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ABSTRACT

STUDY OF THE FAR FIELD OF A PULSED SPRAY FROM AN AUTOMOTIVE FUE L
INJECTOR

By

Farid Roshanghalb

Pulsed liquid sprays from automotive fuel injectors aresngimtly complicated and the forma-
tion and development of sprays involve multiple physicalgessses which take place both simulta-
neously and sequentially. The pulsed spray charactexistidrom the injector orifice are affected
by complicated mechanisms of primary and secondary brpakt@and close to the injector tip.
This complexity usually requires researchers to make agsans about break-up mechanisms. In
addition, several droplet collision models have been psepddor sprays, but when used in con-
junction with break-up mechanism models, the accuracy anitbkion of collision models have
been difficult to judge. This study is intended to explorearaine and compare different colli-
sion models in a pulsed fuel spray. Since trustworthy lagéadtion measurements of droplet
size distribution can be performed far from the injectofiog, these data can be used as accurate
initial conditions for simulating downstream spray deyatent. Since the pulsed sprays from au-
tomotive fuel injectors are relatively dense ones, thidgtliminates the complexity of simulating
two-phase flow equations for break-up and instead solvesitigler fluid mechanics problem of
the Lagrangian trajectory of spray droplets, together @itlroplet collision model. It was found
that for the single-hole sprays of this study, when the dropize distribution is known at some
plane downstream of the break-up region, the developmetiteobpray can be modeled accu-
rately by using a simple Lagrangian model which calculdtesdroplet collision impact parameter

analytically at each collision.
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Chapter 1

Introduction

This thesis begins with introducing some background infdirom on liquid fuel sprays, on why

they are important and on what is and is not known about them.

1.1 Liquid Sprays

Liquid sprays are two-phase flows in which the liquid ligatseor droplets are the discrete phase
and the surrounding vapor and/or gas is the continuous paadeare often contrasted with bubbly
flow in which the discrete and continuous phases take oppfmsins. Because liquid densities are
generally higher than gas densities, bubble motions expesilower kinematic inertia and higher
drag forces than droplet motion. The process of forming aysps called atomization and the
device used to generate a liquid spray is called a spray @olz@l injector or atomizer. Sprays
are usually characterized by their particle size distrdsuand number density, and measurements
of these quantities are central to defining product perfoaaver a range of applications, from
the delivery of drugs to the human respiratory system to pipdi@ation of coatings and agrochem-
icals. Sprays present unique challenges in terms of theaisarement environment and the speed
of measurement required. Sprays are mainly used in indtstdystribute materials over some
specified area, or to create a large liquid surface area. $bthe industries in which sprays are

used widely include:



i) The food industry: sprays are used to wash agriculturékfand vegetables, and to dry food

products such as instant coffee and powder soups.
i) Paper making: sprays are used to clean paper rolls.

lii) Fire suppression and mining: water and solutions are spripm hoses and sprinklers for

fire control, and water sprays are used to reduce dust levetéing operations.

iv) Agriculture: pesticides are sprayed over target surféaagsovide uniform distributions of

chemicals.

V) Fuel sprays: fuel injectors for gasoline and diesel ersyarel atomizers for gas turbines are

used to provide liquid- and vapor-phase fuel distributifmmsubsequent combustion.

1.2 The Importance of Spray Research

Liquid sprays are inherently complicated and the forma#iod development of sprays involves
multiple physical processes which take place both simattasly and sequentially. There have
been a large number of studies of liquid sprays that havedeahprove understanding of spray
break-up, geometrical spray shape, and understandingasbsaiopic behavior. However, these
studies have led only to partial descriptions of spray faromeand development, and several other
aspects of sprays remain incompletely understood, inotuthe processes of primary and sec-
ondary break-up. Some well-understood aspects of spraglngdequire significant computa-
tional resources and so both new and simpler models arealiésiio provide a better predictive
capability for liquid sprays.

The objectives of this dissertation are to characterizpla@x, and provide predictive models

for the size distribution of droplets in the far field of pudsgpray from automotive fuel injectors.

2



In Chapter 2, a review of literature on sprays is given. Infea3, the theoretical background

to sprays is introduced and the difficulties in predictingitibehavior are explained. In Chapter
4, the experimental apparatus and the visualization anduneaent techniques of the present
study are described. Experimentally measured effectsedftebimperature and injection pressure
on spray geometrical shape and droplet size distributiongathe spray axis are presented in
Chapter 5. In Chapter 6, the numerical simulation procedancenumerical results are introduced.

The conclusion and proposed future works are summarizetiapter 7.



Chapter 2

Background and Objectives

In this chapter, a brief survey is given of previous studiesquid jets, sprays, instability and
primary jet break-up, secondary break-up, and dropleistoll and evaporation. The terminology

used to describe sprays is also introduced and explained.

2.1 Liquid Jet Instability and Break-Up

Liquid jets have been studied for more than a century. Savexperiment [5] was one of the
earliest studies of liquid jets, in which the observed affexf surface tension on jet instability led
him to propose capillary instability as a possible mecharo$ jet break-up. Rayleigh developed
a first-order perturbation calculation for the break-up ¢ifjaid round jet that did not depend on
ambient effects [6]. He showed that the unstable disturatitat caused jet break-up must be
axisymmetric and that the disturbance wavelengths mustigel than the circumference of the
liquid jet.

Donnelly later conducted experimental studies of liquidhyeak-up and showed that Rayleigh’s
droplet model did not explain the observation of large maaptets interspersed with smaller satel-
lite droplets [7]. Furthermore, the size of these dropleis found to vary with the wave number of
the disturbances. Lafranc presented a third-order petiarp analysis of the capillary instability

of liquid jets in which it was shown that the higher order teraccounted quite accurately for the



presence of satellite droplets [8]. Ranz proposed thatiles sf droplets in a liquid jet spray were
related to the wavelength of the most unstable wa®gsThe fidelity of his atomization model
was questioned because aerodynamically induced wave lyregtires a finite time to develop,
in which case an unbroken length should be observed nearot®enexit. However these un-
stable waves may have been much smaller than the jet diaaredeherefore difficult to observe

experimentally [9].

2.2 Spray Research

Liquid sprays have been studied for many years because ofpteetical importance and the
difficulty in predicting their behavior from first principte While some sprays are continuous and
steady, at least after some initial start-up transiengrsthonsist of multiple short pulses may never
reach a steady state. The sprays considered in this thesibage that arise from a single-pulse
injection, such as in an automobile engine. In these sphaysd is typically injected for several
milliseconds into a surrounding gas that may move at somedtative velocity, so that the tip of
the spray has to displace only a light gas.

Before describing research into spray characteristicaggerminology used to describe large-
scale spray features will be introduced. The macroscopacacieristics of a diesel spray are
usually described by their shape according to three maianpeters: spray penetration distance;
spray angle; and spray break-up length. These parameterdtan used to compare the results
of different spray prediction models with measured chamstics to assess the utility of such
models for describing spray development. They are also tasexdel combustion in burners and
in engine cylinders, and to predict whether or not sprayegléts will collide with walls.

The spray tip penetration is defined as the time-dependstatridie covered by the spray in the



Spray angle

Brack up
length

Spray tip penetration

Droplet size distribution

Figure 2.1 Macroscopic characteristics of a single-jesBispray [1]

surrounding gas phase. The tip penetration length is detethy the effects of the momentum of
the injected fluid and the resistive force exerted by the gas@. Several models were developed to
predict the propagation of the spray tip as a function of tifaedifferent injection conditions and
were compared with experimental data [10]. Spray penetrd¢ingths and spray cone angles were
measured experimentally using photographic techniquesh $chniques were used by Miller
and Beardsley [11] who studied the effect of the ambient gasity on the penetration length of
an engine spray.

Several attempts have been made to find correlations thatredict the fuel-spray tip penetra-
tion especially for Diesel fuel sprays. Dent (1971) progbem experimental data a correlation

applicable to pulsed Diesel sprays, described by the fatigwquation [12]:

S(t) = 3.07 (g) 14 (%‘) e N 2.1)

Pg



wheret is the time after the start of injectiol\ P is the pressure difference at the nozzle haigis

the nozzle hole diameter, afiy andpg are the ambient gas temperature and density, respectively.
This correlation predicts that spray tip penetration iases in proportion to the square root of
time and is independent of the injected fluid charactessthccording to Correas (1988), the tip
penetration of a Diesel fuel spray is proportional to theasguoot of time and the mean velocity

at the beginning of the injection. His proposed correlaisoji 3]:

S(t) = CLUYP \ Jdegt, deq = dy, /Z—é, 2.2)

wheredeq is an equivalent diameteg; is the liquid density and’| is an experimental constant.

Jaward et al. proposed as an alternative correlation [14]:

where Cy is an experimentally determined constant. An empiricalatiqn was proposed by
Jimenez et al. which states that the tip penetration is ptigoal to time raised to the power of
0.9 [15]:

0.163
S(t) = 0.6~ 30t09 (’;—7) , (2.4)

wherel, is the mean liquid velocity at the beginning of the injection

An important parameter of fuel sprays is the angle of the eddlee spray as it emerges from
the orifice of the injector. While different ways to measune tone angle have been proposed,
a common definition is that it is the angle that is formed by straight lines in contact with the
spray’s outline at a distance equivalenttotimes the diameter at exit from the injector [1]. When

a specific amount of fuel is injected into a chamber usingciojes of different designs, the effect



of changing the cone angle has a reciprocal effect on thetgagiom length of the spray. That is to
say, a larger cone angle reduces the penetration lengthaainchtise interference between sprays
in a multi-orifice nozzle, which can promote merging of dedplthrough collision. On the other
hand, a larger penetration length results when there is #esngane angle, which can cause the
spray to collide with the combustion-chamber wall, whichislesirable.

There have been several attempts to propose formulas tordeéthe cone angle. One of the

most widely used, which can be used for gas phases with deslgitver than 15 kg/ﬁ"n is [1]:

tm<g>zow<y+@>, (2.5)
2 pl

wheref is the cone angles; andp; are the gas and liquid phase density, respectively. In theeb
equation, the aspect ratio of the injector is not includétipaigh Reitz and Braco considered it in
their investigations [16]. According to Hiroyasu et al. ttane angle can be determined as [17]:

2 1/4
9:0%(iﬁ@%§ﬁﬁ> , (2.6)

Ha

whered is the orifice diametey,, is the gas phase viscosipy; andp; are the gas and liquid phase
density, respectively.

Reitz et al. conducted experiments using nozzles with wishgye of diameters, and over a
wide range of liquid- and gas-phase pressures [9]. Usingla-$peed camera, they were able to
calculate spray angles under different operating conutid hey showed that the spray angle in-
creased with increasing injection velocity. Williams pospd a statistical formalism for describing
the behavior of sprays which included the effects of drogtetvth, the formation of new droplets,

collisions and aerodynamic forces [18]. This study was aiigant step towards modeling the



spray’s break-up statistically and accounting for cadiis between droplets. Williams used the
Liouville theorem to describe the single-particle proliibdensity. Reitz et al. [19] implemented

three coupled models to simulate Diesel-fuel sprays. Theey dlow cavitation and evaporation
models for the Eulerian liquid phase along with an atomaratnodel for high-pressure Diesel

sprays. Luret et al. used a direct numerical simulation forove the Eulerium Lagrangian Spray
Atomization (ELSA) model [20], which was originally proped by Vallet et al. [21].

