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ABSTRACT

NUMERICAL STUDY ON GASOLINE DIRECT INJECTION SPRAYS

Gasoline direct injection technology is a combination of the advantages of diesel
engine and spark ignition engines. Hence, the gasoline fuel is injected directly to com-
bustion chamber. It provides finer atomization to allow evaporation more rapidly than tra-
ditional gasoline engines and less emissions in terms of NO, and particulate than diesel
engines. The understanding of spray behaviour is a significant point to control optimal
air/fuel mixture and misfiring.

This thesis presents a numerical investigation of a GDI injector under flash and
non-flash boiling conditions. The study is performed with sprays injected into a constant
volume chamber. The purpose of the thesis is to develop a CFD model to compare it with
experimental spray penetration and spray angle results. Firstly, the model is validated
in terms of spray penetration. Secondly, the model is applied to nine different condi-
tions including flash and non-flash boiling conditions. The spray penetration and angle

comparisons between numerical and experimental results were done.
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OZET

BENZIN DIREK ENJEKSIYON SPREYLERI UZERINE NUMERIK
CALISMA

Benzin direk enjeksiyon teknolojisi, dizel enjeksiyon ile benzin motorlarinin
avantajlarinin bir kombinasyonudur. Benzin direk motorlarinda direk olarak benzin yanma
odasina piiskiirtiiliir. Bu hem daha kii¢ciik damlaciklara ayrilmasina bu sayede hizlica
buharlagmasina ve dizel motorlara gore NO,. ve kati madde emisyonlarinin daha az ol-
masina olanak saglar. Spreyin davranigini anlamak optimum yakit-hava karisimi agisindan
onemlidir.

Bu tez, direk benzin enjektor spreylerinin flash boiling ve olmayan kosullardaki
niimerik caligmasin1 sunmaktadir. Bu tezin amaci, deneysel sprey penetrasyonu ve sprey
acis1 sonuglartyla kiyaslama yapabilmek icin bir CFD model gelistirmeyi amag¢lamaktadir.
Oncelikle model sprey penetrasyonu ile dogrulandi. Daha sonra, modelde flash ve flash
boiling olmayan kosullar1 iceren dokuz farkli igletme kosullar1 uygulandi. Niimerik ve

deneysel sprey agis1 ve sprey penetrasyon sonuclari karsilastirildi.
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CHAPTER 1

INTRODUCTION

Regulations in terms of pollutant emissions are getting stringent. This pushes
researchers in automotive field to develop an engine that provides more fuel economy,
namely enhanced brake-specific fuel consumption. Diesel engines offers fuel economy
and performance. However, they have higher noise levels, a more limited speed range,
lower startability, higher particulate and NO,, emissions. In addition, they require higher
injection pressure and more complicated and expensive after-treatment devices to meet
future emission legislations. Gasoline direct injection (GDI) concept has bridged the gap
between Spark-ignition engines and diesel engines. Direct injection (DI) gasoline engines
have the potential to realise the higher specific power output and improve fuel economy
due to their ability to minimise knocking combustion at full load operations and reduce
pumping losses at part load conditions. To control mixture formation in engines, the spray
characteristic should be understood. Beside of experimental studies of spray structure,
numerical models have been developed to validate with experimental data. Instead of
costly repetitive experimental works, more advances in terms of ability to predict the

spray pattern better are being developed.

1.1. Background and Motivation

High injection pressures promotes vaporization and atomization. However, it
could cause over penetration wall or piston wetting resulting in high level of hydrocar-
bon and soot emissions. When fuel undergoes a flash boiling condition, spray gets wider
and penetrates shorter distance from nozzle. This transformation can be taken advantage
in terms of better atomization and shorter penetration. That is why researchers have been
focusing flash boiling phenomenon. In this study, spray penetration and angle under flash

and non-flash boiling conditions was numerically investigated.



1.2. Outline of The Thesis

Some theoretical background about internal combustion engines and engine spray
structure are mentioned in Chapter 2. This chapter gives brief information about Diesel
injection, GDI technology and its stratified charge concepts. Primary and secondary
breakup phenomena is summarised and previous studies on numerical simulations are
focused in this chapter. In Chapter 3 representative differential equations for liquid and
gas phase and coupling source terms of both phases are denoted with turbulence model
used. In addition to them plain orifice atomizer and effervescent atomizer models for pri-
mary breakup simulation and WAVE breakup model for secondary breakup of droplets
are given information. And then domain and boundary conditions are shown. Numerical
settings such as initial conditions and grid and time-step resolutions are reported with val-
idation in this chapter. Chapter 4 represents the numerical results in terms of spray angle
and penetration for each operating conditions. The comparison of the results and their
agreement with the experimental data are discussed. The reasons why they do not match
the experimental data are stated. In addition to Chapter 4 the improvements on the model
to predict better the spray behaviour are highlighted in Chapter 5. The implementation
of some phenomenological approaches to avoid non-physical coupling between the two

phases is also explained.



CHAPTER 2

LITERATURE SURVEY

In this chapter firstly internal combustion engines and fuel injection systems are

introduced and then spray formation in a combustion chamber is explained briefly.
2.1. Introduction to Internal Combustion Engines

Internal combustion engines convert thermal energy released due to fuel combus-
tion into mechanical energy. Thus the thermal efficiency of a device that uses thermal
energy such as internal combustion engines could be performance criteria. While Otto
cycle is used in spark ignition injection engines, Diesel cycle is the working principle for
compression ignition engines.

For Otto cycle, the thermal efficiency can be formulated as below,

1
N =1—— 2.1
r

y—1’

where 7 is the specific heat ratio that varies with the fuel for air/fuel mixture and is gen-
erally close to the air value of 1.4, and 7. is the compression ratio which is the ratio of
maximum cylinder volume to minimum cylinder volume. It is clear from Eq. 2.1 the
thermal efficiency increases with the compression ratio. On the other hand the uncon-
trolled combustion, known as knocking readily affected by compression temperature of
air-fuel mixture limits the compression ratio. Injection systems have been pushed to be
developed by the need of higher efficiencies without knocking. The injection system have
been evolved from port fuel injection to direct injection to directly control air-fuel mix-
ture formation. Direct injection of liquid fuel allows the fuel evaporation to take heat from
the surrounding air and bring about the air temperature to drop. With the charge cooling
effect of direct injection, higher pressure can be employed without the risk of knocking.
The compression ratio is allowed to increase by 1 and 1.5 units. (Baumgarten, 2006).

To mention about the main areas to be developed in gasoline engines, one of these
areas is minimisation of pumping losses due to partly open throttle valve to meter air
mass flow rate at especially part load conditions (see Fig. 2.1). In fuel injection systems
there is no valve to block air entrance so that maximum appropriate quantity of air can be

introduced into the chamber, the fuel quantity is controlled depending on engine load. The



injection techniques for gasoline engines can be divided into two main categories; port
fuel injection and direct injection. Port fuel injection has also two main categories which
is single-point injection and multi-point injection. This two main categories differ at the
point where the fuel is injected. In single-point injection systems carburetors are replaced
by a central injection unit. There are two types of injection systems in gasoline-powered
vehicles-port injection and direct injection. Both systems use computer-controlled electric
injectors to spray fuel into the engine, but the difference is where they spray the fuel. Port

injection sprays the fuel into the intake ports where it mixes with the incoming air.
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Figure 2.1. Gasoline engine pump losses (Horrocks, 2010)

2.1.1. Port Fuel Injection

In single-point injection, which can be defined as a bridge between the carbure-
tors and multipoint injection, the carburetor is replaced by a central injection unit. The
prepared fuel mixture is introduced into the cylinder via the intake manifold.In this kind
of injection there is one injection point upstream the intake manifold. Depending on the
design of the intake manifold, whereas the cylinder closest to the intake manifold gets a
bit too much fuel, the cylinder farthest runs in lean mode. As opposed to the single-point
injection, multipoint injection means there is a separate fuel injector for each cylinder
so that this inconsistency of the amount of fuel between the cylinders could be avoided.
Thus multipoint inject improved the power generation and reduced wasted fuel (see the

Fig. 2.2). Moving the injector into the combustion chamber has been a jump so-called



direct injection from multipoint injection systems.

multi-point injection single-point injection

Figure 2.2. Single Point and Multipoint Injection (Hillier and Coombes, 2004)

2.1.2. Direct Injection Systems

By placing the injector inside the cylinder, the control over the amount of fuel
gains much precision, which results in better fuel economy and optimized air/fuel mixture
for cleaner burning. Direct injection supply high degree atomization atomization to allow
the fuel evaporation in a short time. While diesel injection pressures varies between 100
and 200 MPa, the maximum injection pressures are limited to approximately 25 MPa to
avoid the pump wear since gasoline does not serve as a lubricant as well as diesel does.
There are two main groups belonging to high-pressure injection systems; common rail
and unit systems.

In common rail injection, a high-pressure pump stores a reservoir of fuel at high
pressure and continuously feeds the rail (see Fig. 2.3). Needle movements, which allows
the fuel to go out of the injector, and thus injection timing and duration are controlled
by solenoid or piezoelectric valves. For the reason that this control is independent of
pressure generation, the common rail injection system is able to keep the injection event
at the desired settings.

Unit injectors are the second group of the direct injectors. In contrast to the com-
mon rail systems, the injection pressure generation and injection event occurs dependently
on each other.

