National Library

] Bibliothéque nationale
pf Canada

du Canada -

| )

Canadian Theses Service

Ottawa, Canada
K1A ON4

CANADIAN THESES

NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitted for microtiiming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible.

If pages are missing, contact the university which granted the
degree.

Some pages may have indistinct print especially it the original
pages were typed with a poor typewriter ribbon or if the univer-
sity sent us an infqrior photacopy. v

Previously copyrighted materials (journal articles, published
tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the
Canadian Copyright Act, R.S.C. 1970, c. C-30.

1

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

i

NL=-339(r.B6/06)

Services des théses canadiennes

THESES CANADIENNES

(AVIS

La qualité de cette microfiche dépend grandement de la qualité
de la thése. soumise au microfiimage. Nous avons tout fait pour
assurer une qualité supeérieure de reproduction.

w
S'il manque des pages, veuillez communiquer avec l'univer-
sité qui a conferé ie grade.

La gqualité d'impression de certaines pages peut! laisser a
désirer, surtout si les pages ariginales ont été daclylographiées
A I'aide d'un ruban usé ou si 'université nous a fait parvenir
une photocopie de qualité inférieure.

Les documents qui font déja I'objet d'un droit d'auteur (articles
de revue, examens publiés, etc.) ne sont pas microfiimés.

La reproduction, méme partielle, de ce microfilm est soumise
4 la Loi canadienne sur le droit d'auteur, SRC*1970, c. C-30.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

N Canadﬁ



UNIVERSITY OF OTTAWA

Department of Mechanical Engineering

MODELING OF FLUID FLOW
AND
HEAT TRANSFER PROCESSES IN AN ENGINE

by

" Achilles E. Carapanayotis, Dipl.Eng.(Greece), M.Eng.(Carl.)

A thesis submitted to the University of Ottawa in partial

fulfillment of the requirements for the dég‘ree of
Doctor of Philesophy

in

Mechanical Engineering

©Achilles E. Carapanayotis, Ottawa, 'Canada, 14987,



Permission has been granted
to the National Library of
Canada to microfilm ¢this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
has reserved other
publication rights, and
neither the theslds nor
extensive extracts from it
may be - printed or otherwise
reproduced without his/her
written permission.

‘LY autorisation a Bt& accordde.

a la Biblioth&que nationale
du Canada de microfilmer
cette th&@se et de pré&ter ou
de vendre des.exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:
ni la th®se ni de longs
extraits de celle-ci ne
doivent @&tre imprim&s ou
autrement reproduits sans son
autorisation ®crite.

ISBN 0-315-36474-2

//,/’



UNIVERSITE DOTTAWA
UNIVERSITY OF OTTAWA



ABSTRACT -

. -3
This work presents the development of a thermodynamic simulation model for

a two stroke turbo-charged diesel engine. The set of equations governing the fluid’
dynamics, cc;mbustion and thermodynamic state of the engine working mediuni is
presented ahd the numerical procedure for solution is outlined. The c,ombustiop
model that is used is a two eguapion Zero dimensional model. Tile mass burning
rate is calculated using a premixed and a mixing controlled réaction rate equa-
tion. The scavenging model is based on a scavenging efﬁciency-sc.avenging rafio
equation. This equatiph is obtained by solving the moinentum, energy and species
conservation equations using finite difference approximations. The cfamputed fuel
burning rates are compared with fuel burning rates calculated from ea‘cperimen‘—
tally measured cylinder pressures. The experimentally qbta.ined bur'_ning rates are
calculated using the thermodynzmic model with the pressure traces as input and
the fuel burning rate as output. The indicated engine parameters (in_dica.ted horse
power, indicated thermal efficiency, cylinder peak pressure eté.) obtained using

the ‘developed model are compared with experimexgsally measured v:alues.
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CHAPTER 1
INTRODUCTION

1.1 STATEMENT OF THE PROBLEM

In the past, internal combustion engines were improved and developed based
only on previous experience and experimental studies. This is no longer the ac-
cepted practice. During the past ten years, high oil prices and the demand for
engines with greater reliability and less pollution have led to the development of
a large number of simulation models [1-5]. A simulation model helps the engine
designer immensely because it: a) gives him a better understanding of the en-
gine physical processes; b) can specify the most.important parameters affecting
the engine performance and emissions; c) can provide, at a relatively small cost,
extensive parametric studies; and d) can identify the significant parameters for
experimental studies. Although the development of such models requires large
investments and time, they can be used on a number of different engines and
the investment is much smaller compared to .working on the actual engine in an
t?xperimental set-up.

The scope of this work is to develop an advanced simulation model for the
General Motors GM6V53T six cylinder turbocharged, two-stroke, direct m_]ectlon
diesel englne Simulation of an internal combustion (IC) engine is not an easy task
The physical model is extremely complex and even today many questions remain
unanswered. For example, the heat transfer from the cylinder gases to the cylinder
walls can differ by up to 200 per cent between data obtained using different models
[6]. Another example is the scavenging process taking place in two stroke engines,

where the cylinder gas composition cannot be accurately calculated and empirical

models are therefore used.



Comparison of the simulation model with experimental data for verification
is also very difficult. Global comparison of the indicated horse power (IHP), in~

dicated thermal efficiency, peak pressure, peak pressure location, etc can lead to

o .
improper model evaluation. Even more detailed comparison during part of the

thermodynamic cycle can lead to wrong conclusions if all the model assumptions

do not describe accufa.tely enough the experimental conditions. For example, fuel

burning rates calculated from experimental pressui'es can vary significantly if the
initial mass in the cylinder and the number of moles of the different existing species
are not properly calculated (or estimated). Even if only a part of the cycle is exam-
ined, the study should be based on the proper overall model. Also, the simulation
model has to be as close as possible to the actual engine physical processes in order

to have a good predictive character.

1.2 LITERATURE REVIEW.
1.2.1 Engine Modeling

The existing engine simulation models can be divided into two major cate-
gories: a) thermodynamic or zero-dimen‘ml models; and b) mul'ti-d‘imensiona.l
models. In the thermodynamic models, uniform pressure, temperature and mass
composition within the cylinder are assumed. Equilibrium of the cylinder gases is
assumed and the energy equafion together with the state equation are used in the
cycle calculations. In these types of models the engine geometry cannot be stud-
ied a.nd is usually modeled emplncally Extenslve experimental data are therefore
needed for model refinement and venﬁcatmn Thermodynamic models are used
very often because of the low computer costs.

A second approach to engine modeling is multidimensional modeling. It is
more fundamental than thermodynamic modeling and is also different in charac-
ter. Multidimensional modeling of in-cylinder processes has received great atten-

tion during the last ten years and a significant number of technical papers have

2

e



been published [7-11|. However, due to the extreme compI;xity of tile in-cylinder
processes, multidimensional modeling has beeﬁ, and is, presently directed towards
the investigation of limited aspects of the processes during parts of the engine’s
operating cycle (e.g. flow l;attern during compression or §cavengh1g). All this work
has to be considered as building blocks to a complete multidimensional model of

the future.

In multidimensional models, the differential conserva.tioﬁI equations which gov-
ern the flow, heat and mass transfer processes within the cylinder are solved nu-
merically at a finite number of points. Their major advantages are: a) the in-
formation needed is limited to the boundaries of thf.' cylinder only; and b) the

velocity, pressure, temperature and species distributions can be calculated.

-

A Iafge number of thermodynamic simulation models for dieseli and spark
ignition engines with four or two strokes have been published in the last twenty
years [1-5,12,13]. The subject is of great importance because these models can
predict performance trends for the fundamental design parameters ana, using these
predictions, time and investment can be saved. by shortening the experimental

testing.

During the cycle computations, the cylinder pressure and temperature are
calculated using the energy and state equations. The internal energy of the cylinder
gas mixture is needed during the thermodynamic cycle, and during scavenging
the enthalpy of the cylinder gases and the fresh charge have to be calculated as
a function of temperature. Values of thermodynamic properties as a function of

temperature for a large number of species can be found in JANAF thermochemical
tables {14]. In JANAF, the values are given in tabular form, making them rather
difficult to use in the computer. In a number of references [15-18] coefficients from

polynomial fitting of the heat capacity or internal energy are reported.

3



1.2.2 Heat Transfer : Cw ]

The heat transfer processes in internal combustion engines are complex and
only empirical correlations based on experlmenta.l measurements are available.
Trom the simulation point of view the heat tra.nsfer from the cylinder gas to

the cylinder walls is more lmporta.nt than the heat transfer from the cyhnder

wall to the coolant. The heat transfer from the cylmder gas to the wall is due

to convection and radiation. The radiation heat tra.nsfer is small compared to
convection except in the case of hlgh soot formation. According to Oguri and
Inaba (19] under normal running condmons the heat transferred through radiation
is about 15 pe.(_e;!}f*rﬁe total heat transferred , but in a scoty engine it can go
up to 30 per cent. It should be noted that the radiation is significant only during
combustion and expansion where high temperatures occur. The convection heat

transfer takes place under high gas velocities and is usually assumed to be through

forced turbulent filuid flow.

Nusselt, performing experiments'in a spherical bomb calorimeter, proposed an
equation for the heat transfer coefficient consisting of a term for the heat i;rarrsfer
by convection and one for the radiation heat transfer. Later Annand [20], review-
ing the existing correlations and performing a dimensional analysis, concluded’
that the major parameter affecting the convection heat transfer is the Reynolds

number, and proposed a general equation for the heat transfer coefficient in which

the convection term was based on the Reynolds number. Fitting this equation

to experimental results for two and four stroke engines, he proposed values for
the constants used in his model. Woschni 6], performing experiments in spher-
ical tfombustion chambers, concluded in 1967 that the heat transfer in internal
combustion engines is similar to -t‘he heat transfer in pipe flow under turbulent
conditions. The‘equation that he proposed did not include a radiation heat loss

term. The radiation heat was somehow included in the convection loss term. In
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the proposed equation the velocity used in the computation of the Reynolds num-
ber is not constant but changes in the three main cycle periods: compression,
combustion-expansion and scavenging. Woséhni, performing experiments on tur-
boc.ha.rged.engines in 1979, concluded that the formula »derived in 1967 agrees very

well with the experimentally measured heat transfer rates [21].

1.2.3 Combustion

Combustion simulation is essential in order to obtain a good overall model.
The nature of the process and the dominant factors are not yet clear. Combustion
is strongly affected by many factors such as turbulence level in the cylinder, spray
characteristics, evaporation l)ate,' fuel-air mixing, engine geometry, scavenging ef-
ficiency, pressure and temperature in the cylinder. Combustion modeling can be
categorized depending on the modeling used as:

a ) Performance and efficiency
b ) Engine emission
¢ ) “Detonation”

Models dealing with performance and efficiency simula.fe the overall combus-
tion effect and la.re usually empirical or semi-empirical and relatively simple. They
are very useful because the engine performance can be predicted and parametric
studies can bf- performed in an inexpensive way. Models concentrating on emis-
sion study th;ciiérﬁjcal kinetics and the formation of oxides of nitrogen, carbon
monoxide, unburned hydrocarbons etc. These models are concerned with environ-
ment pollution but they are not used for performance prediction, because from
the modeling point of view these species are not important. “Detonation” mod-
e_}ing is very complex for both spark ignition and diesel engines. These models

study the irregular combustion and high pressure rise rates during the early part

-

of combustion.



The combustion models fi'c_Jm the analysis and study point of view can be

classified as follows [22]):
a } Zero-dimensional or thermodynamic models
b ) Quasi-dimensional or entrainment models
¢ ) Multi—'dimensidna.l or detailed models

In the z'e;;o-dimensiona.l models the overall combustion effect is modeled us- -
ing empirical formulae for the apparent fuel burning rate (AFBR). In quasi-
dimensional models the fuel burning rate is derived from physical sub-models
of spray evaporation, fuel-air mixing and turbulent coml;ustion. The multi-
dimensional models are different in character since the conservation equations
of mass, moméntu.m, energy and species are solved numerically in the cylinder
domain. The spray evaporation rate and the fuel-air mixing are calculated and
the combustion reaction rate is usually explicitly supphed Some of the proposed
models of the three different categories will be discussed below."

Over the last twenty years a large number of zero-dimensional models have
been proposed [23-27]. Lyn (28] correlated the apparent heat release to the fuel
injection rate by assumi.ng small time steps during injection where at each time
s‘tep the fuel was prepared and burned according to an empirical mathematical
formula. Later, Whitehoﬁse and Way [24] proposed a similar model with the idea
that the burning rate is proportional to the instantaneous total fuel area, assuming
the fuel to be in uniform size droplets. This rate was then correlated to the fuel
injection schedule. Borman in his early work [29] used experimental pressures
during combustion to calculate the apparent _heat release rate (AHRR) allowing
for heat losses to the cylinder walls. This model gives very good information for

-

the fuel burning rate but does not have a predictive character.

In 1968 Shipinski [30] calculated the AHRR from the fuel injection rate using
Wiebe algebraic formula. Woschni and Anisits [31], using the same type of for-
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mula, calculated the fuel burning rate without the use of the injection schedule. -
Later Watson et al. [27] used the same principle to calculate the fuel burning
rate by using two Wiebe functions, one for the pre-rﬁixed burning and one for
the diffusion burning rate. The AHRR. approach for modeling the combustion
process determines the overall combustion efficiency and allows overall engine per-
formance predictions but fails to give any information on the actual process and
the significant factors affecting the combustion efficiency and pollution formation.
_ Shipinski et al [25], assume that the fuel is beginning to evaporate by the time
it is injected. The mass fraction burned is calculated from an empirical formula
based on curve fitting of experimental results. Then, in order to have good agree-
ment for different testing conditions, they performed parametric studies on the
effect of pressure, temperature, overall fuel-air ratio and oxygen concentration to

determine the constants used in the fuel burniné equation.

Ifﬁ‘fﬁ{si-diﬁ:ensional models the fuel burning rate (FBR) is derived from phys-
ical models simulating the fuel-air mixing and turbulent combustion [32-37]. Adler
and Lyn [35] used the turbulent jet theory and derived a model for the air-fuel
mlxmg process .in diesel engines_\for steady conditions. Later, Chiu [36] proposed

a model] for calc_:ulating fhg FBR using transient spray mixing.

The multi-dimensional analysis was initially concentrated on velocity compu-
tations in IC engines during compression-expansion. The conservation equations
were written in finite difference form and the velocities were computed for a discrete
number of poinfs. The difficulty in engine computation is that the computational .
domain is cha.ngmg with time as the piston is moving.. Watkins—{37] first intro-
duced a mathematical transformation of the conservation equations that takes
into account the grid expansion-cbntrax:tion. Later, Flanagan et a.l.[38] and Chong
[10] used the same transformation for similar studies. Gosman and his co-workers
published a number of papers st'udyi.ﬁg the fluid dynamics in IC engines{11,39-41].

-
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In 1982 Gosman and Harvey [8] published their work dealing with the combustion
process of a direct injection diesel engine. The ﬁio el uses an empirical fuel burn-
ing rate based on Arrhenius kinetically controlled\combustion. The reaction rate
is a function of temperature, oxygen mass fraction d fuel vapor mass fraction.
These quantities are calculated from the corr&pond_ing conservation equations.

The model is qualitatively in agreement with experimental results.

1.2.4 Scavenging

The scavenging process -ta.kes place in two-stroke uniflow scavenged engines
when the exhaust valves and inlet ports are open and the incoming fresh air
replaces the combustion products. The development of two-stroke engines has
concentrated for some time now on the improvement of the scavenging process.
Improvement of the scavenging performance means decreasing the residual gases
(ideally to zero) by replacing them with air. The scavenging process is best -de-
scribed by the scavenging efficiency, defined as the mass of air retained i:: the
cylinder divided by the mass of air réquired to fill the cylinder volume at air-box
pressure and temperature [42]. O

The.a.mount of air retained in the cylinder during scavenging is very difficult
to calculate beca.usLéF{t depends on the cylinder geometry (inlet ports and exhaust
valves}, inlet port and exhaust valve timing, pressure and temperature in the
cylinder, the exhaust manifold aﬁd the air-box. In early studies the following
models have been proposed for the overall scavenging efficiency [43].

a ) Pure mixing
b ) Perfect scavenging ‘ -

c.) Short circuit -

In the pure mixing model it is assumed that the incoming air mixes instan-

taneously with the cylinder gases and an equal amount of the cylinder mixture
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leaves the cylinder. In the perfect scavenging model the incoming air is assumed
to be replacing an equal amount of cylinder exhaust gas. In the short circuit
model it is assumed that a part or all of the incoming fresh air goes directly to
the exhaust valves without any contribution to the scavenging. In case of com-
plete short circuit (all the air escapes) the scavenging efficiency is zero. Benson
and Brandham {44] suggested a model which is a combination of the pure mixing
and perfect scavenging models, called the mixing-displacement scavenging model.

In this model the cylinder was assumed to be divided into two zones, a mixing

zone close to the inlet ports and a displacement zone close to the exhaust valves.

An arbitrary volume ratio of the two zones was assumed. Initially as the air is
coming in, it is assumed that it is mixing with the existing gases in the mixing
zone and the combustion gases are leaving the displacement zone. It is assumed
that the two zones are not mixed and, therefore, the displacement zone is getting
smaller an ller. When the displacement zone is eliminated the scavenging
continues ag pure mixing. In 1977 Benson [45] published his work on scavenging
for cross scavenged engines based on Deodeoglu’s [46] experimental data. In this
model he assumed that three zones existed in the cylinder: a) mixing region (air
and residuals); b) air region; and c) gas region. He assumed that each zone has
the same pressure but a different temperature. The scavenging period was di-
vided into three phases. In each phase, a different zone arrangement was selected
based on experimental observations. A number of similar models studying the
scavenging process by dividing the cylinder into zones with different composition
and the scavenging period in different phases have been published (see reference
[47] ). These types of models are not fully satisfactory for engine design and per-

formance optimization because they are highly empirical and do not include the

engine design parameters.

Because of the difficulty in modeling the scavenging process, many experiments
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have been performed to study two-stroke engine performance from the scavenging
point of view. These experiments are based on flow visualiza.t‘ion or sampling [48-
50]. The sampling approach predicts the overall‘sca.:renging efficiency but does not
predict the intermediate scavenging steps and the exhaust gasAcomposition within

“the cylinder.

Recently, a few studies have been reported based on multi-dimensional a.naiy-
sis [51-53]. Sher {51], using a code similar to the one used by Gosman and Watkins
(TEACH), calculated the exhaust gas-air mhctﬁif;_je in a loop-scavenged engine. He
calculated the overall scavenging efficiency for the engine for certain flow condi-
tions. Sung (52| studied the air motion in a uniflow-scavenged engine theoretically
and experimentally. Experimentally, he measured the three velocity corﬁponents
across the cylinder radius at 2.5 ¢m from the TDC for two different flow rates, us-
ing doppler anemometry. Theoretically, he computed the velocity field by solving
the vorticity function \for four different exhaust openings. The predicted results.
were not in good agreement with the experimental results. Recently, Diwakar (53]
studied the scavenging process in a two-stroke uniflow-scavenged engine using the
"CONHAS SPRAY” ;ode [54]. The study concentrated on the effect of t_he swirl
angle on the scavenging efficiency. He concluded that the optimum efficiency oc-
curs with a 22 degree swirl. These results were in disagreement with the Nishimoto
and Kamimoto [55] experimental and theoretical work.

-

o

1.3 OBJECTIVES OF PRESENT WORK

- '{l‘}:e\?bjective of the present work is to dev;‘alop a thermodynamic simulation
model for the General Motors GM6V53T turbo charged,  two-stroke, direct in-
jection, uniflow scavenged diesel engine with special a.ttt_ahtion to the scavenging
process. Since the knowledge of the scavenging process in two-stroke engines is
limited and the process can not be studied effectively using thermodynamic models

alone, multi-dimensional modeling will be used to derive a scavenging efficiency -
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equation for use in the thermodynamic modél. The multi-dimensional modeling
gives information on the air concentration in the cylinder during scavenging. Stud-
ies are performed assuming two and three diménsional flow in the cylinder. The

~multi-dimensional model is turbulent and the conservation differential equations

A

- are approximated with finite differences and are solved numerically. The resulis of
the multi-dimensional 'a.nalysis are used in the .thermodyna.mic model. The pre:dic-
tions of the thermodynamic model are c_ompé.red with experimental data supplied
by Flanagan and Menard [56-57]. , ‘

The ?hermodynamic‘ model (iero—dimensional) developed is'divided intoscom-
pression, combustion-expansion and blowdown-scavenging processes. These pro;
cesges are discussed in chapters 2, 3.and 4 respectively. In cha.ptér 5 the develqp—
ment of the two dimensional turbulent model for scavenging studies is presented.

Chapter 6 gives computational details for the three-dimensional model used for

scavenging studies a.nd.compa.rison betWee_n the two and three dimensional results. .

Chapter 7 presents the heat transfer model used in the thermodynamic program.

A model developed for calculating the fuel mass burning rz;te during combustion

using experimental data is presented in chapter 8. The comf;a.rison of the thermo—

dynamic model with experimental data is given in chapter 9. .
i
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CHAPTER 2

' COMPRESSION PROCESS

2.1 INTRODUCTION .
The engine thermodynamic cycle is divided into three processes, a a) compres- .
sion, b} combustion-expansion, and c) blowdown- sca.venguig In thls chapter the
‘compression process is discussed. In chapters 3 and 4 the combustion—expa.nslon '
and biowdown-scavenging process}:s respectively a.re presented. In every process all
the individual models used are presented together with their govermng equations.
Du.rmg the thermodynamm cycle the cylinder pressure and temperatu.re are com-
puted using the state and energy equations. The energy equation is a.pprox.lmated |
using finite differences for time derivatives and is solved simultaneously with tl;e
state equation using an iterative technique. The simulated engine is the General
Motors GM6VS53T six cylinder turbocha.rgéd two stroke diesel engine. The engine
is uniflow scavenged with four overhead exhaust valves. The engine specifications

and the engine cross section diagram [1] are shown in table 2.1 and in figure 2.1

respectively. -

pa——y

The compression process starts immediately after the inlet ports and exhaust

valves have closed, as can be seen m figure 2.2. At that point the temperature and - -

pressure in the cylinder are wtuna.ted The pressure and temperature are assumed
equal to the air-box pressure and temperature. The cylinder gas is assumed to be
 pure air and the mass is calculated from the state equation. The initial estimated
values are compared with the final calculated values after the end of the ther-
modyna.micl cycle, and if the differences in the pressure and temperature values
are greater than 1.35 kPa and 10.0 K respectively the final values are assigned as

initial and the computations are repeated until convergence is reached. The cal-
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culated cylinder mass and gas composition are also assigned as initial for the next
iteration. The program usually converges within three iterations. The parameters

""i-ﬁsed in the thermodﬂa_.mic model are given in table 2.2.

2.2 ENER(I;Y AND STATE EQUATIONS

The state and energy equations for the cylinder control volume are written as

follows (no mass entering or leaving the .éj'linder, no heat released due to combus-

tion) \

1deal Gas Equation \‘

PV = MR, ,T (2~

Where:
. P - is the cylinder pressure
V -is the éyfinder volume
T - is the cylinder temperature
M- is the number of Kg-moles in the cylinder

Rrop - is the universal gas constant (8,131.4 J/Kg — mol K)

Energy Equation (First Law of Thermodynamics)

9E _8Q aw s (2 - 2)
ot at ot

Where:
W - is the work done by the system
'@ - is the heat transferred to the system

E - is the internal energy
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A question arises concerning the behavior of the cylinder 'gas as ideal, partic-
ularly during combustion, where high préssures and temperatures are observed.
The highest temperature and pressure 'durhing the cycle occur 5 to 7 degrees after
the top dead center (TDC) Typical va.l_'jies-for the GM6V53T engine are P
= 12,2 MPa (120 atm).' and Tmqez = 2400 K. Assuming the gas in the cylinder is .
air (this assumption is reasonable becauge about 75 percent of the cylinder gas is
nitrogen and most of the oxygen has not }jret been consumed), the critical pressure
and temperature for the air are P,, = 3.77 MBg. (37.25 atm) and Tc.r = 1324
K respectively [2]. From the generalized compressibility chart (figure 2.3) [2] it
can be seen that the coEppressibility factor Z is about 1.02 for P/P.,, = 3.22 and
T/Ter = 18.12. Therefore, equation (2-1) can be used safely for the entire simula-
tion cycle.

The energy equation (eqn. (2-2)) is written in finite difference form for a time

interval At between the time ¢ and t + At as follows:

A Ez—Ey = AQ— AW (2 - 3)

Whére:
E, - is the internal energy at time =t + At
E) - is the internal energy at time = t
AW - is the work done by the system dui'ing the time step At

AQ - is the heat transferred to the system during the time step At

Equations (2-1) and (2-3) are the basic equations for the pressure and temper-

ature calculations during compression, the procedure will be discussed in section

2.5.
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2.3 INTERNAL ENERGY CALCULATIONS

The method for computing the internal energy, enthalpy, and specific heat of
a gas mixture is presented below. The mixture is assumed to consist of n species.'
Thermodynamic properties of a large number of chemical species can be found in
reference [3-4] in a tabular form. In reference [5] polynomial ﬁtﬁing of the values
of heat capacity as a function of temperature is presented for a limited number of
species for a temperature range of 500.-3000 K. In reference [6] polynomial fitting
of the heat capacity for more than 200 species is presented. The temperature range
is 300-5000 K and two polynomials, one for the 300-1000 K range and one for the
1000-5000 K, are used. In this study the polynomials were obtained from reference
[6]. During the cycle talculations the following species are used (the concentrations

of these species are obtained from combustion calculations presented in chapter
3);

H,0,0H, CO, O3, Hy, NO, Hy0, N2, Ar, H, N, C13Hay4

The chemical formula for the fuel was found using results from the fuel stoi-
chiometric analysis reported in reference 7] (the fuel properties are presented in
table 2.3). The polynomial coefficients for the above mentioned species are given
in tables 2.4 and 2.5 for the two different temperature ranges. The coefficients are
presented as A;; ., where 7 is the species , 7 the polynomial coefficient (5 = 1,5)
and m is the temperature range, the values of m are m = 1 for the 300-1000
K range and m = 2 for the 1000-5000 K range. The specific heat capacities for

species ¢ are written as follows:

Cp,i = Bmo

5
J:

A’.sj.mIlj_l M (2 - 4)
o .

k-.-ﬁ./

—
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¢,
s 3
. Co,s' = Rmot Z(Ai,j',mTJ_l - 1). : '(2 - 5)
=1
The specific enthalpy for species i is written as:
. T ) 5 . -
By = fo CoidT = Bnot Y (1/5) AT’ (2 - 6)

i=1

Assuming zero enthalpy at zero degrees Kelvin the internal energy is written

as:
5 3
¢ = o Z[(I/J')Aid.mTJ - T] (2-7)
j=1 |
The mixture specific enthalpy and internal energy are:
. i ) .
E= Z M,'e,- (2 — 8)
=1
n .
H=>) Mh : (2-9)
i=1
L |
The mixture specific heat capacities are:
) Z’?—l MCyp,;
C, = =\=1""t70 210
p M ( )
o M
Where: |
22

LT



M; is the number of moles of species i.