Arcoumanis et al. [22] developed a cavitation-induced aatron model, which used the total
area at the exit of the injection hole occupied by cavitatioibbles to calculate the radius of
an equivalent bubble having the same area as the entiratianibubble population. Huh and
Gosman [23] published a phenomenological spray atomizatiodel based on the assumption
that cavitation and turbulence inside the nozzle hole driated to turbulent fluctuations in the
exit flow, as the dominant source of perturbations at theduetace of the liquid jet. Baumgarten
et al. developed a model for cavitation and turbulence iedysrimary break-up which was able to
impose the influence of the cavitation nozzle flow on theiaggreak-up. Their model described
the transition from the cavitating flow inside the injectioole to the dense spray near the nozzle
[24].

Wan and Peters [25], Sazhin et al. [26] and Naber and SieB@&}srjodeled spray penetration
by solving the cross sectional averaged equations of thid-jguase flow, describing the mass
and momentum balance in the spray. Sjoberg [18] attemptatttwporate conditions at the tip
region of the spray by assuming that droplets were collectedregion near the spray tip; the
shape of the near-tip region was approximated by a ball oivigng radius. Roisman et al. [28]
studied a high speed fuel spray penetration at distanceh fonger than the break-up length in a
pressure chamber. In their proposed spray propagationimoesia of the liquid-air mixture and

the formation of the vortex-ring-like structures near thading edge of the spray were considered.



Their propagation prediction agreed well with experimédéda reported by Kamimoto et al. [28].
Panchagnula and Sojka [29] carried out a theoretical sttidsoplet SMD (Sauter Mean Diam-
eter) and reported that SMD increased with increasing alxss&nce for an effervescent atomizer
spray. They attributed this SMD increase to both coalescehtarge- and medium-size droplets
and evaporation of small droplets. A contrasting conclusias reached by Ghaemi et al. [30],
who showed that the increase of droplets SMD with increadowgnstream axial distance from an
atomizer was primarily the result of evaporation of smatiglets and to a much lesser extent the
result of coalescence. Kastengren et al. studied the effechbient gas density on the structure of
diesel sprays near nozzles using x-ray radiography. Theewations showed that the spray width
became much larger as the ambient density increased [3&nHKlouwel et al. used the shadow-
graph technique to determine macroscopic characterimtiba Diesel fuel injection spray. Their
work revealed that not all fuel sprays behave identicallgrewhen external conditions are kept
the esame [32]; this observation suggested a stochasticeniat spray behavior. Taskiran and
Ergeneman performed an experiment to find the temporal aatthbpvolution of Diesel sprays.
They investigated the spray penetration and cone angleamdlfthat the cone angle was time

dependent in their pulsed sprays [33].

2.3 Evaporation in Droplets and Sprays

Droplet evaporation has been modeled with varying degreesmplexity, according to the accu-
racy desired. Some droplet models have been developed baghd assumption that the droplet
surface temperature is uniform and does not change with tiftes simplification reduces the
dimensionality of the problem by eliminating the need tovechn energy equation for droplet

temperature [34] and can be desirable in simplified anallstudies of droplet evaporation and

10



thermal ignition of fuel vapor/air mixture [35-39]. One dfet most commonly used assump-
tions in modeling droplet evaporation is that the droplédires its spherical form, even when
moving [40-42]. Generally, the fuel droplet evaporationgass includes two main phases: the
transport of fuel molecules from the surface of the dropié gas through evaporation and sur-
face recession; and diffusion of fuel vapor from the dropletace of the droplets into the ambient
gas. Empirical correlations have been proposed for thecgatipn of droplets [43, 44]. Sazhin et
al. proposed numerical modeling of droplet heating and erstfon by convection and radiation
from the surrounding gas. Their work was based on an analydmution of the heat conduc-
tion equation inside the droplet, with the assumption of @stant convective heat transfer coeffi-
cient [45]. Woo et al. developed an analytical mass trarestpression to describe the evaporation
of pure droplets in the convective regime [46]. Brereton|[d&veloped a spherical model with
temperature-dependent properties for evaporation oficontiponent liquid droplets by simplify-
ing the partial differential equations of droplet heat #f@n and mass diffusion by approximating
them as ordinary differential equations. Torres et al. [d8d the Peng-Robinson equation of
state to extend their coupled PDE model of the continuitgrrtial energy and species diffusion

equations to high pressures and implemented their mulpoorent fuel model into KIVA-3V.

2.4 Micro-Characterizations of Sprays

Droplets produced by atomizers are not usually of uniforamditer and so can more usefully be
described by a distribution. One way of describing a sprdyyispecifying the mean diameter
of the droplets at certain locations. There are multiplenitains of mean droplet diameter and

each one may be useful for interpreting particular spraynphreena. A general relationship for
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calculating the mean diameter is:

N a 1/a—b

ab N
SN g Nid?

wherei represents the different classes of droplets which haveaires diametet;, and NV is the
total number of droplets, andandb are integers. Table 2.1 shows the different mean diameter

definitions and their applications.

Table 2.1 Mean diameters and applications

alb Name Symbol Application

1| 0| Arithmetic Diameter (AMD) | dqg Comparison

2|0 Surface Area d%o Surface area controlling
3|0 Volume d%o Volume controlling
2|1 Surface Area Length do Absorption

3|1 Volume Length d3q Evaporation

3 | 2 | Sauter Mean Diameter (SMD) d39 Vaporization

413 De Brouckere dy3 | Combustion equilibrium

The most commonly used mean diameter is the SMD, which repteshe diameter of an imagi-
nary droplet that has the same ratio of the total liquid vauma spray to the total droplet surface
area in a spray. It can be interpreted as a value that shovesahezation quality. The smaller the
SMD, the finer the droplets and the better the atomizatiomefspray. The aerodynamic forces
on a droplet and the time it takes to vaporize depend on is gizh smaller droplets having more
rapid acceleration or deceleration and shorter vapooadtmes than larger ones. Fig. 2.2 shows
a log-normal droplet distribution which is generated ranfjofor a total number ot 000 droplets.

Mean diameters of this distribution are presented in Talfle 2
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Figure 2.2 A randomly generated log-normal droplets distion

In 1981, O’Rourke proposed a collision model based on as$itzl approach [49]. This model

Table 2.2 Mean diameters in the spray of Fig. 2.2

Mean Diameter Name | Mean Value (i)
Arithmetic Diameter (AMD) 32.0
Surface Area 39.8
Volume 48.6
Surface Area Length 49.6
Volume Length 59.9
Sauter Mean Diameter (SMD) 72.3
De Brouckere 96.9
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did not require knowledge of the exact locations of any twllidiag droplets as the probability
of collision was computed statistically based on the logstritbution of the droplets present. The
model included only coalescence and grazing separatioropfets and so could not mimic other
processes observed in binary collisions. Ashgris and P8@0jlobserved that droplet separation
produced satellite droplets from the interacting regiotwieen two colliding droplets. Ashgriz
and Poo extended the O’Rourke model and divided the sepanatocess into the two classes of
stretching and reflexive separation to account for the ineatf satellite droplets [50]. Other re-
searchers such as Qian and Law (1997), Estrade et al. (188®8rann at al. (2001) also showed
that satellite droplets are formed in these collision psses and that the average size of droplets

decreases after collision [51-53].

2.5 Objectives of this Study

From the literature review, it appears that much empiricidrimation is available about macro-
scopic features of sprays, such as their penetration lsragttt spreading angles. Phenomena such
as droplet evaporation also appear to be well understoogdtated spherical droplets. Less is
known about microscopic features of sprays such as drogetasd velocity distributions, and
few measurements of these quantities have been reportede kvchanisms of instability that
promote the break-up of liquid jets into droplets have bemmiified, and models for the colli-
sion of two isolated droplets have been developed, it is le@rdiow well these models can be
adapted to predict details of real sprays with many intérgcevaporating droplets. Nor is it clear
how an unstable liquid jet develops into a spray with a paldicspreading angle and droplet size
distribution.

The objectives of this study are to make new experimentalsoreaents in an impulsively
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started fuel spray to address some of these unresolvediagdeto test the abilities of proposed

models to explain the behavior of real jets. In particulas planned to:

i) make new measurements of the effects of fuel delivery pressn macroscopic spray char-

acteristics;

i) make new measurements of the dependence of droplet stabution on distance from the

spray nozzle;

iii) make new measurements of the effects of fuel temperaturgpomy characteristics and

droplet size distribution;

iv) evaluate the adequacy of droplet evaporation models ifagxpg temperature-dependent

effects on droplet size distribution

V) evaluate the utility of droplet collision models for exjlieng the dependence of droplet size

distribution on downstream distance.

In addressing these objectives, the utility of single-tebpvaporation models and two-droplet col-
lision models for describing entire sprays can be assess#étk following chapters, the theoretical
background and experimental setup are described and tpé&etsize distribution measurement
techniques are explained in detail. Experimental measemerof fuel sprays are then reported

and compared with numerical calculations of the develograen-heptane sprays.
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Chapter 3

Theoretical Background

In this chapter, the theoretical background is presentethibasic physical processes that take
place within liquid sprays. The processes include bregldigplet transport, droplet collision and

droplet evaporation.

3.1 Droplet Evaporation

Droplet evaporation is a two-phase flow phenomenon thaticaminciple, be solved by using the
three-dimensional continuity, Navier-Stokes, thermargg and species conservation equations to
describe both the liquid transport within each droplet dredfkow of gas surrounding each droplet.
These two equation systems can then be coupled by contiairecapplications of the same prin-
ciples to a thin region at the boundary of each droplet. Hawévis approach is impractical as it
would need enormous computational resources and is nardlyiused in spray studies. Instead,
models have been introduced to make evaporation calcnsatimre practical, though the simplifi-
cations they introduce limit their validity to particuldasses of evaporation problems. Several of
these models are described below, and introduced in ordecr&asing generality and complexity.
A droplet is a small, often spherical, volume of liquid boeddalmost completely by a free
surface. Both the size and the shape are influenced by théetsogurface tension, which acts

to minimize the droplet surface area, tending to produceharsgal shape for a given volume of
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liquid. The process of droplet evaporation comprises twmmhbases [34]:

i) transport of fuel molecules from the surface of the drofajas in the immediate vicinity

of droplets, through evaporation with surface recessiod; a
i) diffusion and advection of fuel vapor from the surface & tiroplet into the ambient gas.

In the case of droplets of mixtures of liquids, a third phageresent: the diffusion of liquid within
the droplet as the surface concentrations of evaporatiagepchange. The first phase is usually
described by equilibrium thermodynamic relations relgtine momentary concentrations in the
liquid and vapor phase, such as the gas phase being sattwajgare droplets, or Raoult’s law
for droplets of liquid mixtures. The second phase is coregmith convective heat and mass
transfer, usually with the assumption that the dropletimstéts spherical shape, even when in
motion [40, 41, 54] on account of the dominance of surfacsitenover inertia. It is also usually
assumed that the temperature is uniform over the droplé&though it can vary with time. It
has been shown from three-dimensional internal flow caticula that isotherms often coincide

with streamlines [55] in both stationary and fast-movingplets, which justifies this assumption.