Fig. 2.4 shows unit injector during both positions closed and open. Once the
solenoid valve is opened, excess fuel is discharged. When the start of injection is needed,
the solenoid is closed and the plunger compress the fuel so that the pressure can lift the

needle, and injection begins (Fig. 2.4). To compare injection profiles of a common rail
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Figure 2.3. Common rail injection systems (Johnson et al., 2010)

injector and unit injector, whereas unit injector is triangular due to large feed rate of the
plunger, a common rail injector is rectangular with an almost constant profile for a desired

time (Fig.2.5).
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Figure 2.4. Schematic illustration of control of a unit injector (Baumgarten, 2006)

In diesel injectors, there are two types of nozzles which are the most important
part of the injectors: the sac hole nozzle and the valve covered orifice nozzle (VCO), see
Fig. 2.6. It is noticed that in sac hole nozzle the volume below the needle seat of the
sac hole is larger than VCO nozzle has. The volume must be kept as small as possible
otherwise the liquid can enter into combustion chamber after the end of injection and can

result in late evaporation causing hydrocarbon emission and bad dispersion. In terms of
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Figure 2.5. Injection rate profiles of a common rail injector and a unit injector (Baum-
garten, 2006)

emissions VCO is more advantageous.
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Figure 2.6. Nozzle Types and Nozzle Geometry 1-Nozzle diameter 2-Nozzle length
(Johnson et al., 2010)

2.2. Introduction to Gasoline Direct Injection Engines (GDI)

Diesel engines offer excellent efficiency but suffer from soot and NO,, emissions.
Regarding the fulfilment of future legistations of NO, and soot emissions, while diesel
engine require more expensive after-treatment devices, the conventional port fuel injection
gasoline engine can meet these legistations with a conventional three-way catalyst system
for exhaust gas aftertreatment.

Gasoline direct injection engines offer two main operating modes: stratified and
homogeneous mode (see Fig. 2.7). In full load conditions the injection is applied in the
intake stroke, which is earlier than the one for stratified mode so that the necessary amount
of fuel is injected and the fuel have enough time to form a homogeneous stoichiometric

mixture with air charge. There is a transition mode so-called homogeneous lean mode in



which the large amount of fuel is injected early during the intake stroke so the mixture is
homogeneous but lean and the rest of the fuel is injected in the compression stroke from
stratified to homogeneous mode. In Fig. 2.1 has illustrated that pump losses at part load
creates inefficiency and thus much fuel consumption in PFI gasoline engines and part
load conditions should be investigated to improve in terms of fuel consumption. Hence,
stratified charge mode in GDI offers the fuel economy and less emissions. There are three

possible concepts for stratified mode shown in Fig. 2.8.
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Figure 2.7. Operating Modes for GDI (Baumgarten, 2006)
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Figure 2.8. Possible stratified modes concepts (Horrocks, 2010)

In wall guided systems a great amount of fuel is injected onto the wall and can not
thoroughly evaporate, resulting in a unburned hydrocarbons and CO. However, this con-
cept provides powerful combustion and prevents misfiring. Moreover, a stable air motion
in the air guided concept keeps the spray plume more compact, assist the spray to mix

with air homogeneously and carries the spray to the spark plug. The combination of air



and wall guided techniques provides a stable stratified charge and is today’s trend in GDI
engines. Besides, the spray guided techniques distinguish as a characteristic of closeness
in placement of the injector and the spark plug. The spray is directed to the spark plug by
its own energy and thus strong air motions are not necessary and they even disturbs while
the spray is being transported. Since the injector and the spark plug are close to each
other, the injection duration is very short, which requires higher injection pressures for
mixture formation. In contrast to two other concepts the control of optimal conditions are
achieved more easily and are dependent on injection timing. The spray guided concept is
promising in terms of thermodynamically optimal timing and fuel economy at part load.
However, there are two main problems in this concept. First, the formation of extremely
compact and well-mixed spray with high stratification in a very short time must be ob-
tained and at the same time soot emissions, must be avoided and unburned hydrocarbons.
The ignitable fuel-air mixture at the spark plug requires optimal placements of injector
and spark plug. A small displacement causes misfiring and deposition of of liquid fuel
on the spark plug, if liquid fuel wets the spark plug, this may result in soot emission and
carbonization causing extreme thermal stresses on the spark plug. In-cylinder pressure in-
fluences the spray characteristics, which is hard to rely on ignition at different load points.
In other words, the more the injection timing is retarded, the higher the pressure inside the
cylinder is getting during injection. This will result in changes in spray shape. To solve
this problem an injector which keep spray independent of pressure has to be developed.
A future possible ignition technique is laser-induced technique which can focus on the

spatial position before spray shape is influenced by backpressure (Baumgarten, 2006).

2.3. Engine Spray Structures

2.3.1. Full-Cone Spray

The injector type used in this investigation is a single-hole injector. This kind of
injector creates full-cone sprays. In Fig. 2.9 the structure of a full-cone spray is depicted.
Injected fuel at high pressure breaks up in consequence of cavitation and turbulence in
nozzle and takes the conical shape. Due to this primary breakup in dense region near the
nozzle large ligaments are formed whereas in dispersed regions the droplets take shape.

The following break-up process of already existing droplets into smaller ones is called
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Figure 2.9. Break-up of a full-cone spray in engine (Baumgarten (2006))

secondary break-up and is caused by aerodynamic forces due to the relative velocity be-
tween droplets and surrounding gas.

The drops at the spray tip undergo the strongest drag force and are much more
decelerated than the droplets that follow them since the aerodynamic force decelerate the
droplets. Hence, the droplets at the spray tip are continuously are replaced by new ones
and new ones push the droplets with low kinetic energy towards the outer region of spray.
Liquid mass mostly occupies the regions near the spray axis while relatively less liquid
mass and more fuel vapour possess the outer regions. In addition the fraction of fuel de-
creases downstream the nozzle as the mixture entrains with the surrounding air.

The behaviour of the full cone sprays can be described by some parameters such as spray
penetration, spray cone angle, average droplet diameter and break-up length. Hiroyasu
and Arai (1990) developed the spray penetration and spray cone angle formulation. Ac-
cording to them the spray penetration length can be investigated by dividing into two
phases. For the first phase that is the duration from the beginning of injection (¢t = 0) to
the moment when the liquid undergoes the primary break-up, Eq. 2.2 is valid and linear
growth of the spray penetration is seen. During the second phase (¢ > tycqx) in which the
spray tip velocity is smaller than the phase Eq. 2.3 is used. As a criteria for dividing the

phases the break-up time is computed via Eq. 2.4.

2AP
t < tyrear : S = 0.39(p—)°'5t (2.2)
l

10
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where D is nozzle diameter, AP = P,,; — Pepamper 1S the pressure difference.

2.4)

Sauter Mean Diameter (SMD) is used to describe as a average model drop whose volume-
to-surface ratio equals to the ratio of the sum of all droplet volumes in the spray to the

sum of all droplet surface areas (see Eq. 2.5).

n g
SMD = %gl . (2.5)
=1 """

For more effective evaporation and mixture formation more surface area, in other

words smaller SMD, is a necessity. Hiroyasu et al. (1989) and Hiroyasu and Arai (1990)

improved empirically a mathematical formulation (Eq. 2.6) associating Sauter Mean Di-
ameter to We and Re numbers.

SMD _ ) 33pe02syye0 (ﬂ) - (ﬁ> o (2.6)

D g Py

Liquid core length consisting of very dense cluster of ligaments and drops is hard

to observe empirically. However, some authors developed a formulation of the liquid core

length. Chehroudi et al. (1985) proposed the model (Eq. 2.7) via the electrical resistance

measurements in the core region. In addition to the model of Chehroudi et al. (1985),

Hiroyasu and Arai (1990) gave more detailed expression.

Le=CD. |2 2.7)
Py

where (' is a constant depending on nozzle flow conditions.

r P 0.5 L 0.13 o 0.5
— _ 9 = L
L, =7.D. <1+0.4D> . (p,u2> (D) .(pg) (2.8)

where r is the radius of the inlet edge of the hole.
2.4. Break-up Regimes of Liquid Jets

The break-up of a liquid jet is governed by different break-up mechanism, de-
pending on the relative velocity and the properties of the liquid and surrounding gas.
The distance between the nozzle and the point of first droplet formation, the so-called

break-up length, and the size of product droplets distinguish these different mechanisms
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Ohnesorge number Z [ /]

Reynolds number Re [ /]

Figure 2.10. Ohnesorge diagram:jet break-up regimes (Baumgarten (2006))

(Baumgarten (2006)). A schematic description of the different jet break-up regimes is
given in Fig. 2.10.

2
We, = P (2.9)
ag
D
Re = 2P (2.10)
H

Eliminating the jet velocity u, Ohnesorge derived the dimensionless Ohnesorge

number (7)),

g YWa @.11)
Re vop D

which includes all relevant fluid properties as well as nozzle diameter D. Fig. 2.10

shows the Ohnesorge diagram, in which Z is given as a function of Re. The only variable
is the liquid velocity v as long as the nozzle geometry is fixed and the liquid properties are
not varied. The graph in Fig. 2.11 represents all break-up regimes depending on velocity

and the function of break-up length according to jet fluid velocity u. The theoretical

break-up length

b

B jet velocity u

Figure 2.11. Jet surface break-up length (Baumgarten (2006))

description of jet break-up in the atomization regime is much more complex than in any

12



other regime, because the disintegration process strongly depends on the flow conditions
inside the nozzle hole, which are usually unknown and of a chaotic nature ( Baumgarten
(20006)).

