hioefabb

Figure 3.1. A snapshot of the psPack presentation GUI. Every submodulepiresentated to the
left and has a dropbox to the right. The dropbox contains ¥héable models for that submodule.

3.2.1 Two-Zone Model

During the gas exchange and combustion a two-zone modetds Udis is from the fact
that during combustion there will be a mass transfer fromrasutned zone till a burned
zone. During combustion the mass transfer will be accorttitige combustion efficiency,
Neomb, Of the total mass. The.,.,,, was set, with the help of data presented ij, fo
99%. The value ofy...,s May be set arbitrary close to one, but it is essential that the
simulation tolerances are changed accordingly, sincauivgise to sef).,,;, < relTol?.

At the event of EVO, the last percent of unburned mass wilhbihis in fact releases the
energy instantanously, but since the expansion pahse $héidj the added temperature
will only be noticealbe in the exhaust manifold. In a casehwiackflow, this would
however change the temperature of the residual gas. Whiehinrwould change the air
charge for the next cycle. It is thought, however, that thatirely small effect that this
has, is negligable.

3.2.2 One-zone model

Upon the event of IVC, the two-zones are instantly mixed ion@ zone. The mixing
of the two-zones occurs under adiabatizixing conditions. Mixing is a free expansion
proces$where the internal energy does not change.

2relTol is the global relative tolerance level for simulation
Si.e.dQ =0.
4c.f Joules experiment.
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3.3 Thermodynamic Properties

With the high pressure and temperature in an internal cotigsusngine, the number of
molecules will changer( = n(p,T)). Also with n(p,T), the molar mass will change,
i.e. M = M(T,p). Hence, the ideal gas state Equtai, will not be valid. This is

because of that the ideal gas constéht; ﬁ, will no longer be constant. Instead of
Equation3.1, Equation3.2will hold.
pV = nRT = mRT. (3.1)

To be able to use Equatiéh2, R(T, p, ¢, x;) must be derived. A program like tighem-
ical Equilibrium Program Package (CHEPR)3]), will provide the necessary thermo-
dynamic properties, such &$7’, p) for evaluatingR (7', p, ¢, x;) in Equation3.2. Other

thermodynamic properties that may be neededchate c,, c,, v, R, 42, ‘3—1; and4ft.

3.3.1 Submodule of Thermodynamic Properties

Because of the properties mentioned above, there are, athsfeveral different imple-
mentations on how the gas should be treated. Since the aatrubf thermodynamic
properties is a potential time-consuming process, it ievitssuse gas models that are
accurate enough, within the region of interest. Howevas, jtossible to call CHEPP, in
every timestep to evaluate current thermodynamic praggertn the current implemena-
tion of thermodynamic properties, the options range frorBiaiple” gas composition, to
a gas composition with air as its only content.

With the “Simple” gas composition, the gas is treated as ealidas in that sense that
Equation3.1, with the addition of that thermodynamic properties mayngeawith¢ and
residual mass fraction, is valid. There are also assumptizade onR(T, p, ¢, x;)° and

it will fullfill the following, ‘;—ﬁ = ‘fl—}; = 0. Itis also assumed that the specific heafs,
andc,, will be described by simple polynomials.

The somewhat lower temperature during the gas exchangearethfo the temperature
during combustion, will hold Equatio®.1 vaild. Thus, the assumptions made regarding
R, ¢, andc, are valid, at least, throughout the gas exchange process.

There are also implementations of a “Simpler” and a “Simphesriant of the gas com-
position.

With “Simpler”, R = R(¢) i.e. the gas constant has some dependency on the fuel/air-
ratio for the mixture. The specific heats are treated as aotsst

With the third implementation, i.e. “SimplestR, ¢, andc, will be regarded as constants.

Ssince¢ andz; are constants, they can be omitted, (is the burned mass transfer and is constant at each
zone.)
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There is also a fifth implementation, “Tables”, that will tee user to specify an unique
gas composition. The only request is that the user-defingedvigbeshare the same struc-
ture as “Simple”, “Simpler” etc.

Because of the excessively simplified models of “Simpled &implest”, they were not
chosen for the simulation. The selected implementatiosifoulation was “Simple”.

3.4 Heat Transfer

The implementation of heat transfer is Woschni’s heat feamaodel. The choices left to
be decided by the user are the two constantndcs in Equation2.14and Equatior2.16
respectively. The constang will indirectly change the parametey.

Woschni’s model was first developed for the use of estimdtiegheat transfer in a Cl
engine. Thus, the suggested valuespandcs in Equation2.15are derived from a mea-
surments made with a Cl engine.

As can be noted in Figure 12-10 and 12-16 4k, fthe correlation at an instant during
the cycle is quite poor. However, the estimation of heatdfenduring a closed cycle is
good (see e.g5] p.40). This was one of the main objectives with Woschni'at li@nsfer
model, (see Equation 1 inl[]). Therefore it is widely accepted and have been used in a
large number of books, articles etc.

3.5 Burn Profile Model

With the use of a Vibe function (seé]], the estimation on how much and fast the burned
mass develops could be derived, c.f EquaBdhi.e. the mass transfer between the zones
during combustion. For the derivative of the Vibe functiomito crank angle, see Equa-
tion 3.4. The choices to be made with the Vibe function is to deterntiirgedifferent
values ofa, m andf.,,,p = 0. — 0,.

0—06s .m
B = Neoms (1 = exp(—a(7—-) ) (3.3)
drp alm+1),0—05 \m 0 — 05 \m+1
a0 ~emg g, (g, —p,) walg—p) ) (3.4)

wheref is the crank anglé),, 6. are the crank angles for the start and end of combustion
respectively andg andm are design parameters. The combustion effeciengyus,
could be estimated with the help of data presented in Heyw®88)(p.82 {]). In [1],
several different types of engines and operation pointpi@sented togethter with a burn
profile and the corrensponding valuesiadEndm. The data could therefore serve as a first
indication on the wanted values.
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3.6 Engine Model

For the moment there is a pre-defined engine model in psPathwias also the one
used for simulation. The model consist of control volufpés. an intake pipe, and
restrictions, i.e. a valve. Each volume is divided into ¢hsections. Each sections will
hold a plug, that will move in the direction of the flow, i@pstream®r downstreams

The direction of a mass flow in an engine is to be consideretie@didw of water in a
river. Thus,downstreamg¢DS) would be the normal flow direction, i.e. from intake to
exhaust. A flonupstreamgUS) would therefore be in the opposite direction. A mixture
that will flow downstreams, is considered to consist of eithesh or burned mixture. In
the opposite flow direction, the mixture will be consideredbé of burned mixture.

A restriction is treated as described in the system of eqogdi.4.

3.6.1 Submodule for Engine Models

The geometry of pipes, intake manifold, cylinder volumelvgaarea and etc, can all
explicitly be set by the user. However, there is a pre-deferegin€ geometry that could
be chosen. This option was also the one chosen for simulation

3.7 Variable Valve Timing

One of the main objectives for psPack, was to create a siitonlptickage, at which one
could simulate the correct behaviour from a variable vaiveng (VVT) engine during
the gas exchange process.

Therefore, the user is left to fully control how the valvefileoshould look like, it is just
a matter of defining it in the right way. However, there arevggbrofiles from a SAAB
engine present, these could serve as an indication on howrtfige should, or could,
look like.

6A control volume is volume where user defined physics is satbtd.
7SAAB L850 engine
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Chapter 4

Validation of Results Acquried
From psPack

This chapter will serve as a small comparison between data simulations to a set of
measured data retrieved from Heywood (1989) [t is wise, as stated in the introduction
for this thesis, to have a copy of Heywood (1984) gt your side when reading this
chapter.

4.1 Instantaneous Mass Flow of Exhaust Gas During Ex-
haust Phase

Due the lack of data from an instantaneous mass flow meterecand data provided
in [4] will serve as the data for validation. In1]j Figure 6.20 is of interest, where engine
measurements have been made for three different engindssp®e same engine speeds
as in Figure 6.20, were used for acquiring simulation datee ialve setting used during
the measurement is not mentioned, therefore the standarrmal, valve setting was
used for the simulation.

The result from simulations are shown in Figutd. (Note that Figuret.1 is plotted
against crank angle, not time.) The time when the mass flovhiked at EV have
been marked in the figure. By the comparison of Figlifieand Figure 6.20 in4], the
two figures share the same general behaviour for the mass fiomgdhe exhaust phase.
However, the magnitude of mass flow during the blowdownedifby a factor two, which
is significant.

Because of the increased mass flow from simulation, an dedbgsed on the set of
equations from a compressible and isentropic flow througdssaiction, will be made.

1a choked (or critical) mass flow occurs when the velocity efiass flow at the minimum area, throat, or
restriction reaches the speed of sound

15
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The section that follows, will hold an analysis on how a masw fihrough a restriction
can be derived from the set of equationsif yielded from such an analysis. The reader
who is familiar with this, can skip forward td.1.2

T
Exhaust gas mass flow at 1200rpm
X Start of choked flow
[0 End of choked flow
/\/1800”““ — — — Exhaust gas mass flow at 1500rpm
0.1+ ¥ X Start of choked flow H
ulst O  End of choked flow

N \ — - — - Exhaust gas mass flow at 1800rpm
1 X Start of choked flow
i 0 End of choked flow
i

0.08-

0.06 -

0.04-

Mass flow rate of exhaust gas [kg/s]

or B 1200rpm - : : 4

-0.02 L L L L L I I
100 140 180 220 260 300 340 20 60

Crank angle [deg]

Figure 4.1. The mass flow of exhaust gas through the exhaust valve dumnmgas exchange
process. As can be seen the exhaust mass flow is choked diaing part of the blowdown phase.
The displacement phase is the result of the piston pushisesgaut of the cylinder (some reflections
are also noticeable).

4.1.1 Compressible and Isentropic Flow Through a Restrictin

The same system of equations, yielded after an analysis mgdg regarding a com-
pressible and isentropic flow through a restriction, is @nésd in Equatiod. L
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ps = max{pa,p (7))
o 21
“ - \/C%(H?;Tl(l_(%) K (4.1)
* J—
T, = TET
P2 - RI;?I'2
m = padesrca

where subindex “1” and “2” indicate quantities before anttiathe restriction, respec-
tively, ¢ is the gas velocity.

By letting the gas before the restriction be at rest, &e.= 0 (this could be seen as a
relaxation of the dynamics) and the introductionlbf= z—f, the system of equations in
4.1 could be reduced to,

p;:max{p27pl(,y_2|_1)’y_711} H:z—%:max{%’(vil)ﬁ}
* X ~—
ey = \/2c,,T1(1 —(B)7) ¢ = /26,11 (1 -5
a1
- r (5 > | mmns “2
P;pl P2 = R12)2T2
p2 = , . —
m:lfjiffc} = Acrp s \/2c,,T1(1—H )

With the assumption that the gas is ideal and that the ideatgastani?, is assumed to
be same for the gas during the whole exhaust phase (in faasisbme dependency of
temperature, se€]), i.e. Ry = Ry = R.

The last equation id.2 can therefore be rewritten as,

. p11l y—1
= Aepp—2 /26,1 (1 - 1175 =
ffRTln”Tl\/ o1 )

{R>O, T120}:
D1 1 2cpTl =1
Acsy IT 1-1I =
yrn \RR T

P1 2y 2 yt1
Aopp—me | —— (117
VRTN v =1

b1
Acss \/R—quj(n)' (4.3)

Hence, withc; = 0 in Equatior4.1, the following will yield,

l_‘[ = max Z_?’(y-zkl)ﬁ}
v = /2t ) (4.4)
o= AcppHU(I)
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Therefore, the last equation in the system of equatiér will describe the mass flow
through EV during both the blowdown and displacement ph&gleen the mass flow is

choked, i.ell = (W_QH %) = Const, the mass flow will only depend on the valve lift

(i.e. Acsr) and gas properties, such as pressure and temperaturearpstof the restric-

tion. Note thatZ= is the density of the flowing gas.

4.1.2 Discussion

The main difference between Figufel and Figure 6.20, occurs during the blowdown
phase, i.e. the part of the exhaust phase that mainly cemdiatmass flow that is choked.

From Equationt.4, Equation4.5can be retrieved. Thus with a choked flow the mass flow
will solidly depend on the closed cyélsetup (i.e. gas properties such as temperature and
pressure) and the valve profile (i.e. the valve lift and tlieative flow area),

m = Acysp1v/ RT1V(ID). (4.5)

Closed Cycle Setup

The differences in density and temperature between sifonldata and measured data,
can reside from the fact that both the compression ratiand¢, differs. The measured

data, has been run at a fuel-rich mixtupes= 1.2 and at ar. = 7. The simulated data has
a mixture atp = 1 andr. = 9.5.

With a higher compression, both the density and temperafiute gas, during the entire
cycle, will be higher.

With a greater content of air, i.e. a leaner air/fuel-migtuthe air/fuel-mixture will be
combusted to a greater extent compared to a fuel-rich n@xile. the temperature will
be higher for a lean-mixture. With a fuel-rich mixture us¢th& measured data, the fuel
vaporization process will lower the temperature for théf@él-mixture. Thus, this will
further increase the gap in temperature between the sietb#atd measured data.

Valve Profile/Settings

The valve profile will have a considerable impact on both tlagnitude and how fast the
maximum mass flow can be obtained. This is probably the reastmwhy the blowdown

phase occurs more rapidly (i.e. at less crank angles) inr&#ytcompared to Figure 6.20
in [4].

In Figure 6.20 it can be noted that the mass flow corresporfdimg the highest engine
speed, has only a small dip in mass flow at the transition kaiwkee blowdown and
displacement phase.