3.1.1 Thed? Law

A simple model for describing the rate of evaporation of aptebis thed? ‘law’. This model
relationship can be thought of as describing a sphericgldtof a pure liquid in a stationary gas
environment of constant temperature in time and space) tmtree liquid’s wet-bulb temperature.
Under these assumptions, it can be shown that the rate cdaerof the droplet’s surface area is
proportional to time [56], as

d? = d2 — ), (3.1)
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whered is the droplet diameter at tinted) is the initial droplet diameter andis an experimentally
determined evaporation constant. This model is incomplgiedoes not predict a value sfand,
even when a value of is provided from empirical sources, it is too simplistic tegict the size

of droplets accurately under forced convection or in thel Bteges of evaporation, when surface
tension becomes important. Fig. 3.1 shows experimentatanements of the non-dimensional
droplet ratio value with time for pure methanol for near geent conditions at an ambient pressure

of 1 atmosphere and a temperature3of K, together with a fit of thel2 model.

1
4 Experimental (Yang et al., 1990) —d-square
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Figure 3.1 Temporal history of droplet diameter for evafioreof a methanol droplet [2]

3.1.2 The Spalding Mass-Number Model

Another way of modeling droplet evaporation is to define asrnteansfer coefficient/f,) such

that

m// = hm (p'Us - ono>7 (32)
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wherern’’ is the mass flux of vapor at the droplet surface andandpy ., are densities of vapor
adjacent to and far from the droplet. For stationary dradlet quiescent atmosphere, evaporation

is controlled by the rate of diffusion of vapor ahg, is:

hm = —2, (3.3)

whereDy is the binary diffusion coefficient of fuel vapor in gas afygis the droplet diameter. For
the general case of evaporation controlled by both diffusiod convection, a dimensionless mass
transfer coefficient can be specified by a Sherwood numbgnedias [57]:

dghm

Sh ,
Dyg

(3.4)

Sh = 2 when droplet evaporation is driven only by molecular diifurs For the more general case
of evaporation driven by both convection and diffusion retations forSh are usually developed

from experimental or simulation data. One such correldbo’s' 2 for moving evaporating droplets

is [58]:
Sh= |2+ 0.87R€}/2SC}/3 (1+By) 07, (3.5)
where
U,d
Rep = ~dd (3.6)
vt
14
Sy = Dy (3.7)
Pus — Puoo YVS - YI/OO
By — - (3.8)
M Pygs L =Yg
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whereRef is the Reynolds number at the film surrounding each droplet( Ref < 2000), Scf
is the Schmidt number in the film regioR,, ; is the Spalding mass number akgl is the mass

fraction at the droplet surface. It can be shown from [59}:tha

1
YI/S = M P 9 (3.9)
1_|_ 0.9) 1— 0.9}
L+ 372 2]

whereM o, Mf, Pxo andPUf are the ambient gas and liquid molecular weights, and theearhb
and liquid vapor pressure at the droplet surface respégtiVee mass evaporation rate flux for a

single droplet is

3
d [ Fpgd 1 d
/i 6Ld%d
- = = Zp,—(d,). 3.10

From Egs. 3.2, 3.4 and 3.5, the rate of the droplet diametaedse can be determined as:

dd%wd) = 6pg {2 + 0-8736}/ 250}/ 3} (1+By) """ Dy (pvg—pusg) . (311)

This ordinary differential equation can be integrated dil ;(¢) using standard numerical meth-

ods.

3.1.3 Coupled ODE Models

Simple models for heating and evaporating of non-isothedraplets have also been developed.
Some models are based on approximations of the temperatdreaamcentration profiles inside
droplets as their steady-state forms, which results in OlbEdroplet diameter, and average tem-

perature and species concentration. For a spherically ggricnaroplet of a pure liquid, the un-
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steady one dimensional heat conduction equation insidérthet can be written as:

O k0, 90T

wherep;, ¢; andk; are the liquid droplet density, heat capacity and thermatioetivity respec-
tively (assumed to be constant)is the distance from the center of dropleis time and? is the
droplet temperature. If the droplet is heated by convedtiom the surrounding gas, and has a
constant surface temperatufe equal to the saturation temperatdrg,;, the boundary condition
at the droplet surface can be written as:

- oT
r=

whereh is the convection heat transfer coefficientis the specific heat of evaporation afigis
the ambient gas temperature. If a quasi-steady (paraldohir) of the temperature profile inside
the droplet is assumed [60]:

,

TszH%m—ﬂﬁGQ{ (3.14)

whereT¢ is the temperature at the center of droplet @i the droplet radius. Integrating both

sides of Eq. 3.12 with respect toyields

R a1 or
2 2
dr =kR ) 3.15
pZCZ/’,l:O atT g l <8T)T:E ( )

Taking the derivative of Eq. 3.14 with respectitandr respectively yields

—27’2R
R3

r\2

T =Te—Te(2)" + Toat = To) , (3.16)
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or 2r

After substituting Egs. 3.16 and 3.17 into Eq. 3.15 and sifyiph:

ki [hR
"~ RpL |k (Tg = Tsat) =2(Tsar — 1) - (3.18)

Given an initial value of the droplet diameter, Eq. 3.18 canrttegrated numerically to obtain the

droplet diameter at any time.

3.1.4 Coupled PDE Droplet Evaporation Models

The most sophisticated and expensive approaches to datgutiioplet evaporation typically in-
volve spherically symmetric treatments of multicomporanaiplets in a gaseous environment. In

this case the bulk continuity equation is:

dp

5 TV (pv) =0, (3.19)
Opp . 10 (2 N _
o+ 2o () =0 (820

wherep andv are the gas phase density and velocity, respectively. 8pbgaepresents the
properties of the droplet, while is the droplet radius. The continuity equation for species

assuming Fickian diffusion, can be written as

a%fi) + V. (py;v) = V. (0D; Vy;) (3.21)
Nowri) 10 ) Ay
T + _28_ <7“ PIVIY] z) _28_ r plDl o (3.22)
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The thermal energy equation is written as

a(pl
(gt ) 4 V. (o) = V. (AT +p 3" hiD;Vy;) = pV.0 (3.23)
O 1) 1.0 (,2
815 T 2or ( Twm) =
10 (,2)97] 2 yl K 9 (2%
przm ( ar ) + quel |i ( hl Z - hl)lm r or (324)

By integrating Eq. 3.21 over an infinitesimally thin contralume at the droplet surface, the

interface condition for mass fraction of speciesmn be derived as:
[pls (Uls B U‘S) (ygs,z' - yl,i> + plle,ivyls,i - pgng,ivygs,i] =0 (3.25)

; Jy; Ygoo,i ~ Ygs,i
Prs (g5 = 7s) <ygs,i - yz,i) oDy (j)ls—pgng,iShg,i <T =0 (3.26)

Since the total mass fraction is equalltdhe following constraint can be applied:

> yi=1 (3.27)
! fuel
together with [48]:
> DpiVy ;=0 (3.28)
Zbfuel

A summation over all specief Eq. 3.25 yields:

Pls (Uls — US) <ygs,F — 1) — Pygs Z Dg,z’vygs,z' n=0 (3.29)
ifuel
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By manipulating Egs. 3.23 and 3.25, the energy conservatitine interface can be expressed as:

{Z Lisps [_ (Uls - US) Yis,i + Dlvyls,i + AgsVTgs — )\ZSVTZS} =0 (3.30)
1
For a spherically symmetric droplet, Eqg. 3.29 is an equdbomthe surface regression rate:

f@szkﬂwngm”@¢<%mqi_ywm>
S:

(3.31)

T"S — Ul
2p57s (ygs,F>

An interface condition on temperature can be derived from332p as follows [48]:

(3.32)
This system of equations can then be solved, together widmgpearature-dependent library of
liquid properties, using a PDE solver for the governing éiqus inside the droplet, and a root-
finding procedure such as Broyden’s method for matching e &nd control-volume-obtained
surface conditions to obtaine detailed solutions of the oditrecession of the droplet surface and

the changes in temperature and species profiles within tEetras a function of time.

3.2 Spray Dynamics

3.2.1 Break-Up

In the atomization of a round liquid jet, a diverging spraynfig at the nozzle exit. It is also
the location of break-up of the liquid jet. The injected lidistream becomes unstable to small

disturbances over a wide range of conditions. While theipeamechanisms of break-up are still a
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topic of research, liquid jet break-up is usually dividetbidifferent regimes that reflect differences
in the shape of jets as the operating conditions are changedr main break-up regimes have
been identified for a round liquid jet injected into a stagngas: the Rayleigh regime; the first
wind-induced regime; the second-wind induced regime aadtbmization regime [61]. Rayleigh
break-up takes place at low liquid-stream velocity whenlsaraplitude disturbances on the liquid
surface promote amplification interactions between theidigand gas phases and initiate break-
up of the liquid stream into droplets. In this regime, thepded diameters are larger than the jet
diameter and the break-up occurs several nozzle diametemnsstream of the nozzle. The first
wind- induced regime is similar to the Rayleigh regime exdép droplet diameters are of the
order of the jet diameter. For high speed liquid jets, it ifdved that the growth of unstable
short-wavelength surface waves results in break-up of ¢sersl wind-induced and atomization
regimes. In the second wind-induced regime, droplet diareedre smaller than the jet diameter
and even smaller in the atomization regime. In the atonoraegime, break-up starts at the nozzle
exit. In order to make a quantitative classification of thegirup regimes, the Ohnesorge number

is introduced as the ratio of the inertia and surface terfsimmes:

Wé’l
h=—+ .
O R’ (3.33)
where the Weber and Reynolds numbers are defined as
U2d
Wey = —+L (3.34)
g
Ud
Rey = —*L (3.35)
Ky
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wherep; is the liquid densityy is the liquid surface tensiop, is the liquid dynamic viscosity/ is
the liquid jet velocity and! is the nozzle diameter. The so-called Ohnesorge diagraragsepts the
different break-up regimes, which are shown together viéizione of Diesel injection applications

in the following figure.
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Figure 3.2 Ohnesorge diagram

In Diesel sprays, the primary break-up is the first disiraéign of the coherent liquid into large
droplets near the hole of the injector, and the secondakiue takes place farther downstream.
Fig. 3.3 is a schematic of the primary and secondary break-aipypical Diesel spray. The physics
of primary and secondary break-up are believed to be veryptioated, and stochastic break-up

models have been developed to generate a range of dro@stagihigh Weber numbers [62, 63].