2.5. Break-Up Regimes of Liquid Drops

Aerodynamic forces (friction and pressure) induced by u,..; between droplet and
surrounding gas cause the break-up of drops in a spray, which in turn the child droplets are
again subject to further break-up. The aerodynamic forces result in an unstable growing
of waves on the gas/liquid interface or of the whole droplet itself, which finally leads to
disintegration and to the formation of smaller droplets. Surface tension force mitigates
the effect of the deformation forces, trying to keep the droplets spherical. Depending on
the curvature of the surface, the surface tension force increase as well as critical relative
velocity as the droplets gets smaller, which conduct an instable droplet deformation and
to disintegration (Baumgarten (2006)). This can be explained by the gas phase Weber
number (Eq. 2.12).

2 q
We, = —rdts 2.12)
g

where d is the droplet diameter before break-up.

1.000

Relevant Zone for
Diesel direct

e injection systems
0.100

A \
0.010+ 0%,

Ohnesorge number
A
&
o
¥

0.001
1 10000 100000

Reynolds number

Figure 2.12. Drop break-up regimes (Bekdemir et al. (2008))

Fig. 2.13 state pertinent mechanisms of drop break-up, which depends on We
number. From the point of sprays in engine of view, most of disintegration occurs near
the nozzle at high We numbers, while further downstream, the We numbers considerably
decrease due to reduced droplet diameters as a consequence of evaporation and previous

break-up and due to a reduction of the relative velocity caused by drag forces.
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Figure 2.13. Atomization regimes (Baumgarten (2006))

2.6. Previous Studies on Numerical Simulations

Some researchers concentrated on momentum flux to validate their CFD model.
Postrioti et al. (2009) prepared transient CFD model of diesel spray as a impacting jet on
a target and compared between the measured time-varying global momentum flux results
which the impact force on the target of the momentum test rig at a specified distance from
nozzle and the numerical result. In addition to this study, Postrioti and Battistoni (2010)
added free jet configuration and derived momentum balance equation for total resulting
force evaluation at a specified distance for the free jet case to compare with the same
global momentum flux data. Both studies were related to the global momentum flux,
Postrioti et al. (2011) developed local spray measurement test bench and measured spatial
momentum flux distributions. The integration of either experimental local momentum
flux or numerical local momentum flux gave satisfying results when comparing with the
global momentum flux result for each of them. The comparison with CFD free jet case
was done in terms of local momentum flux distributions.

Moreover, some research groups focused on spray penetration and spray angle for
CFED validation rather than momentum flux. Bekdemir et al. (2008) used Fluent soft-
ware with diesel injection at 800 bar and took into account breakup, variations in droplet
shape by dynamic drag model and droplet collisions. The model was supported by phe-
nomenological spray model (Versaevel et al., 2000) to avoid convergence problems. The
comparison were done with spray penetration with evaporating and non-reacting case and
added combustion case.

Coupling of two-phases can have problems since the exchange of mass, momen-

tum and energy are strongly mesh dependent. Some researchers developed some ap-
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proaches to avoid mesh dependency. In the new spray model of Abani et al. (2008) the
components of gas velocity were calculated from gas jet theory to avoid errors in pre-
dicting the droplet-gas relative velocity and droplet-droplet collisions which are the main
sources of mesh-dependency. Comparing their results with experimental data in terms
of SMD, spray tip penetration with different grid size configurations, they validated the
model. The model substantially prevented grid dependency since the Lagrangian-Eulerian
methods were shown strongly mesh-dependent (Abraham, 1997). However this study was
available for steady state injection profiles. Since in real engine conditions injection is
time-varying, they extended the model for unsteady in-cylinder conditions (Abani et al.,
2008). Kosters and Karlsson (2011) developed a new spray model called VSB2 which dif-
fers from traditional Lagrangian methods that the parcel containing exactly alike droplets
were replaced by irregular blob of a certain size distribution. This method was less grid
dependent since stochastic blobs interact with only surrounding bubbles (see Fig. 2.14).
Firstly, they employed their model with either high or low pressure configurations, com-
pared standard k-¢ and RNG k-¢ and tuned k-¢ constants.They researched grid sensitivity
comparing the vapour and liquid penetration results with the experimental results and even

the injector position. Some phenomenological approaches and models help researchers

Cell

— :relative velocity between
rel droplet and gas phase

Figure 2.14. Definition of VSB2 (Kosters and Karlsson (2011))

when some assumptions needs to be done regarding initial diameter. Badami et al. (2008)
used one of the proposed phenomenological model of Hiroyasu et al. (1989) for initial
droplet diameter size and SMD. In this study the drag coefficient is modified from spray
penetration formula divided into two phases prior to primary breakup and after primary
in time the study of Hiroyasu and Arai (1980) to control the spray penetration. Hence, the
spray follows the tip without needing additional momentum source.

Already proposed break-up models can be applied accordingly to the phases of in-
jection duration. Since WAVE (Reitz and Diwakar, 1987) and TAB (O’Rourke and Ams-
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den, 1987) model do not take into account the fluid conditions inside the nozzle on spray
dynamics, the cavitation-induced model of Arcoumanis et al. (1997) and the turbulence-
induced model of Huh and Gosman (1991) were developed. Bianchi and Pelloni (1999)
used (Huh and Gosman, 1991) model for primary breakup while the secondary break up
was modeled by TAB model. Bianchi et al. (2001) updated the treatment of the spray
breakup in the early period of injection in the hybrid model of Bianchi and Pelloni (1999)
by changing the treatment into TAB model. They validated their model with spray pene-

tration, SMD and cone angle.

2.7. Flash-Boiling

When superheated liquid in terms of discharge pressure exits nozzle, it undergoes
a sudden drop in pressure, which is the metastable state. Bubbles form inside the liquid
and use up the latent heat of the fluid so that the fluid temperature drops. This drop
continues until the saturation temperature at ambient pressure is reached while bubbles are
growing. The flash-boiling process has three stages: nucleation, vapour bubbles growth
and atomization whose mechanisms are discussed in the literature: bubble coalescence,
inertial shattering, and micro explosions.

Flashing can be useful or disturbing depending on the applications. In some sys-
tems, flashing causes to reduce droplet sizes and these small droplets evaporates quickly.
These thermodynamic conditions can occur in part load conditions for GDI engines. This
can be useful for more efficient combustion. On the other hand, the reduction of the
droplet sizes results in reduction of inertia of the droplets and thus reduction of the pene-
tration of the fuel. Under flash boiling conditions in some experimental works it is shown
that the spray shape dramatically changes.

In Fig. 2.15 the disintegration changes as the temperature is raised above the
boiling point. The jet cone angle increases by increasing the temperature.

Xu et al. (2013) reported AtSPR (Air to Saturation Pressure Ratio) to explain the
tendency to flash boiling (Table 2.1).

Table 2.1. AtSPR Ranges

AtSPR>1 No flash boiling
0.3 < AtSPR < 1 | Transition Zone
AtSPR<0.3 Full Flash-Boiling
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Figure 2.15. (a)The temperature is above the boiling point. (b) The temperature is below
the boiling point. (Ashgriz (2011))

Postrioti et al. (2015) performed momentum flux experimental study to under-
stand the behaviour of spray under flash boiling and non-flash boiling conditions. In
flash-boiling conditions (Air to Saturation Pressure Ratio below 0.3) the spray penetra-

tion is reduced. High speed imagining results are illustrated in Fig 2.16. where the spray

Injector Nozzle & Fuel Temperature

Test Vessel 30 °C 90 °C 120 °C
Pressure = -
40 kPa
101 kPa
AU kRS [ B B ————————
I"lll""I“Ill““l“”l””ll l“lII“"]'"ll“”l"“ll“l[\ l"lI|"||l|||||I|“I"“||“|[[
O cm - 1 =2 3 O cm -8 2 = L] cm i =2 =

Figure 2.16. Spray Structure after 0.5 ms from ET start (Postrioti et al. (2015))

cone angle gets wider and penetration is reduced when the flash boiling is onset. This
images are supported with wider local momentum flux distributions which can be consid-
ered fingerprint of the jet (Postrioti et al., 2015). The similar observations were studied
by Allocca et al. (2014). Droplet size reduction was observed in some studies (Reitz
(1990)). Bianchi et al. (2008) developed a one-dimensional model in which conservation
and transport equations for a compressible homogeneous adiabatic two-phase flow were
put together with equation of state to link the pressure variation to the density variation

via the speed of sound in a suitable thermodynamic relations for the prediction of flash
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evaporation in superheated liquid jets. The model was applied to the water injected at
7 bar pressure. The validation were done according to mass flow rate at three different
temperatures ranging from 400 K to 499 K and for each temperature at discharge pressure
varying between 1 and 5 bar. After validation of this model, Kawano et al. (2004) mod-
elled atomization and vaporization of fuel spray in flash boiling conditions. According to
the study, the flash boiling onset occurs in nozzle with bubble nucleation and growth, the
fuel was injected with these already existing bubbles and modified TAB breakup model
was applied at this stage. The newly formed droplets are also subjected to flash boiling
and heterogeneous nucleation and bubble growth computed by Rayleigh-Plesset equa-
tion occur and in turn when the bubble volume fraction reaches to a critical value (0.55),
this induces the secondary breakup into small droplets twice as many as the number of
bubbles.

In this investigation a numerical model is developed to study the effect of flash
boiling conditions of GDI injector in a constant volume chamber. To simulate flash boiling
effect in terms of wider angle and shorter penetration on spray structure, effervescent

atomizer model (Sec. 3.3.2.4) is used with WAVE breakup model.
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CHAPTER 3

METHODOLOGY

One of the widely used methods for spray simulations is discrete droplet model
(DDM) in which the polydisperse spray formed by atomization is divided into a finite
number of droplet classes. A parcel of droplets belonging to each class is tracked along
its trajectory until all droplets in the parcel totally evaporated. For track initiation, initial

droplet size and velocity distributions are needed.