2j.e. both IV and EV are closed
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This, however, can not be noted at either of the engine sdeetlse simulated data (c.f
Figure4.1). The reason for this is probably that the area for the exhage used in{],

is smaller compared to the one used at simulation. Since desrwalve area will be
a greater restriction, the masss flow must therefore be higinéng the entire exhaust
phase. Hence, the valve area, used for simulation, is griwtie the one used iAl].

The impact of a greater or lesser exhaust valve area, some&88%hown in Figuré.2.

It can be noticed that the decreased valve area will restréctnass flow during the blow-
down phase, i.e. there will not be a sharp decline of mass ftahestransition between
the blowdown and displacement phase.

During the displacement phase both Figure 6.204jnajhd Figure4.1 share the same
magnitude and behaviour, i.e. the two engines are compaialengine volume. Also,
the isentropic and compressible mass flow at the displacephase is very similiar to
that of Figure 6.20 in4].

s flow at 1200rpm

e
Iy

el

008

Mass flow rate of exhaust gas [ks]
Mass flow rate of exhaust gas [kgls]

100 140 180 220 300 340 20 60 00 140 180 220

260 260
Crank angle [deg] Crank angle [deg]

(a) Exhaust gas mass flow through a 30% greater @3- Exhaust gas mass flow through a 30% lesser ex-
haust valve area. haust valve area.

Figure 4.2. The mass flow of exhaust gas through the exhaust valve dunmgas exchange
process, with the effect of a change in area for the exhaugé waea. It can be noted that the
smaller valve area will restrict the mass flow at the blowdgtlias there will not be a sharp decline
in mass flow at the transition between the blowdown and digphent phase.

Choked Mass Flow

By examining Figure 6.20 in/], the blowdown phase (i.eM > 1 in Figure 6.20 {])
appears to occur during a greater number of crank anglegya@u to Figuret.1. The
reason for this could be that the pressure quotioent betiweeim-cylinder and the ex-
haust manifold pressure, increases too quickly. Thus, tineber of crank angles with a
choked mass flow, will decrease.
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It can also be noted in Figure 1, that the number of crank angles at choked flow, will
increase with engine speed. This is from the fact that thevdddovn will have less time,
i.e. a greater number of crank revolutions occurs at less.tim

4.1.3 Conclusion

With differences in closed cycle setup (i.e. the densitythedemperature of the mixture)
and, probably, valve settings (i.e. valve area/lift an@&t@), the difference in magnitude
for the exhaust gas mass flow, is likely to be caused by thesdatmtors, i.e. a different
valve setting and setup for the closed cycle (c.f Equatiéh

4.2 \olumetric Efficiency

A small comparison was made for the volumetric effiency betwihe simulation data
and Figure 6.11 in4]. In Figure 6.11 in {], both the valve overlap and valve duration
have been altered. The valve settings where changed to heesaine valve settings as
presented in Heywood. The valve settings used for validatie presented in Tablel

10/ 0 J19[10]30] 20
15/ 50| 45[60 ] 70] 60
PIM Wide Open Throttle

Valve timing

Table 4.1. The different valve settings used as the comparison betWwagne 6.11 in Heywood
and simulation data retreived from psPack. The row desggithie different valve timing should be
treated as the crank angles where: IVO (before TDC) upperl\éE (after BDC) lower left, EVO
(before BDC) lower right and EVC (after TDC) upper right.

The definition ofy,,; is presented in Equatich6.

Mair

Pan’

Tvol = (4.6)

wherep, is set as the density for ambient air.

In Figure4.3, the volumetric efficiencyy,,; has been plotted against engine speed. This
figure should be compared to Figure 6.11 if]. [The data gathered from simulations are
of wider range of engine speeds than those presented.ifhis is because of the vast
effect that a combination of intake pipe lengths and engieeds, i.e. gas velocities, has
on the volumetric efficiency. Thus for yielding the same haétar as in Heywood the
maximum engine speed was increased to compensate for timhly, different length

of intake pipes.

From Figured.3, it is evident that the valve timing and duration plays alvitde for 7,,;.
The valve setup with the smallest valve overlap and duragieid a decreasing effect on
vor @S the engine speed increases.
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The time when IV is open is decreased at higher engine speadetwith a small overlap
and duration there will not be enough air inducted duringititeke phase to sustain the
highern,,;. At low engine speeds this valve timing yield the highgst and the reason
for this is partly because of its small valve overlap.

The small valve overlap will minimise the backflow through &vd therefore minimise
the amount of residual gas.

The other part is that, at a low engine speed, i.e. at low mass fthe air charge flowing
into the cylinder has a small inertia, i.e. the flow directionthe gas, or air charge, can
be affected by the piston (with IV still opened) as it stahts tompression. Thus, it is
not wise to have IV open long after BDC at low engine speediesthe motion of the
piston will push air charge through IV and thus reducing tbkimetric efficiency. This
effect can be avoided with an earlier closing of the intakeejavhich is being done at
this valve setting and therefore minimising the effect esfr mixture being pushed out
of the cylinder.

The backflow effect at low engine speeds is evident for thedther valve setups. They
both suffer from this, thus yielding a lowey,,;. But as engine speed increases, they will
give a highen),,;.

The valve duration is also an important partf;. With less valve duration, the raming,
or trapping, efficiency will decrease, thus decreasing. Ram effects occur at the period
from TDC to IVC. This is because of the inertia of the gas, thwall take time for the gas
to change its direction, hence the amount air that can bectaeduuring the intake phase
will increase. This effect is clearly noticable for the loalwe duration setup. When gas
velocities, i.e. engine speed, increase, this effect vatllve apperant for the low valve
duration. Thus decreasing,; at high engine speeds.

However, there are some divergencies with the Figure 6.t1FRigure4.3 The valve
setting with 1V: 30/70 EV:60/20, does not yield the same héha for n,,; as the data
in Figure 6.11 (f]). In Figure 6.11 the trend is obvious, an increase in engpead will
increase), ;- This, however, is not that obvious in Figute3 at the same valve setting.
The reason for this is most likely that the intake pipes4hdre more tuned to fit this
valve timing and thus yielding a highey,,;. Since the information regarding the size of
the intake pipes is not presented, the intake pipes usednfaiiaion were not altered.
Thus, the formation of peaks will differ since, most liketiie size of the intake pipes
differs.

The valve setting IV: 19/45 EV: 60/10, yields the same soltelfaviour as in Figure 6.11
([4]). The peak imy,;, is not as evident in Figuré.3 compared to Figure 6.11, but the
overall shape is the same.
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However, the overalh,,; is somewhat lower for the simulation data than with the mea-
sured data. This could be explained by the same reason thatiseussed in sectighl
Which is that the gas temperature is higher at simulation thigh measured data. With
an increased temperature thg, will decrease (the density increases). But in total the
two figures share the same type of results.

80

751

70r

g
= ! o gsags8
= 65} ]
60 b
55 —8— 1V:30/70 EV:60/20
—6— IV:19/45 EV:60/10
—4A— |V:10/50 EV:50/0
50 :

1550 2300 3050 4050 4800 5500 6300
rpm

Figure 4.3. Volumetric efficiency plotted against different engineeg® The valve timings are set
as presented in Tablel The effect of differet valve duration and timing, @i, is noticeable as
the engine speed increases.



Chapter 5

Simulation Setup

This chapter presents the selected operation points, wéytiave been selected and how
the operation points have been set in psPack. There will ladsa presentation of some
interesting quantities that were derived from the simuolatiata.

5.1 Operation Point Setup

The different simulation setups involve three differeritessettings, intake pressures and
engine speeds. They have been combined to form a total offf2¥edit operation points.

(As will be noted in Chaptes, not all of these operation points provided results thaewer
correct. Thus, some of the combinations have been removed.)

5] 24 [26] 36 [55] 74 |

77 73 |56 61 27 23

Engine speed] 1600 RPMI 2800 RPM § 4000 RPMI
DIM | Obbar | 1bar 1.3bar |

Valve timing i

Table 5.1. The different operation points used during simulation. Thmbination of them will
generate 27 different operation points. The row describieydifferent valve timing should be
treated as the crank angles where: IVO (before TDC) upperl\é€ (after BDC) lower left, EVO
(before BDC) lower right and EVC (after TDC) upper right.

5.1.1 Intake Manifold Pressure

Three different engine loads where used during simulati®acause of the direct cor-
relation between engine load and intake pressure, theemedssure could therefore be
treated as the engine load.

Since the intake manifold pressure can not be set directpsPack, the data from an
engine map were utilized.

23
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The data was used to determine both the pressure beforertitdettand the effective
throttle area. The following procedure was used:

From [6] it is clear that the airflow into the cylinder can be desctlilas:

NVppru

> 51
ne R Trm ®-1)

mair,cyl = Mol

wheren,,; is the volumetric effiency and,. is the number of crank revolutions for every
power (expansion) stroke per revolution, i.e for a fouolstrengine:, = 2. The airflow
through the throttle plate can be derived with Equatich

. pUs
Mairthr = ——=A hrCD\IJ Pr), (52)
! VRyusIys ! (pr)
p, = PBS (5.3)
puUs

wherepps = prav, pus = Pref,thr, Cp discharge coefficient and;;, Cp = Acyy thr.
U is the pressure ratio function from Equatiér. At steady state, Equatidhland 5.2
are equal. Hence,

oot NVpprv  — Poefthr A ron®(pr)
vo - ef f,thr r)-
ne Rl v RampTamb 1
<~
Vo V N Ram Ta/m
Act fahr = Nvol VDINPIM V b b (5.4)

e Riva Trne Y (pr)Poefthr

wheren, ~ 0.9, n, = 2 andpy.r+n, Was determined using data from the engine map
(at the desired intake pressure and engine speed).

5.1.2 Engine Speed

The chosen engine speeds were selected in conjunctionheitiviilable intake manifold
pressures from a provided engine map. With this in mind tleeseh engine speeds were
1600, 2800 and 4000 RPM.

5.1.3 Valve Timing

The different valve timings used during simulation haverbie¢roduced in Tabl®.1. As
can be noted in TablB.1, the valve duration does not vary between the differentevalv
settings. In Chaptes, the alternatives for setting the valve profiles in psPackeveks-
cussed. Since the same valve duration will be used, the salve lift profiles may be
used. Thus, the information needed by psPack, is the cragik ahwhich the valve pro-
file is at its Maximum Open Position (MOP).

The MOP occurs roughly halfway through the valve duratiohe Three different valve
timings that were used the notation presented as TaBleThe different valve profiles,
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Valve fimin 524 26[36[55] 74
g 77 73| 56 61| 27| 23

Corrensponding MOP, IV/E\] 485/240] 464/252] 435/290

Table 5.2. Valve timing representaded as the crank angle where theriMari Open Position
(MOP) occurs. The presentation of the table is the same de Zdb

or timings, can be seen in Figubel. Note that Figuré.1, states the fraction of opening
area and not valve lift. Even if the lift profile has a unique Ri@e area fraction profile
may be flat. The differen valve settings, were chosen fronfitiethat the maximum and
minimum valve overlap are dead points for the phasing anthilhe one was chosen as it
offers a standard valve overlap.

— — —435/290
——464/252
— — 485240

0.8r

o
=
T

Valve profile [-]

o
~
T

0.2

Figure 5.1. The three different valve profiles, with the correnspondifd@P values as presented
in Table5.2. The figure states the fraction of valve opening area, noeuift, thus the curve will
be flat when the valve lift reaches a certain length. Thawmsneéhough the valve lift increases, the
fraction of opening area will not. The limits are elsewhere.

The change of valve setting was made before each simulati@mce, only stationary
conditions were simulated. On the other hand, at the trahdiere are some interesting
phenomenons occuring. The cam phasing shift has a spee@ dedls (CA revolutions),
and any effect on the valve duration will have a vast impactaimum relative differ-
ence of 80% in mass flow and 20% in residual gas has been not@béng et. al T],
during the transient.
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5.2 Parameter Setup

Along with the different operation points, the value for el design parameters were
also varied. They were changedb% from their nominal value. The parameters that had
their values altered are given in Talile3.

Parametenn Nominal value| Parameter| Nominal value
V. 58.8 cn¥ Duration 60 ATDC
Phasing 10 ATDC Lpem 10.0cm
AP,EJ\/I 12.8cn? LC,EM 5.00cm
AC,EM 25.0cn? Lpﬂ]]\,{ 10.0cm
Ap)]]u 15.0cn? Lc)]]u 10.0cm
Ac_]]]u 100cn? A]V 16.0cn?
Apy 12.0cn? Frem 250
FT]]\,{ 250 TWalll 470K

Table 5.3. The parameters that have been altered during simulation.

(The nominal values have been taken from a SAAB L850 engifM@3t of the parame-
ters are selfexplanatory, therefore some of them do notaegturther presentation. The
parametetDuration is not the valve duration, but instead it is the burn durat@rthe
air/fuel mixture during combustion.

The parametePhasing set at which CA 50% of the total mass should have burned.

The parametersrg,, and Fryyy, sets the pipe friction in the exhaust and intake mani-
fold respectively.

5.3 Number of Simulations

With the use of 16 different parameters and 27 operationtpdime number of simulations
that provided useful datavere 792. From the fact that each simulation took some 3-4
hours of computing, this thesis would never have ended inraagonable time. The
simulations were therefore performed in a parallel manner.

5.4 Extracting Useful Data From Simulations

5.4.1 Average Exhaust Temperature

For measuring the thermal energy blown out of the cylindeinduthe blowdown and
exhaust stroke an average exhaust temperature has beeatedmp

1this will be noted in chaptes
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Because of the substantially varying mass flow through EVhduthe exhaust stroke (c.f
Figure5.2), a time-averaged exhaust temperature will not correspaiicto the average
energy in the exhaust gas.