3.2.2 Collision Models

In regions of sprays where droplet distribution is sparsaplet size distribution is affected mainly

by evaporation. However, at high Weber numbers and wherdrbaet distribution within the
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Figure 3.3 Diesel injection: primary and secondary brepk-u

spray is dense, collision processes can play an importéntrréhe formation of the droplet size
distribution. Although droplet break-up can be inducedrigiactions between spray and gas mo-
tion, droplet collision is the mutual impact of two dropletaused by their differences in velocity
and direction within a spray. As two droplets impinge, thgioa of gas separating them can be
trapped as they collide, raising the gas pressure. Wherelaive velocity of droplets is not large
enough to overcome the pressure forces between the droffleysdo not impinge but bounce
apart. If the relative velocity is higher, droplets can ictdland temporarily or permanently coa-
lescence. At relatively low Weber numbers, the coalescenpermanent and the characteristics
of the new bigger droplet can be obtained from the initiagsiand velocities of the droplets. At
higher Weber numbers, temporary coalescence occurs argdlss kinetic energy of the droplets
leads to their separation. Droplets that coalesce temipot@nd to undergo reflexive or stretching
separation at low and high impact parameters respectigélybfL].

One of the earliest work in droplet collision has been donRayleigh [64] who observed that
small rain droplets bounce upon collision.

Several experimental studies have been performed on fieeatif mechanisms of binary droplet
collision. Ashgriz and Poo observed that both the reflexive stretching separations produce
satellite droplets from the interacting parts between taliding droplets, and result in a size re-

duction in droplets [50]. The after-collision charactads usually are described by the following
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non-dimensional parameters [65]:

d U2
we = "rel (3.36)
ag
d
A="L (3.37)
do
2B
- 3.38
dl + dQ ( )

whereWe is the Weber number based on droplet diameteis the droplet size ratid is the
impact parametep ando are the density and surface tension of the liquid phase hensibscripts

1 and2 represent smaller and larger droplets respectivelis the distance from the center of one
droplet to the relative velocity vectot/f..;) placed on the center of the other droplet, as shown in
Fig. 3.4. For a head-on collision, the valuebdt zero;i.e. the interaction height of the collision

region is equal to the summation of the radii of the two drtgp{see Eq. 3.38).

Figure 3.4 Parameters used to describe droplet collisions

3.3 Coalescence Criteria Calculation

In an attempt to predict the reasonable criteria for coalese, it is assumed that the interaction
of two spherical droplets of diametefs , do produces a spherical droplet of diametgirotating

with an angular momentug about its center of gravity.
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1
dy = (d3 +d3)3, (3.39)

The criterion adopted is that separation occurs if the imtat energy exceeds the surface en-
ergy required to reform the two droplets from the coalesaegldts of diameted;. The moment

of inertial of a sphere rotating about its axis through its center canriieew as

=70 o 8T 5 T . §
I = dm = — = —pd 3.40
/7*:0 ridm = 1opro” = g5pdo” (3.40)

The rotational kinetic energy can be expressed by [66]

22 46 46

02 10mpU,.¢1“ B2d7 ds
RE = — = 3.41
21 3d(1)1 ’ (3.41)

where,RE is the rotational kinetic energy. The surface energy reguio form two droplets

of diametersiy andd, from a larger droplet of diametel, and surface tensionis given by [66]

y
2 3) 3
SE =ndjo |1+ DY Ll (® , (3.42)
dq dq

where,SE is the surface energy. Following the criterion®l’ = SFE,

4.80 d_Q

:U2 f(

b
reldlp 4

) (3.43)

where, the dimensionless functigflogll—%) is given by the equation
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(3.44)

1 1
d _
£ C e
3.4 The O’Rourke Collision Model

The O’Rourke model has been widely utilized in numericatista of sprays and uses a statistical
approach to predict the outcomes of collision events. Thislehonly considers collisions of
droplets that are in the same computational cell. Thus thesiom frequency of larger droplets
against all smaller ones is [67]:

Ny =

w2 Vcell 4

(d1 + d9)?U

rel

(3.45)

whereV,.;; is the cell volume. O’'Rourke assumed a Poisson distributfodroplet sizes and

showed that the probability of no collision was [49]:
Py = e(~v2188), (3.46)

In this model, three collision outcomes are considerecetating separation with no generated
satellite droplets; bounce; and permanent coalescenceandom numbet is sampled from a
uniform distribution betweef and 1. If it is greater than the probability of no collision, celli
sion takes place between the two droplets; otherwise nasimolloccurs because the two droplets
bounce. The critical impact parameter that delineates @eemt coalescence from stretching sep-

aration is shown in Fig. 3.5 [68]. The value of the criticapiatt parameter{(/ P) is estimated as
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Figure 3.5 Effect of droplet diameter on coalescence-e$tieg separation in a binary collision of
the same size droplets

the square root of wheres

coal is the coalescence efficiency and is defined as:

coal

) 2.4 1 24 2.7
€coal:m'ln{]_, W—es (E—E—FK)}, (347)

_ PUZ (dy + d)

20 ’

Wes (3.48)

whereWegs is the Weber number based on the amplitude of the relativaxitgland the diameter
of each droplet. If arandom number betw@&eand1 is greater than thé'l P, stretching separation
with no generated satellite droplets takes place. Otheritis considered to be a permanent coa-
lescence. The conservation of mass and momentum equatiquise the post-collision properties

of the permanent coalescence regime to be:

Wl

dnew = (df +d3)3, (3.49)
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d3U + d3U.
M) (3.50)

UTLG'LU = 3
dnew

where the subscriptew denotes the value after collision. In a stretching sepamatiat generates
no satellite droplets, both droplets are assumed to retain size. The velocities of the droplets
after collision can be obtained from the energy and momermtmservation equations as:

b_
a3U; + d3U; + 3 (U; - U;) < _Viwaé)
OUL iyje {12}, i 4. (3.51)

Lnew 1
) 3 3
di +dj

In the bouncing process, bounced droplets preserve thginal diameters, while their velocities

are obtained from the momentum conservation equation:

3. 317 3(u. —u-
di ¢ dj J dj( ¢ ]>
3 3
di +dj

Unew, i = i, € {1,2}, i A4 (3.52)

3.5 Modeling the Generation of Satellite Droplets

Although the O’Rourke model only permits permanent coaase between two droplets, many
researchers have shown that satellite droplets are forftexctallision [50-52] and that stretching
and reflexive separation may take place. Models that inclhdse effects are described briefly

below.

3.5.1 Stretching Separation with Generated Satellite Drolets

Visualization data reported by Ashgriz and Poo [50] and Qiadh Law [51] suggested that, during
the stretching separation process, a portion of the inieracolume forms satellite droplets while

the rest remains in the original colliding droplets. Therefwhen two droplets experience stretch-
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ing separation, the interacting portion between them eseatligament which ultimately forms
satellite droplets, whereas the non-interacting porti@ates two droplets called ‘head droplets.’
According to Ashgriz and Poo [50], when two droplets collatea high impact parameter, only a

fraction of them come into direct contact, as shown in Fig. 3his fraction can be calculated as:

01 = C
1=NCyg (3.53)
Oy =Cyg
1——13(2A—7‘)2(A+7‘) fo7“h>£l2l
0 = ) 4A p (3.54)
ZQT(BA—T) forh<71
1—%(2—7’)2(1—1-7') forh>d72
Q=1 S (3.55)
14_ (3—1) forh < —22

whereh, V', A andb are the interaction height, droplet volume, size ratio @fpiiets and impact
parameter, respectively and

T=(1-b)(1+A4), (3.56)

A s d22) (1=-b) (3.57)

Mannannur and Reitz [69] proposed a separation volume ceftito determine the temporal cre-
ation of a ligament that is composed of the interacting vasiof the two droplets. The separating
volume is smaller than the interaction volume. To accountifese phenomena, the present model
defines the separation volume coefficient by assuming teatgparating volume is proportional to
the ratio of the energy required for separation to the totatgy of the two droplets. The separation

volume coefficient of stretching collision is defined as:
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CVS _ Est — Eten — Edis
Egst + Eten + Edis

(3.58)

where I/ is the total kinetic energyiy;,, is the surface tension energy in the interacting area,
andE;  is the viscous dissipation, often assumed tate of the total kinetic energy [69].
A3

s 1+a3— (1-07) (2 +2%0)],  (359)
1+

Epop = o—\/ dyr (21 + 430y 2 <%di’>. (3.60)
According to Munnannure and Reitz [69], the first shape ofitlberacting area after the collision
is a cylindrical ligament. Fig. 3.6 shows the process oftshiag separation and ligament and
satellite-droplet formation. The mass conservation eqgondbr the stretching separation with a
ligament is written as:

s T ™ m
Sdf + 23 = (1- Q) 2d] + (1 - Q) 2d3 + 2L, (3.61)

The diameter of the two ‘head droplets’ after the separat@mnbe written as:

il

digf = (1= Q) df] 3, (3.62)

il

dogf = (1= ) d3] 3, (3.63)

where subscript f indicates the status of droplet properties after collisibhe velocities of the
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Two end-droplets & satellite droplets
Figure 3.6 The stretching separation process

‘head droplets’ can be calculated from Eg. 3.11. Assumirgdhparation process takes place

rapidly enough, no heat or work transfer takes place andeadhservation of energy equation

can be expressed as:

L3072 4 13772 5. 2\ _ 11 3772 3772
305 (43U + a303) + 7o (a3 + a3) = 3o (1 - 01) U2 + (1 - Q) aU3) +

2
d d
p%ﬂr26Ur+7md1af 12af+ \/ }lf —r2 |+
2
daf | %
WUanf 2af + —4i—r2 + o2nrd + ¢, (3.64)

where is the viscous dissipatiom, is the cylindrical ligament radiug, is the ligament length,

andUy is the average velocity of the fluid inside the ligament. lis thodel, it is assumed that the
droplet velocities (before and after collision) and thewoé of the ligament are independent of

time. Also the radius of the ligament is assumed to be muchientban the diameters of droplets
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after collision. Making these assumptions and differg¢mgaEq. 3.64 with respect to time,

doi 2

(U2) — Aty =0 (3.65)

where " denotes a derivative with respect to time. The initial shaifphe mass that connects the

bulbous end-drops is assumed to be a uniform cylinder otteegual to its radius, so
28 = 71‘7’87’0, (3.66)
wherer() is the initial radius of the ligament
ro = E (0 + digﬂ v (3.67)

The average fluid velocity in the stretching ligament is asst to be proportional to the rate of
stretching so

Uy = C5, (3.68)

where('is a constant assumed to be unity [70]. The viscous dissipadite for a pure extensional

flow can be given by [69]:

2, 52
e ud
T Y (3.69)
Substituting from Eq. 3.65 and 3.68, we find that
-2 4
= (o i), (3.70)
r 2pr0

Mannunnar and Reitz showed that, as an alternative to gpthimmnon-linear differential Eq. 3.30,
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an approximation solution can be found by obtaining the diomensional radiug of the follow-
ing equation [69]:

0.5 3.5 2
k1koWen PR + R —1 =0, 3.71
4\/_12 6 ( )

wherek; andky are constants for the specific conditions. The diameterefjgmerated satellite
droplets is given by:

dgqt = 3.78rgR. (3.72)

The number of satellite droplets generated is:

3
3( 1o
Nepyr = — — 3.73
sat 4<Tsat) ( )

The velocity of the satellite droplets can also be found ftbemconservation of momentum.