3.1. Lagrangian-Eulerian Approach for Spray Simulations

A spray penetrates a combustion chamber with a gaseous atmosphere, for which
two-phases must be taken into account. Instead of solving the liquid phase as a partial-
differential-equation based continuum, the Lagrangian-Eulerian methods which is Dis-

crete Phase Model in FLUENT treats the liquid as discrete particles.

F = F(particle,t), (3.1)

which is called a Lagrangian representation. If the vector 7 = Y(particle, t) denotes
the position, velocity and acceleration are simply given by @ = d @ (particle,t)/dt and
d = &7 (particle, t)/dt’.

F=F(Z,t) (3.2)
br = 8_F+u18_F+u28_F+u38_F (3.3)
Dt ot oy 0xo Oxs’
where ¥ = (u1,us,us) is the velocity vector. In order to describe a complete flow

field,this approach is applied to all points .
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3.1.1. Description of Continuous Phase for Evaporating and

Non-reacting Sprays

3.1.1.1. Eulerian Representation

If a body is in motion, its physical properties, such as temperature, can change
with time. These changes are often described in two different ways: the Lagrangian or
the Eulerian formulation. In the Lagrangian formulation, the changes are described with
a coordinate system that moves with the body, the material coordinates, whereas in the
Eulerian formulation, the physical properties of the body are described with respect to a
fixed location in space. It is obvious that the Lagrangian approach is well suited for the
description of disperse phases (e.g. sprays consisting of liquid droplets), but not for that

of continuous fluids (Baumgarten (2006)).

3.1.1.2. Equations for Gas Phase

Continuity equation:

dp . o
" div(pu) = p*, 3.4

where the spray source terms are identified with a superscript, s. The spray source term
indicating the mass transfer between the liquid and gas phases due to evaporation is p*.

Species:

Opm | .. : m :
% + div(p,u) = div[pD grad(%)] + %6, (3.5)

where the Kronecker delta, d,,, = 1 if m is a fuel species in Eq. 3.5. In Eq. 3.5 the
species flux is given by Fick’s Law, J,,, = div[pD grad(%)].

Momentum conservation equation:

0 . . 2 .
(9L: +div(puu) =divje — (p+ gpk)l] + M*® + pg

2
o = pl(gradu + (gradu)’) — §diUuI], (3.6)
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Energy:

0 .
% + div(peu) = —divq — pdivu + pe + Q)

¢=—KgradT —pDY hmgrad(%n), (3.7)

In Eq. 3.7 the heat flux vector u explains the heat conduction by K grad7’ and
the enthalpy diffusion is given by pD ) hmgrad(%m), k and epsilon model turbulence

equations:
k 9 5
8(((,)025 ) + div(pku) = div[(p, + Pﬂ—;k)grad k] + o : gradu — pe — gpk divu + ip (3.8)
2
% +div(pen) = div[(ty + 5, )grad ] + Cipo - gradu — Cop
dw=
—Cype diva + C, = (3.9)

kodt

M, and Q) are spray contributions in the momentum and the energy equations. Beside of
these contributions there is also a spray term , W, in both turbulence model equations.
Since the turbulence fluctuations perform work on the spray droplets, this term will be
negative. The effective viscosity is the sum of the molecular viscosity for the gas phase,

{tg, and the turbulent viscosity s, in Eq. 3.13.

e = Cupk? e (3.10)

1= py + Cupk?®/e (3.11)

When the value p is know, the mass diffusivity and heat conductivity are computed

from:
1
D= 3.12
56, (3.12)
1Cp
K =1=P 3.13
P, (3.13)

where Sc¢; and Pr; are the turbulent Schmidt and Prandtl numbers, C), is the heat capacity

at constant pressure.
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3.2. Description of Discrete Phase

3.2.1. Spray Equation

Dispersed spray droplets travel in a gaseous environment. The drop number den-
sity differs in the different regions. Further downstream the drop number density is lower
than the nozzle region. The probable number of droplets per unit volume at time ¢ and in
state X are represented by probability density approach (Williams (1958)). The state X of
a droplet is described by its parameters which are the location x,the velocity v, the radius
r, the temperature 7};, the deformation parameter y and the rate of deformation y. The
formulation of spray PDF is resulted in f (¢, z,v,r, Ty, y,y). While the droplet velocity
is represented by v, the gas phase velocity is denoted by u. Time evolution of f can be

described in a differential form by a transport equation derived from phenomenological

approach;
88_{ +divye(fv) + divy (f3) + a(aJ:;) - 8(8f£d) - a(afyy) + agj) = feot + fous (3.14)

where div, and div, describes the divergences with respect to the droplets’ spatial and
velocity coordinates, respectively. fc'olland fbu account for the sources due to collision and
breakup,respectively. As the rate of change of the quantities such as drop temperature and
radius is added into the spray equation (Eq. 3.14), the equation gets more complicated
and thus it could not be solved directly. To obtain a convincing solution Stochastic Parcel
Technique (Dukowicz, 1980) based on the Monte-Carlo Method. To solve Eq. 3.14
0,7 T,y and Ty need to be specified. These expressions are explained in the following
sections (Sec. 3.2.1.1, Sec. 3.2.1.2)

3.2.1.1. Drop Acceleration

As a droplet moves through a gas, it is distorted significantly when the Weber
number is high. Since the droplet drag coefficient highly depends on the droplet shape.

Dynamic drag model takes into account for distortions effects.

dv 30 &“VTH

dt 8 DPd

v, + 9, (3.15)
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where Cp, is drag coefficient; p,, the gas density;p,, the drop density ;v,, = u+u’ —v,the

relative velocity. The drag coefficient is formulated as in Eq. 3.16.

24 (1 1 Re23/6) if Rey < 1000
CD:{Red( + Rep”/6) if Req < (3.16)

0.424 if Reg > 1000
where Re, is the droplets number which is described as following;

2rpgVy

Rey = S (3.17)
’ 1g(T')

where the viscosity 1, depends on the weighted gas temperature calculated by:

Y]

T = (T +21y)/3 (3.18)

3.2.1.2. Drop Radius

The drop radius change is calculated by the mass rate of change due to evaporation
and condensation. When the convective mass transfer is taken into account, the radius rate

of change can be described by the Frossling correlation (Froessling (1938));

dr?  p,
& P p.B,Shy, (3.19)
dt  pa

Here, D, is the vapour diffusivity in the gas and is determined by an empirical

relation.
poDy = DT, (3.20)

where D, and D, are constants and T is calculated from Eq. 3.18.

Spalding mass transfer number B, is defined as

Y* -,
By = =~ ? 3.21
d 1 — }/;)* ) ( )

where Y, = p,/p, is vapour mass fraction, Y,* is the vapour mass fraction on the drop

surface calculated from

% by 11
Wv(— D=, (3.22)

P =y )
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In Eq. 3.22 W, is the molecular weight of the vapour and W} is molecular weight
of the surrounding gas excluding the fuel vapour. While p,(T}) is the equilibrium vapour
pressure, p, is the gas phase pressure.

Sherwood number is given by

1+ By

Shy = (2.0 4 0.6Re/*Scl/*)In( =), (3.23)
d
The Droplet Schmidt number in Eq. 3.24, Scy, is computed by
Sey= o) (3.24)
pgDy(T)

where 7" is given by Eq. 3.18.

3.2.1.3. Drop Temperature

Spray droplets take heat from surrounding air for evaporation or give heat to sur-
rounding air. When the liquid droplet is applied energy balance, the total heat flux is given

by;

Qd‘rap = Qhe;zting + Qe‘vapa (325)
. dT,
Qheating = mdcp,ld_td
. dm
Qevap = LT~ : (3.26)
t
Eq. 3.25 can be expressed by
dTy dmy
— =g, S+ L(T)) —— 3.27
CqMmy 1 qnSq + L(Ty) TR ( )

Here, C} is droplet specific heat, ¢, is convective heat flux to the drop per unit
area and L(Ty) is latent heat of evaporation. The change in the drop temperature heat

conduction rate, gy, 1s proposed by Ranz and Marshall (1952).

v

qn = K (T )Nug(T —Ty)/2r, (3.28)
where the conductivity of the gas, K, is calculated by the empirical relation.

o
© K\T(3/2)
T+ K,

(1) = (3.29)

24



Temperature

—
=

TV T !
Tinjection | Inert heating , Vaporization | Boiling law
law | law '

particle time

Figure 3.1. Inert heating, vaporization and boiling (Fluent (2009)

where K, and K, are constants and 7 is given by Eq. 3.18. The Nusselt number which is

given below governs the convective heatflux.

1+ B
Nug = (2.0 + 0.6ReY QPT;/g)ln%, (3.30)
d
Here, Re, is given by Eq. 3.17 and the Prandtl number is defined by
T)CH(T
Pry = oDG(T) (331)

IKy(T)
The latent heat of vaporization, L(Ty), is the necessary energy for converting lig-

uid into vapour at the constant vapour pressure.

ROTd] . [ed(Td) + pv(Td)] (332)

L(Ty) = ho(Ta) — ha(Ta, po(Ta)) = [eo(Ta) + Py

where p,(Ty) is the equilibrium vapour pressure.