435/290

0.2 — — 464/252|]
L — — — 485/240

0.15f

0.1

0.05F

Mass flow rate of exhaust gas [kg/s]

i i i i i i i
100 140 180 220 260 300 340 20 60
Crank angle [deg]

Figure 5.2. The mass flow out of EV during the blowdown (i.e from EVO to BD&B)d displace-
ment phase (i.e BDC to EVC), i.e the exhaust phase, for treettifferent valve settings used
during simulation. Since the valve duration was not sulliechange, the exhaust phase could be
seen to occur at a later CA as the valve overlap increase.

For a better indicator on the thermal energy in the exhausstayaenthalpy-averaged tem-
perature has been used, (sékfd.234) (note that letter cased thermodynamic quantities
are mass specific quantities):

i gy hdd
oo drevhdd e er — (V0 Opvo < 6 < Opve). (5.5)
f] mEVd9
Since d dh—Vd dh
q ~ Vdp
. _ (% _ (dh—Vdp, _  dh 5.6
CP (dT)p ( dT )p (dT)p’ ( )
dh = iL - hcal07 (57)

where both..;. andc, have been evaluated usipgThermProgi.e CHEPP).
Therefore
dT' = Twanted - Tquess — Twanted =dT + rquessa (58)

whereT,,.ss is a first guess of the temperature at the desﬁ;r.eﬁlfquess is therefore the
start temperature for the iteration towards the wanted &atpre I, o nicd-
A simple Newton-method has been used for that iteration:

1. Setd andTjyess-

2. Evaluate:, andh qic, With psThermPro@t Tgqess-
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3. CalculateAT = ’L‘CM

P

4. Thereaftefyyess = AT + Tguess
5. If |Tyuessd| < |AT| repeat the stepk5
6. Otherwis€lyanted = Tguess

Followed by ste, T1,qnteq iS the desired enthalpy-averaged exhaust temperdtures. -

5.4.2 Mixing Temperature

Upon the event of IVC the two zones are instantly mixed inte aone. The mixing
temperaturd,c,.,,, that have been used for analysis and discussion, religsediolow-
ing:

Assume that the fresh mixture has a constant,, (specific heat for fresh mixture) and
T'tm, the same should hold for the residual gas. The internaggnercould be expressed
as,

u=c,T, since (Z—;)U:cv.

Therefore, the conservation of energy will yield:
Uafter = Ubefore =

(MrgCo,rg + MpmCpm)TCom = MfmCo, fmTfm + MrgCorgTrg
andmioirg = (Myg + Mpm)Trg = Mypg =
((1 - xT.q)cfm + ngcU;Tg)TCOW =(1- xT.(J)cmfmTfm + TrgCo,rgTrg
—
(1- xrg)cmfmTfm + TrgCo,rgTrg
(1= Zrg)Crm + TrgCurg) '

Hence, with the conservation of enerfjy,.,, will be the mixing temperature.

TCom = (59)

5.4.3 Backflow

The backflow through a valve may be derived as:

Mpf; = /mEvdt, wherel = {Vt : u;(t)> > 0} andi = {EV,IV}.
I

2u; is the control signal for valve. u; € R{0,1}



Chapter 6

Most Significant Model
Paramters

This chapter will present the simulation results, alongwétdiscussion of the results.

6.1 Simulation Results

The simulation results were put together in to a number déiht tables. Each table
represents one operation point setup, e.g 2800 RPM. Theredme information on how
to read tables will be needed.

6.1.1 Representation Of Columns

Each table is divided into seven different columns;

“Quantity”, the considered quantity,

“Parameter”, the name of the considered parameter on that ro

“Quotient”, the relative difference between the 105%-eadnd the 95%-value. FétP P
the value in this column will be an absolut difference betw#ee 105%-value and the
95%-value. (It is more interesting to see how mueR P differ in actual degrees.). If
“Quotient’< 1073, the result from that simulation will be considered insfgm@int. The
“Quotient”-value will express the level of significance Wween the parameter and quan-
tity.

Columns 4-6 contributes information regarding the opernagioint that this row con-
cerns,

Lastly the column named “Ind."(short for “Indication”) primles information regarding
how the parameter and the quantity correlates. (i.e, an up@@@wnward) pointing ar-
row signifies that an increase in the paramter value willease (decrease) the quantity,
i.e the correlation is positive (negative).)

29
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6.1.2 Quantities Used for Analysis

The quantities used for analysis were Peak Presgtrg,(Peak Pressure PositioR P P),
Tav,E2h (i.€. the enthalpy-averaged exhaust temperature derv@tapters), the resid-
ual gas mass fractior(,) and the air mass flow into the cylinden(;,.). These quantities
were chosen because of two reasons.

Firstly, the values for the chosen quantities are the redulhie gas exchange process,
i.e. if a parameter affects any of these five quantities thear be concluded that it have
had an effect on the gas exchange process. For example,aihgelin a parameter value
will yield less fresh mixture to be inducted during the gastenge process, then it will
be first noticeable af,;, andz,, (since the amount of residual gas will increase) and
thereafter inP P, PP P and the exhaust temperature since they reflect the energigtha
released during combustion, thus these quantities witceél change in air charge during
the gas exchange process.

SecondlyP P, PP P andrn,;,- can be measured (directly) at an experiment and can there-
fore easily be used to verify simulation results. Even thobgthz,, and7’4, g, can

not be measured directly at an experiment, they can howeveetived from experimen-

tal data and therefore also verify simulation results.

6.1.3 Organizing the Tables

As noted in5.3, the number of simulations were vast. Therefore, the paensithat pro-
vided the top five greatest relative differences for the gigaantity was used to form a
“Maximum relative difference”-table. Such a table will grderve as a guide line on the
correlation for that parameter and quantity. In some casesnformation provided by
this table, i.e the guide line, were not enough for analysiregcorrect behaviour from
that parameter and an extended version of that table wereftine created. The extended
table provides information regarding the parameter andfifyan that specific operation
point setup. (The extended tables are presented in App@&njd&n operation point setup
consits of either one engine speed, valve setting or intekafiold pressure. E.g. a table
representing the simulation results from an engine spe&@@ RPM, will have all of
the available valve settings and intake manifold pressinesly variated.

The different operation point setups include the threeediffit engine speeds, valve set-
tings and intake manifold pressures. Each one of these tipeoint setups, has a
“Maximum relative difference”-table. Thus, there is a tathnine different “Maximum
relative difference”-tables.

6.1.4 Sifting Through The Operation Points

Because of the assumptions made with psPack regarding gasifi@n engine, c.f3.6,

a cross flow of fresh mixture through the cylinder can provid®rrect simulation data
(compared to physical data). A cross flow occurs at high mfalessures and great valve
overlaps.
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All, or some, of the exhaust gases in the cylinder will be gakbut by the fresh mixture.
Eventually the fresh mixture will also find its way into thehexst pipe. (This can only
take place during the time when both the IV and EV are openeséime time, i.e the
valve overlap period).

Because of the reflections from gases in the exhaust pipe ®gehitting the end of the
exhaust pipe, or by being reflected by some other cylindexsddwn, will cause a back-
flow through EV into the cylinder. This is evident as EV is abtmuclose. The backflow
through EV will then, according to psPack, consist of exhgas, when it in fact could
be fresh mixture. Thus, this could produce false data.

Results from one of these operation points could be witrteissBigure6. 1.

At the event of IVO, the burned gas volumg,, will almost entirely be diminished. This
is because of the high intake pressure (as seen in Figli(e) with fresh mixture push-
ing the burned gas out of the cylinder. During the backflowtgh EV,V;, will yet again
become a non-zero volume and it will increase as the backfiosugh EV increases (c.f
Figure6.1(b).

This can only occur with fresh mixture first entering the ex¢tgipe and then during the
backflow through EV flow back into the cylinder, being recatdes exhaust gas when its
in fact is fresh mixture.

In Figure 6.1(c) the valve profiles of EV and IV is shown. Figufel is plotted with
unchanged parameter values (i.e this will hold for everapueater). The operation points
that are affected by this are:

the valve setting IV/EV 435/290, the intake pressure atdr.8hd all of the engine speeds.
Therefore none of these three operation points will be ithgated. (Note that this does
not happen when residual gas expands into the intake pipébtth Therefore it is not a
problem with backflow through IV.)

6.2 Simulation Results From 1600 RPM

This section will deal with the results from simulations aedjng the different operation
points at 1600rpm. The operation point with the greatestlapglV/EV 435/290) is
clearly the most frequent operation point in Tablé&

The reason for this could be seen in Figarg where the amount of residual gas,,

is readily effected by the valve setting. This is from thetfdmat with an increase of
valve overlap, the backflow through IV is increase@ihere will also, at EVC, be a back-
flow through EV. This will occur because of the difference iegsure between the intake
pipe/manifold and the exhaust pipe/manifold. Any effeay, ea reflection, that will in-
crease the pressure behind EV, will further enhance thikfloae

1at intake pressure less than that of the cylinder
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(c) ury andugy, i.e the valve profiles for IV and EV, plot-
ted against CA. (“1” represents a fully opened valve and thus

“0” represent a closed valve.)

Figure 6.1. Vi, Vig, mev, mrv, urv andugy plotted against CA at the operation point de-

scribed in sectios.1.4 In Figure6.1(a) V4 could be seen, during the exhaust phase, to decrease.

AtIVC, Vi, is almost fully diminished by the high intake pressure. Taekflow through EV at the
closing of EV, is recorded as exhaust gas. This could be seBigure6.1(a) whereVs, increases

during the backflow.
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Quantity | Parameter| Quotient| RPM | p;as | IVIEV
PP V. 0.0888 | 1600 | 0.5 | 435/290
PP Phasing 0.0239 | 1600 1 435/290
PP Duration 0.0149 | 1600 | 1.3 | 485/240

nd.
N
N
N
PP Agvy 0.0100 | 1600 1 435/290| X\,
PP Twau 0.0099 | 1600 | 1.3 | 485/240| X,
PPP V. 0.7656 | 1600 | 0.5 | 435/290]
PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP Duration | 0.6551 | 1600 | 0.5 | 435/290| X\,
PPP Agpy 0.1019 | 1600 | 0.5 | 435/290|
PPP Twan 0.0818 | 1600 | 0.5 | 435/290|
Trv.Exh Ve 0.0243 | 1600 | 1 | 435/290|
Tavpen | Twan 0.0168 | 1600 | 0.5 | 435/290|
Tav,Ean | Phasing 0.0055 | 1600 | 0.5 | 485/240(
Tav,Eah Agy 0.0045 | 1600 | 0.5 | 435/290| X\,
Tav,Ezn | Duration | 0.0021 | 1600 | 1.3 | 485/240|
Trg V. 0.0852 | 1600 | 1.3 | 485/240|
Trg Agpy 0.0654 | 1600 1 435/290|
Trg Twall 0.0213 | 1600 1 435/290|
Trg Ay 0.0150 | 1600 | 0.5 | 435/290|
Trg Ap EM 0.0124 | 1600 | 1.3 | 464/252|
Mair Agy 0.0226 | 1600 | 0.5 | 435/290| \,
Mair Twan 0.0134 | 1600 | 1.3 | 485/240|
Mair V. 0.0071 | 1600 | 0.5 | 435/290| X,
Mair Ac.im 0.0067 | 1600 | 0.5 | 435/290|
Mair Lc. v 0.0067 | 1600 | 0.5 | 435/290|

Table 6.1. The five most significant parameters 8P, PP P, Ty cxh, Trg @ndrig-, While low
RPM are being considered.

The valve overlap will also affect the intake manifold press This is from the fact that
the valve duration is held constant throughout the diffevaive settings (c.f Tablg.1).
Thus, the different valve settings will only adjust at whiCh a valve should open or
close (i.e the valve overlap will only be affected).

With an intake valve that opens earlier (and the exhausevstill opened), the exhaust
gas will expand into the intake pipe (i.e a backflow througl Mith the valve duration
left unchanged, IV will stay opened for the same number aikcemngles as with any other
valve setting. Thus, the number of crank angles when thevalisair flowing into the
cylinder is shortened. Therefore, with the increased flowdfaust gas into the intake
manifold and the decreased flow of air mass flow into the cgihdhe intake manifold
pressure will increase.

2j.e the residaul gas mass fraction will increase.
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With a later (in CA) opening of IV (and EVC occurs earlier)ethir mass flow will not
be that affected, compared to the case described in therpalagbove, by the flow of
exhaust gas into the intake manifold.

Thus, because of the mentioned above, there will be diftergin magnitude for the
different valve settings and intake manifold pressures.

0.4

T T
x  IV/IEV at 485/240
O IVIEV at 464/252
O IV/IEV at 435/290

03

o
o
o @D

4000
05

0.05 x
1600
05

- 2800
1 13 05 1 13
Operation point

Figure 6.2. The residual gas mass fraction,,, plotted for the different operation points, where
the three different valve settings have been marked as shotke figure. With a change of valve
overlap, the amount of residual gas is vastly affected. ({drezontal axis has two different rows,
the first row marks the RPM and the second row marks the vattiegeThe '-’ sign is used if the
RPM does not change from the previous operation point.)

The second most common operation point is the low intakespreqor low load). The
reason for this is the same as stated above. The low intaksymeewill further enhance
the backflow effect. The amount of residual gas will therefocrease. Figuré.3, show
the correlation between a low intake pressure and a higlenoof residual gas.

One intresting note is that, parameters from the exhaustaie more significant than
those on the intake side, as can be seen in TalileThis could be from the fact that if a
parameter effects the amount of residual gas, e.g. enhgti@reffect of a backflow, then
it will produce significant results. This is explained by thet that parameters that affects
the residual gas mass fraction, or temperature, has a sagmigffect on the air charge.