3.5.2 Reflexive Separation and Generation of Satellite Drdets

Tennison et al. considered reflexive separation as an additoutcome when the Weber number

defined in Eq. 3.36 is greater than a critical Weber number of

3 7(1+A3>%—4(1+A2>

Abpq + 19

A<1+A3)2

Weppip = : (3.74)

where

n=2(1—p8)%\/1-p2 -1, (3.75)
o = 2(A — B)2\/A2 — g2 — A3, (3.76)

B = %b(l +A). (3.77)
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Fig. 3.7 shows the droplet formation process of reflexiveasgpon. As can be seen from this
figure, all satellite droplets generated from the sepanatre assumed to have the same size, so no

head-droplet is formed in this process.

O /ﬁ)

Combined droplet

Ligament formation

Ligament breakup

© OO

Satellite droplets

Figure 3.7 The process of reflexive separation

The velocity of the satellite droplets in reflexive sepamattan be obtained from Eq. 3.51.

3.+ B+ B (U — U _ Weery
a3U; + d3U; + a3 (U~ U5 ) 4 )1 L

yhje L2}, i A5 (3.78)

U =
new, 1 d?jtd?

The diameter of the satellite droplets can be calculatea ). (3.31) and (3.32) with the initial

ligament radius of:

1
ro — E ( %w%)} 3. (3.79)

3.6 Single Droplet Trajectories

Predictions of the trajectory of a discrete-phase droetlze obtained by integrating the force

balance on the droplet, written in a Lagrangian referenamé. The inherent three-dimensional
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character of the droplets is accounted for through an aeadic drag force. As a particle moves

through the fluid, it experiences a force equivalent to themaosite drag force of the droplets

moving relative to the ambient fluid. Inter-droplet effeotsthe aerodynamic drag are neglected.
The force balance equates the droplet inertia with the foemting on the droplet and, in the

direction, can be written as

dUp

glpp—p
— =Fp (U—Up)+7(p >+Fz, (3.80)

Pp

wherel'r, (U — Up ) is the drag force per unit droplet mass and

18u CDRG

) (3.81)
2
dep 24

Fp=

whereU is the environmental gas phase velocity, is the droplet velocityu is the gas phase
viscosity,pq is the gas densityy, is the droplet density, and), is the droplet diametetze is the

Reynolds number, which is defined as

dp |Up — U
R PR |Up — U (3.62)
il
The drag coefficientC’, can be found from
Cp=aj + 22+ 5 (3.83)

Re = Re2’

wherea, a9 andag are constants that apply for smooth spherical particles seeeral ranges
of Re given by Morsi and Alexander [3]. Figure 3.8 shows the dragffocient diagram for these

ranges of Reynolds numbers.
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Figure 3.8 Drag of a spherical droplet over a range of Reyswldnbers [3].

These models for the behavior of droplets undergoing eotiswill be examined in later sec-
tions of this dissertation. They will be used to determine eell experimental measurements of
droplet size distributions in sprays can be explained byletaollision theories. The evaporation
models will be used to assess whether evaporation is a sigmiftontributor to changes in droplet

size measured along the axis of a spray.
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Chapter 4

Experimental Methods

In this chapter, the experimental apparatus used to spedyrfa controlled manner, and to mea-
sure the macroscopic features of the spray and the drogletdsstribution is described. The
apparatus consists of five main parts: the fuel deliveryesgsthe injector control system; the fuel
heating system; the macroscopic visualization systemjlaadroplet size measurement system.
Fig. 4.1 shows a schematic of the experimental setup. A fyetior is supplied with fuel from a
pressurized tank through a fuel line. A computer controteaysis used to set injection parameters
such as time duration and time delay after a timing pulselltovaa specified volume of fuel to
be injected/sprayed. A capability was also provided to tieatfuel in the line upstream of the
injector, to explore effects of fuel temperature on sprayavéor. A high speed CCD camera was
used to record the spray propagation into quiescent suilings which, after image processing,
could be used to make macroscopic characterizations ofpifag.sA Spraytec diffraction-based
laser droplet sizing system was used to determine micrassppay characteristics such as droplet

size distribution. Each of these components is describeetail in the following sections.
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Figure 4.1 Schematic of the present experimental setup
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4.1 Fuel Delivery System

In these series of experiments n-heptane was used as théhesfuel delivery system is shown
in Fig. 4.1. To supply fuel to the injector, a cylinder of migen is used to pressurize the fuel tank
at a pressure controlled by the cylinder regulator. A seqmedsure gage is installed on the fuel
tank, which comprises two chambers. One contains liquitidod its outflow is connected to the
injector supply line. The other is a compressed gas accuarsa cylinder with two chambers
that are separated by a floating piston—connected to thegeitr reservoir. As the volume of
the compressed gas changes, the pressure of the gas (anmdgberp on the fluid) changes. An
injector (in these series of experiments, a commercial Bddodel PA66) is connected by a fuel
line to the accumulator, so that its pressure provides a fidwed when the needle of the injector
is energized. This injector is a type of commercial injestosed in common rail fuel injection
system which usually operates at pressures betwe@and300 M Pa. The original injector was

a 7-hole type with &.3 mm each hole diameter. In order to study the pure single plupggys
development, 6 holes were blocked out by using a commerg@rsglue. Fuel is then sprayed
from the injector. In order to refill the accumulator with f@ad change the injector, three high-
pressure valves are positioned as shown in Fig. 4.1. Wistsjstem, the injector can operate over
a range of pressures limited only by that of the nitrogen enaylinder.

In Fig. 4.2, a typical heavy-duty fuel injector with eleatragnetic fuel injection control is
shown. This kind of fuel injector consists of three main paatsolenoid spring; a control chamber;
and a nozzle chamber. In the closed position, both the dartbnozzle chambers are pressurized.
Because the area above the control plunger is larger thaardlaeof the nozzle chamber, there is
a net closing force and so no fuel leaves the nozzle. Wherolkaaid is energized, the resulting

magnetic force raises the ball valve and, because the #tlhewea is smaller than the A-throttle
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area, the pressure in the control chamber drops. Howewendhzle chamber is still pressurized
and so there is a net opening force that raises the controgptu The needle tip is then raised
and fuel is injected. When the solenoid is no longer enedyittee solenoid spring pushes the ball

valve to its original seat and terminates injection.

Solenoid

Ball valve
M\

Control
chamber

Needle
spring

Needle tip

>— 3
via.‘"'

Nozzle holef ,\Sac-volume

Figure 4.2 Schematic of a common rail fuel injector

4.2 Fuel Heating System

To investigate spray behavior at fuel temperatures abov@est) a heating system is used. As
fuels are flammable, a high capacity water heater is usedige the fuel temperature using a
cross-flow heat exchanger. The circulating water passesghrinsulated lines and transfers heat

to the injector. Table 4.1 shows the water heater specibicsti
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Table 4.1 Water heater specification

Item Water Heater
Type Residential
Tank Gal) 10
\oltage 120
Phase 1
Total watts 2000
Number of elements 1
Height/Top of the heatelir) 23
Jacket diametetif) 15—-3/4
Water connection 3/4inNPT
Temperature range 90t0220F
Weight (b) 47.05
Model 1PZ78

4.3 Injection Controller System

A FireLynx engine controller system is used to customizeitijgction period and delay in these
experiments. The FireLynx is a programmable engine cdetrdesigned to operate in environ-
ments from -40C to +75°C with built-in over-voltage, over-current and over-temgtare protec-
tion. This system also permits independent external waketmntrol of multiple injectors, with

a temporal resolution of 0.01 ms. The output voltage to tjector can be scaled from the input
supply voltage or the built-in 3 power supply and the period of injection can take any value

above 0.2ns, however the injection pulse width was 214 in all experiments.

4.4 Macroscopic and Microscopic Visualization Systems

The optical techniques used in spray visualization can Weeti into two sub-categories: direct
imaging and non-imaging techniques. Direct imaging in cii@jection spray diagnostics has
focused on observation of the spray structure and geon®igh as spray cone angle, cluster

break-up, and penetration length. Non-imaging opticahnéepues measure spatial and temporal

45



droplet size distribution and velocities.

4.4.1 Macroscopic Visualization System

Direct imaging is used for evaluating the macroscopic dattaretics of a spray and consists of
taking photographs with a charge-coupled device (CCD) carteecapture images of the spray
or spray droplets. lllumination is carried out with a flaghli or pulsed laser, which creates a
high intensity light source of short duration. The primagguirement in determining the spray
geometric parameters is that the entire spray be imaged.ifAromlight source, a diffuser, and
a Photron CCD camera were configured to generate backlitasafjthe entire spray (Fig. 4.3).
This camera can be used with different rates to record theysgevelopment. For 10,000 and
300,000 frame per second rates, the resolution is 896X8d4286X64 pixels, respectively. The
corresponding physical resolution in images is approxahyeil m/pixel. These footprints have
16 Bit gray color. To freeze the motion of the droplets in tpeay, a triggered flash lamp with

sub-microsecond duration was used.

Injector

Diffuser

O: Camera

Light Source —O—;j"

Figure 4.3 Schematic of the macroscopic visualizationesyst
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A continuous light source and a CCD camera with a very shgrbsure time were used to
record spray images. The light and/or camera triggers wereated with time-delayed signals
from an injector driver circuit. Additional electronic cwals were used to synchronize and phase
the injection, the light source and the camera shutter. Asshn Fig. 4.4, backlitillumination was
used for uniform imaging of the spray and was effective fepheing the spray edges. To evaluate
the principal spray parameters such as the spray angle aaldspray penetration distance, the
edges of the spray were determined. To define the spray boymnak@ge processing techniques

were used to distinguish between droplets at the spray l@wym@ehd optical noise.

Figure 4.4 Backlit image of a direct Diesel injection spray
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4.4.2 Laplacian-Gaussian Edge Detection

Edge detection algorithms are commonly used for evaluatingpe Diesel spray macroscopic
characteristics properties. These algorithms find edgeddhm a closed contour and completely
bound an object. The intensity of an image changes at thesewfgee specific shape is shown in

Fig. 4.5.

N U
11

Figure 4.5 Intensity and spatial intensity derivative fumaes near the edges

If the intensity profile of an image changes continuouslindicates the presence of an edge.
The Laplacian is a 2-D isotropic measure of the second $pliavative of an image and in 2-D
images can be defined as:

o2f  0%f

2 _JJS Y
Vef(x,y) = 92 + 0y2. (4.1)

The Laplacian of an image highlights regions of rapid intignshange and therefore can be used
for edge detection. However, as a second-order derivdlied,aplacian is very sensitive to noise
and so is applied to images that have first been smoothedpiiéigrocessing step reduces the high

frequency noise components prior to the differentiati@pstOne possible preprocessing tool is
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the Gaussian smoothing. The Gaussian distribution fundtiawo variables;(z, y) is illustrated

in Fig. 4.6 and is defined as
—(22+y?)

1 —_ v
e 20° (4.2)

2ro

g(z,y) = 2

wheres is the standard deviation representing the width of the &anoglistribution. The shape of

the distribution and hence the amount of smoothing can beated by varyings.