3.2.1.4. Drop Distortion

O’Rourke and Amsden (1987) introduced the mathematical model called TAB
model which is used for spray aerodynamics breakup using Stochastic Particle Method
(Dukowicz (1980)) as well derived from the equations of damped, forced harmonic os-
cillator. Aerodynamic force represents forcing term, liquid viscosity represents damping

force and surface tension denotes restoring force. In Fig. 3.2 x represents the maximum
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radial distortion from the spherical surface, deformation parameter is y = 2z /r. Drop

distortion equation is as following;

. Ofg . 8Y
i+ =59+ —y = 2p, | v.|* 303 (3.33)
Ldr Pdr

where 114 1s drop viscosity, -y is surface tension and v, is the relative drop-gas velocity.

<t

Figure 3.2. Drop Distortion related to a damped, forced oscillator (Baumgarten (2006)

3.2.1.5. Breakup of Drops

Breakup source term, f3,, is in Eq. 3.14. One of the most available model for high

Weber number flows is WAVE model which is explained in detail in Sec. 3.3.2.1.

3.2.1.6. Drop Collisions

The source term due to drop collisions , f.;, are introduced in Eq. 3.14. The most

widely used collision model is proposed by O’Rourke (1981). As stated in this model a

drop with index 1 most probably goes through n collisions with a drop with index 2 in

a given volume V' during time interval AT'. probability to collide can be explained by
Poisson distribution;

P, =z "exp(—x)/n! (3.34)

where z = vAt is the mean. The collision frequency with the number of drops in volume
V is given by

N
v = VQ’N(Tl + 7"2)2 lvi — vofl, (3.35)

There are two possible outcomes on the dependence of impact parameter b which

is dependent on collision drop sizes and surface tension when the drops collide. The
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drops coalesce if b is less than a critical value b.r. Otherwise, drops go through an elastic

collision in which drops exchange momentum but keep their temperature and size.
3.2.2. Coupling Between the Liquid and Gas Phase

While spray droplets are being tracked, they exchange mass,momentum and en-

/ /

mass-exchange&'

heat-exchange
momentum-exchange

\WPIEB continuous
phase control volume

ergy with continuous phase.

typical
particle
trajectory

Figure 3.3. Heat, Mass, and Momentum Transfer Between the Discrete and Continu-
ous Phases

3.2.2.1. Spray Source Terms

When all spray submodels are activated, the spray equation f (¢, x,v,r, Ty, y, )
is determined. The sources terms in Egs. 3.4, 3.5, 3.6,3.7, 3.9 and 3.8 are calculated by
summing of the rate of change of mass, momentum and energy of all droplets at a fixed

location and time. The mathematical expression of these source terms are given;

. d r 4
ps = —/E[gpdf | fdQ2 (3.36)
A R T SR
M= [ GG edrt) = Gpae)lfas (3.37)
Qs = — / {4ﬂpdr2%[ed(Td) +0.5(v — u)?] + gﬂpg'r’z)’[Cd% + (F —g)v,] } fdQ

(3.38)
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W, = — / gﬁpdrg[(F — g)u'] fdQ (3.39)

where fdQ = f(t, X)dv dr dTy dy dy

3.3. NUMERICAL SPRAY MODELING

Discrete Phase Model which is Eulerian-Lagrangian method is provided by Fluent
for spray simulations. In the computational domain there are continuous phase co-existing
with discrete phase. Fluent offers some submodels for breakup and collision. These

models are explained in the following sections in detail.

3.3.1. Break-up Models

3.3.1.1. Primary Breakup

Fluent offers different atomizer types to simulate the spray formation. As in Fig.
2.12, the atomization regime is the related regime for primary break-up. Hence, it is
assumed that there is no liquid core; all the liquid is formed into droplets immediately
after the exit of the nozzle hole. The atomizer creates initial conditions, that depend
on the internal nozzle flow, for further particle trajectory calculations by defining initial

droplet diameter, velocity and the cone angle of the spray.

3.3.1.2. Plain Orifice Atomizer Model

In the case of this study the internal nozzle flow state is unknown. The experi-
ments performed are related to spray parameters such as liquid penetration length, mo-
mentum flux. Some available phenomenological models can be used for exit velocity,
initial droplet
diameter and spray angle or plain orifice model in which these initial parameters are di-
rectly calculated according to the state of the internal flow can be employed. Bekdemir

et al. (2008) used the Plain Orifice Model in his thesis in the diesel injection conditions.
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Figure 3.4. External flow structures relevant to plain orifice atomizers (Ashgriz (2011))

Plain orifice model is chosen for primary breakup modelling since the research injector
geometry in the study is suitable for this application.

Fluent offers three kinds of nozzle flow, namely single-phase, cavitating and flipped
flows (see Fig. 3.5), which was proposed by Soteriou et al. (1995). According to the
states, the spray structures change dramatically.

For cavitation number,

K = %, (3.40)
Critical value of K,
Keiw=1+ ! o (3.41)
(14 ) (1 + e e
Rey, = M, (3.42)

1
The state of the flow inside the nozzle flow depends on the cavitation number K

(see Eq. 3.40), geometrical details such as the radius of the inlet edge of the nozzle r,
hole diameter d, and length of the nozzle L (see Fig. 3.5).

Ubernowti 18 calculated by Eq. 3.45.

Fluent uses the coefficient of contraction C proposed by Nurick (1976) (see Eq.

3.43).
1

1 114’
c? d

where C,; originated from potential flow analysis of flipped nozzles equals to 0.611.

Co = (3.43)
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Figure 3.5. Plain orifice atomizer model and decision for flow state (Fluent (2009))

3.3.1.3. Discharge Coefficient

Coefficient of discharge describes the performance of the nozzle. Uy, maq 18 the

upper limit for initial velocity calculated from Bernoulli Equation.

Myinj

Uinj = , (3.44)
Apotepr
Uinj,mzzm = —]7 (3.45)
Pl
e A ole Ymean mean
Cy= ——ef _ Plholclmean 1 , (3.46)
Mpernoulli plAholeubernoulli Q(P() — PQ),O[

After the decision of the state of the internal flow,the discharge coefficients are calculated

as follows: For a cavitating flow (Nurick (1976));
Cy=CVK, (3.47)
For a flipped flow (Nurick (1976));

Cq = Cy = 0.611, (3.48)
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Figure 3.6. Atomizer Scheme (Bekdemir et al. (2008))

3.3.1.4. Exit Velocity

To initiate tracking of spray droplets initial velocity must be specified. Initial
velocities are given in the following expressions.

For single phase, _
Meyy

U= 7 (3.49)
pLA
For flipped flow, _
Meff
U= , (3.50)
plOctA
For cavitating flow proposed by (Schmidt and Corradini (1997)),
2C.P, — P 1-2C,)P,
_ 2D Byt (120G (351)

Cor/2p(P, — P,) ’

3.3.1.5. Spray Angle

To define the initial direction, the spray angle should be defined. The correlation
of Ranz (1958) used in the model in Eq. 4.2.

0 2 |3
tan(3) = 5o pifg, (3.52)
According to the correlation of Reitz and Bracco (1982) C'4 is calculated via Eq.
3.53.
Cy=3+ i, (3.53)
3.6d
For flipped flow;
/2 =0.01 (3.54)
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3.3.1.6. Droplet Diameter Distribution

According to the scheme in Fig. 3.6, after calculating the exit velocity and input-
ing the measured s initial droplet diameters need to be computed depending on the
flow states. Sauter Mean diameter ds; represents the average droplet diameters (see Eq.
2.5).

For single phase the correlation of Wu et al. (1992) is used,

d
dsy = 133§We_0'74 (3.55)

For cavitating flow the same correlation but d replaced by d. ;¢ given by Eq. 3.57

due to the contraction in the cross sectional area of the nozzle,

de
day = 133%14/@—0-74, (3.56)

depp = | ——, 3.57
If o (3.57)

For flipped flow the most probable diameter,

do = dr/Cy, (3.58)

The Sauter Diameter Sizes are related to the most probable diameter for Rosin

Rammler distribution.

1 1/s
dy = 1.2726d3, (1 — ;) (3.59)

where s is spread parameter given by Table 3.1.

Table 3.1. Spread Parameters

State Spread parameter
Cavitating flow 3.5
Single phase flow | 1.5
Flipped flow 00

3.3.2. Secondary Breakup Models

Already existing drops are subjected to secondary breakup into smaller droplets.
Simulation for secondary breakup WAVE model (Reitz and Diwakar, 1987) is widely

used (Postrioti and Battistoni (2010), Bekdemir et al. (2008)).
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3.3.2.1. WAVE Model

Reitz and Diwakar (1987) developed a numerical model for diesel sprays, their
results showed good agreement with experimental data in the core region containing large
drops near the nozzle and predicting the length of core region, which agreed with mea-
surements in dense spray. However their model was not accurate showing the fuel vapour
region. An improved model was proposed by Reitz (1987), allowing a new atomization
model so-called WAVE that added new parcels containing product drops to the computa-
tion and agreed with the experimental data.

The Wave model is suitable for high-speed injections (I e > 100) (Fluent (2009)).
This model considers the breakup of the droplets to be induced by the relative velocity
between the gas and liquid phases. The formation of child droplets from parent droplets

is induced by the growth rate of Kelvin-Helmholtz instabilities on the liquid surface.

Figure 3.7. Sketch of the Wave Model

A (1+ 0.450h%3)(1 + 0.4Ta®7)
— =902 3.60
a 9.0 (1+ 0.87TWel67)0-6 ’ (3.60)
[o1d? 34 4 0.38W el
0,/ _ (0.34 + 0.38Wey?) | (3.61)
o (1+ Oh)(1 +1.4Ta"5)

where subscript 1 is for the liquid phase,subscript 2 is for gas.As shown by Reitz and
Bracco (1982) in Egs. 3.60 and 3.61, €2 is maximum growth rate and A is the correspond-
ing wavelength.Oh = /We,/Re; is the Ohnesorge number and T'a = Oh\/We, is the
Taylor number.