The gas mixture intétmal-energy U and enthalpy H are given as follows:

-

n 5 )
H =Rmot ) _ M) (1/7)AijmT’ (2-12)
1=1 j=1
n ) 5 ]
E=Rpat ) M; > _[(1/5)AigmT ~T) (2 —13)
1=1 J=1

2.4 WORK CALCULATIONS
The work done by the system AW is calculated using the mean cylinder pres-

sure during the time interval At which defined as:

P, = 0.5(P1 + Pj) (2 — 14)

Where:
P; - i3 the cylinder pressure at time = ¢
P; - is the cylinder pressure at time =t + At

-N\) The instantaneous cylinder volume V is calculated using the following formula

[8]:
e

§ = r[LO+ B — (B — 5in(6))°® ~ cos(6)] (2 —15)

-

V =Vy+7B*5/4.0 (2 — 16)
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Where:
B - is the engine bore : A
r - is the engine crank radius ‘
f - i3 the crank angle (degrees) measured fromITDC
Vet - is the cylinder clearance volume ' :
R - is the ratio of connecting rod length to crank radius
S - is the piston distance from TDC

Thus the work done by the system during the step At is:

W = Pm(fvl ~ V) | (2 —17)

V\Vhere: ,
|12 \-is the cylinder volume at time = ¢

V2 - is the cylinder volume at time = t + At

-

2.5 SOLUTION PROCEDURE DURING COMPRESSION

As mentioned earlier the solution procedure is based on the state and energy
equations (eqns (2-1) and (2-3)). It is assumed that the_ temperature, pressure,
internal energy, heat capacity, etc. are known at time ¢ and values of these pa-
rameters at time ¢ + At are being sought. It is not possible to solve equations
(2-1) and (2-3) for temperature and pressure analytically and an iterative solution
is used. The steps taken are as follows:

( A) The compression process is assumed to be isentropic and the temperature

T; (at time ¢ + At) is calculated as:

-

Ty = Ty(5-)* ! (2-18)



The value of k—1 (k is the specific heat ratio) can be estimated as Rnot/Co(Th).
The specific heat capacity C,(T3) is known from the previous time step. The values
of'Vy and V; are calculated using equations (2-15) and (2-16). |

( B) The cylinder pressure at time t + At is calculated from the state equation

(eqn. (2-1)) as follows:

-

Py = MRy Ty /Vy (2 —19)

( C) The heat transfer to the cylinder walls AQ is ca.lcula.tea using equations
presented in chapter 7 with mean values for the pressure and temperature.

( D) The internal energy of the cylinder gases E3 is calculated at time t+ At
.using equations presented in section 2.3. ' ' [y

( E) The work AW during the time step At is calculated using equation (2-17).

( F) Check if the energy equation (eqn. (2-3)) is satisfied. It is assumed satisfied
if: J

_Ey—E;— AW + AQ

AT
MC,(T2)

< 0.01 (2 - 20)

If the energy equation is satisfied the pressure P; and temperature T, are
correct and the computations for that time step are finished. To continue for the
next time step the final conditions (T3, P;, V3, etc) are set as initial (T3, P, Vi,

etc.) the time is advanced by the time step and the computations are repeated

starting at {A). .

("G) If the energy equation is not satisfied a new temperature (T3) is estimated

from:

(T2)n = (T2)a—1 + AT (2 —21)
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Where: .
.

(...} - is a new estimate

(...)n—1 - is the previous estimate ,
The calculations are repeated starting at (B) until the correct temperature
and pressure are found. In figure 2.4 the flow diagram for the cycle calculations is

presented.

5
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Diagram of the engine timing (two-stroke cycle).
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Figure 2.4 Basic flow diagram for the thermodynamic cycle calculations.
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TABLE 2.,2: SIMULATION

ENGINE GEOMETRICAL DATA

Bore

Stroke

Connecting rod length
Compression ratio

.~ Swept volume

Crank radius

. Cam shaft profile
Valve opening area as a functicn of crank angle

Port geometry

. OPERATING PARAMETERS

(60 I N FUTE AN S
« s & e«

Air-box pressure
Exhaust manifold pressure
Air-box temperature

- RPM

Injection schedule

CYCLE INPUT PARAMETERS
L _
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TABLE ‘2-3._
‘FUEL SPECIFICATIONS

PROPERTY FUEL 1

Density @15°C, kg/L (D1298) .8403

Distillation (D86)

" I.B.P., °C 173
10% recovered, °C 203
50% recovered, °C 257
90% recovered, °C 323
F.B.P., °C 351
Recovered % vol. S8.0

Carbon Residue, % mass (D524) 1.9

]-Cleud Point, °C (D2500) -12

‘Pour. Paint, °C (D97) ~18
Kinematic Viscosity @40°C, mm2/S (D445) 2.41
Ash, % mass (D482} J.000
Water and Sediment, % vol. (D1796) 0.000
Sulphur, % mass {(D1552) 0.21
Nitrogen Content (chemilumlnescent)ppm by wt -

. Flash Point, °C (D93) 57
Total Acid No. mg KOH/g (D974) £ 0.03
Corrosion, 3 hr. @L00°C (DL30) - la
Cetane Number (D613) 46.7
‘Cetane Index, ASTM (D976) 48.0

,  CGSB

Aniline Point, °C (D6ll) 64.4

»Carboﬁ (By Difference) % mass B6.6
Bydrogen Content, % mass (D3701) 13.4
C/E Ratio ' 6.6
Smoke Point, mm (D1322) ) 17.0
Heat of Combustion, MJI/kg .(23.4M) . 45.63
Hydrocarbon Type Analysis -

Saturates and Olefins,. % 77.8
Poly-Arematics and Polar Compounds, % 0.9
Total Arcmatics % 21.3
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CHAPTER 3

COMBUSTION-EXPANSION PROCESS - _

3.1 INTRODUCTION

The combustion process is assumed to start at the time that the fuel starts to
be injected in the cylinder. In reality, the process does not start before the end of
the ignition delay; until then the compression continues with the addition of the
fuel. The ignition delay as a part of the comb-ustion process has begn selected for
study because the fuel injection and fuel evaporation continue during combustion.
The combustion is assumed terminated when no more fuel or oxygen exists in
the cylinder. After the end of combustion the expansion process starts until the

rexhaust valves open. The three processes and the models used will be discussed

in the following sections.

3.2 IGNITION DELAY MODEL

Ignition delay is the period from the beginning of the fuel injection to the time
when there is a measurable pressure rise due to combustion. The delay can be
divided into physical and chemical delays. The physical delay is the time required
for the fuel droplets to be partly vaporized and the fuel vapour to be mixed with
the surrounding air. During that period preffame reactions are negligible and only
physical processes are taking place. The chemical delay is the period from the end
of the physical delay to the beginning of combustion. During the chemical delay,
preflame chain reactions occur while physical processes continue. Many ignition
delay models have been developed (1-4] and all of them are empirical, limited in

application to one pa.rt1cu1a.r engine. Therefore, the empirical constants used in
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such rr;odels must be adjusted to the particular engine using experimental data.
In this study the Henein and Bolt [1] model is used.

The Henein and Bolt model [1] was derived from tests on a Lister-Blackstone

engine and the effect of the followiﬁg parameters on the ignition delay were studied:

c?ﬁnder pressure, fuel/air ratio, fuel injection pressure, cooling water temperature

and engine speed. In conclusion the following relation was proposed:

ID=% (3-1)

where: ’

P - is the cylinder pressure at the beginning of injection (atm)
. ’
a - i3 a-constant or a function of the cylinder temperature

b - i3 a constant or a function of the engine speed

ID -is the ignition delay

3.3 FUEL INJECTION MODEL
‘The fuel injection schedule is an input to the simtlll.ation program, Typical
schedules can be seen in t".a.ble 3.1 for full rack, and speeds of 1600, 2100 and 2600
RPM. The simulation program uses both the crank angle and fhe corresponding
total fuel injected as input. The injection model then converts these values to 0.1

-

degree increments with linear interpolation.

3.4 FUEL EVAPORATION MODEL
The droplet evaporation time and the rate of droplet disappearance are calcu-

lated using the following formulae [5,6]:

o prd?
"7 8pyain(B + 1)

(3-2)
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dd _  4pgagin(B +1)

dt nd
5_ C(T-T)
L+ C (Tb - Tf)
Where: \
T - is temperature

L - is the fuel latent heat
/ C - is the heat cz.lpa.city
£ - is the density
a - is the thermal diffusivity
d - is the droplet diameter
d, - is the initial droplet diameter
Subscripts:
g - gas
{ - liquid
b - boiling point
f - fuel

(3-3)

(3-4)

The gas properties for the fuel vapour-air mixture surrounding the droplet are

approximated by these of air. The gas temperature used for the computation of the

properties is 1200 K, which is approximately the temperature of the cylinder gas

during the ignition delay period. Therefore, the following values for the constants

are used [7]

C, = 1.179 £

py = 0.30 X4
gC
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ag = 2.25107% &

The temperature of the fuel (Ty) is 310 K. At this temperature the fuel prop-

ertie§"are as follows [8]: @
p1 =840 n%g—
Cr=1.88 g,

The fuel latent heat (L) is 25.75;%% and the fuel boiling temperature (T}) is
523 K. The equations for the evaporation time and the disappearance rate were
derived by solving the energy and species concentration equations for a singlef‘
droplet without co_r_r}bustion, assuming quasi-steady state, and no effect of change .
in boundary conditions because of fuel evaporation (6]. This model assumes that
the evaporation rate of the fuel spray in the engine is proportional to that of a single
d.roplet; the droplet diameter d, then represents an effective average diameter for
the spray, and becomes one of the model constants to be fitted to the experimental
data. The amount of fuel vapor in the cylinder .at any crank angle location after. |

the start of injection is calculated as explained below. -

Assume that the amount of fuel vapour in the cylinder at crank angle X is
to be calculated. (X must be greater than the crank angle where injection starts |
(CAIS)). The fuel injected at each time step is assumed to be composed of
equal size droplets with a specified diameter. It is also assumed that the cylinder
temperature is known from the previous time step. The calculations are as follows:

( 2) Calculate the evaporation time for the droplets first injected in the cylinder

using equation (3-2).
' &

( b) Check if the available time for evaporation (time corresponding to (X —
CAIS) degrees) is greater than the droplet evaporation time. If the time is greater
then all the injected fuel at that crank angle has been evaporated.

( ¢) If not, calculate the rate of disappearance from equation (3-3} and calcu-

40



late the evaporated fuel including vapour from partly-evaporated droplets from

previous time steps.
( d) Accumulate all the evaporated fuel.

( e) Go to the next time step and calculate the evaporation time for the injected
L—

fuel at that time step.

( .f) Check if the crank angle is greater than X. If it is, stop; if not, go back to

- step (B) and repeat the computations.

3.5 COMBUSTION MODEL
As discussed in section 3.2 during.the ignition delay period part of the injeéted
fuel is evaporated and mixed with the air forming a combustible mixture. In the

early combustion the fuellburning rate is.very high due to premixed conditions.

During the period of premixed combustion the fuel burning rate is calculated using

-

the following formula [6]: '

PRR = aMgﬂrffea:p(—%) - (3-15)

Where;

M, - is the oxygen mass fraction
My - is the fuel vapour mass fraction
PRR - is the premixed reaction rate (kg/CA)

a,b,c,d - are constants

Equation (3-5) is assumed to be valid until the amount of fuel evaporated
at the end of the ignition délay has been consumed. Therefore, when all the
initial vapour has been consumed, the premixed reaction rate is zero and the
combustion is assumed to be dominated by the fugl—.oxygen mixing rate according

to the following reaction rate equation derived by Whitehouse [9]:
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MCR = aMI M}, P} (3~6)

Where:
M; - is the total fuel injected at that crank angle
P, - is the oxygen partial pressure
MCR - is the mixing control reaction rate {kg/CA) "

a, b,z - are constants

For the calculation of the mass burning rate both rates (equations (3-5) and
(3-6)) are assumed to contribute to the early combustion, but, in the reality,
the premixed combustion is dominant. Based on two stroke diesel measurements

Whitehouse recommends the following values for the constants in equation (3-6):

a = 0.0170
r=1.0 .
b=04

»

3.6 COMBUSTION CALCULATIONS —

During combustion the fuel burning rate is calculated using the combustion
model discussed in section 3.3. The combustion is assumed to take place at the

_mean cylinder temperature and pressure. The following equation is used:

37 .
213[013H24 + ?(02 +3.7274 N, +0.0444A1")] = D H+ 230+ 23N +z4Hy+z50H

+26CO + 27NO + 25304 + 2o H:0 + £10C O + x11 Ny + 210 Ar (3 — 7)

where z; to z12 are the mole fractions of the product and z;3 the number of moles

of fuel that will give one mole of products
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The fuel-air ;equiva.lence ratio ¢ is calculated based on the instantaneous
amount of fuel in the cylinder. During combustion chemical equilibrium is as-
surﬁed and the mole fractions z; to z,3 and z5 ‘a.re calculated using reference (10].
The heat released during the time step is calculated from the heat of formation of

the participating species in the reaction as follows:

Pr Re
Qeomb = 2 niflsr — z niHyr, (3 —8)
i=1 j=1

Where:

ni ~ is the number of moles of the product speties ¢
Hyr, - is the heat of formation of product(species ¢
n; - is the number of moles of the reactant \pecies 5
Hy 1. - is the heat of formation of reactant species jl
Pr - i3 the number of produ(;t species

Re - is the number of reactance species

The heats of formation of the species used in the computations are given in

table 3-2 [5,11]. The heat of formation of the fuel was calculated ftom the fuel

lower heating value.

3.7T ENERGY EQUATION

The energy equation during ignition delay-combustion-expansion for the cylin-

der control volume is written as follows:

BE _9Q oW  om,
Bt "ot ot T g Geomd
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The heat absorbed by the fuel during ignition delay a.n.d combustion is negli-
gible and.is ignored (the heat of evaporation is approximately 0.5 per cent of the
fuel lower heating value). The energy equation is written in finite difference form

for a time interval At as follows:

E,—E| = AQ — AW + AmyQeomsd (3 - 9)

where Am; is the amount of fuel burned during the time step Al.

‘ During the ignition delay period the heat released due to combustion is zero.
Therefore, the compression process continues up to the end of the delay period.
After the end of the combustion period th;a expansion process continues up to the
point where the exhaust valves open and the blowdown period starts. Usually in
two stroke engines the expansion process is not observed because the available time
for combustion is much shorter than in four stroke engines, and the combustion
continues up to the beginning of the blowdown process.
3.8-:SOLUTION PROCEDURE DURING IGNITION DELAY,
COMBUSTION AND EXPANSION

-

The solution procedure is similar to the one used for compression (section 2.5) ¢

with different equations used. A short description will be presented next:

( A) The amount of fuel burned during the time step At is calculated using
equations (3-5) and (3-6) (during the ignition delay the fuel burning rate is zero).
In equations (3-5) and (3-6) the previous time step pressure, temperaturé, and gas
composition are used.

( B) The temperature T, at the end of the time step At is calculated using the

following simplified expression of the energy equation:
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~ , MC,,(T;[)(TQ - Tl) = -Pl(Vl - Vz) + qpedmy (3 — 10)

where gqp, - is the fuel lower heating value. The temperature T3 is given by:

B0l (V2 ' Qhv Ay

A ARt | (3 - 11)

Ty = Ty (1.0 + AMOL(T)
- u

o
( C) The cylinder pressure is calculated using the state equation (equation (2-
1)). ~
( D) All the terms in the energy equation (eqn. (3-11)) are calculated to check

if it is satisfied. It'is assumed to be satisfied if:

_E-E+Q-W+mQems

AT
MC,(T3)

< 0.01 (3-12)

. As in sectioh 2.4, if the en;argy equation (eqn. 3-12) is satisfied, the estimated
temperature and pressure are correct and the computations are advanced in time.
If equation (3-12) is not satisfied a new temperature is estimated using equation
(2-25) and the computations are repeated starting at step (C) until convergence

is reached.
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TABLE 3.1

INJECTION SCHEDULES FOR DIFFERENT RPM

(DATA FROM GENERAL MOTORS)

-~ |

1600 RPM 2100 RPM 2600 RPM,
CRANK INJECTED | CRANK INJECTED | CRANK Y] INJECTED
ANGLE “TOTAL ANGLE TOTAL ANGLE TOTAL

DEGREES | mm3 DEGREES | mm DEGREES | mm3
~18.170 0.0 ~18.700 0.0 ~18.410 0.0
-17.990 0.100 | -18.000 0.300 | -17.970 0.100
-16.990 1.100 |°-17.000 1.500 | -16.970 0.900
-16.530 1.900 | -16.700 1.900 | =16.220 1.800
-15.990" 2.800 | -16.000 2.900 | -15.970 2,100
~14.,990 5.000 | *“15.000 4.700 | -14.970 3,700
-13,990 7.500 | -14.000 6.700 | -13.970 5.500
-12,990 10.300 | =13.000 9.000 | -12.970 7,600
-11.990 13:300 | -12.000 11,5007} -11,970 9.800
-10,990 | 16.600 | -11.000 14.100 | -10.970 12.200 |
. -9.990 20,100 |-=10.000 17.000 -9.970 14,800
-8.990 23,800 -9.000 20.100 -8.970 17.400
-7.990 27.600 |- -8.000 23.400 ~7.970 20.300
-6.990 31.500 -7.000 264900 -6.970 23.200 -
-5.990 35,500 -6.000 30.400 ~5.970 26.200
-4.,990 39.600 -5.000 34,100 -4,970 29.400
-3.990 43,900 -4,000 .| 37.890 -3.970 32.600
-2.990 48,200 -3.000 41.300 ~2.970 35.900
-1.990 52.600 ~-2.000 45.400 ~1.970 39,400
-0.990 57.100 -1.000 49,300 -0.970 42.900
0.010 | . 61.700 0.0 53.200 0.020 46,600
1.010 65.800 1.000 57.200 1.020 50.3G0
2.010 69.000 2.000 | 6q.900 2.020 53.800
2.690 70.300 3.000 63.700 3.020. 56.800
3,010 70.600 4,000 65..400 4,020 59,000
f..ﬁ 5.000 65.600 5.090 60,400
-~ ' 6.020 60.700
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‘ | HEAT OF FORMATION HEAT OF FORMATION
fPECIES ‘ SPECIES -
‘ 1/kg-mol 3/kg-mol
H 2.1501 E08 | o 0.0
L0 24579 E08 Ha -2.3853 EQ8
. . o
N 4.6645 EO8 co, -3.8815 E08
H2 | 0.0 N, 0.0
OH  |3.8433 E07 Ar 0.0 ,
€0 [-1.0902 EO8 Ci3Hog | -2.1111 E08
NO  [8.9143 E07
—
\\

,j .
-Table 3,2: Heat of formation for the species used

in the simulation

298.15 K.

program at 1 atm and




CHAPTER 4
BLOWDOWN-SCAVENGING PROCESS

4.1 INTRODUCTION

The blowdown period runs from the time when the exhaust valves open {at
100 degrees ATDC) until the inlet ports open (at 125 degrees ATDC). During
this permd the cylinder pressure drops sxgmﬁcantly to values close to the air-

box pressure. The cylinder pressure near the end of the blowdown is usually
| higher than the air-box pressure; therefore, at the beginning of the scavenging
process back flow through the inlet ports is_obsgrved. The scavenging process
starts when the inlet ports open and continues until the exhaust valves and ports
close (at 56 degrees ABDC). During sca.venéing both the exhaust valves and the
inlet prorts are open and the insominé air replaces the cylinder residual gases from
the previous cycle. The process is very important because the aw"aila.ble oxygen for

combustion is _strorigly dependent on the scavenging efficiency, which is defined as

the mass of air trapped in the cylinder divided by the mass of air required to fill the .

cylinder volum‘e, at air-box pressure and temperature. The scavenging efficiency is
“a function of the scavenging ratio, which is the mass of air supplied.to the cylinder,
divided by the mass of air required to fill the cylinder volume at air-box pressure,
a.nd temperature. From the modeling point of view the scavenging process is very
dlfﬁcult to stuc}y. The cylinder geometry with the inlet ports and exhaust valves is
the most significant factor for the scavenging efficiency. Thermodynamic models,
therefore, fail to provide information on the scavenging efficiency-scavenging ratio
relation_ship. Such ‘a relationship is obtained from multi-dimensional modeling
" discussed separately in ‘chapters 5 and 6. Here, the models for computing the

amount of air enteriné afid the amount of gas leaving the cylinder will be presented
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together with the method of computing the composition of the gas leaving the
cylinder.

4.2 FLOW THROUGH THE EXHAUST VALVES AND INLET PORTS

The-flow through the exhaust valves is unsteady, compressible and multidi-
mensional. However, it has been shown by many investigators [1-5| in the engine
-modeling field that such a flow can be studied using the quasi-steady approach for
isentropic compressible flow through a nozzle or an orifice.

The mass flow rate through the exhaust valves is calculated as follows:

) A) For the gas flowing from the cylinder to the exhaust pipe (P > P,, where P, is

“the exhaust pipe pressure) two possibilities exist:

1]

a) The flow is sonic at the valve throat:

P 2 e
> =1 -
Then:
dM
/ .Fl= CynAyP fy (4—3)
Where:

Ay - is the valve opening area
M; - is the mass leaving the cylinder.
k - is the isentropic expansion coefficient

and

.k 2

ﬁ:[ﬁ(k+1

-

ki (4—2)

|
I
-

)
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b) The flow is subsonic at the valve throat:

r"/«".\

P 2 . a
RN ek

Then:
aM,
‘II?C'dlAquz

Where:
2k P, 2 P, 1

=l (P - @)

B) If the gas flows from the exhaust pipe to the cylinder (P, > P) and:

a) The flow is sonic at the vaive throat, therefore:

P 2 x
< (i
Pe —_— (k+ 1)‘:
Then:
dM,
715_‘ = —CaAsP. f3
Where;
k 2
fa= [R_Te(m)" I

(4~ 1)
(4-5)
(4-6)
(4-7)
(1-8)
(1-9)



b) The flow s subsonic at the valve throat, therefore:

P 2 | k ‘
— =1 — 10
- Pc > (k + 1) = i (:4 . ) .
Then:
dM, ' . : ‘
, — =~CadPfi - (4-11)
- 'Where: . A ‘
2k P .2 Pl
= (=) — [— 2 —-12

Cy and Cy, are the discharge coeflicients when gas flows out of and in to the
cylinder .respectively. Values for the coefficients are given in figure 4.1 [4].

It can be seen that the discharge coefficients are a function of the valve opening.
In the simulation program a second order polynomial was fitted to the curves in
figure 4.1. The coefficients are given next.

1) For out flow through the valves (fig. 4.1)

Cg1 = 1.0 —0.1583X — 0.2917X? (4.—13)
Where: )
’ s
e ‘
e

12
X=F 414
Vma: ( )

Vop is the valve opening which is input to the program using the cam shaft

profile and Vi, is the valve maximum lift (table 2.1).
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| B) For back flow through the valves (fig. 4.1)

Cyg2=060+16X —1.6X2 (4 —15)

The value X is given in equation (4-14) |

Using data obtained from General Motors ( Table 2.1 ) the exhaust valve area
is input as a fuﬁction of the crank a.;ngler For crank angle values betwreen the ones
- given in table 2.1 linear interpolation is used

The mass flow rate through the inlet ports for subsonic flow is calculated

.

follows:

A} If the gas flows from the air-box to the cylinder {(P,; > P, where Py is the

air-box pressure ):

dM, '
dtc = CdApPabe : (4 = 16)

Where;

. Ap - is the port opening area
M, - is the mass entering the cylinder.

and

2k P P olan |
fs = [m((ﬁ;)* - (Pab) <)) (4-17)

B) If the gas flows from the cylinder to the air-box (Pas < P):

% = —CyApPfe (4 - 18)
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- Where:

& .

_2k Pa.b

| 5,
fo= [UC—_'I)TT((—P“ 2

g G ATl - 19
- (38 (4~ 19)
As with the discharge coefficients for the exhaust valves, the value of C; de-

pends on the ports opening (see figure 4.1). In the simulation program, C; is

calculated as follows;

CHR 0.4523 + 1.1047Y — 0.9977? (4 - 20)
For: ¥ > 0.7 v
and . "

Cy=0.8 for Y <O.7 (4 — 21)
Where.
A
Yy = -2F
Ama:

Ap - is the port area
Amaz - is the port maximum area

If S is the piston distance from the TDC, the port area Ap 1s calculated as a
function of the crank angle as follows (S is calculated using equation (2-15))

(a) If S5 < S < S, (see figure 4.2) and

5 -5

(]

8 = arcos(1.0 — ) (4 — 22)



Then:

Ap = 9.0R2(8 — sin(6))

. (a-23)
(b) If Sy < S < S,
Then: ) * .
Ap = 18[L5TR3 + 2R,4(S — )] (4 — 24)
() £S. <8 <5;and
6 = arcos(— Sc) (4 — 25)
a .
Then:
Ap = 18[3.14R% + 2R R, — R3(9 — sin(8))] (4 — 26)

4.3 BLOW-DOWN AND SCAVENGING PROCESSES

4.3.1 BLOW-DOWN

As mentioned earlier, the blow-down process runs from the time when the
exhaust valves open until the inlet ports open. Assume that the cylinder species
composition at the beginning of scavenging is X, ¢ = 1,12 (moles) with Xj for
oxygen and X;; for nitrogen. From section 4.2 the mass leaving the cylinder
(AM;) during the time step At can be calculated. Assuming the cylinder gas to

be uniform the cylinder gas composition at the end of the time step At will be:
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AM;

(Xidnew = {(Xi)ota(1 — X (4 —-27)
m
Where:
12 .
Xm=) XMy, (4 —28)
=1

4.3.2 SCAVENGING

" The scavenging process takes place when the inlet and exhaust ports are open
and the incoming. air replaces the residual gases from the previoﬁs cycle. The
question about the scavenging process is how the ?.ir replaces the residual gases
and therefore what the gas composition in the cylinder during scavenging is. At
this stage the scavenging efficiency versus scavenging ratio equation is not known.

Assuming that the scavenging efficiency is a function (F) of-the scavenging ratio,

or:

ﬁsc = F(Rac) : (4 — 29)

where: 7, is the scavenging efficiency, defined as the mass of air trapped in the
cylinder divided by the mass of air required to fill the cylinder volume at air-box -
pressure and temperature, and R"f‘- is the scavenging ratio, defined as the mass of
air supplied to the cylinder divided by the mass of air required to fill the cylinder

volume at air-box pressure and temperature.
The computations proceed in the following manner:
2 ) Normal scavenging (inflow from the ports, outflow from the exhaust valves):

Let us assume that the scavenging ratio at time ¢ is known (can be calculated
from the total amount of air supplied at time t). From equations (4-1) to (4-12)

~ the amount of air entering the cylinder (AM,) and the amount of gas leaving the
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cylinder (AM;) during the time stepAt can be ca.Icula.ted.- During scavenging the
problem is to find what is the composition of the mass AM.; If this composition
is known the cylinder composition dunng scavenging can be calculated.

Suppose that air in the cylinder can stil] be 1dent1ﬁed after mixing with exha.ust

gases. During the step At the portion of the supplied air remaining in the cyhnder
will be:

_ dNae |
AMy = AM,( dR,c) R., , (4 — 30)
Where: '

AM,; - is the air staying (retained) in the cylinder

The amount of air escaping the cylinder will be:

AM,,. = AM, — AM,; (4 — 31)
Where:

AM,,c - is the air escaping the cylinder

' Thus, the composition of the gas AM; will be AM,, of air and (AMI AM,,.)
of residual gases. If AM; < AM.,. the air staying in the cylinder will be:

AMy = AM, — AM; (4 — 32)
and AM; will be pure air. |
b ) Early scavenging with back flow:

In early scavenging, back flow from the cylinder to the air-box can be ob-
served. During that period the scavenging ratio is negative. The composition of
the gas entering and leaving the cylinder is assumed to be the same as the cylinder
composition. This continues until the scavenging ratio becomes positive.
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¢ ) Late scavenging with back flow from the cylinder to the air-box
This is observed when AM, < 0. The composition of the mass AM, is assumed
‘to be that of pure ait. The composition of AM; is assumed to be the same as in
the previous time step. |
d ) Back flow through the valves: - ‘
If AM; >0 the composition of AM; of the previous time step is used.
It sl}ould-’be noted that cases ¢) and d) are very rare and the computations-
take place under the conditions of cases a) or b).
| This computational techniqﬁe has been developed because it can be used with
any scavenging efficiency-scavenging ratio 'reIati%nship. Such a formula can be

derived from multidimensional models as will be seen later (chapters 5 and 6).

4.4 ENERGY EQUATION

The energy equation during scavenging is writted as:

0E _0Q _oW _ oM . IM,

=== — h -
ry 5t " et ot e ™ (4-33)
EQua.tien (4-33) is written in finite difference form for a time interval At as
 follows:
Ey; — By = AQ — AW — liAM; + h AM, (4 — 34)
Where:

hi - is the enthalpy of the gas leaving the cylinder
he - i3 the enthalpy of the gas entering the cylinder

The enthalpies of the gases entering and leaving the cylinder are calculated
using the formylae from gection 2.3. The mass composition of the gases leaving and

entering the cylinder and also the cylinder gas composition are calculated using the

RN
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scavenging model (section 4.3). The values of AM, and i have beeQ calculated

in’ section 4.2. Finally, the computations for the internal energy, work, and heat

transfer are presented in section :'z'.s, section 2.4; and chapter 7 respectively.