6.2.1 Ideal Otto cycle

Most of the analysis made in the following sections reliesrupn ideal Otto cycfe
as presented in Chapt@r With the ideal Otto cycle, iterations on how pressures and

Swhen spoken of the ideal Otto cycle (in this thesis), theeyprksented in Chaptiis to be regarded as the
cycle of interest, i.e an ideal Otto cycle with the additiogas exchange process.
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Figure 6.3. z,4 plotted for the different operation points, where the thaléerent values op ;s
have been marked as shown in the figure. With a low intake pressd large valve overlap, the
amount of residal gas is vastly affected. (The horizont#& has two different rows, the first row
marks the RPM and the second row marks the valve setting. -Thigih is used if the RPM does
not change from the previous operation point.)

temperatures change as the initial conditions alter, t®smd conclusions can either be
verified or concluded.

6.2.2 V,

From Table5.1it is shown that an increaséd will result in:

a decreased® P andr,;,., PP P will move further away from TDC (i.e increase) and an
increased of botl'4, r.n andz,,. The effect thal/. has on these quantities can all be
summarised into one quantity. That quantityjg.

With an increase of.., z,, willincrease. Hence,,, will decrease and therefore less en-
ergy (fresh mixture has = 1 (normalized stochiometric)) for combustion.alf, would

be 100%, therP P would be the result of compression. Thus, with a greater atnoiu
residual gasP P will decrease.

With an increase oV, the compression ratie..*, will decrease. Thus, the rise of cylin-
der pressure will be less rapid and more flat, i.e the pealspreswill occur at a later

crank angle. (i.e the rate of at which the volume in the cydindcrease after TDC, will

be more rapid with a higher compression than a cycle with a&ta@mpression ratio.)

Therefore the pressure increase will be greater and ocdigrahan with a greater clear-
ance volume.

Vet Vy
Ve

c

dier. =
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Also as discussed above, the amount of residual gas wiledsera¥. decreases. Hence,
the pressure will increase further.

The decreased compression will also yield a smaller volumexpansion. (i.e the vol-
ume where the expansion of the gas will be transferred tdatisment of the piston.)
This implies that the exhaust temperature will incréase

Lastly the fact thati,; decreases, i.e if,, increases then there will be less,,. Hence
there will be less air in the cylinder and therefore a lovigf,..

With the use of an ideal Otto cycle, an expression for thedtedigas mass fraction has
been derived, see Equati@n/. As V, increases in Equatiop.7 this will lead to an in-
crease ofr,,. Although with an increase df¢, T, (i.e the temperature at the end of
expansion) will also increase. The reason for this is thabilrned gas will be let to ex-
pand in a smaller volume. Hence, its heat transfer to theresipa process will be lower.
There will be a lot of heat, or energy, left in the burned gasrujhe begining of the blow-
down. This will increas€l,,, (see ChapteP), which in turn will increase the exhaust
temperature (the gas flowing out of EV is warmer thereforesttteaust gas temperature
will be higher).

The impact that/, has onx,, could therefore explain why, has the affect it has as
shown in Tables.1

An extended version of Tablg 1 and V., will not be presented. This is because of that
the general behaviour froi. is described by Tablé.1.

6.2.3 Phasing

The parametePhasing will set the crank angle at which the combustion should be ini
tiated®. Phasing was changed as the all the other paramet&r§% from its nomi-
nal value. The nominal value fdPhasing is 10° ATDC. Despite the small change in
Phasing and Duration, the change is significant, as seen in Tahle Therefore they
are both highly significant parameters f8° and PP P.

According to Table5.1, an increase®hasing will lead to:
a decrease it P and an increase in botAP P andT 4y, gz

With an increase oPhasing, a decrease it P is fully understandable. This is from
the fact that when the combustion is initiated the volumeréater (with an increase in
Phasing) and therefore the pressure will drop, herfe2 P will also increase (i.e move
towards BDC). Also, with the increase &fhasing, a greater mass of fuel will burn at
later crank angles, i.e the expansion from the burned gasesys at a greater volume.
Thus, the utilization of the energy in the burned gas, witiréase.

5In fact a higherT.,;, will decreasen,4, hencer,, decreases.
6i.e at which crank angle 50% of total mass(,;) has burned, i.e at which crank angle the combustion will
commence Duration is unchanged)
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This will yield a higher exhaust gas temperature. This isalbise of that there is still a lot
of heat, i.e energy, left in the exhaust gas at EM@he change oPhasing is compara-
ble to spark advance, as a part of knock control, see @.y. [

The result yielded in Tablé.1, represent the general behaviour ®hasing at 1600
RPM. Therefore there is no need for an extended version bfabke.

6.2.4 Duration

According to Table5.1 an increase iMuration will cause a decrease in bothP and
PPP.

Duration is simply burn duration, i.e for how long the gas will burn iohgrcombustion.
Phasing is still set at10° ATDC.(i.e at10° ATDC 50% of the mass should have been
burned.) Therefore iDuration is set to 60 degrees, the start of the combustion will be
at30 — 10 = 20° degrees BTDC and it will end 80 + 10 = 40° ATDC. Therefore a
change inDuration could be seen as spark adjustment, jusPassing.

During simulation the combustion is perfect, i.e everyfaél mixture will burn. Nearly
all (999°) of the fuel will burn during combustion.

From the fact that an increase Bluration, yields longer burn duration, the exhaust tem-
perature will increase. If the gas is let to combust duringeater period of time then

it will, in extreme cases, still burn at EVO. If the mixturelét to burn during a longer
period of time then the same amount of energy is releasedruérwa longer period of
time. Hence this will decreaseéP. The combustion can not take fully advantage of the
increased cylinder pressure during compression. Ther&féP will also decrease. This

is from the fact that” P must be developed somewhat closer to TDC, were it can make
as much use of compression as possible.

As with Phasing, the general behaviour fdpuration is represented by Tabe 1

6.25 Agy

A greater valve area will increase the effective flow areabldé.1 reveals that an in-
creased valve area will:
decreasdé’P, PPP, 1, and increase.,.

There is one behaviour that can explain the results givemeghwhich is the increased
amount of residual gas. With a greater valve area there wilinorex,.,, which will
result in lessnq . Hencem,;, will decrease. From the fact thaty,, decreases, this
implies that less energy will be available for combustiorenele P P will decrease, i.e
there is not enough energy to further increase the cylindesspire.

"note that each parameter is changed separately, i.e thelbtion is not affected by a changefthasing
8The last percent will burn at EVO.
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This will also cause’ P to occur at an earlier crank angle, i22P P will decrease.

There is also the fact that with a vast amount:gf, the mixing temperature between the
fresh mixture and residual gas will be higher (c.f Figaré. This will result in a higher
gas temperature at the beginning of compression. This withér lower the volumetric
efficiency and therefore also effect the amount of energydtet during the intake phase.

As noted earlier, with a greater valve area the flow throughviive will increase. Thus,

both the flow out of EV but also the flow from the exhaust pipeht tylinder, i.e the
backflow. A greater area will increase the backflow, c.f Fegun .

x10°

. Al ol‘ the parameter‘s‘ except AthE\‘/
*  95% value of A[hEV

8H o 100% value of AlhEv

o 105% value of Athg,,

My ey (Kl
o

Figure 6.4. Backflow plotted against,, for all of the parameters, were the altered values gf-
has been marked. As can be seen, the backflow is vastly afegta change of valve area.

Unlike the parameters discussed sofar, simulations Wity have provided results that
differed from Table5.1. Those operation points are presented in Table

As could be noted in TablB.1, there is one interesting operation point foP, that does
not yield the same result as in Talilel. The operation point of interest, has a low intake
pressure and a normal valve overlap. However, the amount,ofill still be affected in
the same manner as shown in Tablé Thus, the amount af,., does not decrease at this
operation point.

Since the peak pressure does not decrease, even thouglticéeith energy does so, the
reason for an increase &fP must lie elsewhere. Instead, the reason for an increase of
PP could be from a reduction of backflow through EV. With thisdsahe amount of
residual gas does not need to decrease, it could be a redloétibe potentialbackflow.
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Therefore, the reduction of backflow will yield a less redmctof air charge, i.e the in-
ducted energy is reduced but not as much as it could have been.

Thus, with the increased amount of residual gas, the mixémperaturé will increase,
c.f Figure6.6. Since the mixing temperature is increased, the tempergtuessure) at
the start of combustion will be higher. ThugP will increase.

In TableB.1 there are three operation points that have a different lativa, compared

to Table6.1, betweend gy andz,,. These operation points share the same valve setting,
which is the smallest valve overlap. With a small overlap blaekflow through EV is
reduced. The relation between valve overlap and backflowds/s in Figure6.5and as

can be seen there is a clustering of points for the differalvievsettings.

With a smaller valve overlap, the time when the two valvesogen at the same instant is
decreased. Thus, the expansion of exhaust gas into theintakifold will decrease, i.e
backflow will decrease.

There is also another effect that will increase the backflekich is the timing of a re-
flection from an exhaust pulse. The origin of a reflection daither be from the exhaust
gas that have just been pushed out or from another cylindeslown.

At these operation points the backflow through EV is minimigef Figure6.5). There-
fore at the small valve overlap the backflow is decreased célesducing the amount of
residual gas, and increasing the amount of fresh mixtureréfore an increase o,
will occur. Thus, this will increase the amount of energy¢ombustion and the exhaust
temperature.

6.2.6 Tyway

During simulation the cooling of the wall is treated as aralggocess. Hence the temper-
ature will be the same regardless of what occurs in the ogtintherefore7yy.; could

be set to a specific value. An increasel®f,;; results in, from Tablé.1:

a decrease itPP, PPP, x4, andri,;, while there will be an increase of the exhaust
temperaturel’ sy, Exh.-

An increase ofyy,;; will yield less heat transfer (c.f Equatién8) between the cylinder
wall and the gas located within the cylinder. The heat transbuld in fact be reversed
during the start of compression, i.e the gas is heated by #fle Buring combustion the
gas will become much warmer th&hy ,;;, therefore the heat transfer will be from the
gas to the wall. With a highéry,;; the heat transfer during combustion will be lower.
Therefore the combustion will take place at a higher tentpega

%.e the temperature for the mixture consisting of air/fuétore and residual gas, upon the start of com-
pression.
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Figure 6.5. Backflow through EVims ¢, v, plotted against.,, and valve setting as shown in figure.
As can be seen there is a clustering of points for the difteralve settings (i.e. backflow).

Hence, the end gas temperature will be higher, i.e the exlymsstemperature will be
higher.

With a higher temperature the densjtyof the gas will decrease. Thus, the same amount
of mass will occupy a greater volume. The amount of residaal(@nass) fraction will
therefore decrease.

With the increase ofyy;; there will also be an increase &¥,,,. This comes from the
fact that both the content and the sorroundings of the cglilglnow warmer. Hence the
fresh mixture will be heated. As noted before, the same atafumass at a higher tem-
perature will occupy a greater volume. Hence, the air massMiidl decrease. Since the
air mass flow is decreased, there will be less energy (i.eiainixture) trapped inside
the cylinder upon IVC. Hence? P will be lower (despite the fact that less energy is lost
during combustion for heating of the wall’ P P will therefore occur at an earlier crank
angle.

In Figure6.6, it is shown that an increase of wall temperature gives aloesidual gas
mass fraction. The mixing temperature, ‘Gf,,,, is the mixing temperature between
the residual gas and the fresh mixture gas at IVC. Hence,itheehthe temperature of
residual gas (and mass), the higher the mixing temperature.

The general behaviour f@ry ;; is represented in Tabk 1, thus there is no need for an
extended version fdfyy 4 -
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Figure 6.6. The mixing temperaturé]c., is plotted against,,. The increased, decreased and
the nominal value of v .;; has been marked. The increasel®f,;; will yield , with virtually the
same amount of residual gas, a higher mixing temperature.

6.2.7 Ay

From Table6.1, the parametedry yield a noticable effect om,,. The recorded:,, at
that operation point is well above the limit ef., ~ 25-30%, where misfire (or dilute
misfire) occurs (4] p.425). Therefore this operation point is not realistic.

Instead, the results from the operation points present@dhbieB.2, are of interest. They
all yield the same result as the operation pointdgf, andz,, presented in Tablé.1

The behaviour whichdy give rise to can be explained by that an increased of valve
area, the backflow through EV will be enhanced. With a largévevarea, the restriction
will become less significant. Thus, the mass flow will be lesgaded in both directions,
both upstreams and downstreams. If the pressure in theeipigle is less than that of
the exhaust gas, there will be an expansion of the exhaushipethe intake pipe. This
backflow will be further enhanced if the valve area is inceglasOn the other hand, if
prv > pEM, the filling/expansion of fresh mixture into the cylindelMie made easier.

TableB.2, show that as the valve overlap decreases, the effect freralthnge in valve
area, decreases. Therefore, the valve area will be of gregpertance when the opera-
tion point involve a great valve overlap, and therefore agbackflow. From Figuré.7,

a significant backflow through EV will also result in a backfldwough 1V (i.e a cross
flow). Hence, if the backflow through IV would increase, ashis tase with a greater
valve area (c.f Figuré.8), then this would enhance the backflow through EV. Therefore
as noted in6.2.5 this would increase the amount of residual gas.
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Figure 6.7. mys, pv plotted againstney ¢, rv. An increase of backflow at EV, will yield the same at
V.

6.2.8 Appuy

The nominal value ofi p gy is 12.8cm? and valve area is2cm? (C; = 0.8 for the valve
area). Therefore &5% change in the nominal value is greater than the effectiveeval
area. The valve area will therefore still be the limitingttac even after the change in

Ap EM.