According to the model radius of newly formed droplets are proportional to the
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wavelength of the fastest-growing unstable surface wave.
r = By, (3.62)

The rate of change of droplet radius in the parent parcel is given by

da (a—r)
— = - r< .
i —rsa (3.63)
where the breakup time 7 is in the Eq.3.64
3.726 B1a
= 3.64
T Aq (3.64)

A and () are calculated by Eqs. 3.60 and 3.61. The constant By = 0.61 in the
work of Reitz and Bracco (1982). The breakup time constant can vary between 1 and 60,
which depends on the injector characterization. However, in the work of Liu et al. (1993)
it is recommended that B; is set to 1.73.

When the shed mass reach 5% of the the initial mass, a new parcel is created which
have the same properties excepting radius and velocity. The radius of new parcel is given
by the Eq. 3.62. The new parcel is given a component of velocity randomly selected in
the plane orthogonal to the direction vector of the parent parcel, and the momentum of
the parent parcel is adjusted so that momentum is conserved. The velocity magnitude of

the new parcel is the same as the parent parcel.
3.3.2.2. Kelvin-Helmhotz Rayleigh-Taylor (KH-RT Model)

This model combines the Kelvin-Helmholtz waves induced by aerodynamic forces
with the Rayleigh-Taylor instabilities due to acceleration of shed drops ejected into freestream
conditions. This model is only for high We number sprays. It is assumed that there is a
liquid core near the nozzle and child droplets are shed from this core (see Fig. 3.8). The

liquid core length is figured out by Levich Theory(Levich et al. (1962)).

L= Cypdo, |22, (3.65)
Pg

where (', is Levich constant and d is a reference nozzle diameter. The blobs are intro-
duced into the domain (see Fig. 3.8). The diameter specified in the injection. It is often
best to use an effective droplet diameter by considering a contraction coefficient, which

can be computed with

D, = \/Cydy, (3.66)

where C, term represent contraction coefficient.
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Figure 3.8. KH-RT Approach (Fluent (2009))

3.3.2.3. Rayleigh-Taylor Breakup

While droplet and gas are moving with relative velocity u,.; to each other, the
deceleration of the droplet induced by drag force can be treated as an acceleration in
the direction of airflow. This can cause instabilities on the back side of the drop (see

Fig. 3.9). As with the Wave model R-T model is based on the wave instabilities on the

back front
1 —3
A u, O
Q

Figure 3.9. Rayleigh-Taylor instability on a liquid droplet (Baumgarten (2006))

droplet surface. The growth rate of the fastest-growing wave {2 and the corresponding

wave number K gy are given by

2 _ 3/2
QU = la(pr — pg)] (3.67)
3V 30 pLt+ Py
Kpr = W (3.68)

If R-T waves have been growing for a time larger than the breakup time 7z,
breakup occurs. If the predicted wavelength corresponding to the fastest wave growth
rate is smaller than the local droplet diameter. The radius of child droplets is given by Eq.
3.70.
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C,

= 3.69
TRT QRT’ ( )
27TCRT
T, = , (3.70)
Kpgr

where C},,, is the Rayleigh-Taylor breakup constant which is set equal to 0.5 and Cgrp
is the breakup radius constant whose default value is 0.1. In the liquid core only Wave
Model in which only aerodynamics effect is considered is governed. Outside the liquid
core both KH and RT effects are considered. A new parcel is generated if the shed parcel

mass exceeds 5% of the initial parcel mass.

3.3.2.4. Effervescent Atomizer Model for Flash Boiling Atomization

In effervescent atomizers a gas that may or may not be miscible with the liquid
is introduced before atomization takes place (see Fig 3.10). Fluent computes the initial
velocity and initial effective diameter as it does for flipped flow (see Eq. 3.71, see Eq.
3.50 respectively ). Drop size is sampled from Rosin Rammler distribution (Eq. 3.72). It
is needed to specify the spray-half angle and dispersion constant beside of the mass flow

rate and the nozzle diameter (see Eq. 3.75).

o = dr/Cly (3.71)
do = dma:(,‘e(_@is)2 (372)
X
O, = (3.73)
Cery

Mixture quality is defined by;

m
g = —Ttvapor (3.74)
Myapor + Miiquid

x
Cegr’
where O is dispersion angle multiplier, C is dispersion constant.

0, =

(3.75)

3.4. Numerical Setup

Firstly, the domain was designed and was discretized into a grid. Then, boundary
conditions and numerical parameter were set. Numerical parameters were set in Table 3.2

and Fig. 3.11 illustrates the boundary conditions.
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Figure 3.10. Effervescent Atomizer (Moyne (2010))

To mention about numerical settings in literature, whereas Bekdemir et al. (2008)
used the timestep of 1e-6 with a grid size of 0.1 mm, which is approximately equal to the
minimum grid size in the studies of Postrioti et al. (2011), Postrioti and Battistoni (2010),
Kosters and Karlsson (2011) used 0.5x0.5x1 mm grid size and same time-step value.
However Postrioti et al. (2011) and Postrioti and Battistoni (2010) had the timestep of Se-
6 and Postrioti et al. (2009) used the time-step of 2e-6. Hence, in this study the time-step
of 1le-6 and grid size are highly suitable.

Table 3.2. Numerical settings

Turbulence model | standard k-epsilon
Injected Parcels 300

Initial k 3e-7

Initial epsilon le-9

Initial velocity 0.01 m/s

Grid size max 0.2 min 0.1
Time-step le-6

Fuel n-heptane

Scheme SIMPLE

Breakup Models and Drag Model

The primary and secondary break-up and drag model used are listed:

e Plain Orifice Atomizer Model for Initial droplets (see Sec.3.3.1.2)(Bekdemir
et al. (2008))
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e WAVE Breakup Model (see Sec.3.3.2.1) Main tuning constants were C =
0.61 and Cy = 30 for WAVE model.

e Spherical Drag Model (see Sect. 3.2.1.1)

As injection mass flow rate, the measured mass flow rate at 100 bar is fluctuating as in
Fig. 3.12.

Mass Flow Rate /m/s

0.0025

0.002

0.0015

0.001

0.0005

0.00000

0.00006

0.00012
0.00018
0.00024
0.00030
0.00036
0.00042
0.00048
0.00054
0.00060
0.00066
0.00072

Figure 3.12. Injection Mass Flow Rate Time dependent profile

Table 3.3.

Mass Flow Rate Profile at 100 bar

0.00078
0.00084
0.00020
0.00096

0.00102

0.00114
0.00120
0.00126
0.00132

0.00108

—

im

1]
—
w

0.00138

Cases at 100 bar injection pressure
Pinj 100 bar

Case | T(K) | Pv(kpa)

1 293

2 363 100

3 393

4 293

5 363 303

6 393

7 293

8 363 40

9 393

0.00144

0.00150

0.00156

0.00162
0.00168
0.00174

0.00180
0.00186

0.00192

0.00198

0.00204

0.00210

0.00216

0.00222

0.00228
0.00234
0.00240
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Table 3.4. Ambient to Saturation Pressure

Ambient to Saturation Pressure(ATSPR)
Pa(Kpa)
Ttuel©) 51100 300
20 8.47 | 21.38 64.16
90 0.51 | 1.28 3.85
120 0.22 | 0.55 1.65

3.5. Mesh and Time-step Dependency

The grid resolution is quite fine and time-step is small enough. Hence, there is no
need to check mesh and time-step dependency.Because in study of Kosters and Karlsson

(2011) the simulation was run with a grid size of 0.4 mm and with timestep of 1e-6.

3.6. Grid Dependency

The adequate resolution is a necessity for accurate spray simulations as in all
numerical simulations. The finer grid becomes, the more accurate solution of Navier-
Stokes equations is carried out. However, grid resolution is limited by the computational
resources and time. So some researchers tried to reduce the effect the grid resolution. In
this chapter it is discussed what an adequate resolution should be and some approaches
are included from the point of minimization of spray grid dependencies.

According to the study of Abraham (1997), jet cross-sectional area must have at
least four grid cells. Otherwise, the spray is not simulated in a adequate accuracy since
the spray is effected by selection of the ambient turbulent and length scales. Meanwhile,
the idea of reducing grid size enough to provide mesh-dependency for gas phase near the
nozzle disagrees with the void fraction criteria that must be near one. In other words, the
volume fraction which the Lagrangian liquid phase must occupy in the cell must be lower
than 0.1. For this reason, in the region near the nozzle the gas flow can not be solved
accurately.