4.5 SOLUTION PROCEDURE DURING BLOWDOWN

AND SCAVEN GING

During blowdown and scavenging the same iterative procedure described in

section 2.5 is used. The temperature and pressure are estimated using the following

formulae:

M
RS

4

Vi, Boal

)G-m)

Py = MaRyo T3 [/ Va

and the energy equation is assumed to be satisfied if:

ap — BL—Er+ AQ —AW — hiAMi + h.AM,

< 0.01
] . . MCU(TZ)
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CHAPTER 5

-MULTIDITMENSIONAL ANALYSIS FOR SCAVENGING STUDIES

TWO-DIMENSIONAL MODEL
| N

5.1 INTRODUCTION

In the thermodynamic model presented and discussed in the previous sections,
a number of simplifications were utilized to describe the physical phenomena in.the
engine. In thermodynamic models, the cylinder gas is assumed uniform and the
pressur'e veriation within the cylinder is ignored. The g[imoti_on in the cylinder
cannot be predicted and therefore cannot be modeled. Exdpirical formulae are used
instead. In multi-dimensional models these types of assumptions are not needed
and only information at the fTd boundaries is required. In multidimensional mod-
els, the differential conservation equations which govern the flow, heat and mass
transfer processes within the cylinder are solved numerically at a finite number of
points. Therefore, for problems which are geometry dependent, ulti-dimensional
models are used. However, in cases where the geometry does rjot strongly influ-
ence the processes taking places, thermodynamic models are used because they. are
less expensive to develop and use. In two-stroke engines the dcavenging process
strongly depénds on the engine geometry, and therefore multi-dimensional models

' must be used. R _
In this work, a transient. two-diméil/siona.l code with swirl ha.%been -developed
for studying the scavenging process. The code is based on the Implicit Continuous-
fluid Eulerian (ICE) numerical technique (1] for solving the continuity and mmen-
tum equations. The K - ¢ turbulence model is used for computing the effective
viscosity. The energ);, species and momentum equations are solved simultane-

ously. The model was tested against experimental data for channel-driven cavity

h)
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ng and the steady state TEACH code. The scavenging efficiency is calculated
using results obtained from the solution-of the species equation. The scavenging
efficiency-scavenging ratio relationship is derived and later used in the thermedy-

namic model.

5.2 MATHEMATICAL FOB.M‘UiLATION

’ . * B
The mathematical formulation of the multidimensional model used for the

computation of the scavenging efficiency is presented below. The fundamental
differential equations which govern the properties of non-reacting flows.are the
conservation equations of mass, momentum, energy and species. These equations

are written as follows for two-dimensional flows with swirl [2]:

MASS CONSERVATION |

' ot Ea R + 2 (o) =0  5-1)

MOMENTUM EQUATIONS

. r - component ‘ .
. |
a 10 0P &8, du
| 5t 0e) * R (PRus) + 5 (ovu) = — 5= + o (35
23 du d, dv 2,uu. puww
+R3r( ar)+'6_y(#6 J+i 5 -6 r (5_2‘)
¥ - component
d 10 a P 8, v
hadl 2 (R = =22 1 9Y9
500+ g3 oRu) + (o) = -2 122,50
12 dv 120 du
tea R+ 5 Rar 3 BE5) (5-3)



§ - component

d 143 g 140 dw 3, dw
3:(Pw) + o~ (pRuw)  5g (W) = +§g(ﬂR-a—r) 3543y
pwu 1. 8 : ' ’
s L 9 —
#6524 e on) (5-4)

ENERGY EQUATION -. -

3 19, 3 19, udT, 3 udT
—(pT) + =L = —_(R-EZZy, £ CGL -
5"+ 75 ("R“T)+ay(””T) Ra (RPn 5 5y Pray) 679

CONCENTRATION EQUATION

8 - 18 . 5 18 3C. 8. u

—(pCY + —— il = — Iy 2t

5: 7€) T R (PRUC) + 5 (ovC) " Ror sy ar_) 5y 5e By ) 6-9)
where:

u - is the fluid velocity in the radial direction

v - is the fluid velocity in the axial direction

w - i3 the fluid velocity in the circumferential direction

p - is the fluid density | |

P - is the fluid pressure

T - is the fluid temperature |

C - is the ff 4d concentration (mass fraction)

Pry-is ;the Prandtl nur_nber |

Se; - is the Schmidt numbexl

R - is equal to'r for cylindrical coordinates, a.nd\' equal to 1.0 for Cartesian

coordinates



6 - is equal to 1.0 for cylindrical coordinates, and equal to zero.for

Ca.rtes‘ia.xi coordinates

For swirling flows, eq‘ﬁa.tion (5-4) must be solved for the velocity w. For non-

. swirling flows the velocity w is set equal to zero without solving equation (5-4).

Equations (5-1) to (5-6) are valjd for both laminar and turbulent flows. In the

- case of laminar flows, the instantaneous values of the velocity, pressure, density etc

coincide with the mean values and these equaf.ions are therefore relatively easily
: *

solve_& numerically and, in a simplified form, .a;nalytically. In the case of turbulent: )

-flows, the instantaneous values used in equatiozs {5-1) to (5-6) are not necessarily

the same as the mean fuid va.lues.' ,

In turbulent recircuia.,ting flows the small eddies play an important role in the
flow pattern. The‘size of tﬁe small eddies is in fhe order of 1073 of the flow char-
acterisf;ic lén‘gth. ‘Therefore, forhumeriéa.l solution, an extremely fine grid would
have tf; be used. Thé_ a.pprbach :used in the past, and s#ill used today, is that
of averaging all turlbulent‘ ﬁuctu'éting quantities over time and then modeling the
effect of turbulence through an eﬁ‘ective viscosity model. A number‘of‘ turbulence
models are used for diﬁ'erei;t types of flows {3]. The K-¢ model has been exten-

sively used for recirculating flows in engine applications and has been shown to be

successful {4]. This model uses the conservation equations of turbulence kinetic

energy (K) and energy dissipation rate (¢) for modeling the effective viscosity [5].

After, the averaging procedure the momentum equations remain unchanged, with

the effective viscosity given by the following equation.

p=p+CupK?/e | ' (5-17)

0

A

wiere:

# - is the effective viscosity

Hy - ig 1’:he fluid dynamjc.ﬁscosity-
K - is the turbulence ;j%ic energy
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¢ - is the energy dissipation rate -
Cu - is a constant
The turbulence kinetic energy and turbulence dissipation rate equations are

written as follows:

TURBULENCE KINETIC ENERGY EQUATION

51050 + 3 louk) + 2 (pur) = L2 (£p2K,

+§§(§k~%—) —peCa+ G | - (=9

where G is the turbulen(-:e gerrefation written as: |

@ = A G+ o) + (B w 2w am 2B 4 a2
—=V - id(uV - &+ oK) | (5-19)

where:
. V-E=%%(Ru)+g—;
ENERG_Y ]j_ISSIPATION RATE EQUATION
5500+ 53 pRu) + 2 (pue) = o (LR
+aiy(s%§_;) +€(C1G — Cape) /K (5 - 10)

where:,

Sk, S, Cy4, Cy and C, - are constants
x

In table 5.1 the numerical values of the constants use in the K-¢ mode! are

given. These values are based on free turbulent flows, but they also can- used for
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wall flows [4]. The derivation of equations 5-8 and 5-10 is based on the following
assumptions: ’

a) The Reynolds number of turbulence is assumed to be sufficient large that

molecular transport can be neglected.
b) The turbulence is assumed to be isotropic.
¢) The rate of diffusion of K and ¢ are proportijonal to the gradients of K and e.

In laminar flow, x is the fluid dynamic viscosity, while in turbulent flow y is

the effective viscosity obtained from equation (5-7).

N 5.3 FINITE DIFFERENCE EQUATIONS

A numerical method based on the Implicit Continuous-fluid Eulerian (ICE)
technique is used for solving the momentum and continuity equations {eqns (5-1)
to (5-3)). Equations (5-4) to (5-10) are solved explicitly in time. The govern-
ing differential equatior;s are a.pproxima.te& by finite difference equations and are
solved algebraically . The computational domain is divided into a finite grid and
the algebraic equations are solved repeatedip at all grid points. This solution

procedure is repeated in time.

Figure 5.1a shows the cell arrangement used in the computations. Tﬁe veloci-
ties are defined at the fa.ci?s of the cells and the scalar quantities (pressuré, density,
temperature, tu}bulence)sinetic energy, energy dissipation and viscosity) at the
. cell center. In the computations non-uniform grid spacing is used to allow detailed

computations in places where large gradients are expected.

In the derivation of the finite difference equations, the values of the velocities
‘and scalar variables could be needed in locations where they are not defined (e.g.
vélocit:y at the corner of the cell, or, the temperature at the cell boundary). Figure
5.1b .shows the numbering of the possible locations of the cell needed in the finite

difference equations. Points 1, 2, 3 and 4 are the four corners of the cell. Points

-
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5,6, 7 and 8 are loca.ted.in the-middle of each cell side.

For example, the temperature at point 6 will be the weighted ‘“average of the

temperatures.of the adjacent cells (i,k) and (i'+1,k) and is written as:
Tﬁ = (AriTg+1,k + Af‘{.*.lT"’k)/(Af“ +- Af,‘+1) . (5 - 11)

The weighed average is used because of the unequal mesh used in the computations.

The weighed average for representative quantities will be calculated below for

corner 3 and face 6.
g = uj

ve = (v3 + v2)/2.0

( .
= (Ar w,+1 g+ Arigwi k) [{Arp + Arig),
Se = (ArySiy1p + ArinSik)/(Ars + Ariiy) (5 —12)
ug = (Ayku«.‘ﬂ;k + Ayeruik)/ (A + A!_;’k+1)

vs,.= (Arivigpk + Arivix)/(Ar + Arigy)

where S is any scalar variable. g

.The values of the variables in the other corners and cell faces can be similarly

obtained,

»

In the conservation equa.tions-, the convective and diffusive terms can be writ-
ten in finite difference form usin'g different numerical schemes. The .simplest and
most commonly used s-cheme for low cell Reynolds numbers is the central dif-
feréncing scheme (CDS). The CDS is unstable at high cell Reynolds numbers,
producing unrealistic_results. To avoid these instabilities the upwind differenc-
ing scheme (UDS) was proposed by Courant, Isaacson and Rees [6]. Using the
UDS the diffusive terms are written in finite difference form using the central dif-
‘ferencing scheme. The convective terms are writtén ina fcﬁ'mL dépending on the
flow direction. The UDS is stable at high Reéynolds numbers but produces false
diffusion 1f it is used for Reynolds numbers less than 2.

s
&
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In 1972 Spalding proposed a new differencing scheme derived from the exact
solution of the one dimensional flow with convection-diffusion [7]. This scheme is
called the hybrid diﬁ'erencing scheme (HDS) and is dore realistic at both low and
“high Reynolds numbers. In the HDS the diffusion terms are set equal to zero for
cell Peclet numbers greater than 2.0 and the convective terms are written in UDS.
When the cell Peclet number is less than 2.0 the convective and diffusive terms are

written using the CDS. In the model developed in this chapter the hybrid scheme

is used.

pa

B The momentum equations are written in finite difference form as follows

5.3.1 MOMENTUM EQUATIONS

Momentum equation in radial direction

(P9)ix = [(pu)ix + AH(DPX ~ CUX — CUY + DIFX1+ DIFX}

+DIFX3 + DIFX4)] (5 - 13)

The quantity (P%)i  is computed from known quantities at time ¢ and is used

to calculate the fluid f.relocity at time ¢ + At (see section 5.8), and

DPX = --‘Z—r~ . (5-14)

cUx = =2 (phuy) - %%(m%) (5-15)

CUY = ;—y o) - a%(‘% - (5 —16)
DIFX1= %%(m%) - (5—-17)
DIFX2 = -%(;2%) (5 - 18)
DIFX3 = 5%’? | (5 — 19)
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DIFX4=-§

These terms can be written in ﬁnit;a difference form as follows:

o

B; ' Tt Ps’+1 k
DPX =, L !
O.S(Af"' + AT{.H) -
CUX = R wCOEFE - R,COEFW
” RH—-}(&T;‘ + Ariy)
where: ’

COEFE = Pi+1kUR[Uik + tiyik + SIGN(Pe)(uig — uiga k)] for [Py > 2

or
COEFE = 2p;+1,kURUR - 2#:’+1,k(“1‘+1,k - “i,k)/ArH-l for |P¢| g 2
with
Pe = Peclet number = p; ) UpAry,/ Mis1,k
Ur = 0.5(uix + uit1 k)
SIGN(P,) is the algebraic sign of P, *
o
‘i:‘_[
COEFW = p,-,kUc[u,-,;, + ikt SIGN(Pw)(u,'_.Lk - u,-'k)] for |Py| > 2
or . '
COEFW = 20 xUcUc — 2ﬂt'lk(u|"k — u,-_l,k)/Ar,- for |Pw[ <2
with /

" Py = pipUcOrifpik
Ue = 0.5(11.1',;; -+ 'ui—l,k)
. SIGN(P,) is the algebraic sign of P,
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with

with

.

‘Similarly the term CUY is written as:

COEFN — COEFS
2Ay;

CUY =

where:' - _
COEFN = pava[u{,k + U k41 + SIGN(P,,)(u,',k - U-:',k-{-l)] for |Pﬂ,|"2 2
or )

COEFN = 2p3v3uz — 203 (Ui kg1 — k) /(0.5(Ayr41 + Ay)) for IP] <2

P = 0.5p3v3(Ayy + Ayr+1)/pa

Y

COEFS = pgvg[u;,k + Uy g1 + SIGN(P,)(u,"k_l - u,-,k)] for |By] > 2
or ' ' :

COEFS = 2pququg — 2;1.2(1},-,;; - u,-'k._l)/(O.5(Ay;_. + Ayk_‘l)) for |P,| <2

Py = 0.5p2v2(Ayg + Ayg—y)/pa.

{
y

DIFX] = Tthitnk (i e ~ wig) [Ariyy — ritiip(tik = vio14) /B
F3(virrk = Vik) — 2 (Vi1 pmy — v; k—1)
' DIFXZ = ! Ll y 3

DIFX3 = sk (ui,kr:‘ Ui1,4)

2 T
- Pi kW -
DIFX4 = = %k , p
. T
&

Stmilarly the momentum equations in the axial and circumferential directions
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are written as:

/
¥

Momentum equation in axial direction

(79)i = [(pv)ix + AHDPY — CVX — CVY + DIFY1 + DIFY2)] (s-21)

where;

DPY=-22 (5 — 22)
CVX= il;ga;(pRuu) - %%(uR—g—g) (5 — 23)
OVY.= flow) = o (uZY) (5 - 24)

DIFY1= :—y(p‘;—:)_ | (5 — 25)

DIFY2:=' %%(mg—:) | (5 - 26)

Momentum equation in circumferential direction

\ .
w:-‘,z'r \i [p,-,;,w,-,k + At(—CWX - CWY ‘+ DIFW1 + DIFW2)]/,0:.',I1 - (5 —27)
N :
where;
1o, 10 Jw
CWX = EE’([JRU.UJ) = EE(#RE) (5 - 28)
ad J, oJw : ' ‘
CWY = —{(pvw) - —(u— 5 — 29)
#7 < Oy (pve) ay(‘_u dy ) ( )
*  DIFWI = .-6p"’7“ ' , (5—30)
: w8 ‘ oo _
DIFW2— —5E—ZE(T,U.) (5 -*31)



The convective and diffusive terms in equations {5-21) and (5-27) are written
in finite difference form in a. rhanner similar to that used for the corresponding

terms in the momentum equation in the radial direction.

i

9.3.2 K-¢e EQUATIONS

The turbulence kinetic energy (K) and the energy dissipation rate equations are
written in finite difference form using the hybrid differencing scheme. As discussed
in the'introduction the K and ¢ are defined at the center of the cells, at the same
location as the temperature, density, concentration and effective viscosity. Using

the same notation as that for the momentum equations the turbulence kinetic

energy equation is written as:

Turbulence Kinetic energy equation

KM = [pixKip + At(~CKX ~ CKY + G — pig DTR)] /o7 (5 —32)

.. - where:

19 19,4 08K .
= w2 - (£l — 33
CHX = g5, (PRuK) Rors. %3 (5= 33)
a d ,udK
- KY = 2 (puK) - 2 (L o8 5 — 34
CKY = (pok) - o (22K, (5 - 34)
DTR = ¢C, . (5-35)

The generation term G is defined in equation (5-9). The terms CKX, CKY’

.and DTR are written in finje difference form as follows:

R,-+§COEFE - Ri—:;- COEFW
ZR‘-Arl-

CKX =

14 >



where: _ -
COFEFE = pﬂu;"k[K{'lk 4 K,‘.H’k + SIGN(P:)(K;']: - Kt‘+1,k)] fb? IP¢| > 2
or '

COEFE = 2peui Ko — 2#6(K|‘+1,k — K,'*)/(O.S(L}eg;j- Ar;yp)) for |P.| <2

with

Fe = 0.5p0ui x (Ar; + Ariy1)/ue

and

COEFW = pgu‘-_l,k[K,-,k + K“....]_‘k + SIGN(:PC)(K,'_l,k —_ K;'k)] for |Pw|_ > 2

or ¢ . B

COEFW = 2pgu,_; 1 Kz — 2u8(Kip — Kio16)/(0.5(Ary + Ary_y)) for | Pyl <2
with

Py = 0.5p8ui_y x (Ar; + Ari_1)/us

Similarly the term CK'Y is written as:

__COEFN -~ COEFS
B 28y

CKY

where:

COEFN = prv;4[Ki g + Ky g1 + SIGN(Pn)(K;x — Ki41)] for [Py] > 2

or

COEFN = 2p7v 1 K7 — 2#7(Kg,k+1 - Ki,k]/(0-5(Ayk+i + Ayy)) for [Pn| <2-
with

Fn = 0.507v; 1 (Aye + Aygyy)/pr and

COEFS = psv;y_1[K;p + Kipoy + SIGN(Py)(Kix-1 — Ky )| for |P,| > 2

£}
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or
COEFS = 2p5v,-,k_1K5 ~ 2us (K;,k - K,-,k_l)/(O.S(Ayk + Ay};_l)) for |P_,| <2

Fs=0.5p5v 51 (Ayg + Ay—1)/us

and
DTR = C'dE,'.k

The generation term {eqn (5-9)) is written as:

G = u[2(DVDY? + DUDX* + CYLT?) + (DV DX + DUDY)?

0 .

+DWDX* + DWDY?| — 3 DIV (eDIV + oK) (5 - 38)
where:

DVDY = M .

Ayy
DUDX = Uik — Ui_1 k
- Ar;
CY LT = glik = %i-1k N
: 2r; 12
vztuz—vy— vy
DVDX =
2Ar;
Uz + Uy —ug —uy
DUDY =
24y
Tiyd (wi+1,k/7's'+1 - wi k /i)
DWDX =§—32
X 0.5(Ariy) + Ary)
Wi k41 — Wi k-1
DWDY =6 . :
(- 0.5(Ayk+1 + A1) + Ayx
DIV - Bipiuig - R suiip L Vik = Vi
The energy dissipation equation is written as follows: /-'
/
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Energy dissipation equation

' = lpipeis + AH(~CEX — CEY + TERM))/p*  (5-37)
where:

10 ‘ 18, p B :
-~ Ror ~Bals Ry — 38
CEX = gar i) Rarts ey (5 —38)

a 8, u B¢

= golove) = (5= 5— 39
- cRY 3y(pue) EMEEm ( )
;x.",‘f" TE.RM = E(GIG — Cgpe)/K . (5 _ 40)

The terms CE)‘{ gmd CEY are written in a similar finite difference form as the
terms CKX and CKY by replacing the turbulence kinetic. energy by the energy

dissipation rate. The term TERM is written as:

TERM = ¢;x(C1Gix — Capipeir)/ Ki
4
The effective.viscosity is written as:

b=+ Cupip K6 (5 —41)
b,
Y

W

5.3.3 ENERGY AND CONCENTRATION EQUATIONS

. 41
The epergy and concentration equations are discretized in the same manner”

as the turbulence kinetic energy and the energy dissipation rate. Thus:

Energy equation

T = lpipTip + At(~CTX — CTY)]/pP4 (5 — 42)
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Concentration equation

CHY = [pipCix + DH{—CCX — CCY)) /ot (5 — 43)

y

The terms CCX and CTX are written in the same manner as the term CKX by
replacing the turbulence kinetic energy by the concentration and the temperature

respectively. Similarly, the terms CCY and CTY are written in the same manner

as the term CKY.

4

5.4 INITIAL CONDITIONS

The equations presented are time dependent, therefore initial conditions must
be specified in the computational domain for all variables. The fluid is assumed
to be at rest at time zero (zero velocity). The turbulence kinetic energy and the
energy dissipation rate are assumed to be very small ( 107!%) and the effective
viscosity to be equal to the molecula:r‘ viscosity. The cylindef gas temperature
is initially set equal to 700.0 K, which is an average va.lile obtained from the
thermodynamic model. The coﬁcentration of the c]'rlinder res.idua.l gases is set
equal to zero. The air supplied to the engine during scavenging is assumed to
have a concentration of 1.0. Therefore, when the cylinder gases have been fully

/
replaced by the air, the concentration will be equal to 1.0.

.The assumption of zero initial velocity will affect only a short period at the
beginning of the scavenging process. After that, the strong inflow will be dominant,

eliminating the effect of the initial zero velocity.
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_5.5 BOUNDARY CONDITIONS

5.5.1 INTRODUCTION
In order to carry out. the computations, boundary conditions associated with
the conservation equa.tions have been speciﬁ_ed. In‘ the cases that will be anali,'zed
below, three tyPes of boundary conditions are used:
a ) Inflow-Outflow Condition -
b ) Rigid Wall Condition
¢ ) Axis of Symﬁetry Condition \
In the case of mﬂow-outﬂow boundaries, the fluid velocity components U, v

and w together with the temperature and concentratnon must be specified. If the

-. flow is turbulent, the turbulence kinetic energy and the dissipation rate must also

be specified. At the wall, the fluid velocity must be-equal to zero together with K
and e. In the case of adiabatic flow, the heat flux is set equal to zero, otherwise
the temperature mﬂst be specified at the wall. I all cases zero mass flux should
be imposed as a boundary conditlon for-the concentra.fion equation, except at the
. inlet, where the concentration must be specified. The flow under consideration is
assumed to be axisymmetric, therefore the computational domain can be bounded
on one side by an axis of symmetry.
At the axis of symmetry the velocity (u) perpendicular to the axis and the
circumferential velocity (w) must be set equal to ;ero. Also the flux of all scalar

‘quantities (K,&,0,T,C and u) together with the axial velocity (v) 1aust be set

equal to zero.

9K _3p 8T acC ay dv

ar  or or ar = ar 5;

The calculation domain and the grid used for the computations is shown in

figure 5.2. The'wall of the physical domain is comc:dent with the cell boundar:es
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Therefore, the location where the velocity component perpendicular to the wall is
defined is coincident with the wall boundary. In this case th.is velocity is set equal -
to zero. For the velocity components parallel to the wall (v and w for east and west
boundaries or u and w for north and south bound%ﬁ'ies) or for the scalar variables
(T, K, ¢, C etc) a fictitious cell is needed to impose the boundary conditions. The
ﬁctit'ious cells are outside the fluid domain and the conservation equations are
not solved in these cells. For example, if non-slip condition is used at the east
boundary (zero velocity), in order to impose zero axial velocity at the wall an
equal and opposite in direction to the fluid velocity close to the wall is imposed in
the fictitious cell. In case of fre&slip?ondition‘at the boundary (axis of symmetry)‘_
velocity equal to and with the same direction to Me fluid velocity close to the wall
is imposed as bﬁ‘ndary condition in the fictitious %ell. In the computations 28

grid nodes in the axial direction and 22 in the radial direction are used.

o

5.5.2 MOMENTUM EQUATIOI\.TS

In the comp;lta.tions; the wall is assumed a.s being no—sli‘p and, therefore, a zero
fluid velocity is imposed at the wall. For a better description of the boundary
conditions the following notation is used (see figure 5.2). ‘

IMIN- Smallest index in the radial direction

KMIN- Smallest index in the axial direction

IM AX_'— Biggest index in the radial direction

KM —A—X- Biggest index in th’e axial direction

AM1=IMIN +1 %

KM1=KMIN +1

IM2=IMAX -1

KM2 = KMAX — 1

’

The boundary conditions for the four fluid physical boundaries will be dis-

cussed below:
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A) NORTH BOUNDARY
| The north boundary consists of fhe exit opening simulating the four engine ex-
haust valves and a wall which is the engine cylinder head The valves are simulated
by an annulus opening because bf the a.ssumptlon that the flow is axisymmetric.
1. For the cells in front of the outlet the following conditions are used:
Ui, KMAX = Y{ kM2
Wi KMAX = Wi KM2 -
rxms = UOUTLE
UOUTLE is the fluid outlet velocity obtained from the overall mass balance in
the fluid domain. -
2. For the cells adjacent to the cylinder head:
YW KMAX = —U{ kM2 |
Vi, KM2 =0 | , -

Wi KMAX = —Wi KM2

B) WEST BOUNDARY ]
~ The west boundary is the axis of symmetry, therefofe:
CUIMINg =0

VIMINE = Vian x for all k's

wIMIN',k = —WiMk
C) SOUTH BOUND'ARY

The south boundary consists of .the engine piston. The piston is not flat and
has a bowl which is used as the cylinder combustion chamber. The piston bowl.
shape cannot be modeled: therefore, ai‘a((lty with the same volume is used (see
figure 5. 2). The following conditions are used: ’

Ui KMIN = —U; kM1

vixMIN =0for 1 << 17
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Wi, KMIN = —W KM .
Uis = —uUig
v;5 =0for 18 <:< 14

-

Wis = —Wjg

D) EAST BOUNDARY

The east boundary consists of the cylinder wall above th;ih‘,let ports, the inlet
ports and the vertical portion of the piston.
1. For the cellsl in front of the inlet ports (see figure 5.3):
UMk = —UINF,ET
l VIMAXE = UIN:LETtan(G)/cos(cﬁ)

winaxe = UT fé?fan(qf’)
where UIN LET is the inlet velocity obtained from the engine flow rate (see section

© 5.11). When the inlet velocity is horizontal § is equal to zero. For non-swirling .

flows ¢ is also equal to zero.

2. For the cells adjacent to the cylinder wall:
_uIIM2,k =0 o
UIMAXk = —VIMZE—~

WIMAX,E = —WIM2 k

3. For the cells adjacent to the vertical portion of the piston-
U7 =0
gk = —titpfor2< k<5

Wik = —Wy7k
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' 5.5.8 K-« EQUATIONS

The value of the turbulence kinetic energy at the wall is equal to zero. At the
inlet ports the value of K is assumed to be three percent of the inlet flow kinetic
' energy [8]. At the axis of symmetry and the outlet opening, zero turbulence kinetic

energy flux is imposed. Therefore, the conditions used are as follows:

/

4

A) NORTH BOUNDARY
L. For the cells adjacent to the cylinder head:
Kixmax = — K gan
2. For the c.ells adjacent to the outlet opening:
P K.',ffM,f.x = K; ka2
B) WEéT BOUNDA_RY (AXIS OF SYMMETRY)

Krmin g = K g for all k's

C) EAST BOUNDARY

1} For the cells adjacent to the ‘cy]indér wall:

Kimaxx = —Kinp
2) For the cells adjacent to the inlet ports:
Kimaxy = 0.03(UENLET)?
3. For the cells adjacent to the vertical portion of the piston :

i

Kigp = —Kypp for2a<k <5
D.) SOUTH BOUNDARY L~
/

.

Kixmin = —K; g for 2 <§< 17 e
K5 = —Kig for 18 <i <23
The dissipation equation is not solved in the cells adjacent to the walls (see

section 5.7.2). Therefore, no boundary conditiorn.s are used for these cells. For the
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cells adjacent to the outlet opening the following condition is used:
& KMAX = € KM2
' For the axis of symmetry:
€EIMINk = €IM1k
At the inlet ports [7]:

EIMAXE = c°75K arax i/ (0.0075r7pr0)

5.5.4 ENERGY AND CONCENTRATION EQUATIONS

The boundary conditions for the energy and concentration equations are im-
posed on the fictitious cells in 2 manner similar to the one used in the case of

the turbulence kinetic energy equation. At the axis of symmetry zero heat flux is

assumed, therefore:
TIMIN,I: = TIMI,]: for all &’s.