According to Table5.1, an increase i p gy Will yield a decrease of,,. With the
increase ofd p )/, the volume of the exhaust manifold will increase. This éase of
volume will lead to slower pressure dynamic. With a slowessure dynamic, the reflec-
tion (created at either the end of the pipe or as the gasflolideakith some other gas
that is flowing into the exhaust manifold) will take a longeriod of time before it will
be apparent at the exhaust valve.

If the reflection is well-timed with IVO, or EVC, (causing tirackflow to increase), the
residual gas fraction will increase. If the reflection is n&ll-timed, then it will help the
scavenging of the cylinder.

From what is observed in Tabel, «,, decreases. Hence, the reflection is not well timed
with either IVO or EVCY. In Figure6.9, the reflection at the valve overlap could be seen
to, with an increase ofip 57, OCCUr at a later crank angle. Figuded, only represents
one of the operating point yielding the results as present&eble6.1 The results from
the other operation points are presented in Appefdix

The operation points, that is not presented in Tébleyields the same results as the one
presented. Thus, an extended table will not provide any n&wrmation.

10As will be noted later, the reflection will at a different rpmandifferent valve setting, be timed with EVC,
or IVO, and therefore increase the amount of residual gas.
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Figure 6.8.my¢,rv plotted for the different operation points involving 1608R. The differences
in valve area has been marked as shown in figure. The gendraViber is that the backflow
through IV is enhanced by a greater valve area. This holdsviery operation point.

6.29 Lppuy

The same analysis as i6.2.8 holds forLp .

6.2.10 Ac.ral/Lenm

Table6.1, reveal that a change iA¢ s Will effect the air mass flow. It could also be
witnessed thal ¢« ;s yields the same results. The fact that they yield the samaétses
implies that their effect on the intake manifold volume, the pressure dynamic, is of
considerable value.

A larger volume has a slower pressure dynamics (it is eas@mpty a small volume than
a large). With a greater volume (and a slower dynamic) mareidlibe held inside the

intake manifold. Therefore the pressure will not decreasmach at IVO. This implies
that there will be an increase 6f,;,..

In Figure6.10the effect of a slower pressure dynamic, i.e an increage.qf, is shown.
The valve setting could also be seen to have a significantahgrathe intake pressure.

In appendix, Figur&.4 show the corrensponding figures ¢ .

The extended version of Talelfor both Ac ras andL¢ rar, will not be presented since
it does not provide any new information.
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(a) Massflow through EV during gasexchangg®t An enhancement of Figuré.9(a) during the
1600 RPMp; s at 1.3bar and IV/EV 464/252. valve overlap.

Figure 6.9. Massflow through EV during gasexchange. With a changd jngs, the timing of
reflections will be different. There is a small, but notickeglbeflection in Figures.9(b) that occurs
at different CAD for the different values ofp, g -

6.3 Results From Other Operation Point Setups

Simulation setups that differ from the setup discussedeénipus sections, i.e 1600 RPM,
will now be discussed.

For shortening the discussions on results from simulationl/ those parameters that
does not yield the same behaviour, or order of appearante aarameters in Tabte1,
will be investigated. The change of significance must alssidpeificant.

As noted in 6.1.3 each setup for an operation point has a table as Tllerhe com-
parison tables are presented in AppendlixEach row in the comparison tables should be
compared to each other. E.g. the first row of Tabl&3 should be compared to the first
row of TableA.14, and so forth.

The upcoming sections will only discuss the general behafiom a different operation
point setup, e.g. the different valve settings will all bengared to 1600 RPM. A more
comprehensive disccussion is presented in Appeadix

In 6.2 it was witnessed that some parameters behaved differeittiythe variation of
operation points. The same goes for operation point setilygs than 1600 RPM. There
were, however, parameters that yielded such resuslt. Trerseneters werd gy, Ay,
Ap pym andLp gar and their extended tables are presented in TRtSe B.4, B.5, B.6,
respectively.
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Valve position [-]

52 53 54 55 56

(a) Pressure in intake manifold plotted againgt) IV opening profile (“0” means valve is closed
crank angle with IV opening as in Figufe10(b) and “1” means valve is fully open) for IV/EV
435/290

x 10
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Valve position (-]
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(c) Pressure in intake manifold plotted again@) 1V opening profile (“0” means valve is closed
crank angle with IV opening as in Figufe10(d) and “1” means valve is fully open) for IV/IEV
464/252.

Py [Pa]

Valve position (-]

53 5 55 56 57 58

(e) Pressure in intake manifold plotted againé} IV opening profile (“0” means valve is closed
crank angle, with IV opening as in Figuéel0(f). and “1” means valve is fully open) for IV/EV
485/240

Figure 6.10. The intake manifold pressure at different valve settingsatrdifferent lengths of the

common intake manifold. The effect from an increase in vauor the intake manifold, on the
pressure dynaimcs of the same, is apparent.
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6.3.1 Valve Settings 435/290, 485/240 and 464/252

The comparison tables for the simulation results from tliffeidint valve settings, IV/IEV
435/290, 464/252 and 485/240 compared to 1600 RPM, areriegsi; TableA.2, A.4
and A.6 respectively.

The general effect from a change of valve overlap (i.e vabigrgy), is that the backflow,
through either of the valve couples, is much affected (guF@6.2). The effect of a
backflow is enhanced if a low intake pressure is present.

Thus, an operation point involving great overlap will yieldbast amount of residual gas.
Hence, the parameters that will yield a significant resulbatamounts of residual gas,
e.9.Twau, Will no longer be significant.

As noted before, an affect on the amount of residual gas carotieed throughout the
complete chain of quantities. The most noticeable effeetfilmm the parameterd gy
andTyw ;- This is from the fact that was discussed in the paragrapheabithe exhaust
valve area will clearly become less significant if the valetings do not allow a backflow
of exhaust gas into the intake pipe/manifold.

There are parameters that becomes less significant as the oxgrlap increases. The
parameter]yy ., is one of them. This is form the fact that the mixture of aiglfand
residual gas, will have a higher temperature from the baginiThis is because of the
much warmer residual gas, will heat the air/fuel mixtureeidiore, the effect of a warm
cylinder wall, at operation points where a high content sfdeal gas is present, will be
reduced. Thus, as the valve overlap incred$g,;; will become less significant.

Thus, a change in valve overlap will vastly affect the siguaifice of those parameters that
is much influenced on the amount of (warm) residual gas.

6.3.2 Low, Part and High Load

The comparison tables for the simulation results from tlfifeidint engine loads, i.e; s
at 0.5bar, 1bar and 1.3bar, compared to 1600 RPM, are pesse@ntableA.8, A.10and
A.12 respectively.

A change of intake manifold pressure will, as with valve ¢apyhave a great influence
on the backflow. With a low intake pressure, and a non-zenevaverlap, the backflow
through EV and IV, will be enhanced. Thus, with a high intakessure, this effect will

almost be totaly diminished.

The combination of a low (high) intake manifold pressure sméll (great) valve overlap,
will yield about the same amounts of backffdw

11 e the same amount of residual gas
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Since the backflow is reduced at an increasg;gf, the effect ofl;-,;; will increase (or
at least remain unchanged).

With a fix intake pressure instead of a fix engine speed, thespre dynamics will be

enhanced, in each pipe. Thus, pipe lengths/area will becnore significant since the
emptying and filling of a volume will become faster as bothiaagpeed and intake pres-
sure increases, e.@.p, g v 12 will become significant.

The general behaviour is that, as the intake pressure sesd¢he amount of residual gas
decreases, regardless of valve setting. The effect onyreedgnamics in pipes and man-
ifold will also become more apparent.

6.3.3 Engine Speeds

The comparison tables for the simulation results from tffeidint engine speeds, i.e 2800
RPM and 4000 RPM compared to 1600 RPM, are presented in Fableand A.16 re-
spectively.

The differences between Tabfel4 compared to Tablé.13 and TableA.16 compared
to TableA.15, are few, but significant. One of the significant differeniseghe parameter
Twau, that will become less significant at a increase of enginedgpdhis is because
of the heat-transfer process is a time-dependent protessttte effect of vy, will de-
crease. The heat-transfer will have less time for develapntieus the heating of the gas
from the wall will decrease.

As noted in the section above regarding the increase ofymedynamics, which are also
noticeable at the variation of engine speed. Thus, as stetfede, pipe length and area
will become more significant.

Also because of the increase of engine speed (i.e 2800 RPMGO®RPM compared to
1600 RPM), the mass flow will increase This will cause a reduction of backflow, and
an increase of,;, this is partly because of the increase of inertia for theagasthat a
reflection (since the pressure dynamics are much affected)l be more favourable (i.e
a non-existing). Thus, the reduction of backflow will causéve areas to become less
significant.

Thus, with an increase of engine speed the pressure dynafjgpes/manifolds will
become more apparent, hence the formation of reflectiondwimore important, i.e a
length, or area, of a pipe/manifold will become more sigaific

L2or Ap v as they both affect the pressure dynamics for the pipe
B3less time for filling/lemptying the, almost, same amount o§snaill yield an increase of mass flow
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Chapter 7

Conclusions

This chapter will summarise the results and thoughts thateharisen throughout the
work.

7.1 Significant Simulation Results

Following Chapte®, one could see, not surprisingly, that the operating pgilag a vital
role for the effect of any parameter. A great valve overlalh, wi general, with the aid
of a low intake pressure, cause a significant amount of rabiglas. This behaviour is
enhanced if either of the intake or exhaust valve area i®asmd, or if the timing of a
reflection (from the gas flow of exhaust gas) in the exhaust/pipnifold occurs at the
event of IVO or EVC.

It is also noticeable that parameters corresponding toxthauest side of the engine, are
more significant than those on the intake side.

The reason for this may be because of their close connectitie tcreation of a reflection
from the exhaust gases. A reflection is much affected by,segipe area or length since
it will have a direct effect on the pressure dynamics.

It may also reside from the fact that on the exhaust side, niytis the exhaust gas a
highly pressurized gas, but it is also at a much greater testyne than that of the intake
side. Thus, the both warn and high pressurized exhaust ghlsave a vast impact on the
less warm and, more often than not, less pressurized, aigeha

Furthermore, these effects, are further enhanced if thewlerlap permits an expansion
of exhaust gas into the intake pipe.

When one of these two effect occurs, the air charge will beethiwith a gas that is at

a much greater temperature. Thus, the temperature (anétyjesfshe air charge will
increase, i.e the amount of energy inducted during the énpddase will decrease.
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In Table5.3, the paramters that have had their nominal values alteredhrasented. As
can be noted in Chapté, there are a lot of parameters that never became significant
enough to end up in any “Maximum relative difference”-tablde reason for this may

be that a change iit5%, were not sufficient to achieve a significant change.

7.2 Comparison

In Chapter4, some results gathered from simulations, were comparecasuered data
provided in fi]. The two results that were used for comparison were thermettic effi-
ciency simulated over a variety of engine speeds and tharitestous exhaust gas mass
flow during the gas exchange process.

The considered mass flow (the exhaust gas mass flow) sharsdrttesoverall behaviour
as the data provided irl]. Thus, the model that was used during simulation, for a fluid
flowing through a restriction provided accurate resultse Tiodel of use was an isen-
tropic and compressible gas flowing through a restrictier,Ghapte#.

However, the magnitude of the exhaust mass flow during thedda/n, from simulation,
differed by a factor two, compared to the measured data, gnitade.

It was shown in Chaptet, with the aid of the fluid flow model, that it is likely that a (ath
but significant) difference in gas temperature or valve girea different valve profiles),
will cause an increase of magnitude in the exhaust gas mass flo

The comparison between the volumetric efficiency showetthieeoverall efficiency was

somewhat lower than the measured data. The reason for tkisawane of the conclu-
sions made from the exhaust gas mass flow, the increase afmgasitature. Despite the
drop of efficiency, the validation and simulation data sbahe same general behaviour.

7.3 Future Work

As noted before, the valve setting has a clear connection;glation), with the amount
of residual gas and therefore on the amount of air/fuel méxtithis can be developed for
controling the amount of residual gas, i.e. controling thmant of energy inducted into
the engine. Thus, securing a stable engine operation andingpthe fuel consumption.

Instead of using the different valve overlaps, that aregartesd in5.1.3 it would be in-
teresting to treat the valve overlap as a parameter in itsadf adjusting it with some
finitesimal value. Furthermore, simulations reagardindnange in valve lift would be
interesting.
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A more thorough study or analysis of the gas temperaturesigytinder should be made,
so that the number of factors affecting the results for tHielaion against data provided
in [4], can be reduced to a minimum.

psPack has the implementations of zero dimensional giemtivith the exception of
pressure and etcetera, in pipes. Each pipe is divided intechiosis (with N=3 per de-
fault), i.e. each pipe has N discrete volume segments. Itdvoeiinteresting to compare
the result of these pipes, e.g. mass flow, with measuredtdatage if any further devel-
opment of these are neccessary or if the number of sectianddshe increased.
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Notation

Abbreviations and nomenclature used in the report.