Grid size influence on the relative velocity is depicted in Fig. 3.14 and the dotted
lines represents the staggered grid. The cell containing node 4, which is transferred the
momentum source by the drop due to its nearest location, have the same velocity with the
node 4. Hence, the finer the grid, the better spatial solution for the gas velocity and thus

more accurate droplet-gas momentum exchange. This approach is valid for all transfers
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as mass, energy which is added to the nearest node to the liquid parcel. The lower the
grid size, the faster momentum source diffuses over the complete cell, and thus influences
a smaller area. In the case of higher grid resolution the droplets injected at early times
transfers their momentum to small gas volumes and thus causes faster change of gas
velocity. Consequently, lower relative velocity slows the rate of increase of the velocity of
droplets due to drag force on the proportionally dependence of relative velocity (see Fig.
3.14), which results in lower spray penetration. The number of nodes which is transferred
the momentum inversely proportional effects the acceleration of gas velocity (see Fig.
3.13). To keep the coupling of the phases away from mesh dependency, some approaches
was improved instead of nearest approach. Schmidt and Senecal (2002) developed a
new approach in which a weighted average of gas velocities from neighbouring nodes
was taken to provide grid size dependency of the gas velocity (see Fig. 3.15). Before
taking weighted average the velocities from neighbouring nodes was transformed in polar
coordinates aligned with the injection, subsequently the average was calculated and the
result was tranformed in cartesian coordinates again. The reason of the transformation
was the fact that while spray was reproduced with resolution at ninety degree angles on
cartesian coordinates, polar components of velocity were constant around the atomizer.
Namely, the spray was naturally polar.

y __  ———gasvolume
=)

involved in the 3
momentum
il exchange G 74

! \__P_ﬁ___,._#spray cone -

Figure 3.13. Dependency on grid resolution and orientation (Baumgarten, 2006)
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Figure 3.15. A weighted average instead of nearest node approach (Baumgarten, 2006)

Since the penetration of vaporizing spray is very sensitive to the grid size, Gonza-
lez D et al. (1992) improved a new model in which the vapour is kept in a sphere with the
radius proportional to /D, t until the sphere volume reaches the volume of cell (see Fig.
3.16). This approach is extended correspondingly to momentum coupling in the Couplage
Lagrangian-Eulerian (CLE) method proposed by Beard et al. (2000).

In addition to the most widely used and grid dependent collision model of O’Rourke
(1981) (for detail see Sec. 3.2.1.6), a new collision algorithm called NTC (No-Time-
Counter) which had been used for intermolecular collisions was implemented for spray
droplets collision modelling by Schmidt and Rutland (2000). This new method, in which
a separate collision mesh is used, relieves the spray collision simulations of mesh de-
pendency and computational costs. To overcome the problems of grid dependency and
poor statistical convergence in the dense spray some alternative models such as Interac-

tive Cross-sectionally Averaged Spray (ICAS) Method (Wan and Peters, 1997) in which
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the liquid core length and spray cone angle is assumed to be constant have been developed
to avoid mesh dependency and bad statistical convergence in the dense region. As a result
of the assumptions in this method the 1d spray sources along spray axis are obtained (see
Fig. 3.17). In this method cross-sectionally averaged quantities of mass, momentum and

energy for both the gas and the liquid phases are given by Eqgs. 3.76 and 3.77.

OP(L = )t?) | pity(L = G)t?)

5 5 = gty + Wyaph? (3.76)
A(pib®)  O(pagh)b? )
(Pgé ) N (pugzz) ):_%apb2 (3.77)

where r is the spray radius, g, is liquid fuel mass fraction, g, is the mixture density and
iy, 1y are the gas an liquid velocity, respectively. 3 is the global quantity for turbulent

exchange between these two phases.

<) D) i

(a) No coupling. (b) Coupling.

Figure 3.16. Geometrical criterion for vapor mass coupling (Beard et al., 2000)

CFD-grid

\'Z h'd
ICAS-model discrete droplet model

Figure 3.17. Interactive Cross-sectionally Averaged Spray (Stiesch, 2013)
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In the book of Stiesch (2013) some suggestions are mentioned for reduction of
grid
dependency. Firstly, turbulence length scale needs to be limited to the jet diameter since
the jet dominates the mixture formation and flow. The length scale limitation to the nozzle
diameter was applied by the authors (Kosters and Karlsson (2011)) with the correlation
for k and epsilon. Secondly, the standard k-¢ model must be modified according to the

study of Pope (1978).
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3.7. Model Validation

The validation was done according to the penetration and spray angle results for
I[HP-279 injector whose length to diameter ratio equals to 3. While Fig. 3.18 shows the
comparison between the experimental and numerical results for the case 1 (see Table 3.3),

Fig. 3.19 does for the case 3 (see Table 3.3).

IHP-279 T293_PV101
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o =]
[=] [=]
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Figure 3.18. IHP-279 Penetration results comparison for Case 1

The validation gives sufficiently satisfactory results in spray penetration results.
The model is implemented IHP-293 GDI injector whose length to diameter ratio is 3 for

nine cases reported in Table 3.3.
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Figure 3.19. IHP-279 Penetration results comparison for Case 3
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this study the main aim is to develop a numerical model for predicting the spray
structure in terms of spray angle and penetration under flash-boiling and non-flash boiling.
The operating conditions are combinations of three fuel temperature (293 K, 363 K, 393
K) and chamber pressure (40 kPa, 101 kPa, 303 kPa). The comparisons for each operating
cases are depicted in Figs. 4.3- 4.11.

4.1. Experimental Tests

Experimental tests are done in a constant volume chamber. The constant volume
chamber has four windows which can withstand with operating pressure ranges and allows
to observe and install fixtures inside it. The chamber pressure and fuel temperature are
adjusted depending on operating cases. The time-resolved spray images shown in Fig.
2.16 are taken by means of high speed imaging , which in turn the images are converted
into binary format. The boundary of spray is determined through image analysis by image
processing codes (see Fig. 4.1). Spray angle depicted in Fig. 4.2 is calculated by taking
into account of 60% of the liquid length. Threshold to take into account grey and white

pixels are put for these calculations.

RR236 us
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1
2
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Figure 4.1. Spray Boundary (Pickett et al., 2011)
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Figure 4.2. Spray Angle Measurement (Desantes et al., 2006)

4.2. Liquid Penetration and Spray Angle Results

For the liquid penetration, the definition by Pickett et al. (2014), as the farthest
axial position for 0.1% liquid volume fraction was employed. Fig. 4.3 shows the com-
parison of spray penetration and spray angle for the case at ambient pressure (Pv) 101
kPa and fuel temperature (Tf) 293 K. It can be seen that the penetration increases slowly
during the first 100 s that how much time takes the needle to lift to the fully opened
from its seat. As shown in Fig. 3.12 the injection rate profile can be divided into three
phases; needle opening, transition and needle closing. The numerical results have a good
agreement with the experiments. However, the spray angle is overpredicted until 650 ps.
After this time it seems to agree with experimental results.

Fig. 4.4 shows the results for the case at the same ambient pressure with higher
fuel temperature 363 K. It is expected slightly more evaporation resulting in a little shorter
penetration when compared to the case for fuel temperature 293 K. The eye-catching jump
in spray penetration results incurs the overprediction between 50 and 200 us. After this
time in terms of spray penetration and 500 us in terms of spray angle the numerical results
approximately agree. Prior to 500 us there is an increase followed by a gradual drop in
spray angle between 250 and 450 ps.

Fig. 4.5 depicts the comparison for the case of fuel temperature 393 K at the
concerning pressure which is the transition to flash boiling from non-flash boiling. Under
these conditions, the evaporation rate is believed to significantly increase and spray angle
gets wider due to flash boiling effect. As it is understood from experimental results that
spray penetration is shorter than those belonging to the cases of fuel temperature 363
and 393 K. Whereas spray penetration is well predicted, the spray angle does not match
the experimental data although its trends seem similar. The slope of first decrease seems

close numerical spray angle drops previously to almost 30° and it must show a gradual
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decrease. In contrast to this, it remains constant.

Fig. 4.6 illustrates the results for fuel temperature 293 K and at 40 kPa chamber
pressure. Spray penetration grows slowly in needle opening period followed by a gradual
increase. However spray angle are not predicted well excepting the period after 600 us.

Fig. 4.7 represents the case for the same pressure and 363 K fuel temperature,
which is the transition. In this case more fuel evaporated is expected than in the previous
one, which results in shorter penetration. During first 250 ps the results in terms of spray
penetration have a good agreement with experimental data. However after this time spray
penetration is overpredicted. In terms of spray angle the trend is similar of the case for
fuel temperature 393 K and chamber pressure 101 kPa, which is the transition case. In
contrast to the same trend with experimental data, the model overpredicts spray angle.

Fig. 4.8 describes the comparisons belonging to the only fully flash boiling case at
the concerning pressure and Tf=393 K. Flash boiling is believed to cause the spray wider
and shorter penetration due to sudden evaporation. Comparing to other transition cases
spray penetration is poorly predicted during periods after the first 250 pus. Spray angle
follows the same trend as in the other transition cases for fuel temperature 363 K at the
same pressure and 393 K at ambient pressure 101 kPa. That is because the effervescent
atomizer model is used for all these cases.

Fig. 4.9 exposes the comparison at ambient pressure 303 kPa which fuel experi-
ence late injection shortly after or during compression stroke and fuel temperature 293,
spray penetration results follows the experimental data during needle opening phase (first
100 ws). After this phase the line graph of spray penetration graphics increase consider-
ably followed by a gradual increase. In terms of spray angle is dropped sharply in needle
opening followed by a sudden increase until almost 150 us. After this time, spray angle
remains constant followed by a steady drop with overprediction.

Fig. 4.10 depicts the results for fuel temperature 363 K at the same pressure
conditions in which fuel has more tendency to evaporation than in the previous one. Spray
penetration is quite predicted until 200 us followed by underprediction. The increase in
spray penetration is at the same slope followed by a sharp increase the period between
750 and 800 ps. Although initial spray angle match experimental data, while the rest of
period spray penetration is poorly predicted. After the decrease in spray angle until 200
1s, the spray angle should drop at a steady rate. However the line graph of spray angle
shows fluctuating trend.