Figure 4.6 The Gaussian distribution in two variables

In order to smooth an image with the intensity functionf¢f, y), it is convolved withg(z, y)

to produce a smoothed image with the intensity functios(af ).

s(z,y) = f(z,y) * g(x,y). (4.3)

After smoothing the image with a Gaussian operator, thedaph of the smoothed image is taken,
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which is equivalent to convolving the original imagér, ) with a Laplacian of a Gaussian (LOG)

—

operator. Fig. 4.7 shows the LOG operator.

(a) f(x) (b) Gaussian smoothing of f(x)

(c) LOG of f(x)

Figure 4.7 The LOG operator

The zero crossing is the location in a Laplacian of an imagere/the value of the Laplacian
passes through zero. Such points often occur at the edgesages where the intensity of the
image changes rapidly. Fig. 4.5 shows that in the approaattt@nge in intensity, the Laplacian
response is positive on the darker side, and negative ongtiter side. Thus there is a sharp edge
between two regions of uniform but different intensitiesl dne Laplacian response is: zero at a
long distance from the edge; positive just to one side of tggegnegative just to the other side of
the edge; and zero at some point in between, on the edge (Isele the image has been converted
by the Laplacian of a Gaussian filter, the algorithm detewtszero crossings. Fig. 4.9 shows a

Diesel spray shape before and after the image processing.
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Figure 4.8 Steps of a LOG operator

(a) (b)

Figure 4.9 (a) n-heptane spray with rough edges before tahgemrocessing. (b) The same spray
after implementing edge detection image processing
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4.4.3 Microscopic Measurement Systems

Specialized laboratory instruments have been developetiédasurement of droplets in automo-
tive fuel sprays as laser diffraction instruments and ptiagepler instruments. These laser-based
instruments may be used to measure and record the sizesppéravithin fuel sprays. However,
they do not necessarily give identical results in the samayspgPhase-Doppler systems measure
the size distribution of a spray in a very small probe volunigclv is created at the intersection of
two or more focused laser beams. Laser diffraction measliogdet size distributions by measur-
ing the angular variation in intensity of light scatteredadaser beam passes through a dispersed
droplet sample. Large droplets scatter light at small angiative to the laser beam and small
droplets scatter light at large angles, as illustrated @ &i10. The angular scattering intensity
data is then analyzed to calculate the size of the partielgigonsible for creating the scattering
pattern, using theories of light scattering. The droplee s reported as a volume equivalent
sphere diameter. Thus in laser diffraction methods, the digtribution result is obtained from
the region of the spray within the laser beam cross sectiaoppssed to the probe volume in
phase-Doppler anemometry. The need to move the probe vdiwrmegh numerous positions
in the spray makes phase-Doppler measurements significaiatle time consuming than laser
diffraction ones. In both methods, the droplet sizing pagtars obtained from the size distribution
curves are the Sauter Mean Diameter (SMD) and the dropletaters corresponding to the% or

90% cumulative volume point on the droplet size distributioneu Dv50 and Dv90 respectively.
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Figure 4.10 Scattering of light from small and large paetcl
4.4.4 Malvern Spraytec

The Malvern Spraytec was designed as a laser diffracticiesyt measure droplet size distribu-
tions from light scattered by the spray droplets in a cylicelrbeam of laser light, as illustrated
in Fig. 4.11. The light scatter from droplets is collectedthg Spraytec after first taking a back-
ground measurement. The scattered light is then used toardpatially integrated droplet size
distribution. The diffracted light from the droplets withihe working distance and size range of
the receiving optics is collected in an annular array of ptd#tectors and its intensity measured.
The recorded scattering pattern is then analyzed using asbéittering model to yield a size dis-
tribution. The angular range over which scattering measargs are made has been optimized
within the Spraytec to ensure poly-disperse size distiobgtare fully resolved. Particle size cal-
culations are then carried out using a multiple scatteriggrihm. This ensures accurate particle
size distributions can be measured a8 obscuration, beyond the range of operation of tradi-
tional laser diffraction systems. To properly calculate dinoplet size distribution, the software has

the user input the optical properties of the material beiegsared. Laser diffraction systems yield
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Figure 4.11 The Spraytec spray measurement

a size distribution measurement from scattering data aent in time, as a single measurement
from the entire scattering volume. No measurement of dtemelecity distribution was made. The

main components of a Spraytec system are shown in Fig. 4.12.

Figure 4.12 Key components of a Spraytec system
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4.4.5 Optical Support Bench (X-bar)

The optical support bench or X-bar supports the transméatel receiver modules. The X-bar
allows the transmitter and receiver can be moved to diftgpesitions, with the detector optics

remaining aligned to the transmitter laser path.

4.4.6 Transmitter

The transmitter contains the laser source which producedlismated beam of 14nm diameter
with a wavelength of 632.8m. The laser beam from the transmitter passes through theumgeas
ment zone within the spray, then through a lens and proteetimdows to the detector array in the
receiver. The resultant scattered light is detected by ¢bectors in the receiver. When no spray is
present in the measurement zone, the transmission leve0js.1However, some light is blocked

when droplets are present in the beam.

4.4.7 Receiver

The receiver holds the lens assembly and photodiode detdetments. A 300nm lens focuses
scattered light onto the detectors and by using Mie scagehieory, the size distribution of scat-
tering droplets is determined. The receiver has 36 detethat sense the scattered-light intensity
of droplets as small as 0/on. Mie scattering theory is applicable to homogeneous andrsgi
droplets of arbitrary size illuminated by plane waves [7A¢cording to Mie theory, the intensity
of the scattered light which reaches an observer is a fumafdhe incident light intensity and
scattering function. Mie theory requires knowledge of tp&aal properties such as the refractive
index of the droplet-gas interface. A typical Mie scattgrjpattern is shown in Fig. 4.13. Each

bar in the histogram represents the scattered light captwene of the detectors and so relates

55



directly to the size of the particles.
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Figure 4.13 A snapshot of a scattering pattern of the datactay
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4.5 Experimental Plan

The overall experimental plan is to make measurements dilsiyely started fuel sprays under a
range of controlled conditions that will provide new datatfee design of fueling systems and tar-
get data for assessing the validity of droplet evaporati@hdroplet collision models in predicting
the microstructure of sprays. Since diffraction-basedsueaments of droplet size distribution can
only be made reliably well downstream of the nozzle, it impldhto make these measurements at
a series of such locations along the spray axis. The sizetdisbn data at the location closest to
the nozzle can then be used as an initial condition for tggtie ability of collision and evapora-
tion models to predict the droplet size distribution at nmlétlocations further downstream. Since
droplet evaporation is known to be sensitive to the tempegadifference between the liquid and
the surrounding gas, it is also planned to measure thesedata range of fuel temperatures, and

SO provide target data for testing the temperature seigio¥ evaporation models. The plan is
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to make these measurements using n-heptane as the fuekbeataua pure substance with well
known properties and is representative of gasoline.

The overall experimental plan is therefore:

i) Measure the shape and spray angle of n-heptane spraysamtmt conditions as a func-

tion of time and penetration distance, to describe theirrosmopic structure;

ii) Carry out the measurementsipfor fuel temperatures at a controlled range of values above

ambient to determine the effect of fuel temperature on nsameic spray structure;

lii) Measure the droplet size distribution at the closest lonab the nozzle at which reliable
diffraction-based measurements can be made, as indicgtéuedight transmission effi-
ciency, for use as an initial condition for testing evapioratand collision models and for

characterizing the micro-structure of the spray;

iv) Measure the droplet size distribution at a series of dowast locations, and at on- and
off-axis locations, to characterize the microstructuréhefspray and provide target data for

collision and evaporation models in sprays; and

V) Repeat the measurementsiiof andiv) at different fuel temperatures, to determine the ef-
fect of fuel temperature on spray microstructure and to idotarget data for spray model

testing.
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Chapter 5

Experimental Results

In this chapter, experimental results are presented ofttag gjeometry and the size distribution of
droplets in the far field of the spray. The liquid was chosem-Bleptane, which is representative of
gasoline, and an impulsively started spray was generaied asow pressure Bosch 7-hole injector
with all but one hole blocked. This configuration was chosesmays from single orifices provide
better target data for computational modeling than thas® fmultiple orifices, as the complexity
of merging sprays is avoided. The injector hole diameter Wasnm. While injector actuation
is almost perfectly repeatable from event to event, thereatfi break-up is believed to depend
on instability in the presence of small disturbances ancheasstibsequent evolution of sprays is
stochastic in nature. For this reason, multiple measurésrare made of each injection event so
that both instantaneous and average data can be recordededdrted droplet size distributions
are time averaged during the spray event and include anges/eize distribution along the whole

spray from the front edge to the tail.

5.1 Measurement Error and Malvern Instrument Calibration

To better understanding of the experiment results, it isorgmt to calculate the order of mag-
nitude of error in the experiments. In this study, spray gnetration and angle are obtained by

implementing image processing; explained in previous tgrapn the raw images. In order to
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calculate the fuel spray tip penetration, the location ef ithjector tip and spray front edge are
necessary, the maximum error of reading these locationbea@npixels as Fig. 5.1 shows. Since
the maximum length of each pixel in the studyispm, the maximum error in finding spray tip
penetration i$).1 mm. In the similar way, it is obvious that the maximum error cdideng pixels
for calculating spray angle is two pixels at 60 diameters mkiveam of the injector tip [1]. By

using Eq. 5.1, it can be shown that the maximum error in repttia spray angle is almogt3 ©.

0 ~tanf =

~ @)
0 3OO?"CLd ~ 0.3 (5.1)

Injector diameter (d)

60d

Figure 5.1 Error in measuring fuel spray angle and penetrati

In this study, the Malvern Spraytec instrument was useddser-diffraction measurement.
For ventilation purpose, a vacuum system collects fuel afpeaying. In order to show that this
vacuum system has negligible effect on fuel spray developinethe experiments, two different
approaches were taken to investigate the influence of thewmasystem on measurement results.
In the first approach, the ambient air velocity was measuteéldeaentrance of the drain system.

Since this velocity was too low to be measured by conventipitat tube device, the air velocity
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was measured at the horizontal section of the vacuum dratesyas it is shown in Fig. 5.2, then
by using incompressible flow assumption, the air flow veloaias calculated at the drain entrance

as it is shown below:
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Figure 5.2 Flow velocity measurement in vacuum system

2 2
D 16.
Q = Ajv] = Agug — vy = (D—;) v] = (%) x 3 =0.23 % (5.2)

The calculated air flow velocity at the vacuum entrance idigigde compared to the fuel spray
velocity which is order of 50n/s. In the second approach, the droplet size distribution atealfi
injection pressure and temperature was measured for twascdmving the vacuum system on
and off. Fig. 5.3 shows that the droplet size distributioalimost identical for both cases which
indicates that the vacuum system has almost no effect orxrexienental results.