From the inputs to the thermodynamic model the following temperatures are

used for the cylinder wall boundaries (see cha.pter T):
Cylinder wall temperature = 393 K,
Piston Crown temperature = 493 K,
linder head ture = 473 K, and
Cyligder head temperature = 4 , ant . P\
Inlet air temperature = 320 K.

The temperatares at the boundary walls are imposed on the fictitious cells.

For example, the boundary condition for the cylinder head is written as:
Ti, kMax = 473.0 for all 1%s adjacent to the wall

For the concentration equation zero mass flux is imposed in all boundary cells

except on the ones at the inlet opening where a concentration equal to 1.0 is used.
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' 5.6 TREATMENT OF NEAR-WALL REGIONS

r

The near-wall regions need special treatment because of steep nonlinear varia- .
tion of the variables and the fact that laminar and turbulent effects equally char-
acterize the flow. Experiments by. Gardner and Kestin [9] have shown that the
near-wall region is characterized by uniform shear stress; therefore, the results of
one-dimensional Couette flow can be used for modeling the near-wall region (3],

yielding the universal logarithmic law of the wall:

Ut = -I]é-ln(Ey'*') (5 — 44)

- where:

§;~ Ut = U_.
k, E are constants with values of 0.418 and 9.793 respectively [10].

- -

WU
y*t =g
Ur = (I;‘)é

- . Ty i8 the wall shear stress

y is the normal distance from the wall

It has been shown [10] thaf the near-wall region can be divided into three
regions: a) the viscous or laminar sublayer (0 < y* < 5), b) the buffer layer
(5 <yt < 30); and c) the inertial sublayer {(y* > 30).

In the ’viscous sublayer the flow can be considered as laminar and the viscous
forces are dominant. The buffer layer is a transition region between the laminar
subla.ye; and the turbulent inertial layer, For convenience, and because the buffer
layer {s not easy to model it is eliminated by assuming that the viscous layer
extends up to the pomt y* = 11.63. The viscous sublayer is, therefore, assumed

to be in the region of 0 < y* < 11.63.' In this region the shear stress is written as:
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r=pd® 5 —45) "
For y > 11.63 the flow is assumed to be fully turbulent but w1th uniform

shear stresses In this region the shea.r stress is. given by [3]:

rw = wpkCi K} JIn(Ey*) (5 ~ 46)

This 'equa.tion wad tbtained from the universal velocity distribution and the

assumption that the production of turbulence kinetic energy is equal to the dissi-

pation rate.

—

The turbulence kinelt\ii:‘energy in regions close to the wall is obtained from equa-
tion (5-8) with appropriate modifications to the generation term (Section 5.7.2).
The energy dissipation rate is obtained from the following equation assuming that

the production and dissipation of K are equal (3]:

. ;Ki
e=Cf ky‘ . (5~ 47)

In the momentum equations (5-2) to (5-4) the diffusion terms are modified by
using the shear stress terms at the wall. These new equations are in turn used to
- obtain the velocities %,v and w at regions close to the wall.

The treatment of the energy equation close to the wall is similar to that of
the momentum equations. By using the one-dimensional Couette flow analysis, a

similar relationship to (5-44) can be obtained [11]:

T* = Prfr* + F| ;’_’t)) (5 — 48)
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where: 4 : _ ’ \/_\/
_ pU(T-T.
Tt = P—(;;.—l
Fr - is the heat flux at the wafl
Pry - is the turbulent Prandt] number
and the proposed functlon F(g £ ') has the following form [12]:

~
P

Pr Pr.s Pr 5 _ 40
F(P_Tg) = 9.24[(;;) «—1][1.0+ 0.288.7:p( —0. oo*rp—n)] (5 — 49)

5.7 NUMERICAL IMPLEMENTATION OF THE NEAR-WALL
CONDITIONS

In section 5.6 the treatment of the near-wall regions was discussed without
details of the applications to the conservation equations. Below; each conserva-
tion equation will be discussed separately and the necessary modifications will bg

R

presented
5.7.1 MOMENTUM EQUATIONS

A} Viscous Sublayer (0 < y; < 11.63)

If a cell adjacent to the wall has y™ less than or equal to 11.63, this cell lies
in the laminar sublayer and therefore the laminar viscosity dominates. Thus, the

diffusion term, for example, pg—;i can be written as :

au u
ay - Ay

F

for a non-moving wall. Similar expressions can be written for the other diffusive

terms.
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‘B) Turbulent Region (11.63 < Y+)

Cells with y4 greater than 11.63 lie in the turbulent region and the following

treatment of the near wall region is considered.
Momentum equation in radial direction

The shear stress component Tyr of the tota] shear stress r; at the north or south

wall is written as :

du Bv

fur = (5 + 50) (5 - 50

Close to the wall the term g—: approaches zero. Thus : \\
' \

X Ou \

Tyr = /-’-5'3; / (5.'_ 51)

The total shear stress 7 for the north and south wall is as followsusing equation
(5-46) :
1
e = —UppkCA K3 [In(Ey*) (5 - 52)

where Up is the velocity tangential to the wall at y and is equal to (u® + wz)é for

the south or north wall [13]. If © is the angle between v and Up, then

Tyr = 1tc05(0) or

Fyr = —upkCE K3 In(Ey) (5 — 53)

which is the same expression as for non-swirling flows [14]. In equation 5-53 it
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is assumed that the diréction of tHe shear stress at the wall is the same as the

direction of the velocity near the wall [15]. The term y* is written as follows: J
t= (5 — 54)
Hyp

Now, assuming that the turbulent shear stress close to the wall is equal to the

shear stress at the wall [5], the shear stress can be written as:

o

n=(CsCu)ipk (5 — 55)
and, therefore,

i L .
y* = pyCICLK3 (5 — 56)

where y is the distance of the tangential velocity () from the wall.

Summarizing, the shear stress at the north or south walls in the radial direction

is :

C oty = upkCH K3 in( By 5~ 57)
Y ] .

where:

11
v =pyCiCiK3 [y (5 — 58)
A different approach of obtaining the shear stress at the wall uses the followiifhg
iterative method ;

a ) Assume a value for y™ w

b ) Calculate the shear stress using equation (5-33)
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c'j"CalcuIate yT ﬁsing equation (5-54)

d ) Compare the new value of y* with the assumed value. If the difference is
within a specified tolerance, the values of the shear stress a.nﬂ yt are correct. If
not, then use the calculated value of yT as the new assumed value and repeat,

Both approaches have been tested and both give the same results._ .In the

program the non-iterative method is used.

Therefore, for cell (,k), y* and the shear stress are written in numerical form

as follows :

. l l -
Tyr(t, k) = u;,kka;Ki’,k/ln(Ey;fk) (5 — 59)

and

+ Fod el ‘
Ysp = PigyCJCLKE [ (5 - 60)

+

Close to the wall diffusion dominates over convection and the north coeffcient

can be written as :

COEFN = —2(Ar,-+1r,y(i, k) + Arireg (i + 1,k)) /(Ar; + Arigy)

The same expression can be written for the south wall (coefficient COEFS ).

i
Momentum equation in axial direction N

The shear stress component Try Of the total shear stress r, at the east wall is

written as :

v Jdu
=Gt ) (5-61)
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Close to the wall the term %% is small compared to g% and can be ignored.

Thus, the shear stress is written as :

- Ty = .U-E ; (6 - 62)

The total shear stress 7; for the east wall is written as :

T = VpkaéK%/ln(Ey"') . (6 —63)

where Vp is the velocity tangential to the wall and is equal to (v? + wz)';' for the

east wall . If & is the angle between v and Vp, then

Try = 1ecos(P)  or

Try = vkaéKé/ln(Ey"') (5 —64)

Using the shear stress equation the COEFE can be written as:

COEFE = —2(Ayprirye (i, k) + Ayiryr (5, k + 1))/ (Avi + Agisy)

—

Momentum Equation in the circumferential direction

The shear stress component 7,4 of the tota] shear stress 7 at the east wall is

written as :

dw w
- ow _ v 5— 65
The diffusive term p%—‘;’ , therefore, is written as :
dw nw
Bar =T+ —
r r
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As in the previous analysis.

R

1 ) '
79 = —wpkCA K3/ [in(Ey*). (5 — 66)

Thus, the COEFFE is written as :

COEFE = 2(r,y + 22
= .

A similar expression is written for COEFN and COEFS using the shear

t

stress component ryg

5.7.2 K - ¢e EQUATIONS

Turbulence Kinetic Energy Equation

In the turbulence kinetic energy equation the turbulence generation term (G)

must- be modified for the cells adjacent to the wall. The generation term can be

written as :

G = u[ﬁ((a:) +(CEP (L) + (52, 4 4 )] - 2V -GV T4 oK) (5 - 67)

&

For the east wall cells the total shear stress can be expressed as :

2 _ .2 2
Tt —'Tyr+7-rﬂ

Also the stress 72 4o i3 approximated by (p a—w) . Therefore, for the west wall:

e —

v u 2 w
G = 2u((G + (G + 657 + 6 + (520 ~ 29 - auv - @+ )

The value of 7 is obtained from equation (5-52).° Similarly the generation

term G for the north and south is written as:
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Energy Dissipation Equation

The production and dissipation rate of K close to the wall are assumed equal,

as mentioned earlier. Thus, close to the wall, the following equation is used instead

of the conservation of ¢ equation :

e=CiK}/ky (5 — 68)

5.7.3 ENERGY AND CONCENTRATION EQUATIONS
In the present computations the walls are assumed as having constant but
different temperatures. In order to calculate the heat flux at the wall, equations

(5-48) and (5-49) are used.
Therefo;_e, for the north wall, the coefficient COEFN is modjﬁed as follows:

COEFN = —p(T - T,)Ci K} /| ft -In(Ey*) + FUNC]|

w“

where:
Pr . Pr
_— FUNC =9, <« — 1){1. 0.2 —-0.007——
N 24((5,7)* = (1.0 +0.28ezp(—0.00 )

»

with y* as defined in equation (5-58)
Similar expressions are written for the east and south walls.

-
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5.8 SOLUTION PROCEDURE

In section 5.3 the finite difference equations were derived in an explicit form,

which means that the dependent variables are advanced in time based on the

previous time step computations. The solution procedure is an iterative one and

is based on the "guess and correct” method. The computations start by solving the

momentum equations for the unknown fass fluxes (7% and pv). In the momentum
equation the values of the velocity, pressure, density and effective viscosity are

from the time t. Then using the mass conservation equation, the barred values of

density are calculated as follows [16}:

i+1(Pu)ik = Ry s(pu)ioy i L {9}k = (pv)ik1

R
Pik = Pik—(1—0)At] RiAr N ] (5~ 69)
$

In equation (5-69) the right hand side terms are from time ¢ and therefore
known. Also, 4 is a constant taking values of zero for a fully explicit calculation
and omne for a fully implicit one. A value of 0.5 is used in these computations. With

the values of p% and 5% computed from equations {5-13) and (5-21) the advanced

values are calculated as follows:

-+

At

(P”)z}fl = (pt)ix + s AP, (5 — 70)
At

(PU)E? = (F0)ix + E;Aps',k (5 -171)

AF;x is a pressure adjustment which will be calculated later. An iterative

method is used for the solution of equations (5-70) and (5-71). Convergence is
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reached when the continuity equation is satisfied. The continuity equation can be

‘written as: " % .

(P“)?,}:l - Ri—g("’“ ?fll,k + (P”)?,zl - (P”)?,:L ]

R;Ar; - Ay -

Dy =plft ~Bi — aAt[RH-%
| (5—72)
| Convergence-is assumed to be reached if the absolute value of D; 1 is smaller
.-_than a small quantity ¢ for all the computational cells. The iteration procedure
starts using'thelﬁlass fluxes obtained frém the momentum equations and the barred
value of density. T};erefore, the continuity equation may not necessarily cause

D;r = 0 at each cell. Whenever a ﬁégative value results, a net inflow to the cell is

indicated. In order to eliminate this inflow the pressure in the cell must increase.

Similarly, for a net outflow from the cell, the cell pressure must decrease to reduce

the outfiow. Assuming that AP is the necessary pressure adjustment to make the

divergence vanish for the cell (3, k), the pressure and mass fluxes are corrected as

. follows;

Fix=PFp+ APy
Pik = pig+ AP,/ C-?,k
(pu)ik = (pu)ik + AtAP; /A
(ptt)im1,k = (pU)iy s ~ AtAP; [ Ar;

(Pv)ik = (pv)ig + ALAP ;) Ay,
)

p.
(pV)ik—1 = (pv)ip—1 — ALAP; 1 /Ay,
At this point the value of AR‘,}: is unknown. The new values of density and
mass fluxes (at ¢ + At) must satisfy the continuity equation (eqn. {5-72)). There-

fore, by substituting these values into equation (5-72) the following equation for

AP; ; is obtained :
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AP =~0D;/Bix - (5 —73)

where:

Bix = ?1,};' + 28At2(A_];'? + A_].;JE)

D; x is the divergence of the previous iteration. The varia.ble‘ﬂ is a relaxation
factor. If usually take values between 1.0 and 2.0 and is used to accelerate the
convergence. In the computations the value of 1.7 was found as optimum and is
used. If the convergence criterion for a cell (1,k) is satisfied, the pressure, density
and momenta are not changed. After convergence has been reached for all cells.

the fluid velocities are obtained as follows:

Uik = (pU){'k (5 — 74)
P6

v = (Pv)ie (5~ 75)
o7 :

After the velocity field has been obtained the turbulent kinetic energy and
the energy dissipation rate are obtained by solving equations (5-32) and (5-37).
The effective viscosity is calculated from equation (5-41). Then, the temperature

and concentration equations are solved (eqns (5-42) and (5-43)). The density is

updated using the ideal gas equation.

5.9 STABILITY AND ACCURACY

The solution procedure presented in the previous sections is not always stable.
There are two stability requirements. The first one is analogous to the Courant

condition [5]. This requires that the fluid does not cross the complete length of
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the cell within a time step. Therefore, the stability requirement for the time step

is:
Ar Ay
At < min(—, — , (5 — 76)
PR
The second requirement for stability is related to the fluid viscosity and is
written as: ‘

—

"

At < —1-—"2—1?—1 (6 —-17)
@yt @y |

As can be seen, both requiremenps restrict the computational time step. This is
one of the major disadvantages of the technique. For long real time computations,
a large number _of time steps must be used, increasing the computational cost.

It has been found that instability is avoided by using a time step which is at
least two to three times smaller than the maximum time step given by equations
(5-76) or (5-77).The requirement for accurate calculations impose a fine computa-
tional grid. By selecting a fine grid the time step must decrea:';e, thus, increasing
the computational cost. Therefore, trials must be made for selecting the best grid_

for a reasonable time step. -

5.10 TESTING

In previous sections the model development and the solution procedure were
presented. In this section, a number of tests for verification of the code will be
presented before studying the scavenging process. .

Two different tesfs will be performed. The first one is comparing the data .
obtained from the computer code against experimental data for cavity flow and

the second against results computed using the steady state TEACH code.

The concept of cavity flow has been used for many years as a test-case for
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comparison with numerical techniques for laminar and turbulent flows [17]. The -
cavity flow can be driven by a sliding wall or by a channel flow. The comparison
here is based on the experimental data for channel driven cavity flow reported
by Grand {18]. Grand fneasured the ﬁzea.n velocity and turbulence characteris-
tics for Reynolds numbers of 5.10* to 4.10° and different Archimedes numbers
(Ar=Grashof number/Re?) for cavities with height to width ratio of 1.0 and 2.0
and span to width ratio of 1.0 ( span is the dimension normal to the plane of
flow). The comparison in this study is performed for a Reynolds number of 2.10°,
Archimedes number of 0.004 (with the top wall heated) and a height to width
ratio of 1.0 (H/W = 1.0). In the computations a uniform grid is used with 37 grid
points in the flow direction and 39 grid points in the direction perpendicular to

the flow. The results obtained are presented in figures 5.4 to 5.9.

All the computations presented are for steady state conditions. For comparison
purposes, the results of Ideriah [19] for the same conditions using the TEACH K —¢
computational code are also presented. It can be seen that both codes yield similar

results which are also in good agreement with the experimental measurements.

As a second test a more complex flow was selegtéd. The physical model is
shown in figure 5.10. All the computations are in/éylindrical coordinates. Both
laminar and turbulent flows with or without swirl velocity were considered. The
comparison is based on tests performed by Salcudean and Lai using the TEMA
code which was developed from the TEACH code [20]. The computatioﬁs were for

a low inlet velocity of 1.0m/s aﬁd a high convective flow with an inlet velocity of

20.0m/s.

In the computations it is assumed that the air in the cylinder has a density of
1.0kg/m3, a dynamic viscosity of 2.10~%, and Prandtl number of 0.7. Initially, zero
velocity and values for a turbulence kinetic energy and energy dissipation rate are

assumed. The viscosity is initially assumed to be equal to the laminar viscosity.
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The following inlet conditions are used :

Kin = 0.01V2
€in = K}3/(0.1R)
#=pr+ Cupin K} [€in
where:

Vin - is the radial inlet velocity

R- is the cylinder radius.

In the computations a.n‘uﬁequa.l mesh is used having 20 grid points in the axial
direction and '24 in the radial‘.. Figures 5.11 and 5.12 show the comparison between
the develope'd code and the TEACH steady-state code for laminar flow with no
swirl for fluid inlet velocity of 1.0m/s and 20.0m/s respectively. It can be seen
that they are in good agreement.

Figures 5.13 and 5.14 show the comparison with the TEACH steady-state
code for turb®®nt flow with no swirl. It can be observed from the figures that the
velocify field, the turbulent characteristics, and the effective viscosity are in good
agreement.

Good agreement between the two codes is also evident for turbulent two-

dimensional axisymmetric flow with swirl (see figures 5.15 and 5.16).

5.11 COMPUTATION OF THE SCAVENGING EFFICIENCY

The objective of the scavenging process is to replace the residual gases in the
cylinder with air at air-box pressure and temperature. In order to improve the
engine performance a) the scavenging efficiency must increase and b) the time
that the process needs must decrease. Minimization of the scavenging time is very
important because the available time for combustion can thus increase, leading

to better performance. Also, by increasing the scavenging efficiency more oxygen
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" becomes available for combustion, which means that more fuel can be burned, thus

increasing the engine output power. -

The scavenging efficiency depends on the engine opera.tmg conditions (air-
box pressure exhaust manifold pressure, etc) and on desx.én geometry (eylinder
geometry, piston shape, valve and ports timing, etc.). These parameters affect
the process because they influence the genera.tmn of the fluid recirculation zones
in the cylinder. The scavenging process, as will be seen later, is affected by the

recirculation zones because they a) trap residual gases and b) increase the fluid

speed towards the exhaust opening by reducing the available area.

The multi-dimensional model is used for evaluation of the scavenging process.
. The study of the process is.performed with results obtained from thé thermody-
namic model because the inlet and outlet flow conditions are not known. Diwakar
[21] assumes a constant pressure in the air-box and exhaust valves and calculates
the inflow and outfow rates using the compressible orifice low equations. In this
study the flow rates are obtained from the thermodynamic model. The model, in
its present stage of development, cannot model the piston motion which actually
opens and closes the inlet ports. Instead the piston is assumed to be fixed at the
Bottom Dead Center (BDC) and the available area of the ports is assumed to
change with time. This was done by utilizing a fine mesh at the inlet ports and
assuming that some cells behave as wall or port openings depending on the crank
angle. Figure 5.17 shows how the inlet port opening area varies with time. This
area was divided into eleven sections with different but constant area for eleven
different crank angle inlet values. The total opening area is the same as that of

the actual engine. The same, procedure is used for the exhaust valves (see figure
5.18). ‘

In the computations a variable mesh of 24 grid points in the radial direction and

28 grid peints in the axial direction is used. Initially a zero velocity is assumed
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in the cylinder.’ The cylinder residual gases’ are at a temperature of 700.0 K,
the air-box at 320.0 K and the pressure is 115.1 kPa. A difficult task is the
estimation of the inlet velocity orientation. Diwa.'kar assumes the inlet velocity as
. be_ing horizontal and inclined in the horizonta_l plane so as to impose the engine
.swlirl. The engine 5leeve has 18 inlet ports with a height of 2.13 ¢m and a width
of 1.24 em at a 22 degree incline to the radial direction. From comput:tions
for laminar flow, modeling the engine cyiindz;r and the air-box (éee figure 5.19),

Flanagan ‘et. al. [22] have shown that the flow enters the engine cylinder with

a 20 degree xnclme to the horizontal. Also, it is expected that the inclination |
of the flow entering the cylinder to the radius w111 not be 22 degrees because of
the relatively large width of the inlet ports. .Therefore, the flow is assumed to
enter the inlet ports with a 15 degree swirl angle to the radius and 20 degrees to

the horizontal. These conditions will be considered as reference and comparisons

will be performed later for horizontal inflow with a 22 degree swirl. The outfow

—

velocity is assumed to be axial. Be‘c_a.use the m,odel is axisymmetric both the inlet

ports and exhaust valves are modeled by- assuiﬁing annular openings.

Figure 5.20 shows the flow development during the scavenging process at dif-
ferent crank angles. At a crank a.ngle of 140 degrees there are two recirculation
zones in the cylinder. The first one appears close to the cylinder wall (ﬂow reat-
tachment} and the second one in the piston bow! (which is not very strong). The |
méximum velocity in the cylinder is 44.13 m/s. In figure 5.21 the mass flux pat-
terns (velocity x density) are shown for different crank angles. Comparison of the
. velocity and mass flux patterns shows that they are very similar in shape but with
different magnitude at different locations becaﬁse of the density variation within
the field. As discussed in the solution procedure, the density varies with the tem-
perature in the field, explaining the high mass flux.close to the inlet ports. The

temperature contours are shown in figure 5.22 for different crank angles. In the
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coputations a uniform constant-temperature is assumed at the cylinder walls.

Every cylinder wall is assumed to be at a*different temperature.

As the scavenging process progresses the two tecirculation zones grow in size
and at 165 degrees a weak récircula.tion zone appears close to the axis of symmetry
due to swirl.It can be noted that at 165 degrees a chahge in the direction of the
main flow o‘ccurs due to recirculation at the axis of. symmetry. Until the end bf the
scavenging process these recirculation zones exist in the cylinder and are growmg

in size as the exhaust valves are closing.

The swir] velocity contours are shown in figure 5.23 for different crank angles.

: In‘ﬁna{ly, the swirl velocity is high due to a high inlet velocity during the scavenging

process; the maximum swirl velocity in the cylinder appears at the lower part of
the cylinder due to swirl introduced by the inclined inlet flow. The magnitude of

the swirl velocity is of the same order of magnitude as the axial velocity.

The effect of the recirculation zones on the scavenging efficiency is not obvious
from examining the veloc1ty or the flux patterns. A better understanding can be
gained from the concentration contours at different crank angles shown in ﬁgu:e
5.24. Initially the cylinder is assumed to have a zero air concentration, which
indicates that only residual gases are present. The concentration of the air is
assumed equal to one and is imposed at the inlet ports. As can be seen from
figure 5.24, up to .a. 165.0 degree crank angle no air escapes the cylinder From
about 175 degrees crank angle to the end of the process air starts escaping from
the -cylinder through the exhaust valves. At the upper section of the cylinder,
close to the axis of symmetry where the recirculation zone due to swirl exists, fow
concentration contours are observed indicating a high copcentration of residual
gases. The volume occupied by this zone is rather small but, because of the high
concentration of residual gases this area is expected to contribute to the reduction

of the scavenging efficiency. Also, this zone reduces the available cylinder area
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causing an increase in the velocity of the flow towards the exhaust opening. This
results in air escaping faster from the cylinder. Close to the cylinder wall low

concentration contours are also observed because of the recirculation zone. The

concentration of residual gases in this area is smaller than that of the area close .

to the cylinder axis. However, because this area is close to the cylinder periphery
it occupies a Ia.rge‘ percéntage of the cylinder volume. Therefore, it is expected
' that the effect to the scavenging efficiency of this area will be similar to that of

the area close to the cylinder axis.

Figure §.25 shows the effective viscosity computed from the solution of the X
and € equations. In the figure the contour values are for the effective viscosity
divided by the fluid dynamic viscogity. It can be seen that close to the end of
the scavengiﬁg process the effective viscosity is about 600 times the fluid viscosity.

The turbulence kinetic energy is given in figure 5.26.

As discussed earlier, the inlet flow conditions are not known and without ex-
perimental measurements can not be accurately predicted. For comparison the

case of horizontal inflow with a 22 degree swirl angle was considered.

Figure 5.2? shows the fluid velocity development with the new inlet conditions.
From 140 degrees the recircula.tionyzone close to the cylinder axis is obvious. This
recirculation appears because of high swirl velﬁcity (47.83 m/s) as can be seen
in figure 5.28. This velocity is almost two times larger than the swirl velocities
observed in the reference case (see fig. 5.23). The effect of this recirculation zone
is higher axial velocities until approximately 180 degrees. Hig}} axial velocities
strongly affect the scavenging process as can be seen from‘the concentration con-
tours in figure 5.29. In the reference case, because of smaller axial velocities, no
air escapes the cyl'mde:; at 165 degrees crank angle (see fig. 5.24). For the case of
the horizontal inflow with higher swirl some air escapes the cyllinder at 165 degrees

(see fig. 5.24), thus reducing the scavenging efﬁciency.\A'fter 180 degrees, the flow
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patterns in the two'cases are quite similar. The reference case, thouéh, produces
a higher_scavenging efficiency (3.4 percent higher).

In figure 5.30 the scavenging efﬁciency-gce_:.venging ratio relation for the refer-
ence case is plotted, along with the perfect scavenging and pure mixing curves. It
can be seen that the computed efficiency is approximately 86 percent. This results

is in agreement with the Diwakar [21] computations for a similar engine.

104



REFERENCES
Harlow, F. H., and Amsdin, A. A. “A Numerical Fluid Dynamics Method for
All Flow Speeds™, Journal of C_S)mputationa.l Physics 8, 197-213, 1971.
Bird, R. B., Steward, W. E., and Lightfoot, E. N.“Transport Phenomena®,
New York 1960, J. Wiley. o
Rodi, W. “Tm'bulence Models and Their Appllcatlons in Hydrauhcs A State
of the Art Review”, Intern. Assos. for Hydr Research, Delft, 1980. Intrn.

" Assos. for Hydraulics Research, Delft, 1980.

10

Reynolds, W. C. “Modeliné of' Fluid Motions in Engines-An Introductory
Overvie:.v”, Proceedings of a Symposium Held at the General Motofs Research
Laboratories, Michigan U.S.A., Nov. 6, 1978,

Launder, B. E., and Spalding, D. B. “The Numerical Computation of Turbu-
lent Flo;vs”, Comp. Meth. in Applied Mech. and Engineering 3 pp. 269-289,
1972,

Courant, R., Issacson, E., and Rees, M. “On the Solution of Non-linear Hyper-
bolic Differential Equations by Finite Differences”, Comp. Pure Appl. Math.,
vol 5, p. 234, 1952.

Spalding, D. B. “A Novel Finite Difference Formulation for Differential Ex-
pressions Involving Both First and Second Derivatives”, Intern. Journal for
Numerical Methods in Engineering, vol. 4, 551-559, 1972,

Ramos, J. I., Humphrey, J. A. C., and Sirignano, W. A. “Numerg;:a.l Predictions
of Axisymmetric Laminar and Turbulent Flows in Motored, Reciprocating
Internal Combustion Engines”, SAE paper 790356, 1979.

Garner, G. O., and Kestin, J. “Calculation of the Spalding Function over a
Range of Prandtl Numbers”, Int. J. of {:Iea.t and Mass Transfer, vol. 6, 289-
299, 1963.

Schlichting, H. “Boundary-Layer Theory”, McGraw-Hill Book Company, Sev-
enth Edition, 1979.