Fig. 4.11 illustrates the comparison for fuel temperature 393 K at the concern-

ing pressure. In terms of spray penetration it is expected that the evaporation causes to
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decrease the rate of increase in spray angle after a while. In contrast to this, spray pen-
etration rate of change does not decrease and result in overprediction after almost 550
ps. Until this time spray peentration is fairly predicted. During the first 250 ps the over-
prediction is caused by misestimation of initial spray angle. The slope of line graphs are
almost the same during the first 250 ;s when compared with experimental data. After this
time the graphs shows a sharp increase followed by a sudden drop and fluctuating trend
with overprediction.

In general point of view, the ability of prediction of the model depends on the
operating conditions. The model works in some operating conditions and during some
periods. In contrast to his ability, the model does not predict the spray angle and spray
penetration well. The reason is believed to be caused by the plain orifice atomizer model.
That is because the initial nozzle state changes over time according to plain orifice at-
omizer model. Discussion over the results depending on cases is discussed in detail in
Chapter 5.

The average deviations between experimental and numerical results are reported
in Table 4.1. It can be understood that generally spray angle results highly deviate for all
operating cases, which reaches maximum value for 363 K fuel temperature at 3 bar and

0.4 bar ambient pressure.
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Figure 4.3. Penetration and Spray angle results for Tf=293 K Pv=101 kPa

Table 4.1. Average Deviations for all data points

Chamber Pressure(kPa) | Fuel Temperature (K) | Spray Penetration | Spray angle
40 14.68% 54.75%
101 293 8.43% 91.25%
303 31.91% 61.23%
40 17.60% 117.65%
101 363 55.97% 43.37%
303 25.18% 105.30%
40 28.10% 43.36%
101 393 8.08% 80.86%
303 18.06% 94.34%
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Figure 4.4. Penetration and Spray angle results for Tf=363 K Pv=101 kPa
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Figure 4.5. Penetration and Spray angle results for Tf=393 K Pv=101 kPa
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Figure 4.6. Penetration and Spray angle results for Tf=293 K Pv=40 kPa
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Figure 4.7. Penetration and Spray angle results for Tf=363 K Pv=40 kPa
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Figure 4.8.

Penetration and Spray angle results for Tf=393 K Pv=40 kPa
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Figure 4.9. Penetration and Spray angle results for Tf=293 K Pv=303 kPa
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Figure 4.10. Penetration and Spray angle results for Tf=363 K Pv=303 kPa
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Figure 4.11. Penetration and Spray angle results for Tf=363 K Pv=303 kPa
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Figure 4.12. Liquid Volume Fraction for T=20 Pv=40 kPa
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CHAPTER 5

CONCLUSIONS

5.1. Conclusions

The results shows that the ability of prediction changes depending on cases. The
reasons why the model does not work in some cases whereas it works in other cases. From
the general point of view, the number of parcels injected at each time step is 300 whereas
some studies (Bianchi et al. (2001), Kosters and Karlsson (2011)) set this numbers as
12000. The computational and time cost are limited this number which differs signifi-
cantly from the other studies. The more parcel number, the more statistical convergence
and smoother source terms are provided. The coupling of both phases is any other issue.
In this study the number of continuous phase iterations per DPM iteration is 10. As it is
increased, time cost is needed.

Secondly, bad prediction could be attributed to the plain orifice atomizer model
which is not used widely. This atomizer model evaluates the state of nozzle flow as
flipped, cavitating and single phase alternately. This cause difficulties in convergence.

The other source of the problem is the grid resolution. Finer than necessary level
of grid resolution could effect in a negative way. In some dense regions DPm volume
fraction exceeds even more than 5 and it gives non-physical results in terms of exchange
of liquid and gas phase.

To mention about effervescent atomizer, the spray angle tends to keep constant
after a while whereas according to the experimental results the spray angle gets narrower.
It overpredicted penetration at the temperatures of 363 and 393 K at 40 kPa chamber
pressure (see Fig. 4.7, 4.8, 4.11). The model did not succeed at predicting either spray
angle or penetration.

Fig. 4.3 depicts that the penetration results the case for Tf=293 K and Pv=101
kPa are predicted well whereas spray angle results agree with the experimental data after
approximately 650 ps from the beginning of injection. Fig. 4.4 shows that the penetration
results at 363 K fuel temperature at the concerning pressure are overpredicted between 50

and 200 ps and then predicted well. However,
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For case Tf=20 at 101 bar pressure 50 ms after it exits the nozzle, it disperses while
the case for Tf=90 keep more compact due to initial nozzle flow state. It vaporizes and
losses some part of parcels and exchanges non-physically momentum with surrounding
air. Fig. 5.1 shows the non-physically increasement in discrete phase velocity and then it

creates a jump in spray penetration graphic (Fig. 4.4).

disOmm_100ms

150E+03

Dpm Velocity Magnitude [m/s]

DPM VELOCITY AT 100MS dis 0Omm T20_Pv101 == == DPM VELOCITY AT 100MS dis 0Omm T90_Pv101

Figure 5.1. Discrete Phase Velocity Magnitude at nozzle at 100 ps

5.2. Future Work

Lagrangian-Eulerian method is strongly mesh-dependent. In contrast to this fact,
regarding time-cost and violation of Lagrangian definition which void fraction must equal
to almost one the grid sizes can not be reduced to the level that the Lagragian phase
volume fraction exceeds 0.1. To avoid mesh-dependency some phenomenological models
have been developed. These models are implemented into CFD codes. In present study
CFD is not supported by an additional model. As a future work, the implementation of
one of the following models is aimed.

Bekdemir et al. (2008) used the one-dimensional phenomenological spray model
based on mass, momentum and energy balance within the control volume (see Fig. 5.2).
But after solving three coupled equations derived from mass, momentum and energy con-
servation, he convert the steady velocity profiles into unsteady profiles. The aim was
calculation of mass, momentum and energy sources and implementation them into FLU-

ENT.
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Figure 5.2. Phenomenological Spray Model (Versaevel et al. (2000))

To improve the model some improvements listed below could be done so that the

model could be more grid-independent and work under all operating conditions:

e Grid resolution could be higher than enough level. Liquid volume fraction exceeds

to even 5 in dense region during simulation.

e Fluent is hard to implement some phenomenological models. Hence, for future
works more flexible and open source CFD software will be preferred rather than

FLUENT.

e In plain orifice atomizer the flow state changes in time. It creates instability while
simulation and convergence difficulties. Flipped, cavitating and single phase nozzle
flows are given alternately, it does not converge at all. Instead of this atomizer

model, phenomenological nozzle exit models need to be used.

e More parcels must be injected. Because the more parcel the more accuracy in sta-

tistical convergence and more smooth source terms are gained.

e The coefficient for k and epsilon model as in the study of Kosters and Karlsson

(2011) and WAVE breakup model must be tuned.

Bianchi et al. (2001) proposed an updated hybrid model to previous hybrid model.Bianchi
and Pelloni (1999) that had been applied with success to an in-line pump injection
systems to treat all injected blobs by the atomization model previously presented in

this paper.

e Kosters and Karlsson (2011) implemented the correlation (Eq. 5.1 to limit the tur-

bulent length scale to the nozzle diameter and applied all cells occupied by at least
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one parcel. This is because the jet itself drives the flow (Stiesch, 2013).

/{33/2
e=C¥4
K dnozzle

(5.1)
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APPENDIX A

DISCRETE PHASE NUMERICAL SETUP

The option of steady or transient treatment is independent of the setting for the
solver.However,when breakup or collision model is enabled ,automatically The transient
particle tracking is switched on.In this case,the breakup of the droplets is taken into con-

sideration.

= Discrete Phase Model

Interaction Partide Treatment

[ Interaction with Continuous Phase [#] Unsteady Partide Tracking
[#] Update DPM Sources Every Flow Iteration [¥] Track with Fiuid Flow Time Step
Number of Continuous Phase ,107 4] | | Inject Partices at

Iterations per DPM Iteration hs Particle Time Step

Contour Plots for DPM Variables Sl e
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Clear Partices
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Tracking Parameters

Max. Number of Steps
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>

[[]specify Length Scale

Step Length Factor
10 =

>

oK Injections. .. DEM Colisions Cancel Help

Figure A.1. Discrete Phase Dialog Box

If the discrete phase exchanges mass,momentum and/or energy with the continous
phase,The Number of Continous Phase Iterations per DPM Iteration allows to control
the frequency at which the particles are tracked and the DPM sources are updated.The
Update DPM sources every flow iteration is must be enabled when doing unsteady
simulations and at every DPM iteration the particle source terms are recalculated are

applied to the continuous phase equations.



A.1. Tracking Parameters

Two parameters are defined to control the time integration of particle trajectory

equations(Eq.??) (see The Fig.A.1)

e The maximum number of time step:is the maximum number of time steps used
to compute a single particle trajectory.The simulation gets rid of the possibility for
a particle being caught in a recirculating zone and being tracked infinitely.When the
maximum number is exceeded,Fluent exit the trajectory calculation for the current
particle injection and reports the trajectory fate as “incomplete”.In this case this

limit can be increased up to the limit of 10°

e The Length scale/Step Length Factor:controls the integration time step size used

to integrate the motion equations.

L

At = ,
Up + Ue

(A.1)
where L is specified length scale,which proportional with time step size.

Step length factor defined in the Eq.A.2 as \is used to control the time step size
as well as The Length Scale does.However,The length scale,defined as A in the
Eq.A.2 gives the number of time steps required for a particle to pass through a
computational cell. At* is an estimated transit time for a particle to traverse the

current continous phase control volume.

AP
==

If the particles are required to go towards a domain in which there are N mesh cells

At (A.2)

into the main flow direction,the Step Length Factor times N should be equal to

Max. Number of Step.