In order to assess the accuracy and limitations of the Malirggtrument, it is necessary to
simulate the dense spray environment with a two-phase mredfilknown particle number density
and distribution. This was accomplished using a dispersioSolid Soda Lime microspheres

in distilled water in a stirred glass test cell. In order tokeaure that using a glass container
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Figure 5.3 Effect of the vacuum system operation on measmerasults (injection pressure and
temperature are 5/ Pa, 25° C, respectively

does not affect the Malvern device measurement resultbiilsfrom fine microscopic slides and
it is placed such that the Malvern laser beam is perpenditaléhe sides of the container. A
test measurement of particle size distribution was alsa@wected to investigate the effect of this
container on the performance of the Malvern device. In gBsfuel spray, the size distribution for
n-Heptane was measured with and without the container,asrsim Fig. 5.4. Fig. 5.4 shows the
results of this test which demonstrates that the glass c@nthas almost no effect on the Malvern
device performance. The pulsed spray ran for 50 pulses atdpedse had the duration ofi2s
with the frequency of 407z (Fig. 5.5). Based on the pulsed spray Weber number rangesin th
experiment, no droplet splashing interfered with the Malvaeasurement [72].

In order to calibrate the Malvern instrumenty1of Solid Soda Lime glass made by Cospheric
Inc. (which has microspheres in the range of 37x46) was agitated in 20@:/ distillate water
in the glass container. Agitation was performed to preveatgarticles from coagulating. The
Malvern instrument indicated that 95.4 percent of partickere in the range of 34-40m, as
shown in Fig. 5.6, which is the same as the certification fotiglas by Cospheric Inc.

It is also noteworthy that the Air Force Research Laboratelsased a technical bulletin on cal-

ibrating the Malvern SprayTech device [4]. The goal of tlstirdy was to assess the capability and
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Figure 5.6 Calibration results of Malvern Spraytec with&8Yxm microspheres

limitations of the laser diffraction technique in densesgst This involved a relatively broad range
of sizes from tens of microns to nearly a millimeter in diaenetn order to assess the accuracy and
limitations of the instrument, it was necessary to simullagedense spray environment with a two-
phase medium of known particle number density and disiohufThis was accomplished using a
dispersion of solid, spherical polystyrene microsphenesdastilled water in a magnetically stirred

glass test cell. Separate experiments were conducted aath iestrument using both monodis-
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persed microspheres at concentrations ranging frdihto 90% transmission and sizes ranging
from 30 to 650 um. Experiments were also conducted with polydispersed mastof beads over
the same range of concentrations and sizes. The polyd&perstures consisted of six differ-
ent bead sizes in relative concentrations that approxuiiagenormal size distributions typical of
large-scale rocket injectors. Their results from the p@gdrsed experiments were presented as a
percent error in the volume-weighted volume mean diameten the actual size. Volume mean
diameter was chosen as a representative indicator of agcdistribution because the instrument
uses a process of inverting the light scattering data tomlt@article volume distribution and is
thus geared toward providing maximum accuracy in a volumamuameter. Fig. 5.7 contains
plots of measurement error which they obtained, expressedpercentage of volume mean di-
ameter as a function of transmission for each of the polylsgd bead mixtures. The Malvern
Spraytec instrument shows very high accuracy over the rahtyansmissions studied in this the-
sis. The instrument was accurate to within +f41L0 the transmission range of/2to 90%. The
instrument produces reasonably good results even at artisgien of £o. However the minimum
error occurred at above B0transmission for all the distributions which is always tlase in the

experiment of this dissertation.

5.2 Droplet Size Distribution within a Pulsed n-Heptane Spay

During a single injection from a pulsed fuel injector, thb thata showed a variation of the droplet
size distribution along the spray. The leading edge of thayspas larger droplets than the trailing
edge as shown in Fig. 5.8, where the droplet size distribusiglotted at the spray leading edge,
middle section, and trailing edge. These distributionsaveenstructed from 50 ensembles of data,

with each of the three distributions determined from@.8of data, with the entire passage of the
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spray through the measuring volume taking:2. The corresponding values 6fy3 andDv50 in
these parts of the spray, measured at/b from the injector nozzle, were7.73 pum, 23.1 um,
19.93 pm and 23.16 um, 18.43 um, 15.35 um, respectively. For a single spray injection, the
minimum spray droplet mean diameter occurs near the spiayltathis study, all subsequent

droplet size distributions plotted are averaged over thiesslength of the spray and representative

of the size distribution in the center of the spray.
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Figure 5.8 Droplet size distribution variation along a npitbe single spray injection
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5.3 The Geometry of a Low Pressure n-Heptane Spray at Am-

bient Fuel Temperature

Experiments have been carried out using the methodologyritbed in the previous chapter for
n-Heptane pulsed injection into an ambient atmosphereitions at 20°C, 1 bar at fuel supply
pressures between 5 and 10Pa. A typical image of the resulting spray, 0.3 ms after injecti

is shown in Fig. 5.9. It can be seen that the spray for a singlke imjector is a symmetric cone
shape with a spray angle of approximately’15he spray appears to be less dense at its edges

and front, possibly because the proximity to the ambieneairances evaporation. In Fig. 5.10,

Figure 5.9 n-Heptane spray overall shape

the development of an n-heptane spray injected at an upsfpeassure of 10V/ Pa is shown.

The development of the break-up core can be seen in this segud images. The front edge
of the spray gets sharper as it moves and it can be seen thlatehle-up starts almost from the
center of the spray. The spray is less dense at its sides andrdiplets are finer in this area

than the center. Because of the stochastic nature of saystal experiments were performed
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Figure 5.10 Development of n-heptane spray af1Ba, 25°C

to determine how the spray cone angle and penetration wdwddge under different injection
conditions. For this purpose, the variance is defined asvitrage of the squares of the differences
between the individual experimental values and their @yatavalue. Standard deviation is defined
as the square root of the variance and is used to express hasuneenents for a group are spread
out from the average. Fig. 5.11 shows the behavior of the aogé value at an injection time of
2 ms at two different injection pressures, for 50 independepeexnents at the same conditions.
As the injection pressure doubled fromM5Pa to 10 M Pa, the spray angle decreased by about
3 degrees. The vertical lines show the numbers between thienonin and maximum measured
values during the experiments. Because of the stochadticenaf the secondary breakup [73],
the spray edges vary with time. From Fig. 5.11, it can be iefethat the spray angle varied
during the injection [1] and this is thought to be due to thstaady nature of the spray formation.
The measurement error of cone angle in the experimentasseriless than 0.3 degrees, so the
variations seen in Fig. 5.11 and Fig. 5.13 are not noise.

Fig. 5.12 shows the averaged value of the spray tip penatrafi50 observations at the same
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Figure 5.11 Dependence of spray angle on time and injectiesspre at a fuel temperature of
25°C in a 25°C ambient.

conditions, for two different injection pressures. As thgection pressure increased, the spray

liquid-jet Reynolds and Weber numbers increased, and phaf the spray developed faster.
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Figure 5.12 Effect of injection pressure on the spray tipgeation at a fuel temperature of 26
in a 25°C ambient.
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5.4 The Effect of Fuel Temperature on the Geometry of a Low

Pressure n-Heptane Spray

Fig. 5.13 shows the behavior of the cone angle at an injetiiom of 2 ms for different n-heptane
temperatures, for 50 independent experiments performéteatame conditions. At the higher
fuel temperature (by 5@), the spray angle decreased by several degrees. The Vintsashow
the values between the minimum and maximum measured valuggydhe experiments. From
this figure, it was inferred that the spray angle varied dytire injection and was again due to the

unsteady nature of the pulsed spray. Fig. 5.14 shows thageeralues of the spray tip penetration
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Figure 5.13 Dependence of spray angle on time and on fueldeatype

of 50 observations, at the same conditions, but for two feigeratures that differed by 50. At
the higher fuel temperature, evaporation was thought tornera important phenomenon and so

the increased rate of droplet evaporation made the frorteo$pray develop more slowly.

5.5 The Microscopic Characteristics of an n-Heptane Spray

In this section, data obtained from laser diffraction measents of droplet diameters in a pulsed

spray, using the techniques described in the previous ehapt presented. The sizes of droplets
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Figure 5.14 Effect of fuel temperature on spray tip penietmat

in the spray are described by a log-normal distribution,hessvé in Fig. 5.15. In this figure, the
logarithmic abscissas represent both the volume frequamdyumulative volume percentages for
droplets which have the same range of diameters. Thesédisins are the time averages of 50
experimental distributions measured under nominallytidahexperimental conditions.

In Table 5.1, stochastic parameters of the data presenteyirb.15 are shown, with Dv50
and Dv90 as the droplet diameters at which 50 and 90 percegheafolume of spray droplets is
smaller and the rest is larger. Dv50 value is also known ad/thes Median Diameter (MMD),
and indicates the mid range of the distribution. The ternafiB' is a measure of the amount of
(transmitted) laser light reaching the beam power dete@Gome light is blocked when droplets
pass through the measurement area. When the transmitteddighore than about 80%, there
are too few droplets in the area of measurement; when it ssthes about 20%, the spray in the
region of interrogation is too dense. In either of these sadiffraction measurements may not be
trustworthy.

The Malvern instrument has the ability to measure the dtgate distribution in time intervals
as short as 0.4s. Fig. 5.16 shows the variation of different droplet size mealues during

a single injection. In this figure, the solid black line regerts the variation of received laser
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Figure 5.15 A typical size distribution of droplets in the feld of an n-heptane spray at an
injection pressure of 5 MPa and a fuel and environment teatpes of 25C

Table 5.1 Stochastic values of Fig. 5.15 distribution

property | average standard deviation min | max
Trans(%) | 63.3 9.3 54 87

Dv50 (um) | 22.17 1.463 21.06| 26.42
DvO0 (um) | 49.1 2.06 48.16| 55.46
SMD (um) | 16.15 1.019 15.45| 19.24

intensity. It is clear that as the spray develops the trassionm percentage reduces, showing that
the middle of a single spray is denser. After the dense regfidhe spray and near the tail of the
spray the transmission percentage increases. From diffaveraged droplet diameters, it is clear
that the front leading edge of the spray consists of largepldts compared to the middle and tail
of the spray. Based on Fig. 5.16, during a single injectibe, gpray front leading edge Sauter
Mean Diameter (SMD) i26 % more than the minimum SMD; happening near the spray tails Thi
relative percentage is 35 and 45 for Dv50 alpg, respectively. In this study in order to investigate
the spray characteristics, a time averaged data of seveadumements were used.
Fig. 5.18 and 5.17 show the effect of the injection pressur@mplets size distribution at

a distance of 19nm from the injector tip—the closest location at which relaheasurement
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Figure 5.16 Variation of droplet size mean values duringnglsiinjection

could be made. Each graph is the time average of 50 expeimapasurements at the ambient
temperature of 25C and is measured at 18m and 25mm below the injector tip respectively.
From these figures, it appears that increasing the injegiieasure moves the distribution to the
left in Fig. 5.15, implying there are more smaller droplétsom Fig. 5.18, at an injection pressure
of 5 M Pa, approximately 99% of droplets have diameters less thanh®0while at 10M Pa,
this measure of diameter drops to 1@®. Thus the droplet size distribution is very sensitive to
the injection pressure. Table 5.2 shows the SMD and Dv50egadund their standard deviations

for these experiments.