105



11

12

13

14

15

16

17

18

19

20

21

a
Spalding, B. “Contribution to the Theory of Heat ’ﬁ:a.nsfer Across a Turbulent
Boundary Layer”, Int. J. Heat and Mass Transfer, vol. 7, pp. 743-761, 1964.
Jayatillaka, C. L. V. “The influence of Prandt] Number and Surface Rough-
ness on the, Resistance of the Laminar Sub- Layer to Momentum and Heat
Transfer” » Ph.D. Thesis, London University, 1967.
Lilly, D. G., and Rhode, D. L. “A Computer Code for Swirlin‘é Axisymmetric
Recirculating Flows in Practical Isothermal Combustor Geometries”, NASA
Report 3442, 1982.
Gosman;&. D. ;and Pun W M. “Calculation of Recirculating Flows™, Lecture
Notes, Imperial CoIlege of Science and Technology, Mechamca.l Engineering
Depa.rtment December, 1974. '

Yowakim, F. M. “Experimental Investigation of Turbulent Swirling Flow in an
Annulus”, Ph.D. Thesis, Carleton University, 1985.

Butler, T.D.,and O’ Rourke P.J. “A Numerical Method for Two Dlmens:onal
Reacting Flows”, Proc. 16th Intern. Symp. Combustion, Massachusetts In-
stitute of Technology, pp. 1503-1515, 1976.

Anderson, D. A., Tannehill, J. C., and Pletcher, R. C. “Computational Fluid
Mechanics and Heat Transfer”, McGraw-Hill Book Company, 1984.

Grand, D. “Contribution a L’ etude des Courants de Recircula.tion_’?, Ph.D.
Thesis, L’ Universite Scientifiaue et Medicale et inst. Nat. Polytechnique,
Grenoble, 1975. . -

Ideriah, F. J. K “Turbulent Natural and Forced Convection in Plumes and
Cavities”, Ph.D. Thesis, University of London, 1977.

Salcudean, M., and Lai, K. Y. M. “Computer Simulation of Flow in Cylinders”,
Internal Report, Uni*v;ersity‘ of Ottawa, Department of Mechanical Engineering,

1984.

Diwakar, R. “Multidimensional Modeling of the Gas Exchange Processes in

106



a.'ﬁniﬂow-Sca.venged Two-Stroke Engine”, Presented at the Winter Annual
Meeting of ASME, Nov. 17-22, 1985.
22 Flanagan, R. C., Salcudean, M., Carapanayotis, A., and Xia, Y. “A Study of
' W ide Boiling Range F\Jel-E_;éine Interaction: Thermodyﬁa.mic and Multidi-
' mgmional Modeling”, Technical Report No. UOME-EP-8404-1, Depa.;tment
of National Defe_:nge, Ottawa Ontario, 1984, .,

s

3
v

N

107



D
Ay
Vi Viel, K k+ 1
i 4 [l
L\'uy* k Ui ko I”i+1,k I
' —r 2 —g ___’Ay
S S K

“

Figure 5.1b Numbering of the cell location used in the two-iimensional mode

.

108



N —

Cvlinder head.

FMIN = M1

NORTH
(J BOUNDARY lMTi IMAX
KMAX —e [
"
KM2
WEST
BOUNDARY
EAST
axis of BOUNDARY
symmetry \\<\\
I cylinder wall
fictitious
cells \\\\\
o
I
Piston
K1
kmin — - "
I SOUTH i=17
BOUNDARY

Figure 5, 2 Grid used for the scavenging 'studies using the
two-dimensional model.

109



Cylinder axis

Figure 5.3 Inlet velocity gecmetry.

110

Cylinder sleeve

R Y



Eegiﬂl'nld dotg:
‘ ® [Grond,9%) —Oharved flow —~Re=2w 100, Arz - 004
4 (Mills 1561} — Foe Slmom  — Rez5x0° o Lxg, Ars 0@

';_1" .

Prediclions : {Chamret ow ) ) ) ™~
—_  Rez 2xD° . Arz. 005 A .
—————m RerSxl0%, Ars 0G4 / L
——— b Re = 104 , Arz 0 ,r"
Lemmee R0t L AeW_.
“-

v/ U

04

a) TEACH (from ref. [18]).

9.5

Re -~ 2 10° , Ar - 0.004

1A

v/U ' \

¢.0 (Y] 0.3 .3 LTE 8.1, 4.4

b) Computed. N

2.1 a.» 18

- Figure 5.4 Test case No. 1: Comparison between the developed 2-D code and the
TEACH code for the vertical component of the mean velocity along the cavity’s
horizontal axis. 111



Caperimentol_dgaia:
® (Grond,1975) — Chinnel fiow — Re322®° , Arz.004
‘4 (Mills , 1361 } — Free Stream ~— Rez$x0*~4x0%. Arz0-00

Preciclions  (Qharnel How) -
—_— RQ:I:!OS,N:-OM
————  RezSxif Arz-06&
—_—— Ro:!O", Ar=-006
————— R-t:ﬁ‘,:lr:-‘.'ﬂ

T

.
/ -

a) TEACH (from ref. [18]).

" Re - 2.10°
" Ar - 0.004
y/H .74
. - . . . B .U/U a.e a

b} Computed.

Figure 5.5 Test case No. 1: Comparison between the developed 2-D code and the

TEACH code for the horizontal component of the mean velocity a.long the cavity's
vertical axis.

112



Experimental datg:

® (Grand, 1978) = Channal flow; RexIni05, Arx-004

Predictions,  {Channel flow }

Res2x0°, Arz.004
— it e R!:Snﬂ‘, Arz-064
————mi—  ‘Rea0* , Ara-000
—————w  Rezl0® | Are.3?

y/H

-...:_:_-‘—_::._.:________:_:__::‘: . ——
of " R e WS -t
o = N e 1 e s k.
g o o [T o1,
k/U%
a) TEACH (from ref. [18]).
ool Re - 2,109, Ar - 0.004
y/H |,
/‘bw
k/U%

b) Computed.

Figure 5.6 Test case No. 1: Comparison between the developed 2-D code and the
TEACH code for the turbulence kinetic energy along the cavity’s vertical axis.

113



Exptrlmhtnt datg: : .
¢ -~ {Gmnd ,1975) = Chanvel flow , Res2x05 |, Ar 5004

Bredictlons « { Channel flow)

- Rc:!:lﬂs . Arz-004
————— RezSxpt s Arz-064 : ¢
————— Rez®* , Arz.000
——— FRezlp® |, arz37

x/W

a) TEACH (from ref. [18]).

k/U Re - 2.10°, Ar - 0.004

.63

e 3 /\
AR
a.o014 \

b) Computed.

Figure 5.7 Test case No. 1: Comparéombetwaen the developed 2-D code and the
TEACH code for the turbulence kinetic enérgy along the cavity’s horizontal axis.

114



y/H

y/H

b) Computed.

Ar 3%
r&lﬂ‘ Aealaxct

o7

17 pom

e t ) 400

TPYICTINE TISCOSLITALRINLR ¥ISCOS1 2T

F:gure 5.8 Test case No. 1: Comparison between the developed 2-D code and the
TEACH code for the effective viscosity along the cavity’s vertical axis.

115



- . Are 004

1 . ! N .
9 [+}] W

x/ W

a) TEACH (from ref. [18]).

x/ W

B

L] “M1oa 200 loe sl
CFFECTING TIECGRITYAURINGS YigcenITe

b) Computed.

Figure 5.9 Test case No. 1: Comparison between the developed 2-D code and the
TEACH code for the effective viscosity along the cavity’s horizontal axis,

116

.v



L an

0.04921
0.0373
0.030

|

T

|
1
L\\\\\\\\\\\\\\\\‘\\\\ ALLLL LTI L L L L L L

0.1143

k1

(=]
]
=
[ W]
b

|

Figure 5.10 Computational domain for the test case No. 2.

117



=

%
, v
; %
s
: ~a
/ - -
. -
y -
: 4
1 s
’ ~
s 4
4
; 7
| ’
" — /
: .

LL\\\\\\\\\\ AAALLALLLLILLLEL LS AL SANSIANNS

STREAM FUNCTION -
NET 10 CONTOUR ¥ALWLS
—_ - 5139
0-3%0
_____ N B
........ a.800
............... 1.041
[ 2

¥

1.38

SFREAM FUNCTION'

KLY 0 CORTOUN YALWE
—_— 8,250
- - 0,300
______ o.700
________ 0. 300
................ V001

1.030

AR \\\\'\\\\" LLALLLLLRLLANNY,

ey
Jninge

— e — o m = -

it

e

N AN Y A

;’

L\"\ Aoaw A
| :
!

LF[]

b) TEACH (from ref. |20]).

Figure 5.11 Test case No. 2: Comparison between the developed 2-D code and the

TEACH code for laminar flow (inlet velocity 1.0 m/s with no swirl).

118




-30

13
330
100
%00
a1
830
29.57

A

STREAM FUNCTI10N
KAY 10 CONTOuR vaLUES
STREAM FUNCTION
KLY 10 CONTOM YiLuLl

—_—

—~zzr/ T

———AA R A S F

aﬁgﬁgﬂ

==

a) Computed.

7///ﬁllnn./////n TRNRERNN _.4////////// PARANRRNRN Y

ped 2-D code and the

h no swirl).

19

inlet velocity 20.0 m/s wit
1

b) TEACH (from ref. [19]).
Figure 5.12 Test case No. 2: Comparison between the develo

TEACH code for laminar flow (



STREAN FUNCTION
KXY TH eWTOM YALuEs

— — [
—_— . —— a.m
______ [N,
........ [N
————— 1.1

1.038

-~

—_— > 1.26

EFFECTIVE V1SCOSTTY
PR e

——— . 4.000
______ 14.08
———————— 4.0
n.m
..

TURBULENT KINETIC ENMERGY

a) Computed.

Figure 5.13 Test case No. 2: Comparison between the developed 2-D code and the
TEACH code for turbulent flow (inlet velocity 1.0 m/s with no swirl).

. 120



!

. J

STREAM FUNCTION

MEY T CONTOuR YaLLLe

—_— - 0.2%0
—_— - = s 0,300
______ 0.r0a
........ 8.%00
............. 1,001
1.030

———s > 1.50

EFFECTIVE VISCOSITY
L

—_— — e
—_— — —— [T
————— o 18.07
........ 411
e LT RT]
—_— 3s.08

TURBULENT KINETTC ENERGY
KIT [0 coNTOUR YalLims
—_— —— o.020a
—_— . — 0.0308
______ 0.3438
________ 0.53500
—— ——- 0.1000
—_— 0.3138

b) TEACH (from ref. {19]).

Figure 5.13 Continued.

121



STREAM FUNCTION
AT TO COMTOUR YALWE

— -— Q.11

_— e — - 0. 300

______ 9.1%0

-------- 9.800

.............. -— 1.8
[

’: 7 B
1\ 1/ Scz

EFFECTIYE YISCOSITY
B
—_— re.;
_— 8.8
————_—- to.e
mrm——— M0
—— -
—_— »e.s

TURBULENT KINETTC ENERGY
KLY T3 coaToud Yailes

— — 4. 004
— — - 12.80
______ 14.00
________ in.m
——— e ——— .o
r————— 10d.8

Figure 5.14 Test case No. 2: Comparison between the developed 2-D code and the
TEACH code for turbulent flow {inlet velocity 20.0 m /s with no swirl).

122



Lx\\\\x\\\\x\\\\\\\\\\\\\\\\\\\\\\\\\x\\\\\\x\\\\\
v

A ——
\ LY \‘"- __________ R -
\ -

N Ne et e - -
~ I -——
\‘- - -
V S T P
~ Y
Y, . N e . — e - - e
——
-“‘-.-—- R T S — — —
y
4

LLL\X\(X\\\\\\\\\\\\\\5\\\\\\\\\\\\\\\\\\\\\\\\k\\

&IfiiiiliiziizzZ£E%
3 = 3 L 2 3 EZ s a - ===
Siiiizi:2::2:2zz22Z22
S-IZZZZZZZZZ=Z=
et o
_."

b) TEACH (from ref. [19]).

-Figure 5.14 Continued.

123

4

STREAM FUNCTION

KT 10 COMTOW YiLUEE
_ — 0.230
_— 8.300
______ 8.700
________ [N
............... 1,001
—— e 1.03a

EFFECTIVE YISCOSITY

1. w.a
_—— - 3.2
...... e
________ ne.:
——— g
—_— 300.9

TURBULENT KINETIC EMERGY
LIY 1S CONTOUR YALUES

— — 1.800
[ —— 11.80
______ 18.08
________ i0.00
B e —— +8.08
—— 1oa.p




—— > 1«16

EFFECTIVE VISCOSITY

FIR oo

DT — L.oon
______ 1400
________ U0

.08

————
—— Iim

Soercman TURBULENT KINETIC ENEROY
/

- ——
-

[’\\\\\\\\\\\\\‘1
;

| a) Computed. \r

Figure 5.15 Test case No. 2: Comparison between the developed 2-D code and the
TEACH code for turbulent flow (inlet velocity 1.0 m /8 with swirl).

124



—_— > 1.50

EFFECTIVE V1SCOSITY
(-
_—— - 103
______ 18.07
-------- u.n
- 2.4
e In.a

TURBULENT KINETIC ENERGY
KLY 7O coMToun villws

— —— 4.0308
LR P—— #. 0300
______ 0400
________ 0.8308
B . 9. 1008
————— .11

b) TEACH (from ref. [19]).

.

Figure 5.15 Continued.

125



EFFECTIVE YISCOSITY
—_ H oreoe -
_—— e 1a.e
______ .0
________ 340.8
——— . 4988
—— [} .- ]

TURBULENT KIMETIC ENEROY
T TO cowTom vALgY

_— —— 5000

------ 18.008
________ 10.00
—— 40.08
—— 109.9

a) Computed. )

Figure 5.16 Test case No. 2: Comparison between the developed 2-D code and the
TEACH code for turbulent flow (inlet velocity 20.0 m/s with swirl).

126



&\\ T A ? — s 1.50
AY . )

A —— e L] —- .
e — e e et — e - -
e e e e e e em—— for e e e

L I, s e .

EFFECTIVE VISCN<!TY

S f‘7fft .0

P Ny
______ 4.4
________ ne.7
—————— 330
— 1708,

TURBULERT KINETIC ENERGY
-l " Y 19 coatous Yalugs
— — -—_::——'" .‘_-———"_‘"—""_'-‘ Z'_ — — o .-ﬂ
—— e S —_ - e 13-

! - -:_—__'_'____..::'_-- /--"" ;9; ______ l:-“

Lol amm '._‘,,—-""——'—’ 72 PSPV 10.08

197 - f ; ———— . .00

k ' e o7 - 1e0.0
AS N j d v
[ " 4
/

b) TEACH (from ref. [19]).

Figure 5.16 Continued.

127



@?)

103

107

" PORT OPENING AREA

VALVE OPLHING ARLA

4.0 L
3.0
2.0
1.0
L i L . i i A 1 i L >
125 145 165 185 205 225
CRANK ANGLE DEGREE (ATDC)
Figure 5.17 Port opening area as a function of crank
angle location
[}
2.0 |
”
e e e
1o r ——— Actual
——"—= Used
L i 1 Fl L S|
125 145 165 185 205 225
CRANK ANGLE DEGREE (ATDC)
Filgure 5,18 Valve opening area as a function of crank angle

location.

-~

128 /



‘(patepou aav

. i . L] -l
+ X0q-1fe pue 1apurtAo ay3) ZurSusapds Jupinp Jupudoraasap sOTd  61'¢ 2Indlg
_— rev . X . . 3 ©
bt ot o b a4 8, (S PFPFTTTTTTEEN L Y | [TEVTETFPEEPT WYY Y |
L LS C R | Ty chabbaasann bbby Y [N N VP E TN CN LR |
b AL AAAAAAMALAL Y] . etansasasa st A4 LY T e LSS LR
eesatasnARAALALLY TN . ——— LA LA AAA AR S YT T e AR ALAALLAAL LTS
hL b aAAAALASALAR YT AL AL RAN LT T enan kL LALLLAA ALY -t
e LLAALARALA LAY . b b AR R Y T ST b AR R ARALL L LYY
bbb ab AAAAALA ALY YT SAAALLALARAAALLLLYY T . L AALLALAAAALLLIYITT
L n LSS T T T T R N . wasmALALLARARARLLIY Y T . AL ALL AR ALY
loumrmnb UL LY LY T Y YT . LA RAR AL Yy ! LA LAR AL LYY
1'.?;"”’)}!)&:‘-\ ) . AL AL A LA ALYy 17 hARLLLALALALALY Y, N oL
lll"?’rrqf”rrf)lal WA Fa Se——— et AALLLALLAL ALYy /rtf L) \Il‘(.u‘\‘firf. R PARALLALARLALAALY Yy o =RE
E”)t’f”}l’/fi ¥ ;vw—-\.\\‘ffﬂ‘_ eLLLLAALALALALA LN 4\, e LGSR | ALLLALAAALAALL LA, g . » ALY
SRLLLAALLALA LG L - e AnqLY . eetAsanLLbAbann b e gy a S N S S A LR R A LA RALA LA AAL ARG AL L L a b A AR ALY
e o b B B e, o " S LY Ak i, e e b, AnhbasAALLALALALLY Y] T et A e e A A A AR YT
- - AR DAL AR A L § { o - SRR AL AAA LR ALY LYY . - - aaAAARAAALALLALL ALY
ARRUNRRAR AR ALY T \!//Ilﬂl;»»;);a»»a: AARRE| -~ T raan AR AL L LYY

1Y

AN g i} o vastsLLLTL Ty iR At it ety
/ﬁ”””nz,a;aa......q ey mauﬁﬁﬂf;ﬂ;;;‘,»;‘..‘_..__.. vs .___‘.ﬁ‘.“a.‘..‘,‘._.“
h

1
1
1

SRR AAREER IBARSARAAARARER Y, MASEREEERARSRASARARE R

=
-4
- -
-
-
-
-
e
-
-
-

LLRRRIERR Y tt IXERARRRAREARRRA) AP FEETTITIIRALY "
',”"....__.... o »'\..~ IREESRRARAAARAREAY N tdd A2 RERERRLRERSERER]
w THeteny . byvarpy IRREARRIREITR LR Fereerrver
. " I APy ~:_:_: TTTrIYE TrErrrTREgY
o T TR T TR ’ FrreryeraeY
LTI T T TR L] rrerereneY
. Errrprraretrranny trerrverene
LT I I I freryreaney
TTRRREEEREFYYEIRIYY freveerreny
Trresreeeersnrenny Treeererene
TEreerrerrTIrrIYLL 4 Freenteetey
- : e {rrrrrevrraereryyy [reeerRnrReNLY
, T frrerrYrEIYIEIR Y LY TEeveeesaneey
. T erTIIEYIIEETYIY TEEYIYRTTINLIY
. AL ST T I AN AR LA IT]
Ferrrre IR LY AR I
1] O fFtererren n TrTverTITRLYIIY
1eediene Treeverey 1] n........ 1
et 1 . TrETY " 1212228 2221]
L3111 . Trevyrene TYRIYRIITRILY reeerenrvny
AL 1 Froeevany ISRAANARNART L N - terre
RLIILLIET] i LBARRRRRNERNS) frerrnrrenzay
aneeetine 1 . AL LA A T IR R ST IR AT reery
A ITITTITT] 1 o wlildlii ARALRRRARRAREAL Tereee
pn___ it L - 4..-~n“.rn._.._._..._....“ “-_-~u~"un.._“.-
" 1 o[ reer it ISV EARNRENANAA]] trere "y
¥ u " t kt .nwuunﬂr I, A11Y T
- feee L \\\\\ h ”_ —yr~ .w“‘. S IR IT IR 1L
freerereeey [ N SN rervey e asS ~2)000000000?
FEPPERIRRRER L A .\ . AN 2o g pppsretrprrane ) ' . . RvanassY 2oapppprriene
FEFEPPPIPRET Y . ..alaa_’:\\\\\\\\:\:::._ JARRELR I Y YNl
YV YYYYYYTY —o‘ll/ 1) YYYYYITYIYYIEdL adﬁ}'&qaq-\\\\\\t|\§\b\5h-
ll\\\ﬁ; s A J'P*Fnll.ltﬂﬂbwu\\l.\- r’!rré\“tllllll!‘\t\



P ————— Y
e e et e B A A 8
———————aaaaa st ALY
e e e e e e L. LR }
AL LALAAARALLAYY Y
——aabasaashn ity
———h AL A AL ALY
b LR AL LAY
—aAbALAAANA AL LY
LALLLALLAALLL LYY
EPPP”)’I’I:-

aaLALALLALA L ARy Y]
Ef'?””ff/
A A A

J’-il;lddllr

Iﬂ.ﬂilll, [ e aaa Al R RS L RY 'P-
§

it

oY

1y

)

Y

St dd i1
zf/»nnc‘ste‘\~h

bkt g LB ELLELE

sad 14 E AN

LS e ri
///Nm/.., et
WAL

AN

;,

T
kX

-panuriuey §1°g eIndty -

PP N LN )
————————h Ak A n A&
———————— s ek kALY
crsasansasaaia ittt
e N LYY R AL L LR
bl LAAAAALALL Y
——— A AR LA
kAR AAR AL LT
bk A b AL LY )
R AAALLLLALAL LYYy
—nsanA ALYy

ot LL L L TN
TR B

[Py

)
ey e aaaa s b A A A RSN ¥

EPFFF’!””.’{H&.’%"\ IR

P

Srnsmaaptoses—ve L i1

campsirrrred i i}
é../‘m/f/fffa.??.l.!\s 1
N RN

AR |
ﬁ%x..
31
"’,
A
/,q YY)
AN

] '

FrIeRr

\\k““\: _-““
e

aAEmS P A

iR
—————tn Ak A hna b
[T TTTVT VRN LR ) |
s bR AARA LYY
———mal s s LAY
e N LIS CSL LR E)
e b L LSS A RR R R R |
L LA LA CCCERE R R
e UL S CCNNER RSN R Y,
A LARARARL LA ALY

Ef"!”l'r:aaa-

e e e UL LV EN VU vy )

-y

e L TR ctmmannaet PP daryy ey A4 )
UL LU LA Y LI YLINE !

RpLamasabert s S 8L}

- RN R I!P!MM {

RO

At
/7ﬂuu”,aa,._
WAL
LAY
WAL
A
)
—rl\v““““ [
L tl\s\\\\. “
Loeereifly
Taaveriiil
Meerigy ]
treegy 40
Trerpgdy
LIz
_--“‘\“
i
veiifsETE
f1ietl
) t
'
gm_“““.“““.;
i’
t WY, (1A
SR LRI

130



140.0

tre e

:.::t:::_ Vitef
wrrrr R RN Lt N
I NN NTIREUSARRERL,
MOVt eyt
I R RN ETIREI{IAR R D

____.-_________:______;

AR AR R RIERETINEN] 111
TR IR R RIIT)
HOANVYLHIMT L T

i
|

///f///f//////////—

25.65 m/s

>

- \.. v' vrr....rl.....a.r.

reeott 00 ////:
w2 71N e
WELEPHITEIEL T T T
:_::F::S::::
_:::::S:::
WHTLI tteee 0
WY U 720222 6 500y

_:;//:_::Z .:“
SN\ Wsa

N\ \\RXEEAL

7\ \LRRIT
1) Vit

_ﬁv\ /] \. ::

Y Y e =

///////////////AAJ

25.10 m/s

>

rVV//////—

.\ . llﬂ.........!ll;-H
oy \LRRW

:2\\\\\ (IRRENT.
W1 e e
WL 020 5
W HI7om- - M

-
-

M e
e

.;f/// ///f .. M
-\ AR
-1\ IRERREL|
o
__.\\.\ Mm__“.:_.
.
8

////////////f////

165,0

Al

m/s

23.37

e€ SWIT

A

rank angles (inflow

[

mg scavenging a

izontal w

SAANANALAN NN S Ny
—_
i
—
==
X

<
Dy
i
L4
-

line to the hor

L\\\\\\\\\\\\\\\\\\\\\\\\\\\

Figure 5.20 Velocity patterns dur

180.0

D).

t different
ith a 15 degr

conditions: 20 ‘degree inc

131



192.0

21.87 m/s

A

/////f//_
I/\lll-u
| LEERSY

Itre s d
vk
1|

|
VI
NI
1Y
Hil

L e L i

LA SRR SRR AR NS

]

23.732 m/ s

>

h_///////.//_
771 YRS
...._:4\\\::....._
ot )]s
ot e~ o
:.:;:_ HIIEERERE
ORI\ TRERST:

ISR A TR
troan ) ﬁf. oy

ey o
et IRERIL
__.._“ g_.:
feef S EREE
I
7 4
FAF e
\.M.\m\\\\mm,l,m”:”
STy I

/////////.///////AJ

205.0

{ie-
B
|-

m/s

14.88

A

W
'

220.0

vy -

R R J

M-
lire-

P o

Hromms NNV 2280

16.40 m/s

>

AWt rreee -
Vgl ree- -
VU
il T
Wit
AL

1

1

By

)
]

A
vl
LI |
L I |
E__
]
S
e o, PR
el
RS 35 ) 5 I
[ P S, ..w
n/u////ﬂﬂ./././ﬂ/././/.ﬁ;_

Figure 5.20 Continued.

132



>

AR R R I TN

LN N ) .‘q--:-
NN TR N TIE]
PO et e
TR
IR IR
RN TR
U N sty e

TESLT O ANt vt
AR IR NI

e R R R RIRRERIN]

-

31.29 Kg/s m2

28.08 Kg/s m2

26.76 Kg/s m‘2
1

)

>

>
>

t different crank angles (inflow .

th a 15 degree swirl

AN

i

\\\?l

WEet 2 2220 HHTE G ad
Wikt st tanes s
WILL T 0 s

wer 1L e .
it i1 ieee- -
.:_:::?‘?..
i e
A

wreerr 2L
WEsr P HEEHIE

N N NN IR

ging a
al w

t

1z0n

133

____-.._ rPHIHI T

RN NN NN TN

W rres- -
A RRR I REREE

L L teeee

line to the hor

-
-

AR R R RINRRTINND

20 degree inc

A s A Ame e m - om

& Rug_.

AR RS s VR

L )

140.0

/f///////////////;n— /////////////.////

Figure 5.21 Mass flux patterns during scaven

conditions

155.0
165.0
180.0



27.77 Kg/s m2

>

e v

....:s:\\\\\s. vt

- -

b B e N

-

N N aam i .

1Y L EH S medes m e owm owm

LI T
ARRIEEIC T R R,
v e o ———
il W LS -

/////////////////J

205.0

-
-
—
—
—_—
—
——
—
—
-—
-
-~
-
—

Jt.12 Kg,’rs m2

>

..u:\“\\ el

..-\\\:_.__:. P

....___:N\__S:

e
—
—

Ty
|
1
]
A
£t
”r
=g
PR
m .
_ .....\\_S:_ N
NN S - -
ANSARRR R AR R A

Hiee
Mies
Hie-

220.0

Kg/s m2

,e0.1

A

UH e
Vi e oo
Wi v
e
ey
e

]
////////////////f/_

—_—

232.0

w

23.07 Kg/s m2

>

RS S
[FEEERR S I AN NI
Miesn VU Tree- -
(NI FERR R Y TR
e Vi e
e AW e
e
e e
{itee-

Wi

74
ﬂﬂ« :w:

(LT 7
[P P

L e L y—

D

r 1l

w

//////////////////_

Figure 5.21 Continued.

134



140.0

155.0

165.0

180.0

Figure 5.22 Temperature contours during scavenging at different crank angles (in-

.
SAUETRLRLLLRRRRNSAS

1
-

LL\\\\'\)\\\\\\\\\\\
1
i
+

-

A

L\\\\\\\\\\\\\\\\\

i
! .

e

L\\\\\\\\\\\\\_\\\\

v
TEMPERATURE
XIT TO CONTOLR YViLEE
— — 374.3
——— - it
—— - 483.9
........ 7.
DU Iy
—_— 8457
TEMPERATURE
«EY T CONTOUR YALLER
_ It
- —— - .3
______ 482.4
________ Pe.a
——— $ka.7
—_— 44,0
TEMPERATURE
KIT 10 cONTOUR YALUES
—— — 741
—_— - .3
______ 82,4
________ 4.4
————a 0.2
[
TEMPERATURE
- KLY 10 coNTOUR YilLues
—_——— 740
—_—— - = ith.o
______ a6
........ 4.0
————— im.0
—_— 4.0

flow conditions: 20 degree incline to the horizontal with a 15 degree swirl).