F3>rs 0000000 »<xcITH3<

Nomenclature Abbreviations
Volume [m?] V. Clearance Volume
Mass [kg] Vi Displacement Volume
Temperature [K] TExh Temperature in exhaust manifold
Enthalpy Twall Temperature Cylinder wall
Internal energy TDC Top Dead Center
Mass fraction ATDC After Top Dead Center
Velocity [m/s] BDC Bottom Dead Center
Area [m?] PP Peak Pressure
Heat Transfer [W] PPP Peak Pressure Position
Heat Transfer rate [W/s] CA Crank Angle
Specific heat at constant pressure EV Exhaust Valve
Specific heat at constant volume \Y Intake Valve

Mass specific heat at constant pressgrdVO/IVC

Mass specific heat at constant volum
Discharge coefficient
Efficiency

Length [m]

Density [kg/n¥]
Compression ratio
Friction coefficient

b EVO/EVC
EM
IM

P
C
Ath
iMOP
eMOP

VVT

CVCP
rg
fm
af
bf

b
comb
SI

55

Cl

Intake Valve Opening/Closing
Exhaust Valve Opening/Closing
Exhaust Manifold

Intake Manifold

Pipe (subscript for a parameter)
Common (subscript for a parameter)
Area throttle

intake Maximum Open Position
exhaust Maximum Open Position
Variable Valve Timing

Continous Variable Cam Phasing
Residual gas

Fresh Mixture

Air/fuel Mixture

Backflow

burned

Combustion

Spark Ignited

Compression Ignited
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Appendix A

Results From Operation Point
Setups Other Than Low RPM

This Appendix presents the simulation results from opengibint setups other than 1600
RPM. The discussion regarding the tables presented in thjgeAdix could be found in
6.3

A.1 Valve Settings

A.1.1 Intake/Exhaust Valve Setting 435/290

Those parameter that differs from 1600 RPM, compared to #hee\setting of IV/IEV
435/290, are presented in TaBle2.

Quantity | Parameterl Quotient| RPM | pras | IVIEV Ind.
prpP Twan 0.0099 | 1600 | 1.3 | 485/240| X\,
Zrg V. 0.0852 | 1600 | 1.3 | 485/240|
Trg Apy 0.0654 | 1600 1 435/290|
Trg Twall 0.0213 | 1600 1 435/290| ~\,
Trg Ary 0.0150 | 1600 | 0.5 | 435/290|
Zrg ApEm 0.0124 | 1600 | 1.3 | 464/252| X\,

Table A.1. The simulation results for 1600 RPM that differs from IV/E¥%1290.

PP

By comparing the two Table&.1 and A.2, one can notice that the parametgy,;; for
1600 RPM has been replaced Hy: ;,; at IV/EV 435/290. This is from the fact that as
the amount of residual gas increase, the effect fign,;; will decrease. The mixture of
air, fuel and residual gas, will have a higher temperatwmfthe begining.
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Quantity | Parameter] Quotient| RPM | p;y | IVIEV | Ind.
PP Ac.im 0.0050 | 1600 | 0.5 | 435/290(
Trg Apy 0.0654 | 1600 1 435/290|
Trg Ap M 0.0298 | 4000 1 435/290|
Trg Ve 0.0260 | 2800 1 435/290|
Trg Lprm 0.0234 | 4000 1 435/290|
Trg Twall 0.0231 | 2800 1 435/290| \,

Table A.2. The simulation results for IV/EV 435/290 that differs fror60D RPM.

This is because of the much warmer residual gas will heatih@nel mixture. Therefore,
the effect of a warm cylinder wall, at operation points whareigh content of residual
gas is present, will be reduced. This will caige,; to become less significant, as the
minimum valve overlap (i.e an operation point with small ambof residual gas) is no
longer among the operation points of use.

Lyrg

There are several differencies between the two tableseFabland TableA.2. The cause
of this, could be the correlation between a great valve apaahdz,., as explained in6.2
and Figure5.2. The parametef. p gy has replaced;y, atxz,,. The other parameters
have only changed their priority and/or their indication.

For the parameted p 51/, it has gone from a negative to a positive correlation with.
This is probably from the cause that was discusse@l 203 which is the timing of a re-
flection pulse from the exhaust gas. Thus, if the reflectidsgoccurs at the event of
EVC, the amount residual gas will increase.

The parameter that have replacég,, i.e Lp s, both share the operation point setup
of a great valve overlap. But the engine speed and intakespress different. Both the
intake pressure and engine speed has been increased faetfaion point, yielding the
greater relative difference fdrp . With the increase in engine speed and intake pres-
sure, there will be an increased mass flow (c.f Fighir®). The increased mass flow is
probably the cause for the change of parameters. The etiased byA;y onz,, is that

the backflow will increase, with a greater valve area. Withremeased intake pressure,
the backflow will no longer have the same effect. Hent¢g, will become less signifi-
cant.

For L p g itis the reflections and the increased volume @2.10 that affectz,,. The
reflections increase with a higher gasflow as could be seemgurd-A.2. The increased
pressure dynamics become more evident at a higher engied §pigureA.2(b)) than at
a lower engine speed (Figufe2(a)).
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The intake pressure is much affected by the chandeof,,, see Figureh.3.

Because of the shorter pipe, a reflection will occur earkdo(ter pipe, less volume to
fill) than a longer pipe. In this case, the reflection pulsd thiérefore arrive at an ear-
lier crank angle compared to a longer pipe. The reflectivegid “well’-timed with the
opening of the intake valve. Thus, the expansion of exhaastgo the intake pipe will
increase. With the increased mass flow into the intake phpeptessure in the intake
manifold/pipe will increase. The increased backflow, wilcdease the amount of fresh
mixture that could be inducted during the intake phase. Theuamt of residual gas will
therefore increase. The formation of a reflection is higldpehdent on the length of the
pipe. In this case it occurs at right (or wrong) moment.

The pressure build-up in Figurfe3, that is noted at CA 52.8-54, occurs when a different
cylinder has finished its intake phase and is closing its hé Tass flow will cease and
there will be a pressure buildup in the intake manifold.
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Figure A.1. ha;. plotted against engine speed gnd;. The different intake pressures have been
marked as shown in figure. The air mass flow can be seen to s&weth engine speed.

A.1.2 Intake/Exhaust Valve Setting 464/252

When comparing Tablé.3 with TableA.4, the same parameters fBi?, PP P andri;,
are presentin both tables. But fbfi, g., andz,, there are both new parameters and the
order of appearance among parameters change, i.e a chahgadtative difference.

TAU,Emh

Whilst the valve overlap causing the greatest amount of ftmgkhrough EV, c.f Fig-
ure 6.2, is not being used, the effect of a change in exhaust valve ik therefore
become less significant.
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Pey bar]

50 505 51 615 52 525 53 535 51 645 1
CA 50 51 52 53 54 55

CA

(&) ppa at 1600rpm, IV/EV 435/290 (b) pgas at 4000rpm, IV/EV 435/290 ang;,,, at
andp;,, at 1bar, plotted against CA. 1bar, plotted against CA
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(c) EV profile (“0” means valve is closed and “1”
means valve is fully open.) for IV/EV 435/290.

Figure A.2. The exhaust manifold pressure at different engine speedsevthe value of. p, i s

has been changed hy5%. FigureA.2(a)and FigureA.2(b), share the same valve setting and are
both plotted during the gas exchange process. The impaat ofcaeased engine speed for the
pressure dynamics in the exhaust manifold is apparent. idwege in pipe length could be noted,

but the focus lies on the increased pressure dynamics.
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50 51 52 53 54 55 50 51 52 53 54 55

(@) pras at 1600rpm, IV/IEV 435/290 angd;,, at  (b) pras at 4000rpm, IV/EV 435/290 ang;,,, at
1bar, plotted against CA. 1bar, plotted against CA

Figure A.3. The intake manifold pressure at different engine speedsenheariation ofLp gas
has been made. The valve setting is shown in Figuggc),(IV/EV 435/290). It can be noted that
the intake pressure is much affected by a changerof; »;.

Quantity | Parameter| Quotient| RPM | pras | IVIEV | Ind.
PP Agpy 0.0100 | 1600 1 435/290|
PP Twall 0.0099 | 1600 | 1.3 | 485/240|

PPP V. 0.7656 | 1600 | 0.5 | 435/290(
PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP Apy 0.1019 | 1600 | 0.5 | 435/290| X,
PPP Twail 0.0818 | 1600 | 0.5 | 435/290| X\,

Tav,Eah Apy 0.0045 | 1600 | 0.5 | 435/290| X\,

Tav,Ban | Duration 0.0021 | 1600 | 1.3 | 485/240|
Trg Twail 0.0213 | 1600 1 435/290| X\,
Trg Ay 0.0150 | 1600 | 0.5 | 435/290( ~
Trg Ap M 0.0124 | 1600 | 1.3 | 464/252|
Mair Apy 0.0226 | 1600 | 0.5 | 435/290| X\,
Mair Twall 0.0134 | 1600 | 1.3 | 485/240|
Mair V. 0.0071 | 1600 | 0.5 | 435/290|
Mair Ac.im 0.0067 | 1600 | 0.5 | 435/290|
Mair Lerm 0.0067 | 1600 | 0.5 | 435/290| ~

Table A.3. The simulation results for 1600 RPM that differs from IV/EG44252.

Lrg

The parametek p ), has increased its significance and is now present in TaldleThe
parameter that comes secondtp g, is Ap gas. Therefore, the volume of the exhaust
pipe/manifold plays a vital role. As discussed in Chafiteat change of either length or
area for the pipe/manifold, the pressure dynamics will hecééd.



62 Results From Operation Point Setups Other Than Low RPM

Quantity | Parameter| Quotient| RPM | pras | IV/IEV | Ind.
PP Twan 0.0081 | 1600 | 1.3 | 464/252| *\,
PP Apy 0.0050 | 1600 | 1.3 | 464/252| *\,

PPP Phasing 0.7269 | 1600 | 1.3 | 464/252|
PPP V. 0.6855 | 1600 | 0.5 | 464/252|
PPP Twan 0.0562 | 1600 | 0.5 | 464/252| *\,
PPP Apy 0.0218 | 2800 | 1.3 | 464/252| *\,

Tav.pen | Duration | 0.0021 | 1600 | 1.3 | 464/252] /

Tav,Bah Apy 0.0010 | 4000 | 1.3 | 464/252|
Trg LpEem 0.0150 | 2800 | 1.3 | 464/252| *\,
Trg Ap M 0.0148 | 2800 | 1.3 | 464/252| *\,
Trg Ay 0.0137 | 1600 | 0.5 | 464/252|

Mair Twall 0.0121 | 1600 | 1.3 | 464/252|
Mair Agpy 0.0079 | 1600 | 1.3 | 464/252| *\,
Mair Ac.im 0.0054 | 4000 | 0.5 | 464/252|
Mair Le. v 0.0054 | 4000 | 0.5 | 464/252|
Mair V. 0.0046 | 1600 | 1.3 | 464/252| *\,

Table A.4. The simulation results for IV/IEV 464/252 that differs fror@0D RPM.

Thus, the timing of a reflective pulse from the exhaust flow] with this valve setting
aid the scavening process. Hence, decreasing the resiasiat@ss fraction.

The parametetyy ;;, becomes less significance in TaBlel. This is because of that the
heat transfer is a time-dependent process and with an Bedangine speed, this effect
will decrease (processes that occurs quickly will be fagt@tehigh engine speed)yy i
will therefore become less significant at higher engine dpee

Mair

As noted in the piece regardirfdy, z.», the parameted gy, was seen to become less
significant because of the valve setting. This is also nbtecéor 1. Forrg;,., the
parametetd gy has decreased its significancy from 2.26% till 0.79%, i.e @ehese of
65%. The reason for this is the correlation between backflodv\alve overlap. With
this valve setting the valve overlap is shortened. Henaegetthaust gas cannot expand
into the intake pipe. Therefore, the air mass flow will desesahen there is exhaust gas
flowing into the intake pipe. Thus, with a smaller valve oggtlthis effect is reduced.
The operation point that will give the greatest effect, is tne yielding the maximum
relative difference for 1600rpm (andly ), see Tablé\.3.

A.1.3 Intake/Exhaust Valve Setting 485/240

For the comparison between simualtion results from 160Capdh IV/EV 485/240 the
TablesA.5 and A.6 should be compared.
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The valve setting IV/EV 485/240 has the shortest valve ayeft.f Figures.1). Thus, as
noted earlier, those parameters that will help the expariexhaust gas into the intake
pipe during the gas exchange process, will become lesdisaymti This could be noticed
by comparison of the two tables (Tal#le5 and A.6) and the parametet gy .

Quantity | Parameter| Quotient| RPM | pras | IVIEV | Ind.
PP Apv 0.0100 | 1600 | 1 435/290| X\,
PP Twan 0.0099 | 1600 | 1.3 | 485/240| ™\,

PPP V., 0.7656 | 1600 | 0.5 | 435/290|
PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP Apv 0.1019 | 1600 | 0.5 | 435/290| ™\,
PPP Twall 0.0818 | 1600 | 0.5 | 435/290| ™\,

T av, Exh Apv 0.0045 | 1600 | 0.5 | 435/290| *\,

Tay,Ban | Duration | 0.0021 | 1600 | 1.3 | 485/240|
Trg Arv 0.0150 | 1600 | 0.5 | 435/290|
Trg Ap M 0.0124 | 1600 | 1.3 | 464/252| \,
Mair Apv 0.0226 | 1600 | 0.5 | 435/290| *\,
Mair Twail 0.0134 | 1600 | 1.3 | 485/240| ™\,
Mair V., 0.0071 | 1600 | 0.5 | 435/290| ™\,
Mair Ac.im 0.0067 | 1600 | 0.5 | 435/290|
Mair Lem 0.0067 | 1600 | 0.5 | 435/290|

Table A.5. The simulation results for 1600 RPM that differs from 1V/E@31240.