135



: L.\\\\\\\\\\\\\\\\\\\\\\\\\.\\\

}_}\\\\\\_}.\\\\\\\\\\_\
19 »*
]92-0 ~ — =~ .-:‘:\\\
~ —" — -~ \\
£
. .
LL\\\\\.\\\\\\\\\.\\\\\\\\_\\\\\\\\\\\_."\}\\\\\\\\\\\\\
~
205.0 ~ —_ T30
—~ e -— - — — \\\
A
‘W .
A \
A7
3
A
;l
;l
4
o
4
LsxAX\\x\\\\x\x\\\\\\\\xxx\\\\x\\xﬂxx\\\\\53\\\\\\\
e -G £ puany
220.0 \ ~ -1
— o
—_ e - - - —_— ¥
A \ P - “
A \Y
“ “
A 2
— v
; [
24l B, 7
|
;i — ___..—-—--.._____/;_
— -
A o oTeIIiIiIia
/’ -~ - - - - — * A
~ —— e - - ———— e e |
/\\-—.____ - - R Al
2."\ - - ”.- //...__—...______-.“___.“ v /.
(R — ' & —_— = _— e 1

TEMPERATURE

KET TO COMTOUR vaLuge
—_ - EL I
- —— - .0
hmm——— .0
cemme——a 4.8
—————— 1.9
—— 84422

)
TEMPERATURE

KLY To cOMToum vaLugs
374
ire.»
o
53,7
r.
$43.4

TEMPERATURE
KIY 10 coMTOUR YALLES
3619
0s.7
4.
il
"r.3
uy.

————— e

—

Figure 5.22 Continued.

136

' TEMPERATURE

. KLY TO cOmMTOUN YALAUNE
1534
184.9
anr.g
a7
[T -
$14.4




v SWIRL M/SEC
4 KEY TO COMTOUR vaLugs
4 — - 10
4 —_— - 8.343
A4 ez T 12.0
; ________ 15,08
-4 r—— 0.8
9 —_— 5.93
Y
4
A —
155.0
4 SWIRL M/SEC
Y KXT T0 COMTONR YALUES
V. — — J.N4
7 —_— - .
A T T e T 10.34
?‘ ________ 1.1
/] ———ne 17.07
;‘ —— 20.48
Y,
4
4
.
165.0
2 SWIRL  M/SEC
4
/
4
/]
/1
7]
4
/]
7]
7
Y
/]
4
V. - - - - - -
L;\\_\\\\\\\\\\\\\\\_\}\\\\\\\\\\\\\\x\_\\\@\\\\\\\
180.0 S SN
” - P T ~
- - s ~
/ - - e
7‘ ___________ - N SWIRL M/SEC
A e KXY To coRToumt YiLlay
4 . 1.0t
4 —_ —
Y, | S P - —~— e _— 5.34
; : L - \ __;’ JI, ______ 8.014
4 T LV s - o P POy 10.48
4 T el NI o 13.34
5 = T _—_— 18.23
ﬁ —
Y
- - -

Figure 5.23 Swirl velocity contours durin

137

g scavenging at different crank angles
(inflow conditions: 20 degree incline to the horizontal with a 15 degree swirl)




L\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
- - .~

rd
- .. - > N
Ss ’ =
- by
b ——) 'I \.\
_—— - SWIRL N/SEC
—————
RS EXT o CoMTOLM vaLupa
. —— — — .4
al R, —mmmmm—— - —_—— - - 4.2
TN TETes ' - -—————— P
4 -— -
¢ et ey 2 m—tcmm—n o
i U e opy L]
.@_/4'—-:;1‘ - - l\ a (-_"""‘-{ ——— 14.83
- el - 2]
et g e T pum —— it~ S -y
L T ~ TS TIeT
— - — — e

LL\\.\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\.\\\\\\\\'\\\\\\\\
~ =
4

205.0

4 -
Fa
ri
i
‘s
]

E——
~
1
.
]
1]
L]
4
1

—— s 4004

3 - , ' - p - .-J;I

; L AN ’ . e 1.0

? iy, o - \ — 15.00
— pe bt \ )

X ‘
. ’
rd -
. - -~ P ~
—_———- N e SWIRL  M/SEc
KIY 1O CONTOUM YiLUCE
. - — 2.343

LERLELRLALLRLRRLY
~.
[
v f
A
.
.
1Y
1
1
1
1

h\&\\\\\\\\\\\\\\\\_\:\\\\\\\\\\_\\'\\\\\\\\\\\\\\L\\\\ . )
-

220.0

I“ -

~ ’
~ ~

v

S S~ P SWIRL  M/SEC

e KEY 10 CONTOM viLULs

—_— - 1.287
et s

: . Y — A — —
g ’ - - - — T.ar
e L .
'

" -
- ™ T
e = ——— -
- -— — - e . —-— - -
—— o - - — o -
— ——

. _ cr————— - 041
- - . ——————— 1.1
R ~ —— 141e
- -
\\._.——/:-"' Y 0
- b

Ll
L{\\\\\\\_\\\\\\\\\\\\\_\\\\\\\'_\_\\\\\\\\\\\\\\\\\\\\\\\\
232,90 ! -2
L3
J‘(.-‘-. S —-—————
- -———
5' N Rk T SWIRL  M/SEC
4 R ---.--__..__._____ FIT TO CONTOUR Yilims
/l R e mmmaa — 1.100
4 - —— 4300
A —_————— - ¢.300
4 [ 5. 400
'4 """""'"""--.. ——— 19.41
V, e -~ —_— 12.40
/1 - _——— Teea
T N S SN
A==~ 27— ___= =l

Figure 5.23 Continued.

, 138



140.0

MIXING OF SPECIES

KET 70 OOSTOUR YaLuls
— —— 0143

—_— = = - .18
------ 0.410
________ 0.37¢
—— e s, 8.4

o-e17

155.0° 3
j‘ . MIXING OF SPECIES
A KT T CONTOUR YALINS
£ . —_— — 0.143
A7 ) . it 0.z
5 - e e e - —— 0.429
el N .57
L Nt e L .
A 3 ey G ——— hknid
Ar NS =EF~ .
)
/]
'S
165.0 . iy
4 MIXING OF SPECIES
/] KEY TO CONTOUR YALUER
4 — = 0,143,
/] - —— 0.30¢
a J  SeleeestIle T s s e T
A - S =T . |t 0.8t
/] ——— 8.714
4 - o837
Y,
y;
V,
4 .
A

MIXTNG OF SPECIES
KLY 10 cONTOUR YALUES
—_ — 0,143
_-—— - 0.1
______ 0.439
________ . 6.
a.714
—_— 0.097

Figure 5.24 Concentration contours during scavenging at different crank angles
(inflow conditions: 20 degree incline to the horizontal with a 15 degree swirl).

139



192.0

T —

/‘"___-.--._‘__.

-
- "--._...__-"
- - bl Y -
- -
- ~ - - ”
- — T —— -
— — it

205.0

WWALLY

L\ N NN

220.0

MIXING OF SPECIES

KEY 10 cONTOUR wALUEN
—_— - *1a
— = e - ..1M
- - 6. 418
________ s.573
—— o714
— . 687

MIXINO OF SPECIES
KEY 10 CONTOUM YiLUES

— — 0.184
e —— 0.3108
______ 0.438
________ o.577
—————— Q.78
——— 0.450

HIXING OF SPECIES
T TO cOoNTOM viLLEE

_ 0.387
—_— e — 0. 404
______ a.3r1
e ——— .err
—————— Q.784
—— 6.4

N
9]
M
o

p
Y,
4
)
/]
/]
A
4
4
/] _ -
Y e L -
- -
A~ T I e "
/-\\‘-- ,” o —— -, -
A n —t - oo~ i

HIXING OF SPECIES
KXY 10 CONTOUM 'YaLLES
—_— e— +.530
.408

HH

Figure 5.24 Continued.

140




140.0
4 EFFECTIVE VISCQSITY
/] . KLY Ti TOUR YALUEE
7 — = My wm
4 W= -~ T o= . 4.2
4 Ng=zz . |rm=Dm- 73.01
/] [ .73
; e t— 10r.3
/]
Vs
Ve
)
A - - — _ _
155.0
EFFECTIVE VISCOSITY
XY 10 CONTOUR YalLias
—— — I
o MRy
______ n.r
________ 121.9
131.2
18T.4
165.0-
4 EFFECTIVE YISCOSITY
; KIY TO comTOUR !%Ilt
— — 01
y —_—_ HR Fa
AN Y- -T2 e 15,0
AR NSt e e - | Ioo T 148.40
p ———— 1.0
1 — nr.o
7
/
180.0 .
4 "EFFECTIVE Y1SCOSITY
4 KIT 10 cONTOUR YALLYS
ﬁ —_— — I.\ .13
2 _—— - [ T T
AW\~ el e, Y, T LT 138.7
AANSN N T s e r e EETTT Ten T L e |IoTooo . 1139
ﬁ —————— n7.t
/3 ———— 1%0.3
Y RSy -
gD mmEE o
S = _ - _ - rd

Figure 5.25 Effective viscdsity contours during scavenging at different crank angles
(inflow conditions:: 20 degree incline to the horizontal with a 15 degree swirl).

141



o

192.0
/ | EFFECTIVE ¥Y1SCOSTTY
7 \ RET 10 CONTOUN TaLugy
A8 o mzIEIITTeal N T B
/] v iay ~ - o .70
/] G m——-—— 13,4
‘/; . —————— L.y
A —_— m.e
;
]
“
V)
4

P

205.0
Y = EFFECTIVE VISCOSITY
A rf'-" =i KLY TO COMTOUR YALUNL
j h 3. 90
Ve \ }i 4.9
AR v N 4.7
7] L] .
; \ J40.3
/‘f$'\o 0.4
A,
e

—_d _—— b o 22T

220.0
ﬁ EFFECTIVE YISCOSITY
ﬁ KXY TO CORTOUR YALUES
4 T Mg
| N P ettt tdelaletatti1 . A oot mr
AXN N T e T e mmiontee eV T s ‘- ns.x
ﬁ ————————re T A
A - 502.3
y
/]
/] '
A

— ;/

232.0

EFFECTIYE vISCOSITY

KT T0 cONTOUR vALLED
Sl

Figure 5.25 Continued.

EN

142



140.0

4 TURBULENT KINETIC ENERGY
‘ KEY TO CONTOLM vaLugg
Y
v, - —— 5.143
; ........ E-
“ ———— .
f _; . — 12.00
/]
Y
. 4
] _— — — — — —

155.0
TURBULENT KINETIC ENERGY
KEY [0 COMTCKR TALLNE
LT R— 1343
______ .34
________ 17.08
—— ..
—— n.a
Q -
165.0 !

TURBULENT KINETIC ENERGY
KLT 10 CONTOM ViLUES

—_— e — t.057
______ N 8.2
________ 14.51
—_— 20.74
—_— .07

-

TURBULENT KINETIC ENERGY
KIT TO ComToum vALUE

—_—— ..043
- . - 14,43
........ 22.07
—— 25.88 "
—_——— e

Figure 5.26 Turbulence kinetic energy contours during scavenging at different
crank angles (inflow conditions: 20 degree incline to the horizontal with a 15
degree swirl). :

143



4

«2_‘"'_.,

192.0

205.0

AN ]
t

SN RN NN

TURBULENT KINETIC ‘EKERGY
KIY 10 coNTOUR YALuR

—_— — 9.7

8.44y

(F BT

m.n

5.4

4.7

TURBULENT KINETIC ENERCY
KIY 10 CONTOUM YaLUCS

1.400

1421

1508

7.6

—cf

TURBULENT XINETIC ENERGY
KLT TS COMTOMM YALUES

— — 1.843
——— - L3 -}
______ 17.09
________ 4.1
—— n.n
—— .

o]
o

L\\\\.\.‘\\\\\.\i\\\\\

TURBULENT KINETIC ENERGY
XIT 10 cONTOUR YiLuEs

—_ — 2.1
—_ o - — .19
—————— 18,33
________ 13.41
L U — 30.14

r.n

Figure 5.26 Continued.

144

%



40.13 m/s
32.20 rr'z/s
m/s
m/s

29.0
L4
23.81

>
>
>
>

?r/vv”i .: \—.,.I..,. //////z/,/_
.‘/!/.m”“_ ‘ 2\\\.\ .._‘ IR L ::W\.&%ﬁwﬂﬁz
veresZ7f N Vo WILL L7y ffre e e ) 1377/ 7/

WILE22HP QN 1 , W1 e e

vevrrr ANV
werrarHENINIL I N

.

:.:..:_::_Z_:._ ._::\\\\\\\\\\:.:_ _:::\\\\\)//f__:_ ___::\\\\\\7.._:
TR R RN IA NN RY ] e~ < e u:__ :\x),;:__ ?:::Z__:
IR RRLIATIERR AL . :_::\\\[r//::# . il et g1l e
vo AN A . MV e 1 Vel 1y
AT Vet L W) 2 : /?-:__:_u
o ~\\\\W-1 1110 P2\ \~ri ] \\w- 1101
renng L A\ N W\ 1 i \SCERELL
* " YIEREL f1-1) \SKR AL . ] \ERELL
.o N1 | RN //.__: WAL
[P v 10X} IREREE ven
008, - ~“ Vo :T“ T:.
- . e’ Al A = : - ; .t
5 = | _ = i
| == iiliil = i
RN\ 5 A oo o]
//ﬂ.///ﬂ/f/f//hﬂ-/ﬁ# ///f///ﬂﬂffﬂﬂ/ﬂ/\mﬁd ////////f////////_ . RS J
o ) o . - o . <
< u [Ta] o
- * el ., Yal . ©
ki | | 0 © fv
. s

t different crank angles (inflow

22 degree swirl).

1ng scavenging a
145

th a

.

1

Figure 5.27 Velocity patterns dur
conditions: hori_zonta.l inflow w



21.91 m/s

>

ssssaad ks

it Tre o
:___:\\\\ vined
O I
:___:\\\\\\2:..._

-

_._.__ — :::\\s.
..._:#__,_“:s.
-\ {IZE
e e -
:.,// K
Iresy

-
-

ot
-
-

e _ Voo
[tes] ' -
heo /LI K
h-/ w\ ; s
i f 1
h\ ‘\*\\\Ns
] \“\..\\.\\
.ﬂ\k\\\&\«\\. 2,
- \&\ I |
o~ Dk _- £y
N Amm ...
LR I F B I R
RS

m/g

.81

T

reess, Yy
Ry y/HiNE
SRRy TR NN
SO RN IR
o\ V[N tere

s W e
T;.z/// /:_:.
_Tz/// ﬁ__.
TP W
e |

] [
___._*
_“_.uh_. \\...\,

PR |
B N A

0 . .~ - - —_

-

PN e L

ARRRRNRRRRY

205.0

A

AN

A s v o

7

16.49 ™/s

A

P T T rrrear to oy
Nt.\\.. ..:ﬂ\ M\\f/:
m:... AR O o 7 7 AN ::_
7]
m.:.._ Vi beee- <y i)
Qe V1 12y 1 1
[
-
Jrr Ve
Hi~ss W ey ]
H
H
V(R
B
‘]
-
~HIER
4
34
KA
ye
LI
_:._
TNt L e . a
.n/ﬂ.f./ﬂnﬂ\/./‘/.//./p/ﬁm_

220.0

L

16.23 m/a

>

////////._
CE

14— —

.:-n-..._._\\\w~ . ...H
R N N TN N Y /7 N |

| A sr=-.n 4
1 Vi rree e

FEERE RN ¥ VPR N R |
_:..__:?:::::_
s Ty ]
e ey
B SIERRTT
[T1r-x\
[Tresy

[ Y
L NPT

—wr s 4 wmm

ARETEETEEERRRRRRRY

’

232.0

Figure 5.27 Continued.

146



L\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

140.0 _
y I -
; - -2 \, '
Vs
=2
7
Y,
4
7
155.0
165.0

AALURLLURLLLUINANN

180.0

SHULLLLLALLULULVLRNS

Figure 5.28 Swirl velocity contours during scavenging
(inflow conditions: horizontal inflow with a 22 degree swirl).

- s ) 147

SWIRL  MJSEC
KIY 10 oONTOUR VALUKE

SWIRL  M/SEC

KIT T CONTOUR YaLUES
—— 3.7
—_— — am — T.14
______ 1.0
........ 5.0

—————— 1878
—— 13.74

SWIRL  MsSEC
KIT T0 CONTOAM YALUCE

—_— — 3.214

—— e — .41

______ "84
________ 12,68
——— ".r
_ 19.29
SWIRL  MssEC

KT 0 CORTOUR YALUEE

—_— 3.043
—_— — = 9.008
______ n.11
________ 12,47
— th
_ 135.18

at different crank angles



192.0

t

SWIAL  H/SEC
KIT 10 CONTOUR TALUEE

——— — 1.3

— —— - 5.

----- — a1y

-------- 1n.77

D e — "N

—— 17.84
&

SWIRL  MsSEC
XET T0 CONTOUR YALUNE

— — 3119

—_——— e — .19
______ 9.343
———————— 11.48
———————— 15.87
——— ie.0

SWIRL  M/SEC
. KEY TO CONTOUR YALUES

— —— 304

_—— e — ..
______ 9.343
-------- 11.48
et rr——— 18.37

1.0

A
-
. A
g 2
4 2
4 .
A
/
7
Vs
A
Yy
A
,l
/
v,
4
.,
205.0
220.0
A0
4
/
71
7]
7]
A
]
/
/]
Y,
/1
71
Ve
/
ﬁ
o
232.0

AastitthbLbL bbby

SWIRL M/SEC

. Figure 5.28 Continued.

148




o
|
|
|

!

AR SRR LA

AN

MIXING OF SPECIES
- XIT 10 CONTOUR YiLVER
—_ 0.143
_—— s.1e
e 0478
........ 0.5
— e.714
—_— t.a57

MIXING OF SPECIES
KXY TO CORTHUR YaLluws

— — 0.143

L — 0.8
_— - 0. 418
........ 0.5
—— a.14
——— 0.857

]65'0 \‘

WRLURLAY

WRARNAN

s

N

L\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\"}-‘\‘\\\\\\\\\
- e d

t o~

-
.-

MIXING OF SFECIES

XY TO CONTOUR YALUER »
—_ = 0,143
——— 0.1
______ 8.418
........ 8.37)
——— 0.714
—_— s.a57

b&&\\\\\\\\\\\\\\_\\\\\\\\\\\\\\\\\‘\\_\\\\‘\\\\\\\\
180.0 RETTI NN
Seov A
\‘ \\
f‘l “\ My
/ \
7 ' /"\J .
/
7 -
N S L RN N -
R TNSITII e T~ T -,
/ —————
/] —_
y
——d____ —
LY
. Figure 5.29 Concentration contours dur

(inflow conditions:

MIXING OF SPECIES
KIT TO CouTOUR YALiEs
0144
0.2
Q.41
0.572
c.718
o.a87

ing scavenging at different crank angles

horizontal inflow with a 22 degree swirl).

149



192.0

.

MIXING OF SPECIES

IIT IO OOMTOUN YALUER
<148
<20
+ 431
<374
-ns
"

t

1

1

4

1

I
csesas

S——_

HIXING OF SPECIES
XXT 0 CONTOUR YALWCE
— — 4.1
_— - — 0.7
______ 0. 408
________ a.814
e ———— 0.143
—— o871
220.0
5: ' MIXING OF SPECIES
4 KXT 7O COBTOUR YALLLE
4 P
/ 0. 444
5 9.434
V 0,484
?4 9.778
A 0. 588
B e e
i L R, -
ﬁ ~— - - -"'- ————————————
Ay ™ — L —_ — — I 4
L\\\\\\\\\\\\\\\\\\\\'\'\\\\\\\\\\\\\\\:\\\\\\\}\\\\}\\\\3
232.0 T
;; HIXING OF SPECIES
4 KLY 10 cONTOUM viivgs &
V. —_— — 0.419
/] —_—— — - 0508
c e B - -= o.807
™~ - = |ITTTT d.tos
Y, itttk o063
5: - — a.
A emmememmmmmmmeomoomoosenes
4 .
4 —f

Figure 5.29 Continued.

150



i

oljet BujbBusaeds sa Asue|d{yje BujbBusarog - Qg¢rg

-~

011vd ONIONIAVOS

adnbt 4

¢ bBuixjw yoejdsy

peindwon

butBusaeds yoeju0y

A

AONI I3 1443 9NI9INIAVYIS

151



TABLE 5.1

THE VALUES OF THE-CONSTANTS USED IN THE K-¢ MODEL'

1.43 | 1.92 | 1.0 1.3 0.09 |1,00 |1.00] 1.0
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CHAPTER 6

MULTIDIMENSIONAL ANALYSIS FOR SCAVENGING STUDIES
' THREEDMNSIONAL MODEL

~——

A
6.1 INTRODUCTION

‘ The flow'in internal combustion engines is generally three-dimensional due to
the complex geometry introduced by the exhaust valves as well as the presence of
swirl. Presently, three-dimensional flows are not only complex as far as mathemat-
ical formulation and numerical techniques are concerned but are also associated
with high computing costs. However, considering the extremely fast development
of computer facilities one can certainly expect that in the near future the real
limitations will not be hardware related but rather given by the ability to develop
suitable models and numerical techniques. This consideration, together with the
desire to make engine simulation as realistic as possible, ha.ve‘ prompi:ed the three
dimensional (3D) development presented in this chapter. The 3D model is based
on the tﬁo dimensional' (2D) model presented in chapter 5. Just as with the
2D model the continuity and momentum equations are solved using the Implicit
Continuous-fluid Eulerian (ICE) technique. The effect of turbulence was studied

using the K-¢ model.

Ls

6.2 MATHEMATICAL FORMULATION

The differential equations solved for the three-dimensional case are the con-

servation equations of mass, momentum, energy and species. These equatmns are

written as follows:

L
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MASS CONSERVATION EQUATION

MOMENTUM EQUATIONS

r - component

3 10 3 14
3 (PY) + R 3, (PRuu) + 5y Pve) + pgglewn) = )
BP 13, 18u g au 2 4 ou 3, dv
“ar T EeePEa) T ayHay) t 'Eg;(#R"a—r) * 5 ¢ .
10 dw 2,u.6w +62,uu P (6 —2) .

tTRas\FrgT) o5, ;

Yy - cbmponent

3 18 1
3:(Pv) + H5-(PRuv) + = (pvv) + Eaalewy) =

_§.§+_1_£’_( 10v +2i( .a_”) 1
oy " RaIV“R8’ T ‘555, T R
10 du 19, 3w ‘
~_ — Y+ ==y 6 —
tRa MR 7 T Bagtay) (6-~3)
§ -~ component

8. . 18 14
! 'é—t(pw) R 3 (pRuw) + '—(pth) + E%
10P 14 ow a, dw 28, 18w puw . pow
) T ey Rt EEe) ~ 5t R |
10 du 148 29 d, 1dv
= 2= —(p=— 6— 4
(nR=5) - 723, (HRw) +6 aa("r)+ay(“ﬂae) (6 —4)

(prw) =

| &

ENERGY EQUATION ‘

8 18 3 1
5 (PT) + 5 5o (pPRuT) + a7 7T + %35
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(o) + o (- -5
39\ Priay) " o6 Pri R o) (6-9)

' CONCENTRATION EQUATION

+2(o0C) + 2 (o) =

8 13

R ar
d pdC, 13,u18C _
233\5 % 37 6—6

By Sctay) Raa(SqRaﬂ) (6 —16)

where:

u - is the fluid velocity in the radial direction

v - is the fluid velocity in the axial direction

w - is the fluid velocity in the circumferential direction
p - is the fluid density

P - is the fluid pressure

T - is the fluid temperature

C - is the fluid concentration-(mass fraction)

Pr;-is "the Prandt! number

Scg - is the Sch;nidt number

The turbulence effects are modeled using the K-¢ model. The conservation
equation of the turbulent kinetic energy and turbulence dissipation rate are used
for the computation of the effective viscosity. These equa.tmns are written as
follows: ‘

-

TURBULENCE KINETIC ENERCY EQUATION™ B

a 14 3
3t (PK) + 5 5= (PRuK) + a—y(PvK) + E

oK

(puK) = 550

14 10 u
37 EIB_(S_R

&
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18 ,u 108K 0 u'0K : i
E%(s_,,ﬁaa)“"ay( 3y —)+peCy + G (6-1)

where G is the turbulence generation written as:

dv ou.,. .1, 8w u dv  Jdu
6= ua((G? + G+ (T2 sty 4 (24 2
1 8u d  w Jw 13v 2

+(§55+Rar( )? +(3—y+“§5§)2]f§‘7°5(#v-f+93_) (6—8)' |

where:

- . 128 dv 1 dw
Ml P R v ¥ 7]

ENERGY DISSIPATION RATE EQUATION

E 18 E; 18 13,4 de
a1 )t gy (PRue) + 5 (ove) + (o) = Ho(SRZ)
138 ,u1l 8¢ 0, u Je
A Bl £2= - 6-9
R36's, Ro0) T ay(5,5,) (GG o0/ X (6~9)
The effectivé viscosity is written as: -
b=+ CupK?/e . (6-10)

where:
i - is the effective viscosity
#i - is the fluid dynamic viscosity
K - is the turbulence kinetic energy

€ - i3 the energy dissipation rate -
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‘ Cy - is a constant
. Sk, Sey, C4, Cy and C; - are constants _
i " In laminar ﬁow, # is the fluid dynamic viscosity. In turbulent flow 4 is the

effective viscosity obtained from equation (6-10).

' " 6.3 FINITE DIFFERENCE EQUATIONS

) The method used for solving the differential equatlons is the same as the one

used in chapter 5 for axisymmetric flows. Figure 6 1 shows a cell in cylmdnca‘l |

' coordinates used for the three-dimensional computa.tlons The hybrid differencing

scheme i is used in the differential equations for writing dshe convective and diffusive T

. ter,me in finite difference form. The velocities are defined at the center of the cell U
faces and the scalar tiuantities at the cell center In the computations. unequal »
grid spacing is used; therefore, a weighted-average procedure is used to comput:
quantities in locat:ons dlﬁ'e:ent than those where they are defined.

b For example a scalar quantity 5 at the faces of a cell in the ra.chal direction

+
.

w:lI be written® as!

% ‘ Sivd gk = (SijkBrisy + Sy jaAri)/(Arigy + Arp)

. ¢
. -
f . 1

i, o : 3 Sf-'g,,;,k = (SijeAricy + 5 '—id‘f?%."i)_/ (Arioy + Ar) R
. . 0' ‘: /‘r‘_‘- . N

‘ In case the value of .S is needed at the cell corner (13,5 + 1) the follo»@
+ formula is used: [ : , . Py
o _ : ‘P

Siedirin = (Sije1 pBripy + i1 g3 g Ar)/ (Brigy +Ary)

i
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The same welghted a.verage techmque is used for the velocmes The ﬁmte

difference form of the dxﬁ'erentml equatxons will be presented below

68.3.1 MOMENTUM EQUATIONS ot

Momentum Equation in Radial Direction ‘

-

(PZ)sjx = (pu)ijx + A (DPX ~ CUX-— CUY - CUO + DIFX1.

, +DIFX2+DIFX3+ DIFX4+ DIFX5 + DIF X6) (6-11)

The quantity (p); f.4,k 19 computed from known quantities at time ¢t and is used

to calculate the ﬁluid veloc1t:y at time ¢ + A¢, and

DPX'= - =
T
. 148 148 du
o ’ CUX = Rér (pRuu) }iar(“R 6‘7")
e . o 1 & 13, 18u
| V0= 75+ 73555 \ ,
a 0, du
CUY = —(pvu) — —(u—
X 3y PvY) ay(\ay |
12 du '
DIFX] = —-E(ﬂRé;)
d, dv
DIFX = —;(,ua_-) .
. DIFX3 = 52““
£
- pww ’
DIFX4=§ y g
1 3 dw, »
DIFX6 = —52£2



These terms can be written in finite diﬁ'erencé form as follows:

| P — Piv1gk
DPX' —_ 1]y Js
O.S(Af{ + AT,'.{..I)

cux - Bi1lCOEFE — RCOEFW
Bopy(Ari + Aryyy)

where:
COEFE = pyyy i xUplusjp + wipr g + SIGN(P)(us % = ity 4)] for [P > 2
or '

b

COEFE =2pi41 ;.URUR — 2tip1, 0 (vigy i — ijk)/Arigy for [P <2

with
P, = Peclet number = Pit1, ik URAT 11 [thig ik
Ur = 0.5(25,7% + thit1,58)

SIGN(F,) is the algebraic sign of P,
COEFW = p; ;3 Ucuijp + uig iz + SIGN (Puw)(wio14k — 4 j4)] for [Py| > 2

or

COEFW =2p ;4 UcUc ~ 205,54 (uigk ~ i1 k) / Ar; for | Py} < 2
-
' . £
with
Py =p;; xUcAryfp; i1

-

Ug = 0.5(u,-,j,k -+ uirl.,j,k)a )
SIGN(P,) is the algebraic sign of P,
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fSifnilarly the term CU® is written as:

COEFF - COEFB .
2R AB;

cle =

where:

COEFF = Pitt it i kWistjrdhlUise + tijip + SIGN(P;)(ugix — Ui i1 k)]
for |Ps[ > 2 | |
. _ Z

1
2

or

for |Pfl <2
with
Py =05Ripiry i g kWisd j41 4 (A0 A1) [Bisx e s

COEFB = Pirh -1 h%ird i~y klUiik H tijore + SIGN(Py)(ui o1 p — wisg)]
for lel 2 2

=
7

C;OEFB = 2Pi+.;.,,'-.al,kwi-i-%,j--},k_z“i-ﬂ,jii},k(“id.k_“f-f-lrk)/(0'5R£+ (Aﬂj_l +A9j))

for |B| < 2 ~
"with

Py = 05Ripip 1 iog aWiss josi(A8; + A1) Bivs -1
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 Similarly the term CUY is written as:

—__CUY - COEFN - COEFS
. 2Ay;

where: . _ \ : '
COEFN = PH.l +1”:+l,1, +1[“1.J.k + “s.;.k+1 + SIGN(P )(utgk - ui,j,k+1)]'
for |Pa] > 2 : oo .

A

or

COEFN = 2Pi+1 Jk+iVitd gkl = 2#,+.1 s k+l(“u.k+1 ti,.k) [ (0.5(Aygs1 +Ay))
for |Ps] <2

with

Pr= 05004 ke iVins juss (Aue + AYes1)/Birs ke

+

COEFS = iy k_lv,+ldk tlugip + i1 + SIGN (P Wetigje—1 = uij4)]
“for [P, > 2 |

or

COEFS = 2401+1,J E-4Vil k-1 2“:’+-,l,j,k—-;~ (uf,j,k h ui‘d.k—l)/(o‘s(Ayk-l + Ayk))
for IPJI <2 -

‘with

Py =0.5p;,, Jk—lvs-i-lu,k 1AV + Ayey) /i1 541

o«

Bi tHiv1g h (i 1,7, — wigk) [Arigy — Ri_y i (i i — wicy 1)/ A
O.SR,-(AT.; -+ Ar,.H)

“s+l.:.k+1 (Vg6 — Vijk) — Pitd5k—1 (”:’-Ha',k—l = Vi jk—1)

0.5Ay;(Ar; + Arigy)

" DIFX1 =

DIFX2 =

]
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215,40,y
DIFX3 = —6—2—;—-&
X
- 2 .
PLjEWy - o e . ‘
DIFX4 = §——— b~k g :

i

DIFX5 = #‘*“"»J‘*‘%-k(w‘*'ld-k/""*'l wi.i.'k/rt) #H-l,,_l k(w:+11 1k/f-+1 - ww L&/ 1)

. 0 08(Arg + Ar) A,

T (Wi e s
DIFX6 = ~§ "*'J:k(‘”m-: Wij-14)
T"-ej -

Similarly the momentum equations in the axial and circumferential directions
are written as: . ' - #

Momentum Equatipn in Axial Direction

S

N :
(5o )‘,,k = {p0)ix + A(DPY ~ cvx CVY ~CY© + DIFY1+
| DIFY2+ DIFY3) ' | (6 — 12)
~N
whe:re:
DPY = —% .
CVX= -}%—?-(pRuv) - %-{%{pRZ—:)
CVY = 'é%:‘.(ﬂvu) - :y (#%)
A VO golew] - Rl
DIFY1 = a%(pg—:) |
DIFY2 = }12%(#}2%‘)
,  DIFYs= %;—g(p%’yﬁ)
162



Momentiim Equation in Circumferential Direction

-

- (P®)igr ={pw)s,jx + At(DPO — CWX — CWY — CW® + DIFOL + DIFO2.

~ +DIFQ3 + DIF®4 + DIFOS + DIFO6 + DIFOT) © (6-13)
‘ * . ¢ : '
Where:
4 vl-,
o DPe = —%_g—? |
S TRV
CWY = o (o) ~ 2. (52
CWO = fp(rww) ~ 52 :522)
DIFO1 = —5pf”r—“
" DIFO2 = %%% ‘
* DIres= %-;—r'(m%)
DIFQ4 = —%%(pr.) .
“+  DIF@s= %g;p%%%)
DIFes = 6;55(:3})
- DIFOT = ﬁ(ga_;)

-

.. The convective and diffusive terms in equations (6-12) and (6-13) are written
in ﬁni%e' difference form in 2 manner similar to that used for the corresponding

-~ term);\m the momentum equation in the radial direction {equation (6-11)).
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6.3.2 TURBULENCE MODEL EQUATIONS

The turbulence kinetic energy :and the energy dissipation rate equatlons are
wntten in finite difference form using the hybrid dlfferencxng scheme. Using the

same notation to tha.t for the momentum equations the turbulence kinetic energy

- »
equation is written as: ,

Turbulence Kinetic Energy Equation

KHE = loijaKogp + A(—CKX — CKY — CKO

+G = i ;xDTR)| /o1 | (6~ 14)

where: ' . . -

14, 18, u 0K &
CKX Ea_(”R K)—Rar(S 2
_ p 0K -
CKY = (va)— ( ay)
a 1 a 4 18K
KO = 52(puk) Ra0's, R 96
DTR = ¢Cy

The generation term G is defined in equation (6-8). The terms CKX , CKY,
CK© and DTR are written in fnite difference form as follows:

~

R;yCOEFE — R, yCOEFW

CKX = e

where; -

COBFE = pip s s itijl Kik + Kisr s SIGN(P) (K ik — Kipy )] for |P| > 2

or
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-
[ 3

v ~

COBFE = 2p;1y juviih Kt e = 20511 jp (Kisr g — Kijx) [ (05(Ar + Ariyy))
for |Pe| < 2 '

with

F. = 0.5p,—+§’j,ku:‘,j,k(AT{ + Afi+1)/#£+g,i,k
and

COEFW = p; 4 puignlKije + i1 jkSIGN(Py)(Kioy jp — Kijp)]
far [Py| > 2 .

or

———

COEFW = 2Pim b k=L B k=2 (B~ K17 6) /(0.5(Ars+ Arg_y))
for [Py| <2 ‘ _ ‘

with

P, = O'SPl—%,J';]:ui—l,j,k(Ari -+ Ar;_l)/p;_é.,jlk
Similarly, the term CKY is written as:

CKY ~ COEFN -~ COEFS . : ()

2Ayy

where:’
COEFN = pijpesviiulKije + Kijasr + SIGN(P)(Kiji — Kijpys)]
for |P,| > 2 :

Qor
COEFN = 2p; ;139450 s s = 20840 (K jirs — Kij) /(0.5( Ay + Ayx))
) L]
for {Pa| < 2
with .
Py = O‘Spi,j.k+-}v":f:k (Aye + Ayk+l)/”i,j,k+§
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and

COEFS = pl',j,k—évi!j:k_l[K‘.vjlk + K"Jlk_'l + SIGN(PR) (K'.pjnk"l - K‘,J,k)] !
for |Py| > 2

or

COEFS = 2P£.f,ké-§"id,k~1Ki,j,k—§"?#i,j,k-g (K=K je-1)/ (0-5(Ayp-1 +Ay))
for |P,| < 2 ‘

with . . ' ‘ )

Py = 0-_5P{,jl;;_%vi,3‘,k—1 (Ayk + Ayk-ﬂ)/l-‘,',_,"k_.:&

Similarly, the term CK® is written as:

COEFF — COEFR

CKO = TRAT;
" where:
COEFF = pyioypwielKize + Kijr1xSIGN(Py)(Kijx ~ Kijyri)l-
for | Py} > 2 . '
Qor
COEFF = 2 a,0ipK iy, — 243 6 (Kijere — Kij)/
(0.5R;(A8; + Ab;31)) for |Py| < 2 ‘
with
Pr =080 4 4wijx Ri( 06 + A8;41)/ itk
and .
COEFB = p; 1awijiplKije + KijoixSIGN (Po) (Kijerx = Kiji)l
for | B[ > 2 )
or ' )
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Ll

. & -
COEFB =  2p; 4,wij 14K, Qi-ik — 2#:,1—1 e(Eige — Kij)/
(0.5R:(A6; + A8;_y)) for |Py| < 2 |

with R 7
By = 05p; 54 wi i1 R DG + A8y) [y
and

DTR = Cyeijp

The generation term (eqn (6-8)) is written as:

G = pu[2(DVDY? + DUDX* + (CYLT + DW DO)?)

k-4
+(DVDX + DUDY)? + (DUDe + DWDX) 6-15)
+ (DW DY + DV De)? 1‘§DIV(uDIV+pK) - *
where:
U v- .k_l
DVDY 1.5,k 82y
Ay
. DUDX Bingk — Yi-15k .
Ar‘- |
Wijk — Wij—1.k
DW.DG = 2 »J 3
' R;A0;
U, 1.
CYLT = §—Fa0k
Ty
» DVDX = u‘.+%’j’k—% _ ui—'};jsk'—%
Ar,-
bUDY = Y-l gkt~ Y15 k-1
- Ay
ow D = Histimpalrins ~ i yegalicy
rs
it P D et W Vo
DUD® = 3715
-U R;AY;
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R

DV D@ = —hitdk=1 " Yij-1x-1
| R;08;
DWDY = Jii—dk+l = Wijo ki
| Ay ,
I-JIVi = Bitigr = Riguioy L Vhdk — Vigk~1 + Wik ~ Wij_1k
. . RiAr; Ay . Rf+§ Agj

\
The energy dissipation equation is written as follows:
|
Energy D?ssipation Equation

3 x

"

o = [o; gik€ijk + At(~CEX ~ CE® XCEY + TERM)|/o}}} (6 - 16)8F

' where.

d 120

1 TR
CEX = R (oRug) ror's. %5,
a d ,p B¢

CEY = 3 \Pve) = @(g‘;gg)
190 19 ,u1 3¢
CEO = 5a5(v )_Fiae(s R0

TERM = ..(C]_G - Cgpe)/K

The terms CEX, CEY and CE® are written in a similar finite difference form
as the terms CK &, CKY and CK© by replacing the turbulence kinetic energy
w;ith the energy dissipation rate. The term_ TERM is-written as:

. L]

TERM = &;(C1Gijs — Capyjiciin) [ Ki '

The effective vislcosity is written as: ‘ N~

#=p+ Cupiga K€k (6-17)
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6.3.3 ENERGY AND CONCENTRATION EQUATIONS

The energy and concentration equations are discretized in the same manner

as the turbulence kinetic energy and the energy dissipation rate. Thus:

Energy Equation -

1;’;*,} [p: d,kT,,,k+At( CTX —-CTY - cre)]/py;f‘ "~ (6-18)

Concentration Equation

Citt = [pijxCijk + At(—-CCX — CCY — cce)l/oiii (6 ~ 19)

The terms CCX and CTX are written i in the same manner as the term CKX

by replacing the turbulence kinetic energy with the concentratlon and the temper-
ature respectively. SlmJIa.rly, the terms CCY and CTY are written in the safne
manner as the term CKY', and terms CCO and CTO i in the same manner as the

term CK®©.

t

6.4 SOi,UTION PROCEDURE
The procedure used for the solution of the momentum and continuity equations

is iterative and based on the ICE method [1] (same as in the two—dlmenmonal code)

The scalar quantities ( temperature, concentration, turbulence kmetm energy and

energy dissipation rate) are solved explicitly in time. The barred values of density

are calculated as follows: f

-

Bipi(pu)ige — Rios(pu)ion ik

Biix=piik— (1~ 0)At
" P;,J,k Pigk ( ) [ .R;AT‘,'
Ayk _ R:'Agj‘ ‘ L
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.

The divergence equation is written as follows:

n+l

Ds',j,k; +i(pu )"J' R“l(‘w)

n+l = 1—-14.k
1 1 :
N N O R e -
N ~Ayi R{Aﬂj ] ( )

‘The pressure, density and mass fuxes are corrected using the following formulae:

4

) Pm, Pmk'*‘APsJk
p‘,J, = Pigk APt.J.k/C. ik
(P)iga = (pu)ijx + ALAP; 34/ Ar,
(P)izt,ik = (pu)ic1,jk — AtAF; ;] Ari
(pv)ij = (pv )ik + AtAP:‘jk/Ayk
(pv)ik-1 = (09)i 1 — AtAP;;/:/«’-\yk
(Pw)t,J, (pw)i sk + AtAP Wk R0

(pw)l,J 1,k = (Pw)tg 1,k — AtAF; o k/R,A&

The value of AP, & 18 calculated from the following equation:

AP‘,],k = _QD‘th/ﬁ:lJlk

(6 — 22)
- where:
1 1 1 1 -
Lik = 5— + 20487 ' , 6 —23
Buik = 2 (Ar?+A 7t Ras,)? (6 - 23)

_obtained as follows:.

As with the two-dimensional code the vahﬁg of § and O are 0.5 and 1.7 re-

spectively. After convergence has been _rgached or all cells the ffuid_ vélocities are

£ 170 .



\ " L
u . .
\\.__ - u"‘j'k = (p )'IJIk (6 — 24)
» p{+-}‘j'k

vl bt
U;‘,,‘,k = (p )'IJ'k . (6 _ 25)
) Pigk+d
(pw)i,s.k
piij‘*"'}nk
After the velocity field has been obtained the turbulent kinetic energy and the

Wik = - ' (6 — 26)

energy dissipation rate are obtained at time ¢ + At by solving equations (6-14)
and (6-16). The effective viscosity is calculated from equation (6-10). Then, the
temperature and concentration equations are solved (eqns (6-18) and (6-19)). The

density is updated using the ideal gas equation.

6.5 DESCRIPTION OF THE PHYSICAL PROBLEM AND
BOUNDARY CONDITIONS

The General Motors GM6V53T engine has four overhead exhaust valves and
18 inlet ports. The inlet ports are inclined a!; 22 dt_egrees to the radius and are
located in the cylinder sleeve close to the BDC. Figx_n-e 6.2 shows the top view of
the cylinder head with the four 'exhaust openings. In the computations, because
of symmetry, only one quarter of the cylinder domain is studied. In figure 6.3 the
grid used in the computations for the plane perpendicular to the cyliniier axis is

shown. The symmetry is imposed as follows. [2](see figure 6.4):

SCALAR (P,T,C,K,¢ and p)

Si,JMAX,k = Si,JMl,k for IMAX > 1> IMIN and KMAX <k< KMIN
Si IMINJ = Si 1pax for IMAX > i> IMIN-and KMAX < k < KMIN
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VELOCITIES
 wismaxs = wigp for IMAX > § > IMIN and KMAX < k < KMIN
Wi IMINE = Wi M2k for IMAX > i > IMIN and KMAX < k < KMIN
v;,jMAx.k =V mk for IMAX > {> IMIN and KMAX <k < KMIN
Ui JMIN) = Ui IMa for IMAX > > IMIN and KMAX < k < KMIN
Ui TMAXE = tigpk for IMAX > i > IMIN and KMAX < k < KMIN
Ui, JMINE = Ui sMak for IMAX > i> IMIN and KMAX < k < KMIN

where:

IMIN- Smallest index in the ra.dial direction

KMIN- Smallest index in the axial direction

JMIN- Smallest index in the circumferential direction

‘I M AX- Biggest index in the radial direction

KMAX- Bzggest index in the axial direction

JM AX- Biggest index ip the circumferential direction

IM1 = IMIN +1

KM1=KMIN +1

JM1=JMIN+1

IM2'= IMAX ~1

KM2=KMAX -1

JM2 =JMAX ~ 1 |

The boundary conditions used in the three-dimensional model are very similar
to the ones.:used in the two-dimensional model discussed in sections 5.5 to 5.7.
At the cylinder axis th.? radial and circumferential velocities are set equal to zero.
Free-slip condition is assumed in the axial direction. The conditions are imposed
using. the first cell adjacent to the cylinder axis as a fictitious cell. At all solid
boundaries non-slip conditions are used for the velocities. Also, wall conditions

are used for all solid boundaries in the K-¢ model. The initial conditions and
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the temperatures in the cylinder surfaces are the same as those used in the two-
dimensional model. The valve surface is assumed to be at a temperature of 700 K.
The initial and boundary conditions for the solution of the concentration equations
are the same with those used in the two-dimensional model. In the computations
twelve nodal points in the radial direction, eleven nodal points in the circumfer-
ential and 28 nodal points in the axial direction are used. The model discussed
in the previous sections uses cylindrical coordinates; therefore, the shape of the
actual valve cannot be used in the computations. Instead, the valve shape shown
' in figure 6.3 is used. Figure 6.5 shows the grid in the plane containing the cylinder
axis. In the computation the inlet area changes with time in the same manner
as in the two-dimensional model. The outlet area is between the valve peripheral
and the cylinder head. This area changes with time by moving the valve location
upwards or downwards. This motion is performed in finite steps using the grid

nodal points. This explains the fine grid used close to the cylinder head.

6.6 SCAVENGING STUDIES USING THE .
THREE-DIMENSIONAL CODE

The results presented in this section are an extension to the studies performed
using the two-dimensional code presented in chapter 5.The three dimensional
model gives the ability to study the effect of the circumferential variation of the
flow and also a more realistic representation of the exhaust valve. The inflow can
be considere'd to be axisymmetric, therefore the inflow conditions used are the
same with the ones used in the two-dimensional reference case discussed in section
5.11 (the flow is assumed to enter the cylinder w1th a 15 degree swirl angle and to
be inclined at 20 degrees to the horizontal). The gnd used in the computations has
12 grid pomts in the radial, 28 in the axial and 11 in the circumferential direction.
The total number of grid points used in the fluid domain is 2340, Surrounding

1
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the fluid domain 1356 fictitious cells are used. The total number of grid points
used in the axial and radial directions is 260 compared to 616 points used in the
' two-dimensional computations. The main 1-‘estriction for using this grid was the
computational time. The three-dimensional model with the grid discussed above -
uses six times more CPU time than the two-dimensional model. The computa-
tional time increases enormously if a fine grid is used close to the axis of symmetry.
This is because by using a fine grid in the radial direction the distances l_)etween
the cell faces in the circumferential direction become very srhall. Also with high

swirl velocities close to the cylinder axis, a very small time step is required for

. stability.

For every run of the code the resillts were stored'on a tape at a.pproxima.tgly 15
degrge intervals. The data stored are the three velocity components, the turbulence
kinetic energy, the effective viscosity, temperature and concentration. Some of
these results are presented and discussed below. Results during scavenging are
presented at 161, 178, 205— and 230 degree crank angles. At every crank angle the
results are given at four levels {A, B, C and D) across the cylinder axis as shown

in figures.5 and four sections (A, B, C and D) shown in figure 5.3

Figure 6.6 shows the a.xial-r_adia.l velocity patternis in the four sections at 161
degrees crank angle. At this crank anglé there are two recirculation zones in the
cylinder. The first one is in the piston bowl and the second close to the cylin-
der wall (low reattachment). In all four sections tl':é"ﬂow is very similar at the
lower half of the cylmder\\in the upper half the flow is different, being affected
by the exhaust geometry. The flow patterns shown in figure 6.6 are different than
those shown in figure 5.20 computed using the two-dimensional code at 165 de-
gr;eea crank angle. In the two dimeﬁaional code a recirculation zone close to the

cylinder axis is present. The reason for this recirculation zone is that higher swirl

velocities are observed in the two-dimensional computations. The swirl velocity
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contours in the 3D computations are preseﬁted in figure 6.7 at 161 degrees for the
four cylinder sections. The swirl velocity in the cylinder is affected by the imposed
swirl velocity at the inlet ports and by the exhaust valve geometry. High swirl

velocities are observéd at the lower part of the cylinder close to the cylindér axis

of symmetry. These values are smaller/fhan thosg observed in the two-dimensional
computations (see figure 5.23). At tHe upper.lié.rt of the cylinder high positive val-
ues for the circumferential velocities are observed at section B and high negative
values at section D. Figure 6.8 shows very clearly how the circumferential and ra-
dial velocities are affected by the cylinder geometry and inlet and outlet conditions
in the four levels. In'level A (which is close to the inlet port elevation) high radial
velocities exist close to the cylindér wall because of the inlet conditions. High swirl
yelocities close to the cylinder axis are observed. At this level there is no velocity
variation in the circumferential direction indicating no effect.of the exhaust valve -
(axisymmetric flow). The flow behaves in a similar manner at level B with small
velocities close to the cylinder wall.: Tlhe‘ effect of the valve starts to be seen at..
level C and is very obvious .at level D. At this level the flow is dominated by the:
outlet conditions at the valve. The decrease of the swirl velocities is produéed by

the negative circumferential velocities observed close to the exhaust valve.. The

smaller swirl velocities produce no recirculation at the cylinder axis.

Figures 6.9 and 6.10 show the mass flux (velocity x density) at the four sections
and four levels of the cylinder at 161 degrees crank angle. Cbmparison_\betwegn
the velocity and the mass flux patterns show the density variation in the field.
The density is computed in the same way as in the two dimensional code from
the ideal gas equation using the computed temperature field. The temperature
contours are shown in figure 8.11 at four different levels at 161 degree crank angle.
The temperature contoiirs are very similar at the lower part of the cylinder in the

four cylinder levels, at the upper' part are different because of the presence
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of ﬁhe exhaust valve. The concentration contours are given in figure 6.12 for the
four cylinder sections at 161 degrees crank angle, Tt can be seen that there is no.
concentration variation in the four sections. Thére are, however, small differences
between the two and three dimensional results. Because the same inlet cpndiﬁians
are used in-both comimta.tions (two and three dimensional), the same amount of
fresh air enters the cylinder. In the three dimensional computations it appears .
that the bottom part of the cylinder has been cleared from the residual gases
more efficiently. This can be seen from the high concentration contours Elose to the‘
. c:}flinder wall and from the fact that in the ltwo—dimensional.-computz-tt;ons the fresh
.air concentration contours have been advanced closer to the exhaust valve. The
effective viscosity and turbulent kinetic energy contours are shown in figures 6.13
arid 6.14 respectively. The shape of the contours is very similar in the two and three
dimensional computations. The values in the three-dimensioﬁa.l computations are -
smaller than those in the two-dimensional computations, probably due to the .

o

smaller swirl velocities in the field.

The axial-radial velocity patterns at different sections in the cylinder at 178 -
degrees crank angle are shown in figure 6.15. It can be seen that a small recu-cu-
lation zone appears at the cylinder axis of symmetry, accelerating the main flow
towards the exhaust valve. The recnc,ulatlon zones in the piston bowl and at the
cylinder wall h-ave been increased in size compared to the zones observed at 161
crank angle degree. The swiri velocity contoufs are shown in figure 6.16. The
contours at the lower pa.rt of the cylinder are very similar to those observed. at 161
degrees. At the upper part of the cylinder the swirl velocity has been increased as '
can be seen in figure 6.17 at leve;l C with a maximum value of 7.22 m/s compared
to a maximum value of 1.58 m/s observed at 161 degrees (figure 6.8). The swirl
velocity values predicted by the 3D model remain smaller than the values obtained

by the 2D model. The fresh air concentration contours are shown in figure 6.18 at

1
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the four cylmder sections at 178 degreea crank angle. It can be seen ‘that there is
no variation between the four sections in the-lower part of the cylinder. In the up-
per part of the cylinder the contours at section C differ from those of sections AB
and D. Comparison of these results with those shown in figure 9.24 at 180 degrees
show that the cylinder residual gases close i:o the axis of symmetry in the 3D com-
- putations have ‘been replaced by fresh air more efﬁciently The eﬂ'ective viscosity
" and turbulence kinetig energy are shown in figures 6.19 and 6. 20 a.t 178 degrees
crank angle. The contour patterns are very similar to those computed using the

two-dimensicnal code (figures 5.25 and 5.26) but the values are approximately 25

percent lower.

The axial-radial velocity patterns at 205 degrees for the four cylinder se;tibns
are shown in figure 6.21. The recirculation zone close to the cylinder wall has
been significantly inéreas‘ed in size compared with the one at’ 178 deg.ees.” This
recirculation is very similar in size to the one compute;l using the 2D code at 205
degrees (figure 5.20). The recirculation zone close\fﬁ the cylinder axis has been
increased compared to the one oBserved at 178 degreés but is much smaller than
the zone predicted by the 2D code. The swirl velocity contours at 205'éegrees are
shown in figure 6.22. At the lower part of the cylinder th(;_ swirl velocities are very
similar to those computed by the 2D code. The only difference is the location of the
ma.xmzum swirl velocity, whlch in the 3D computations is closer to the cylinder axis
of symmetry. In the upper part of the cylinder the swirl veloc1ty is highly affected
by the exhaust opening. In figure 6.23 the radlal-cucum.ferentla.l veloc1ty patterns .
are shown at 205 degrees crank angle. The velocities at levels A, B and C are
higher than those at 178 degrees. At level D the velocities are much lower because
the exhaust valve has Erted to close; and tggi'efore level D is now below the

valve. Figure 6.24 shows the concentration contours at the four cylinder sections

at 205 degrees. Comparison between the coﬁcentration contours computed using

)
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the two and three dimensional maddels shows: a.) the air concentration close to the
cylinder axis in the 3D computations is higher than the air concentration computed
by the 2D model, and b) the concentration close to the cylinder wall in the 3D
computations is lower than the air conéentration predicted by the 2D model. As
discussed earlier, the a.mount- of fresh air supplied to the cylinder is the same in
both computations (two and three dimensional). Therefore, in the computations in
which a minimum a.mé)unt of air escapes will have the highest scavenging efficiency
(highest amount of fresh air tra.ppéd in the cylinder). Examining the results

obtained using the 2D code shows that no gases containing more than 85.9 percent

ar——

air (0.859 contour) have escaped from the cylinder: The situation is similar in the

three-dimensional computations. This means that the scavenging efﬁciericy should

be similar. However, the difference in the concentratidn patterns is important.

The conclusion from the two-dimensional computations is that both recirculation

zones (close to the cylinder axis and close to the cylinder wall) are important in

‘the scavenging efficiency. From the three-dimensional computations, howexer, it

has been shown that only the recirculation zone close to the cylinder wall affects

the eﬂi;:iency. The effective viscosity and turbulence kinetic energy at 205 degrees

are shown in figures 6.25 and 6.26 respectively. Comparison between the two and

three dimensional results show that the values and.shape of the contours are very

similar in the field except in the upper part of the cylinder.

The axial-radial velocity patterns at the end of the scavenging process (232 de-
grees) are shown in figure 6.27. There are thr'ée_recir'(_:ulation zohes in the cylinder.
The first one is in the piston bowl, the second close to the cylinder axis and the
third close to the cylinder wall. The firat two recirculation zones are small com-
pared to the third, which predominates. In the flow predicted by the 2D mc('a\el

the recirculation close to the cylinder axis is equal in size to the one close to the

cylinder wall. The swirl velocity contours are shown in figure 6.28. It can ’
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" be seen tha.t in the four cylinder sections the contours are very similar because ,

A3

the ex.haust valve is almost closed and: therefore has no effect in the flow. The

Q,::'-locatlon of the ma.xxmum swirl velocity predicted by the 3D model is closer to

et e Cylmder axis than the location predicted by the 2D model. In figure 6.29 the -

"-‘;-.-““:a.dxal-cxrcumferentla.l velocity patterns are shown for the four levels. The veloci-

. _tles at level D are a.lmost the same as those at level C because the valve is almost

"'.“;".-closed and hence the velomtles at level D are not affected. The concentration

: contours are shown in figure 6. 30. The same conclusion can be drawn from the‘
. concentration contours at 232'~degrees as at 205 degrees. In the 2D computations
the recirculation zone close to the cylinder axis is as important as the one close to
the cylin:der wall. From the 3D model, it can be concluded that only the recircula-
tiOI} zone close to the cylinder wall affects the scavenging efficiency. The effective

viscosity and the turbulence kinetic ‘energy contours are shown in figures 6.31 and

6.32 respectively. The values and the shape of the contours are very similar as

those predicted using the 2D model.
In figure 6.33 the scavenging efficiency-scavenging rf&idelation derived from

the 3D computations is plotted, along with one derived ffom the 2D computations.
It can be seen that the computed efficiencies are almost the same durmg scaveng-
ing. In the thermodynamic model the following equatjons. are used, approximating

the scavenging efficiency plotted in figure 6.33.