Quantity | Parameter| Quotient| RPM | pry | IVIEV Ind.
prpP Twan 0.0099 | 1600 | 1.3 | 485/240| X,
prpP Ac.im 0.0046 | 4000 | 0.5 | 485/240(

PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP V. 0.6776 | 1600 1 485/240|
PPP Twan 0.0551 | 1600 | 0.5 | 485/240|
PPP Apy 0.0079 | 4000 | 1.3 | 485/240|

Tav,Ezn | Duration | 0.0021 | 1600 | 1.3 | 485/240|

T Av,Exh Apy 0.0016 | 1600 | 1.3 | 485/240|
Trg ApEm 0.0121 | 2800 | 1.3 | 485/240|
Trg Lpem 0.0112 | 4000 | 1.3 | 485/240|
Mair Twall 0.0134 | 1600 | 1.3 | 485/240|
Mair Ac. v 0.0068 | 4000 | 0.5 | 485/240(
Mair Lerm 0.0068 | 4000 | 0.5 | 485/240(
Mair V. 0.0048 | 4000 | 1.3 | 485/240|
Mair Apy 0.0038 | 4000 | 1.3 | 485/240| X,

Table A.6. The simulation results for IV/EV 485/240 that differs fror60D RPM.
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PP

For PP, the parameted gy will become less significant. The reason for this has already
been discussed in the piece above.

The parameter that replacéds;y is Ac 1y With an increasedc ryy, the pressure dy-
namics will become less rapid. Thus, the pressure in th&entaanifold will be higher
throughout the intake phase. Hence, the cylinder pressux&Cawill higher, and there-
fore the amount of inducted energy during the intake phab®sgreater. This will yield

a higherP P. This could be seen in Figure4.

Py [Pa]
o
A

Figure A.4. pr . plotted agains€ A, with the effect of a change iA¢,ra marked as shown in the
figure. The increased pressure dynamics in the manifoldgarapt as the volume of the same, is
varied.

PPP

The shortened valve overlap is also evidentdgy,, at PP P. The significance fod gy
decreases from 0.1019 degrees to 0.0079 degress, an apptexiecrease of 92%. This
is because of the decreased effect that, has on the backflow at a small valve overlap.

T pv, Exh

ForT'a,, g.n the parameterBuration, Agy switch places in terms of significance. This
is for the same reason as spoken for in the piece above. Asthe everlap decreases,
the effect of a change iA gy will become less significant.

Lrg

Whilst the great overlap is no longer among the “allowed”ragien points, the parameter
Arv will become less significant far,.,. A greater intake valve will at a large valve
overlap (also, not a necessity but the effect of a backflowheilgreatly increased with a
low intake pressure) aid the backflow that occurs from thandgl to the intake pipe. (c.f
the case with a greater exhaust valve and a large valve pverla
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The backflow has a great impact op,. ThereforeAy, will become less signifant for
for 2,4, as shown in Tablé.6. Instead ofd;v, Lp g (Or Ap,par) has taken its place.
(As mentioned a couple of times before bdth s andAp, s have the same effect on
the volume and therefore on the pressure dynamics.)

Mair

The same thing, as with the valve setting IV/EV 464/252, csdetweenn, ;. and the
parametet gy . The same explanation given if.1.2, holds.

A.2 Load Settings
A.2.1 Low Load

Overall, a low intake pressure favour the backflow throughdwd also through EV c.f
Figure6.7). Hencez,, will be higher at a low intake pressure.

By comparison of Tablé..7 and TableA.8, only a few differences could be noted.

Quantity | Parameterl Quotient| RPM | pras | IVIEV Ind.
prpP Twan 0.0099 | 1600 | 1.3 | 485/240| X\,
Trg Twan 0.0213 | 1600 1 435/290|
Zrg Ary 0.0150 | 1600 | 0.5 | 435/290| ~

Table A.7. The simulation results for 1600 RPM that differs from 0.5bar

Quantity | Parametery Quotient| RPM | pras | IVIEV Ind.
prpP Ac.im 0.0050 | 1600 | 0.5 | 435/290| ~
Zrg Ary 0.0206 | 4000 | 0.5 | 435/290| ~
Trg Twan 0.0166 | 1600 | 0.5 | 485/240| X\,

Table A.8. The simulation results for 0.5bar that differs from 1600 RPM

PP

The comparison of Tabl&.7 and TableA.8, show thatTy,;; has become insignificant
for PP, thusTyy,;; make less of an effect at a low intake pressure.(The operptimt in
TableA.7 yielding the most significant change, has the smallest vareelap and a high
intake pressure)

With a low intake pressure there will be a great amount ofiteaigas, c.f Figuré.3and
Figure6.2 With a low intake pressure, the gas in the cylinder will exghnto the intake.
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This expansion will be further enhanced by a great valvelaper

Thus, with a small valve overlap and a high intake pressheeamount of residual gas
will be reduced. The temperature of the air/fuel mixtureighty correlated with both the
temperature of the cylinder wall (the surroundings) and-ésédual gas (the content).

With small quantities of (high temperature) residual gas,rixing temperature between
the fresh mixture and residual gas will be lower than that@beration point with greater
guantity of residual gas (c.f Figue6).

Hence, the effect of an increas&gl, ,; will decrease for those operation points which
has a vast amount of residual gas (c.f Figér&or Figure6.2). The heating of the fresh
mixture will at those operation points, be caused by the nwahmer residual gas. But
at small quantities of residual gas, the heating will be edusy the cylinder wall. Thus,
at those operation points where there are small quantities@ual gas, the temperature
of the cylinder wall will be more significant.

Trg

Forz,4, the parameted - has increased its significance. From TaBlé it is clear that
with a large valve overlap, the effect of an increased vatea aorrelates in the positive
direction with an increase of the engine speed. This effeceduced as the overlap
decreases. Thus, the low intake pressure and valve oveiithithe greater valve will aid
the backflow, or expansion, of exhaust gas into the intake/pipnifold, see Figura.5.

My [kl

Figure A.5. my¢, rv plotted against:.,.4, where the values gfr s has been marked. It can be noted
that there is a clustering of points for the different intakessures.

A.2.2 Part Load

With the comparison of the Tabke.9 and TableA.10, it is clear that the results from 1
bar, does not involve any radical changes among parametensared to the results from
1600 RPM.
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Quantity | Parametery Quotient| RPM | pras | IVIEV | Ind.
PPP V. 0.7656 | 1600 | 0.5 | 435/290|
PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP Apy 0.1019 | 1600 | 0.5 | 435/290|
PPP Twail 0.0818 | 1600 | 0.5 | 435/290| X\,

Trg Twall 0.0213 | 1600 1 435/290|
Trg Ay 0.0150 | 1600 | 0.5 | 435/290| ~
Trg Ap M 0.0124 | 1600 | 1.3 | 464/252| X\,
Mair V. 0.0071 | 1600 | 0.5 | 435/290| X\,
Mair Ac.im 0.0067 | 1600 | 0.5 | 435/290| ~
Mair Lc. v 0.0067 | 1600 | 0.5 | 435/290|

Table A.9. The simulation results for 1600rpm that differs from 1bar.

Quantity | Parametery Quotient| RPM | pras | IVIEV | Ind.
PPP Phasing 0.7334 | 1600 1 485/240|
PPP V. 0.6973 | 1600 1 435/290|
PPP Twall 0.0514 | 1600 1 485/240| \,
PPP Apy 0.0461 | 1600 1 435/290| \,

Trg Ap M 0.0298 | 4000 1 435/290|
Trg LpEem 0.0234 | 4000 1 435/290|
Trg Twall 0.0231 | 2800 1 435/290|
Mair ApEm 0.0060 | 4000 1 435/290|
Mair Lprm 0.0048 | 4000 1 435/290|
Mair V. 0.0039 | 1600 1 464/252| \,

Table A.10. The simulation results for 1bar that differs from 1600 RPM.

PPP

The only parameter that undergoes a significant changde:is. This is because of the
increased intake pressure. With a higher intake presserddkflow through EV, is
reduced. Thus, the effect frorzy will become less significant.

Lrg

The parameterd p zys and L p gy become more significant. This is because of a well

timed reflection at this operation point and has already loésussed inA.1.1.

This behaviour (an increase of area or length at the exhaasifoid yielding an increase
of z,,) is not the general scenario. This is noticed in Tah®and Table3.6.
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The general effect should be considered as, that the ctoreteetween the area, or length,
at the exhaust manifold and residual gas fraction, is negialihus, an increase of area,
or length, will yield a decrease if.,.

This correlation could be explained by the slower pressynanhics induced by a greater
volume. The impact from a greater volume in the exhaust mkhifas already been dis-
cussed in6.2.8 The choice of speaking of volume instead of dividing thedssion into
length and area, is not length or area specifically, islosmection between the length
and area of the exhaust manifold, could be witnessed in Fahil@

As may also be noticed in the comparison of Tahlé and TableA.10, the parameter
Ay become less significant fad? PP. This is from the fact that an increased intake
pressure will reduce the backflow through IV (c.f Figér®).

Mair

The two parameterd p gy and L p gy become more significant fon,;, as the intake
pressure is increased. As noted in the piece above regafditig, the reflection caused
by either of the two paramters, will increase the amount sidal gas. Hence, the air
mass flow will decrease. Also as noted in the piece abovedegnt,,, the operation
point yielding the highest level of significance, has a défé indication than more than
half of the considered operation points. This, as in the ahsee, could be explained by
the slower pressure dynamic induced by a greater volumes Witlilead to less reflec-
tions, yielding less backflow and therefore less residusl Gaus, the mass air flow will
increase.

Because of the increased intake pressure, the effé¢twill decrease. Following the dis-
cussion made ir6.2.2 that a change df, will affect the residual gas mass fraction. Thus,
increasing the intake pressure (and therefore reducingetiidual gas mass fraction) the
effect of V. will become less significant.

A.2.3 High Load

From the discussion6.1.4 the valve setting IV/EV 435/290, with the intake pressure
pra 1.3bar, is not present in Table12. By the comparison of the Tablés11 andA.12,
yields only some small differencies. The reason for thieé both 1600 RPM and 1.3bar,
yield result where significant changes has been made. Tlkdyath “end-values” of the
engine speed and intake pressure. Itis more likely that spehation will give result that
differs from a “normal” operation point.

PP

The parameted gy becomes less significant as the intake pressure incredse®ffect
Agyv has onPP, is that it will make it easier for a flow of exhaust gas to flovckinto
the cylinder. With a higher intake pressure this effect dueed.
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Quantity | Parameter| Quotient| RPM | pras | IVIEV | Ind.
PP Apv 0.0100 | 1600 | 1 435/290| X\,
PP Twan 0.0099 | 1600 | 1.3 | 485/240| ™\,

PPP V., 0.7656 | 1600 | 0.5 | 435/290|
PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP Apv 0.1019 | 1600 | 0.5 | 435/290| ™\,
PPP Twall 0.0818 | 1600 | 0.5 | 435/290| ™\,

T av, Exh Apv 0.0045 | 1600 | 0.5 | 435/290| *\,

Tay,Ban | Duration | 0.0021 | 1600 | 1.3 | 485/240|
Trg Twall 0.0213 | 1600 | 1 435/290| X\,
Trg Ay 0.0150 | 1600 | 0.5 | 435/290|
Trg Ap M 0.0124 | 1600 | 1.3 | 464/252| \,
Mair Apv 0.0226 | 1600 | 0.5 | 435/290| ™\,
Mair Twall 0.0134 | 1600 | 1.3 | 485/240| ™\,
Mair Ac.im 0.0067 | 1600 | 0.5 | 435/290|
Mair Lerv 0.0067 | 1600 | 0.5 | 435/290|

Table A.11. The simulation results for 1600 RPM that differs from 1.3bar

Quantity | Parameter| Quotient| RPM | prp | IVIEV Ind.
prpP Twan 0.0099 | 1600 | 1.3 | 485/240|
PP Apy 0.0050 | 1600 | 1.3 | 464/252|

PPP Phasing 0.7339 | 1600 | 1.3 | 485/240|
PPP V., 0.6819 | 1600 | 1.3 | 464/252|
PPP Twan 0.0498 | 1600 | 1.3 | 485/240|
PPP Apy 0.0218 | 2800 | 1.3 | 464/252|

Tav,Ezn | Duration | 0.0021 | 1600 | 1.3 | 485/240|

TAv,Exh Apy 0.0016 | 1600 | 1.3 | 485/240|
Zrg Lpem 0.0150 | 2800 | 1.3 | 464/252|
Zrg ApEm 0.0148 | 2800 | 1.3 | 464/252|
Trg Twall 0.0108 | 1600 | 1.3 | 485/240|
Mair Twall 0.0134 | 1600 | 1.3 | 485/240|
Mair Apy 0.0079 | 1600 | 1.3 | 464/252|
Mair Ary 0.0036 | 4000 | 1.3 | 464/252|
Mair ApEm 0.0028 | 1600 | 1.3 | 464/252|

Table A.12. The simulation results for 1.3bar that differs from 1600 RPM

PPP

The same as witl? P and Agy, goes forPPP andAgy . The effect ofAgy decreases
as the possibilty for a backflow is reduced.
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Lyrg

Ap em, Lp,rav become more important as the intake pressure increases. tiNitthe
operation point, with the great valve overlap is not present

Thus, the well timed reflection that occured at the largebstevaverlap, does not exist,
instead it is the less rapid pressure dynamic that a greateme induces, that is noted.

Mair

As was the case witl? P and PP P, the effect fromAgy is reduced at a higher intake
pressure. Therefore the parameter, will become less important foi;,..

A.3 Engine Speeds

A.3.1 2800 RPM and 4000 RPM

The two other engine speeds, i.e 2800 RPM and 4000 RPM, yieldation results that
compared to 1600 RPM, are practicly the same. Thus, the sisagn be done simulta-
neously.

The comparison of simulation results between the two engpezds, 2800 RPM and
4000 RPM, with 1600 RPM are presented in:

For 1600 RPM compared to 2800 RPM, Tabld 3 and TableA.14;

For 1600 RPM compared to 4000 RPM, Tabld 5 and TableA.16.

From these tables it is clear that there are some signifitemges fo” P, 1, andz,4.

Quantity | Parameter] Quotient| RPM | p;y | IVIEV | Ind.
PP Agpy 0.0100 | 1600 1 435/290| \,
PP Twan 0.0099 | 1600 | 1.3 | 485/240|
PPP Agpy 0.1019 | 1600 | 0.5 | 435/290|
PPP Twall 0.0818 | 1600 | 0.5 | 435/290|

Trg Ap M 0.0124 | 1600 | 1.3 | 464/252|
Mair V. 0.0071 | 1600 | 0.5 | 435/290|
Mair Ac.im 0.0067 | 1600 | 0.5 | 435/290|
Mair Lo v 0.0067 | 1600 | 0.5 | 435/290|

Table A.13. The simulation results for 1600 RPM that differs from 2800MRP



A.3 Engine Speeds 71

PP

As the engine speed is increased, the two parameters,andTyy ., yield results where
the both of them become less significant.

For Agy, the level of significance decreases since the backflow gir&y decreases as
the engine speed increases (c.f Figlr®).

As can be seen in Tab 3, the operation point that yields the maximum relative diffe
ence inz,4, comport with the operation point yielding the maximum tiekadifference
for PP in TableA.14. Thus,z,, correlates well withP P.

The operation point consisting pf,; at 1.3bar and IV/EV at 464/252 (2800 RPM), will
produce a more significant result. This operation pointddd seen in Figuré.6. At
this operation point, the backflow is not that great. But latree terms, it is significant.
Thus, the modest increase of backflow at this operation isgmto affect both,., and
PP.

With an increase of engine speed, the piston will more rgpddish the exhaust gas out
of the cylinder. Thus, it will be more difficult to change thféo{v) direction of the gas.
This will lead to a decreased backflow. The effect of an ineedaengine speed, on the
backflow could be seen in Figure7(a).

Therefore the parametelgy will decrease its significance at operation points invajvin
both 2800 RPM and 4000 RPM. Thus, some other parameter witihe more important.
In FigureA.7, both them s gy andm ,, have been plotted as the engine speed varies.
From the fact that the heat transfer process is a time-dep¢mocess, the effect of
Twau Will therefore decrease as the engine speed is increased, T ,; will become
less significant at higher engine speeds.

Quantity | Parameterl Quotient| RPM | pras | IVIEV |
prpP Twan 0.0057 | 2800 | 1.3 | 485/240
prpP Apy 0.0041 | 2800 | 1.3 | 464/252

PPP Twall 0.0616 | 2800 | 0.5 | 435/290
PPP Apv 0.0568 | 2800 | 0.5 | 435/290
Trg LpEem 0.0150 | 2800 | 1.3 | 464/252
Mair Ac.im 0.0046 | 2800 | 0.5 | 435/290
Mair Lev 0.0046 | 2800 | 0.5 | 435/290
Mair Ve 0.0043 | 2800 | 1.3 | 485/240

SN\ N ) B

Table A.14. The simulation results for 2800 RPM that differs from 1600MRP
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Quantity | Parameter] Quotient| RPM | pras | IVIEV | Ind.
PP Apy 0.0100 | 1600 | 1 435/290| \,
PP Twan 0.0099 | 1600 | 1.3 | 485/240| ™\,
PPP V. 0.7656 | 1600 | 0.5 | 435/290|
PPP Phasing | 0.7339 | 1600 | 1.3 | 485/240|
PPP Apv 0.1019 | 1600 | 0.5 | 435/290| ™\,
PPP Twail 0.0818 | 1600 | 0.5 | 435/290| ™\,

Trg Twall 0.0213 | 1600 | 1 435/290| X\,

Trg Arv 0.0150 | 1600 | 0.5 | 435/290|

Trg Ap M 0.0124 | 1600 | 1.3 | 464/252| \,
Mair Apv 0.0226 | 1600 | 0.5 | 435/290| *\,
Mair Twail 0.0134 | 1600 | 1.3 | 485/240| \,
Mair V. 0.0071 | 1600 | 0.5 | 435/290| ™\,
Mair Ac. v 0.0067 | 1600 | 0.5 | 435/290|
Mair Lem 0.0067 | 1600 | 0.5 | 435/290|

Table A.15. The simulation results for 1600 RPM that differs from 4000MRP

Quantity | Parameter] Quotient| RPM | pras | IVIEV | Ind.
PP Twan 0.0049 | 4000 | 1.3 | 485/240| ™\,
PP Ac.im 0.0046 | 4000 | 0.5 | 485/240|
PPP Phasing | 0.7255 | 4000 | 1.3 | 485/240|
PPP V. 0.7139 | 4000 | 0.5 | 435/290|
PPP Twail 0.0539 | 4000 | 0.5 | 435/290| ™\,
PPP Apv 0.0384 | 4000 | 0.5 | 435/290| ™\,

Trg Ap M 0.0298 | 4000 | 1 435/290|

Trg Lpem 0.0234 | 4000 | 1 435/290|

Trg Ary 0.0206 | 4000 | 0.5 | 435/290|
Mair Twail 0.0081 | 4000 | 1.3 | 485/240| \,
Mair Ac.im 0.0068 | 4000 | 0.5 | 485/240|
Mair Lerm 0.0068 | 4000 | 0.5 | 485/240|
Mair Apv 0.0061 | 4000 | 1.3 | 464/252|
Mair Ap M 0.0060 | 4000 | 1 435/290| \,

Table A.16. The simulation results for 4000 RPM that differs from 1600MRP

Lrg

The effect of a change iy ,;; will decrease as the engine speed increases. Therefore,
Twa Will become less signficant in Tabke16. The pressure dynamics will increase as
the engine speed increase. Thus, a different length or &tha exhaust pipe, will further
effect the pressure dynamics.
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Figure A.6. Mass of backflow through EV plotted for the different opesatpoints. The change
of Agv has been marked as the 100% (nominal value), 105% (increates) and the 95%-value
(decreased value). On the horizontal axis the differentaijps points are shown.

For 2800 RPM (Table).16), the parameter p gy, will be replace byLp gy. This
however is not a significant change, even though there is@gehaf parameters. This is
because of their common ground in affecting the pressurardies, thus it is difficult to
separate the behaviour from one of them.

Mair

The differences inn,;, between Tablé\.15 and TableA.16 are more evident than the
comparison of Tablé\.15 and TableA.16. The parameter¥, and Agy has dropped
significantly. The reason for the drop of significance¥pihas been discussed ih.2.2,

and still holds.

The reason as for whyl g, has become less significant, follows from the discussion in
the piece above.
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(a) The change of engine speed plotted against the masskifdvathrough EVimy, ¢ gy
The nominal value for each parameter has been used, i.e tamet@r values are left

unchanged”.
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(b) The change of engine speed plotted against mass of frestren(» s, ) at IVC. The
nominal value for each parameter has been used

Figure A.7. For each and every valid operation point, the effect of a ghan engine speed has
been plotted against the yielded, ¢, 51 andmy,, at the specific operation point. The change of
operation point is presented according the legend in eaarefigThemy s, gy andm, s could be
seen to decrease and increase, respectively, as the epgagtiacreases.



Appendix B

Extended Tables

This appendix will present the simulation results for thoperation points that provided
result that where not invariant for operation points. Theut needed also to be signifi-
cant according6.1.1 The discussion regarding these tables is made in Chapter

B.1 Extended tables for 1600 RPM

This section holds the extended tables6dt

Quantity | Parametery Quotient| RPM | pras | IVIEV | Ind.
PP Apy 0.0015 | 1600 | 0.5 | 464/252|
PPP Apv 0.0047 | 1600 | 0.5 | 485/240|
PPP Apv 0.0041 | 1600 | 1 485/240|
PPP Apv 0.0037 | 1600 | 1.3 | 485/240|
T Ay Ezh Apv 0.0016 | 1600 | 1.3 | 485/240|
T Ay, Exh Apv 0.0016 | 1600 | 1 485/240|
T Av, Ezh Apv 0.0013 | 1600 | 0.5 | 485/240|
Trg Apv 0.0127 | 1600 | 1 485/240| \,
Trg Apv 0.0123 | 1600 | 1.3 | 485/240| \,
Trg Apv 0.0104 | 1600 | 0.5 | 485/240| \,
Mair Apv 0.0016 | 1600 | 1.3 | 485/240|

Table B.1. The operations points for the parametegy, that does not yield the same results as
presented in Tablé.1.

75
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Quantity | Parameter] Quotient| RPM | pras | IVIEV | Ind.
Trg Ary 0.0150 | 1600 | 0.5 | 435/290|
Trg Ary 0.0137 | 1600 | 0.5 | 464/252|
Trg Ary 0.0106 | 1600 | 1 464/252|
Trg Ay 0.0087 | 1600 | 1.3 | 464/252|
Trg Ay 0.0048 | 1600 | 1 435/290|
Trg Ay 0.0025 | 1600 | 1 485/240|
Trg Ary 0.0025 | 1600 | 1.3 | 485/240|
Trg Ary 0.0017 | 1600 | 0.5 | 485/240|

Table B.2. An extended table for the parametéry, while the operation point setup with a low
engine speed is considered.

B.2 Extended tables for 2800 RPM

Quantity | Parameter] Quotient| RPM | pras | IVIEV | Ind.
Trg Apv 0.0528 | 2800 | 1.3 | 464/252|
Trg Apv 0.0453 | 2800 | 1 464/252|
Trg Apv 0.0435 | 2800 | 1 435/290|
Trg Apy 0.0287 | 2800 | 0.5 | 435/290|
Trg Apy 0.0260 | 2800 | 0.5 | 464/252|
Trg Apy 0.0082 | 2800 | 1.3 | 485/240|
Trg Apv 0.0057 | 2800 | 0.5 | 485/240|
Trg Apv 0.0024 | 2800 | 1 485/240|

Table B.3. An extended table for the parameté: -, while the operation point setup with 2800
RPM is considered.
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B.3 Extended Tables forp;,, at 0.5bar

Quantity | Parameter] Quotient| RPM | pras | IVIEV | Ind.
Trg Ary 0.0206 | 4000 | 0.5 | 435/290|
Trg Ary 0.0168 | 2800 | 0.5 | 435/290|
Trg Ary 0.0150 | 1600 | 0.5 | 435/290|
Trg Ay 0.0137 | 1600 | 0.5 | 464/252|
Trg Ay 0.0071 | 2800 | 0.5 | 464/252|
Trg Ary 0.0049 | 4000 | 0.5 | 464/252|
Trg Ary 0.0017 | 1600 | 0.5 | 485/240|

Table B.4. An extended table for the parametéyy -, while the operation point setup where a low
intake pressure is used.

B.4 Extended tables forp;,, at 1.0bar

Quantity | Parameter Quotient RPM | prar | IVIEV | Ind.
Trg Ap M 0.0298 4000 1 435/290|
Trg Ap M 0.0124-0.0062 All 1 All o
Trg Ap EM 0.0040 2800 1 435/290|
Trg Ap EM 0.0027 1600 1 485/240|

Table B.5. An extended table for the parametép, z s, while the operation point setup where the

intake pressure at 1 bar is used.

Quantity | Parameter Quotient RPM | prar | IVIEV Ind.
Zrg Ly, v 0.0234 4000 1 435/290|
Lrg L, mm 0.0127-0.0013 All 1 All AV

Table B.6. The extended table for the paramefey zas regarding the operation point with an
intake pressure at lbar.
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Figures

C.1 Figures for Ap gy
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(a) Massflow through EV during gas exchange @) An enhancement of Figui@.1(a) at the valve
1600rpm,p; s at 1bar and IV/EV 464/252. overlap.

Figure C.1. Massflow through EV during gasexchange with IV/EV 464/258e Backflow through
EV at the valve overlap has been enhanced. The reflectioe é&rdper pipe area, can be noticed to
occur later compared to the smaller piper area.
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(a) Massflow through EV during gas exchange @) An enhancement of Figur@.2(a) at the valve
1600rpm,pyas at 0.5bar and IV/EV 435/290. overlap.
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(c) Massflow through EV during gas exchange (@) An enhancement of Figui@.2(c), at the valve
1600rpm,p; s at 1bar and IV/EV 435/290. overlap.

Figure C.2. Massflow through EV during gasexchange with IV/EV 435/290thvthe comparison
of Figure C.1, the effect of a change in pipe area, timing the reflectiofedkhtly, at the valve
overlap, is much more apparent.
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(a) Massflow through EV during gas exchange @) An enhancement of Figui@.3(a) at the valve
1600rpm,py s at 1bar and IV/EV 485/240. overlap.
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(c) Massflow through EV during gas exchange @) An enhancement of Figui@.3(c), at the valve
1600rpm,pras at 1.3bar and IV/EV 485/240. overlap.

Figure C.3. Massflow through EV during gasexchange with IV/EV 485/240ithwthe smallest
valve overlap, the effect of a late opening and early closihty and EV respectively is apparent
as an increase in cylinder pressure can be noticed justebBf@. The backflow during the valve
overlap is not as significant, comparead to Figlréand FigureC.2
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C.2 Figures for Ac i
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(a) Pressure in intake manifold plotte(b) 1V opening profile (“0” means valve is
against crank angle with IV opening as idlosed and “1” means valve is fully open)
figure C.4(b) for IVIEV 435/290

Py lPe]

(c) Pressure in intake manifold plotte(d) 1V opening profile (“0” means valve is
against crank angle with IV opening as idlosed and “1” means valve is fully open)
figure C.4(d) for IVIEV 464/252.

Valve position [-]

(e) Pressure in intake manifold plotted) IV opening profile (“0” means valve is
against crank angle, with 1V opening aslosed and “1” means valve is fully open)
in figure C.4(f). for IVIEV 485/240

Figure C.4. Intake manifold pressure at different valve settings artifegrent area of the common
intake manifold. The pressure dynamics, i.e the emptyirdyfdiing, of the intake manifold, is
much affected by a change i, 7.
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