Nec = Rye  for R, <0.45 ‘and (6 — 27)

Nae = 1.134 — 1.362¢7 138 for 045 < R,, < 1.10 (6 — 28)
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" Figure 6,1 Typical cell used in the three-dimensional computations-

Figure 6.2 Cylinder head geometry with the four exhaust valves shown,

P
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Figure 6.5 Computational grid used in the 3D computations for the
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Figure 6.7 Swirl velocity contours computed using the 3D code at different cylinder
sections at 161 crank angle degrees.
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levels at 161 crank angle degrees.
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Figure 6.12 Concentration contours computed using the 3D code at different cylin-

der levels at 161 crank angle degrees.
190




—

poncam ey /
=~ 4 \
NN —r
\ j EFFECTIVE V1SCOSITY
\ \\ 5 KXY TO OONTOMN YALUKS
\ ' — m— P n.n
LY - ; [ — [ o
————— - \ ) 4 S s
U S I S 72 PR T .
AL s ;|
S 2
L =TT - —— V.
- - '4
- 1 L_ - - _

SECTION D

-EFFECTIVE YISCOSITY
KIT 10 CONTOWR YaLLEN

— —_ Mg an

T
______ “.r3
_________ °.%
- 100.8

120.4

4

-

5

-

'4 - EFFECTIVE VISCOSITY

I KT T9 CONTOUR YaLUMS

2 — — Ny o

/) — . — — [ 3 .30

72 PSR, .-

/2 il s 7.9

'4 108,12

7 130.9

b

v

7

/

SECTION B : .

EFFECTIYE Y1ScosITY

XET 70 CONTOUR YALLXS

—_— — 3
My S0

______ .3
........ .07
—— 1ca. 4
131.3

NNNNNNA N NNR N RN NUR NN
|
|
1
|

SECTION A

Figure 6.13 Effective viscosity contours computed using the 3D code at different
cylinder levels at 161 crank angle degrees.
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Figure 6.14 Turbulence kinetic energy contours computed using the 3D code at

different cylinder levels at 161 crank angle degrees.
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Figure 6.15 Velocity patterns computed using the 3D code at different cylinder
sections at 178 crank angle degrees.
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Figure 6.16 Swirl velocity contours computed using the 3D code at different cylin-
der sections at 178 crank angle degrees.
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. Figure 6.18 Concentration contours computed using the 3D code at different cylin-
"7 der levels at 178 crank angle degrees. S
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Figure 6.19 Effective viscosity contours computed using the 3D code at different
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Figure 6.21 Velocity patterns computed using the 3D code at different cylinder
sections at 205 crank angle degrees.
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Figure 6.22 Swirl velocity contours computed using the 3D code at different cylin-
der sections at 205 crank angle degrees.
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Figure 6.24 Concentration contours computed using the 3D code at different cylin-
der levels at 205 crank angle degrees.
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Figure 6.25 Effective viscosity contours computed using the 3D code at different
cylinder levels at 205 crank angle degrees.
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Figure 6.28 Swirl velocity contours computed using the 3D code at different cylin-
der sections at 232 crank angle degrees.
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Figure 6.29 Velocity patterns computed using the 3D code at different cylinder
levels at 232 crank angle degrees.
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Figure 6.30 Concentration contours computed using the 3D code at different cylin-
der levels at 232 crank angle degrees.
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Figure 6.32 Turbulence kinetic energy contours computed using the 3D code at
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CHAPTER 7

HEAT TRANSFER CALCULATIONS

The heat transfer processes in internal combustion engines are complex and
only empirical correlations based on experimental measurements are available.
From the sirnulation point of view, the heat transfer from the cylinder gas to the

cylinder walls is more important than the heat transfer from the cylinder wall to

the coolant.

One of the early heat transfer models tha! has heen proposed is by Nusselt (1]
derived from experiments in a sphenca.l bomb calorimeter. The proposed formula

fer the heat transfer coefﬁcxcnt is written as:

. 4
h = 0.0278(1.0 — 0. 3scm)(P’T)° 3+ 1.27510 10%—%- (7 —1)

where: ’

Cm - is the mean piston speed in ft/s,

T - is the cyliﬁder wall temperature in R, |

P - is the cylinder pressure in psi, and

T - is the cylinder temperature in R.

In equation 7-1 the first term.on the right hand side represents the heat trans-
ferred by convection and the second one by radiation.

Annand (2] in 1963, after reviewing several heat transfer correlations and per-

{crming dimensional analysis, proposed the following relation for the instantaneous

- heat flux:

k ) 2
g = 0.76512:"-“‘ (T — Tw) + 1.61073(T% — T, Y) (7-2)
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where:

k - is fluid thermal conductivity in W?"?“ER'

B - is the cylinder bore inyt, and

Re - in the Reynolds number.- . -

The radiation term in equation 7-2 was assumed zero during compression and
scavenging.

The Woschni model [3] is probably one of the best known models for heat
transfer computations. It was introduced in 1967 after experiments on a spherical
combustion chamber and later on turbocharged engines [4]. Woschni concluded

that the heat transfer in internal combustion engines is similar to heat transfer in

pipe flow under turbulent conditions. Therefore, the Nusselt number is given as:

Nu = aRe? : (7T -3)

Where: ”
Nu - is the Nusselt number (Nu = ABy,

B - is the cylinder bore,

Re - is the w number (Re = 2B), and .

a, b are constants.

In this correlation the cylinder bore is the characteristic length (B}, and the
gas velocity (w) is calculated using the following formulae depending on the cycle

period:

During scavenging

w = CICm (7—4)
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During compression

w=C3Ch § - {7-5)
During combustion - expansion : “
. Fa
VT, .

: =C C e 7-6

w 3Cm + 4 PV, (}; o) . ) ( )

Where:

Cm - is the mean piston velocity (Cm = E‘%‘;’—M),
Sq - is the cylinder stroke,

V, - is the swept volume,

P, - is the cylinder motored pressure',

P Ve, T, - are the cylinder pressure,volume, and temperature in a reference |

state, and

C) to Cy - are constants. »

The reference state is usually taken as the point where the compression starts

or where the combustion starts. The recommended numerical values of the con-

stants are:
a =0.035
b=0.80
Cy =6.18
C; =2.28
Cy3=2.28
Cy = 0.00324

Expressing the kinematic viscosity and thermal conductivity as functions of

temperature ‘and pressure (3], the heat transfer coefficient (h) from equation (7-3)
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is written as:

h = 110.03_0'2P0'8T_0'53w0’8 (7 _ -‘-)

Where:

P, T - are the cylinder pressure.and temperature

In thiljequation, if B, P, T and w are in meters, etm, K, and m/s respectively,
then. the heat transfer coefficient is calculated in Kcal /miKhr.

Woschni (3], calculating the amount of heat transferred to the engine coolant
fuid using proposed correlations, found the predictions different by as much as
200 percent. Therefore, the decision of using any particular model is difficult in
the absence of experimental measurements for verification. In this study there
are no data available for the total amount of heat rejected to the éngine coolant.
However, the heat transfer is significant in predicting the experimental cylinder
pressures during the cycle. The Woschni model gives the ability of changing the
heat transfer coefficient during compression, combustion-expansion and scavenging
because of the different velocities used during the processes. Because of that the
Woschni model was chosen for the heat transfer computations.

The heat transfer from the cylinder gas to the cylinder walls during the time

interval At is calculated using Newton’s formula:

AQ = Ath Y AG)(T ~ Tuli)) (7~ 8)
i=1
Where:
A(i) - is the area of surface i
Tw(t) - is the wall temperature of surface s

f -—
7 - is the-humber of surfaces in the cylinder enclosure

e )
215



In the above formula (eqn. 7-8) the cylinder gas temperature is assumed to be
uniform and the wall temperatures constant and uniform with respect to time. For
the heat transfer computations the cylinder chamber is divided: into four surfaces:
a) piston head b) cylinder head {excluding the valves) ¢) tﬂe four valves and d) the
cylinder sleeve. Each of these surfaces is assumed to have the same heat transfer
coefficient but a different temperature. The estimation of the surface temperatures

is discussed below:

a) Estimation of Piston Surface Temperature

The pistons in internal combustion engines are generally not working under
ideal conditions because of lack of cooling. The piston materials are usually light
aluminum alloys for low inertial forces. In these alloys the strength decreases
rapidly for temperatures above 200 to 300 C. In the GM6V53t, engine the piston
is oil cooled by spraying it fronﬁ the bottom. Woschni [5] carried out experiments
on single and multi-cylinder, turbocharged and naturally aspirated engines, mea-
suring the piston surface temperatures. Figures 7.1 and 7.2 show the measured
temperatures and heat transfer coefficients on the piston surface in an oil cooled
.and a non-cooled piston. In these figures, the numerical values for the tempe}ature
contours are in degrees C and the ﬂeat transfer coefficient is in W/m?*K. In the
GM6V 53T engine, it is expected that the ojl cooling is less efficient than the one
with the oil cooled channel but better than with the non-cooled. Therefore, tH8

surface temperature is selected as 220 C.
b) Estimation of Valve Temperature

The highest temperatures in the combustion chamber occur at the exhaust
valves due to lack of any type of cooling in small engines. The valve temperature
depends on load, combustion chamber désign, and type of scavenging. As reported

by Sitkei [9] the temperature range in medium size diesel engines is in the order
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of 600 to 700 C. Typical temperature distributions in exhaust valves are shown
in figures 7.3 and 7.4. For the computations in the simulation model, the valve

temperature was selected as 650 C. ' ' “

4

¢) Estimation of Sleeve and Head Temperatures

[

The cylinder sleeve temperature is designed to exceed 100 C because with
lower temperatures the various acids produced during combustion will condense
on the surface leading to corrosion. Particularly in d_.iesel engines, sulfur trioxidfz _
may be produced even with temperatureg higher than 100 C [6]. In figure 7.5 :1
typical temperature distribution for the cylinder wall is shown. In the simulation
program a temperature of 120 C was selected for the sleeve.

The cylinder head contributes significantly to the heat transfer from the cyl'in-
der gas to the coolant. In two-valve engines the amount of heat transferred can be '
up to 50 per cent of the total heat transferred [9]. In the GM6V53T engine, with
four valves overhead, it is expected to be less. The temperature of the cylinder

head does not usually exceed 200 C. For the computations the selected temperature
is 200 C.
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CHAPTER 8

COMPUTATION OF THE FUEL BURNING RATE USING
EXPERIMENTAL PRESSURE DATA

As discussed earlier, the combustion process is very important in the simula-
tion model. It is not possible to measure the fuel mass burning rate (FM BR)
experimentally but it can be calculated using experimentally measured cylinder
- pressures during combustion. The model for computing the experimental FMBR
must ix;clude all the significant processes taking place in the engine. In two stroke
engines, because the cylinder mass and the mass composition are not known prior
to the combustion process, computed values from a simulation model must be used.
In this chapter a method is proposed for computing the FMBR usiﬁg the same
technique as in the simulation program for calculating the pressure and tempera-
ture during the cycle: The parameters used in the combustion model presented in
chapter 3 are evaluated using the FMBR. Direct comparison between the FMBR s
obtainedﬁfrom the thermodynamic model and computed from experimental pres-
sure data is also made in chapter 9.

The computations of the FMBR are performed at the end of the thermody-
namic simulation cycle. Therefore, the cylinder mass and the cylinder gas com-
position are known. Initially, the onset of combustion is determjned from the
experimentally measured pressures. The onset of combustion is determined by
searching the experimental pressure values in steps of 0.2 degrees until the pres-
sure rise is over 1.16 kPa during each of the next three consecutive steps. The
value of 1.16 kPa is arbitrary and was obtained fron.z observations of the expe;:i-
mental pressure raise during compression, ignition delay and combustion {1]. The

computational procedure is explained below:
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™
a ) The computations begin at the onset of combustion in time steps of At. Using
the experimental pressures, the temperature at the beginning and the end of the
time step are calculated using the ideal gas equation (T} and T3 respectively).
b ) Using the temperatures 7} and T3 the change of internal energy and the
mean heat capacity during the step is calculated. .

¢ ) Using the following simplified energy equation the fuel mass burned during

the step is calculated.

(8-1)

Where:
"Cy - is the average heat capacity during the step

d ) The heat released by the fuel during the time step is calculated using mean
values for the temperature and présure. For the computations the fuel/air ratio
based on the total unburned fuel in the cylinder is calculated. |

e ) The cylinder mass composition is updated

f ) The internal energ};' E; using the new gas composition is -calculated

g ) The heat transferred to the cylinder walls (cha.ptt;r 7) and the work (section
2.4) are calculated.

h ) Check if the energy equation is satisfied. It is assumed satisfied if :

— E; — By + Q— W + myQcoms

Am
Qcomb

< 10715 . (8-2)

Where: -
@eoms - is the amount of heat relea.sgd during the time step -
If the energy equation is satisfied, the computations are continued for the next

time step (starting from step a).
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If the energy equation {eqn. (8-2)) is not satisfied the cylinder gas composition

is corrected together with the mass of fuel burned during the step as:

(M) = (Mp)n—1 + Am (8 —3)

The computations are repeated starting at step (d).

Thg experimental pressure traces provided by Flanagan and Menard (1] are
in steps of 0.2 degrees crank angle. The computations of the FMBR can be per-
formed in any crank angle step multiplier of 0.2 degrees using an. experimental
average pressure trace (mean pressure trace of thirty two consecutive engine cy-
cles). During the computations of the FMBR close to the end of the‘ combustion
process, negative fuel burning rates are observed. The reason for that is the use of
the mean pressure trace for computation of the FMBR. Similar observations have
been reported in the past [2]. However, if negative rates are observed, the mass
burning rate is assumed zero and the computations are continued. In figure 8.1
typical fuel burning rates for four different crank angle steps (0.2, 0.4. 0.6 and 0.8)
are shown at 2200 RPM full rack. Comparison of the four FMBR show the same
trends with high levels of small fluctuations in the computed FMBR using 0.2 and
0.4 crank angle steps. Comparison with values obtained from the thermodynamic

model will be presented in chapter 9.
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CHAPTER 9 -

COMPARISON OF THE THERMODYNAMIC MODEL PREDICTIONS
WITH EXPERIMENTAL DATA

9.1 INTRODUCTION

. In'this chapter, the nume}ical values of the parameters of the thermodynamic _
model and comparison of the model predictions with experimental data are pre-
sented. During scavenging the pressure in the exhaust mamfold 1s not computed

* and the mean exhaust pressure measured is used. The equatlon derived from the
mult-l-dxmensxonal analysis is used for scavenging efﬁciency Detailed comparison of |
the model predlcted values with the experimentally obtained values are presented
for ful] rack conditions at 2200 RPM englne speed. The computed indicated pa-
rameters for the engine speed operating range (1500 to 2800 RPM) at full torque
are compared with the experimentally computed values from the mean pressure

trace. All experimental data used were obtained from Flanagan and Menard {1].

9.2 MODEL CONSTANTS EVALUATION

Ll

The model parameters that must be established are the ignition delay, com-

bustion ‘and heat transfer model constants. After testing the model for different

constants, the following were established:

IGNITION DELAY PARAMETERS
a=2.2

, b = 0.009RP M5
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COMBUSTION MODEL CONSTANTS

Premixed Reaction Equation

a = 9.104
b=1.2
.c=1.1
d = 2000¢

Fuel droplet diameter

d, = 18 micron

Mixing controlled Reaction Equation
a = 0.020

WOSCHNI HEAT TRANSFER MODEL -
| C, = 0:0025

‘The othel_' constants for the models are as recommended. The model parameter
‘evaluation is rather easy because the parameters are not directly related. Initially
the ignition delay model parameters were evaluated. The ignition delay depends
only on the .cylindc-ar pressure at the beginning of the fuel injection (equation 3-1).
There.forg, the constants of the model can be evaluated byldirect comparison of
the computed ignition delay with the experimental Vva.lucm. The amount of fuel
. burned af early combustior is controlled by the amount of fuel evaporated during
the ignition delay period. The amount, of fuel w;pour i.is highly affected by the
fuel droplet size. Comparison of the amount of fuel burned at early combustion
corgputed from experimental pressures and the model predicted values specify the
fuel droplet‘diaﬁet,er and the constants of the premixed reaction rate equation
(PRRE) Tke PRRE a.ﬁ'ects‘onl.y the early combustion (approximately three to
five crank angle degrees after ignitizn). After that the combustion is controlled
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by the mixing equation. It was foﬁnd that the Whitehouse model underbredicts
the amount of fuel burned during combustion and, therefore, the constant a in
the mixing controlled reaction equation was modified. The pressure in the cylin-
der during combustion was underpredicted, therefore the constant C, in the heat
transfer model was decreased. The constants C, in the heat transfer model and

a in the MCRE were modified simultaneously because the fuel burning rate is

affected by the cylinder pressure.

The air box préﬁe and tem_Ee}gtuxe are used as initial conditions for the cycle
computations. This pressure is essential only for the first iteration, after which it is
established during scavenging (mainly from the air box and the exhaust pressure).
Therefore, accurate experimexntal pressures for the air box and exhaust manifold

are needed to establish correct initial conditions.

9.3 MODEL PREDICTIONS AND COMPARISON WITH
EXPERIMENTAL DATA

The deveidped thermodynamic model discussed in the previous sections is
tested against available experimental data for verification. The comparison of
the model predictions with the experimental data is performed for the engine
speed range of 1500 to 2800 RPM at full load con&itions. The comparison with
experimental data is performed for the GP30 reference diesel fuel. As discussed
earlier, every cycle iteration starts at the point where the valves and ports are
Jjust closed and these conditions are assumed as initial. Thg final conditions for an
iteration are the values just before the valve and ports close. For convergence of
the program, a 1.35 kPa diﬂ'erence in pressure and 10 K difference in temperature
between the initial and final values are allowed.

In the model predictions the correct ignition delay period is very important.
Figure 9.1 shows the comparison of the computed ignition delay using Henein and
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Bolt model with the experimental values for the engine operating speed range. The
experimental ignition delay period was obtained using the mean pressure trace
(mean value of 32 single pressure traces). The ignition delay period is the period
from the point where the fuel start to be injected in the cylinder until the cylinder
pressure increases by more than 70 kPa during each of three consecutive increments
of 0.2 dégrew crank angle [1]. The ignition delay is in crank angle degrees. As
can be seen from figure 9.1 the model predictions are in good agreement with the
experimentally obtained values.

Figure 9.2 shows the comparison between the experimentally measured cylin-
der pressure with the theoretical predicted at 2200 RPM. The TDC is at 180
ciegrees and the BDC at 360 or zero degrees. The experimental pressures are plot-
ted at 1.0 degree intervals. In the model the interval used in the computations is 1
degree during the cycle, except at a window of 40 degrees around TDC where a 0.1
degree interval is used. The interval used for plotting is 1 degree. The agreement
between the experimental and the predicted values of the cylinder pressure is good.
The predicted ignition delay at 2200 RPM is 6.4 degree and the one obtained ex-
- perimentally from the mean pressure trace in 6.5 degree. Fuel injection starts at

161.4 degrees crank angle and therefore combustion starts at 167.8 degrees. This
can be seen in figure 9.2 where high pressure rates are observed after 168 degrees.
- The experimentally obtained peak pressure is 12.02 MPa., loca.t;ed at 7.0 degrees
ATDC. This is in g‘ood agreement with the predicted values of 11.96 MPa and 6.3
degrees respectively. o
Figure 9.3 shows the cylinder temperature variation during the cycie. At the
beginning of the compression the temperature is 397 K. In the figure a smooth
line can be seen around 55 degrees (point where compression starts) indicating a
- good matching between the temperature at the beginning of compressica and the

temperature at the end of scavenging. At the beginning of the combustion
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process, because of high burning rates, high temperature gradients are observed.
The temperature peaks at approximately 15 degrees ATDC. After that point the
temperature decreases because of high heat transfer rates, the expa.nston process
and the low fuel burnmg rates. After 280 degrees the blow down starts, decreasing
the cylinder mass and, therefore, the cylinder temperature. After 305 degrees the

scavenging process starts, reducing the temperature further by replacing the hot

residual gases with air.

Figure 9.4 shows the model predicted fuel mass burning rate and one obtained
experimentally from the pressure trace (crank angle step equal to 0.8 degrees).
The experimental fuel burning rate is computed usiné the thermodynamic model
but during combustion the experimental pressure trace is input and the fuel burn-
ing rate is computed (see chapter 8). The good agreement between the theoretical
and experimental fuel burning rates is evident upon comparison of the two figures.
Combustlon starts with a high burning rate due to premixed conditions, which is
typical in direct injection diesel engines. The amiount of fuel burned under pre-
mixed conditions is the amount of fuel evaporated during the ignitior_l delay. The
amount of fuel evaporated depends on the engine speed. More fuel is evaporated
at low RPM than at high RPM because more time is available. The amount of
fuel evaporated during the ignition delay is about 3 to 8 percent of the total in-
jected fuel. After this fﬁel has been consumed the combustion is controiled by

mixing. The fuel burning rate peaks just after the TDC in both theoretical and

experimental cases.

Figure 9.5 shows the mass variation of the major chemiical species (04, CO,
and H;0) during the cycle in the cylinder. The mass of the species is constant
during compressiém (froin 55 to 168 degrees) because the cylinder is a closed Sys-
tem undergoing only a change in volume. During combustion (168 to 257) the

cylinder oxygen is consumed with the production of carbon dioxide and water.

231



From 257 to 280 the mass in the cylinder remains constant because of the expan-
sion process. During blow-down and early scavenging.(280 to 310) the mass of .
all species decreases because the exha.ust valves open and residual gases escape
from the cylinder. Durmg sca.vengmg the mass of oxygen increases because au' is
supplied to the cyllnder with the reductlon of the mass of CO4 and H;0. In the
OXYgen curve a sma.ll' Jump can be seen at 55 degrees. The difference in value is
between the initial assimed mass of oxygen and the final computed oxygen mass
at the end of the cycle. A similar jump is not visible in the lother two species.
Table 9.1 shows the comparison of the indicated horse power, indicated mean
effective pressure, indicated thermal efficiency, peak pressure, peak pressure lo-
cation and ignition delay with the experimentally measured values and with the
ones compuj;ed from experimenta.l‘da.tat The results show a good agreement for

the entire engine operating range.
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TABLE 9.1

COMPARISON BETWEEN MODEL PREDICTIONS AND EXPERIMENTAL DATA

RPM

1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700

2800

MAXIMUM RRESSURE (MPa) IHP (HP)

VALUE
EXP THEOR
11.44 11.37
11.56 11.48
11.79 11.38
11.59 11.47
11.62 11.59
11.67 " 11.55
11.90. 11.70
12.03 11.96
12.07 12.14
12.00 12.12
12.11 12.31
12.17 -12.36
11.90 12.50
11.99 12.65

LOCATION
EXP THEOR
6.0 5.5
5.4 5.6
6.4 5.6
6.0 6.0
6.6 6.3
7.2# 6.0
7.0 6.2
7.0 6.3
7.8 6.4
7.0 6.4
7.4 6.2
7.8 6.2
6.6 6.2
7.0 6.3
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EXP THEOR
178 182
192 196
206~ 205
220 222
234 241
245 244
260 259
273 274
-282 287
291 294
299 303
306 311
311 320
322 330

5 .

ITE

EXP THEOR
32.8 33.5
33.8 34.

34.8 34.6
35.7 36.1
35.6 36.7
36.8 36.6
37.6 37.3
37.9 38.0
38.0 38.7
38.3 38.6
38.6 39.1
38.6 39.1
38.3 39.4
38.8 39.7

IMEP

EXP

1

.02
.03
.04
.05
.06
.05
.06
.06
.05
.04
.03
.02

.00

[

.99

(MBa)
THEOR
1.04
1.05
1.04
1.06-
1.09
1.05
1.06
1.07
1.07 .
1.05
1.04

1.03



CHAPTER 10

SUMMARY AND CONCLUSIONS

r

A Thermc;dynamic model has been developed for predicting the indicated pa-
rameters of a two-stroke, direct injection, uniflow- scavenged diesel engine. During
the thermodynamic cycle the pressure and temperature in the c¢ylinder are com-
puted using state and energy equations. The energy equation is approximated
us}if;g finite differences and is solved simult‘a.neously with the state equation using
an iterative technique. The combustion model that is used is a two equation model.
The fuel mass burning rate is calculated using premixed and mixing controlled re-
action rate equations. The computed fuel burning rate is compared with a burning
rate computed using experimental pressure data. During blow-down and scaveng-

.ing the flow through the valves and ports is computed using the quasi-steady
approach for isentropic compressible flow through an orifice. During scavenging
the air concentration in the cylinder is computed using the sca.venging'efﬁciency -

scavenging ratio rélationship which is derived from multi-dimensional analysis.

For the scavenging studies both two and three dimensional models were devel-
oped. The flow is considered turbulent and the conservation equations are solved
explicitly in time u‘sing finite differences. For the l.'sca.ven.ging efficiency compu-
tation the concentr;tion equation is solved simultaneously with the momentum
cquations. The densit-:y in the field is computed using the state equation and the
- temperature is obtained by solving the energy conservation equation. From the
‘tesults and the discussion presented in the previous chapters the following are

cohc!uded:

Fl
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a) MULTI-DIMENSIONAL MODELING

- The predictions of the multx—dlmenswna.l model developed for cavity flow are

in good agreement with experlmenta.l data. -

\

- Companson of predictions of the developed multl-dlmensnonal code with the

TEACH code show good agreement. '

r

- The flow. in thé cylinder is three-dimensional (3D) because of the exhaust valve
; .

geometry.

. - -t
- At the early stages of the scavenging process {crank a.nglerless than 140 degrees)

there are two recirculation zones in the cylinder. The first one appears close
to the cylinder wall (flow reattachment) and the second one in the piston bowl

(very weak).

- As the scavenging process progresses the two recirculation zones grow in size

v
and a third recirculation zone appears close to the cylinder axis.

- The recirculation zone close to the cylinder axis computed using the two-
dimensional (2D} medel is much stronger than the one computed using the
3D modei. This is because the swirl ve'locitie.s computed in the 3D mode] are
smaller than the velocities computed in the 2D m.odel. In the 3D computations
the swirl velocities are smaller than the velocities computed in the 2D model
because tlose to the exha.us‘t valves circumferential velocities exist opposite to

the swirl velocities imposed in the inlet ports.
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X eqough to be used for other engines with minor modxﬁcatlons

From the 2D computations it e.lﬁpea:rs‘that both recirculation zones close to the
cylinder wall and to the cylinder axis affect the scavenging efficiency. From the
3D computations it becomes clear, however, that only the recirculation zone

close to the c;Iinder wall affects the scavenging efficiency.

I
!

In the early scavenging stages no air escapes from the exhaust valves and the
A\ : :

process can be consideted as pure displacement. A

b) THERMODYNAMIC MODELING

The 1gn1t10n delay predicted by the Henein and Bolt model is in good agree-

ment with the expenmental values

The computed fuel mass burning rate is in good agreement with the values

computed from experimental data.

The computed cylinder pressures during the cycle are in good agreement w1th

- the experimentally m\a.?u:red xvalues

The ﬁttmg of the modef to expenmenta.l data was possible with few modifica-

tions to model constants , suggesting that the mode] developed here is general

. -

The computed indicated parameters (indicated horse power, indicated thermal
efficiency and indicated mean effective pressure) are in good agreement with

the values obtained experimentally.
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