Table 5.2 Mean droplet sizes of Fig. 5.17

Injection Pressure Mean Size| Average| Standard Deviation
L i
sowpa | QOUM) ZSIE | 21T
sowpa | QOUM) [ ZSie | 21T

Fig. 5.19 shows the size distribution of droplets at diffeéraxial locations when the ambient
and fuel temperature are 256. These measurements were made downstream of the locéation a

which the primary and secondary break-up take place. Fraigjure, it can be seen that the size
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Figure 5.17 Effect of injection pressure on spray droplets distribution
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Figure 5.18 Effect of injection pressure on cumulative ghaplet size curve

distribution is shifted towards a larger ensemble of droglameters with increasing downstream
distance. This observation is important because it sugdkat there is a greater proportion of
larger droplets in the spray as axial distance increaseis SHift to larger droplets in the distri-
bution could be caused either by the removal of small dregghebugh evaporation, or by droplet
collision yielding more larger droplets.

Fig. 5.20 shows the variation of M D with axial distance from the injector tip. This figure
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Figure 5.19 Droplet size distribution at different axiatddions, at an injector pressure of 5 MPa
and fuel temperature of 2& (herez is the axial distance from the injector tip)

shows unambiguously that the average droplet diametergyneils axial distance and that the shift
in the droplet distribution to larger diameters is not aifact of the removal of small droplets from
the distribution. Therefore droplet collision, which caelg larger diameter droplets, appears to
be an important mechanism during spray development. |6 @bssible that droplet coalescence
takes place as a result of collisions, leading to an incr@asee SN D of droplets with axial

distance.
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Figure 5.20 AxialS M D variation for the injection conditions of Fig. 5.19

Fig. 5.21 shows thé& M D of droplets at different -on and off -axial locations, at aemb and

fuel temperatures of 2. From this figure, it appears that droplets are finer at tgegdf sprays,
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where evaporation is more prevalent and there are fewerrtppbes for collisions.
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Figure 5.21 The variation of droplets\/ D for different off-axial locations at ambient fuel
temperature at 25C

5.6 The Effect of Fuel Temperature on the Microscopic Char-
acteristics of an n-Heptane Spray

Figs. 5.22 and 5.23 show the effect of the fuel temperaturtherdroplet size distribution in an
impulsively started n-heptane spray. Each graph showstieeaveraged of 50 experimental mea-
surements at an injection pressure af/A”q« and an axial location of 108:m from the injector
tip. From these figures, it is clear that increasing the feglgerature from 25 to P& shifts the
size distribution function to the right, which corresporidgewer smaller droplets and a greater
proportion of larger droplets. This effect is thought to heedo evaporation, which is more pro-
nounced at higher fuel temperatures and depletes the sfitaygmallest droplets. Table 5.3 shows
the SM D, Dv50 and standard deviations for the data in these graphs.

Fig. 5.24 shows droplet size distributions at differentahkbcations in a n-heptane spray at
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Figure 5.22 Effect of fuel temperature on the spray dropiet distribution
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Figure 5.23 Effect of fuel temperature on the spray dropit sumulative distribution curve

Table 5.3 Spray mean droplet sizes of Fig. 5.22

Fuel Temperatur¢ Mean Diametell Average| Standard Deviation
250 Dv50 (zm) 30.65 3.633
SMD (um) 23.04 2.982
50P Dv50 (zm) 24.22 3.25
SMD (um) 18.17 2.373
70P Dv50 (zm) 22.97 0.963
SMD (um) 16.9 0.556
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a fuel-line temperature of 7&- a temperature at which droplet evaporation was shown to be
significant in Fig. 5.22. However, from this graph, it can leers that, even when evaporation
is significant, the effect of increasing axial position i8l $0 shift the droplet size distribution
curve to the right, indicating a greater proportion of lardeoplets with increasing downstream
distance. The most likely explanation for this effect istttieoplet coalescence through collision
plays a dominant role in the downstream evolution of a sprais effect will be examined through

simulations in the following chapter.
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Figure 5.24 Droplet size distribution at different axiatéions, at an injection pressure of
5 M Pa and a fuel temperature of 76/, wherez is the axial distance from the injector tip.

Fig. 5.25 represents the)V D of droplets for different -on and off -axial locations foreiu
temperature at 25, 7&. For elevated fuel temperatures, the droplets are stit fib the edges of

the spray.
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Figure 5.25 The variation of droplets\/ D for different off-axial locations at different fuel
temperatures at B/ Pa injection pressure
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Chapter 6

Fuel Spray Modeling

In this chapter a simplified numerical approach to modelhg far field of low-speed sprays is

presented.

6.1 Introduction

Although several break-up models have been proposed hetemtstimate initial droplet size dis-
tribution in spray modeling, none of them can predict theegated fuel droplet size distribution
with a high level of accuracy. The ability to measure drapkze with a Malvern Spraytec laser
diffraction device provides a unique opportunity to useeskpental measurements as initial con-
ditions in simulations.

Simulation of the detailed evolution of low/medium presstuel sprays requires numerical
solution of the velocity, temperature and concentratiolddien the gas phase surrounding the
droplets, and coupled solutions of the motion of individdadplets, possibly including their in-
ternal liquid motion and surface phase change ( [74], [754) ia computationally very expensive.
Simulation of the break-up of liquid streams into dropleas thlave even greater computational
expense. It is therefore important and useful to explorepkfidad and computationally cheaper
approaches to modeling the evolution of sprays. Sincevinrgty measurements of the size distri-

bution of droplets at different downstream locations in @l &pray can be made, the adequacy of
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simplified modeling approaches for the far field of a fuel garan be explored by using measured
droplet size distributions near the injector nozzle asahdonditions and measured far field size
distributions as target data for evaluation of spray modéigpmance. In this thesis, the simplified
modeling approach explored is one in which a large numbepbéscal droplets, of a chosen
size distribution and initial velocity field, each move in adrangian frame, governed by New-
ton’s second law of motion. A simple evaporation model isdusedescribe phase change, and
several models for droplet collisions- which are believeth¢ the main cause of changes in size
distribution in the experiments of this study- are explor@dsimple spherical droplet drag force
model is used, and in this way the behavior of droplets inyspi® modeled without the consid-
erable expense of having to solve for the companion gas ptieséenternal velocity within each
droplet, or the non-sphericity of droplets. The adequadpisfsimplified modeling approach for
low-pressure fuel sprays is the assessed by comparingcpeddiith measured droplet size distri-
butions. The numerical simulation used in this study wagrammed using MATLAB. Ensembles
of droplets with random diameters which have the same sstgldlition as the ones measured from
the Malvern Spraytec instrument can be generated relatadily by computer. Using these gen-
erated droplets to match the initial size distribution ie thel spray and implementing evaporation
and collision models to simulate the Lagrangian develogroédroplets result is the essence of
this fuel spray model. Since the Malvern Spraytec devicethasbility to measure the droplet
size distribution at different locations (Fig. 6.1), thedlitly of simulation results can be tested by
comparing them with measured data at downstream locations.

There are important assumptions that are used in the sionlat

i) The droplets are assumed spherical and the environmentiiag force is the only force

participated in the equations.
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Figure 6.1 Schematic of the ability of the Spraytec instrotte measure size distributions at
different locations

ii) The environmental gas phase is stagnant during the sjgrayant and the gas phase entrain-

ment is assumed to be negligible.

iii) No turbulent equation is solved during the spraying event.

6.2 Test Calculations and Results

6.2.1 Simulation Procedure

In order to test the Lagrangian spray model and its depemdam¢he choice of collision model,

the following steps are taken:

1. Droplet size distribution is measured experimentallg desired location far enough (more
than 30mm) from the injector tip that the Malvern device is supposedn@asure trust-
worthy data. The size distribution at this location is thigahcondition in spray modeling.

Additional measurements are also performed of fuel drogiled distribution at locations
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beyond the first one.

2. Spherical droplets are generated by computer with rardiameters which have the same
size distribution as measured in experiments. These deopihel their diameters are consid-

ered as the initial conditions in the numerical simulation.
3. Velocities of droplets are determined from the experitaleconditions.

4. Linear momentum equations are solved for the initial erides of droplets in a control
volume around the spray to obtain the velocity field of allplets at the next time step.
When two droplets occupy parts of the same volume, they arsidered to have collided.
The appropriate collision model is then implemented to mieitee the outcome, and this

procedure is continued at subsequent time steps.

6.2.2 Effect of Number of Droplets on the Convergence of SizBistribution

Statistics

As shown in the experimental results chapter, droplet sigiiloution in a pulsed fuel spray has
a log-normal shape. In order to having a realistic numesgallation, it is essential to generate
initial droplets with random diameters which have a logmak size distribution. The proper way
of generating random droplets should not only be indepemafehe number of droplets, but also
has the same range of fuel concentration in the air-fuelunixas in the experiments. Fig. 6.2
shows the influence of the number of generated droplets erdssiribution for specific mean and
standard deviation values.

According to following definitions, the fuel spray Reynokluisd Weber number in this case are
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52,000 and102, 000, respectively.

,We = (6.1)

wherep is fuel densityd is injector orifice diametey; is fuel surface tension andis fuel spray
average velocity. Bosch injector model PA66 with a singlieldameter of 0.3:m and spray wide

angle of 12 degrees was used to generate droplets with the dieaeter value of 3om.
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Figure 6.2 Generated random droplet size distribution fisereént number of droplets
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According to Fig. 6.2 increasing the number of generateghldte from 2000 to 10,000 has
negligible influence on the size distribution however itrgases the calculation cost significantly.
Taking into account that in the experiments n-heptane adretgons were measured in the range
of 10 ppm to 30 ppm, choosing 2000 initial droplets results in a fuel concemracompati-
ble to the experimental measurements as described belowisistudy simulations, since the
Malvern Spraytec laser beam diameter is/#, the control volume dimensions are chosen to be
10mm x 10mm x 16 mm. Assuming the average diameter of droplets to be:a0 fuel droplets

concentration is calculated as follows:

Veontrol volume = 10 % 10 x 16 mm3 = 16 x 10~ 'm3 6.2)
dmean = 30 pm (6.3)
s _ 6.3 _
Viroplets = 2000 x 2 x (30 x 1070)" = 28.27 x 10~ om? (6.4)
Veontrol volume 6 7
=56.6 x 10° = 56.6 Million (6.5)
Vdroplets
2000
PPM = —— = 35. .

o =33 (6.6)

It is deduced that using 2000 droplets as the initial numbdraplets in this study simulations
not only results in having an independent smooth distrilmytbut also makes the air-fuel mixture

concentration in the right range.
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6.2.3 Effect of Mean Value of Initial Velocities on Downstream Statistics

The average value of initial velocity of droplets at injectip is 100m/s. It is assumed that the

spray is symmetric and that each droplet has an initial wgla@ctor in the direction from the

center of the injector tip to the center of the droplet, shawhig. 6.3. To investigate the effect of
the initial mean velocity of droplets on downstream stagsstthe downstream size distribution is
calculated for different initial mean velocities for a repentative initial log-normal size distribu-
tion. All droplet velocities are assumed to have an initigloeity equal to the mean velocity, and
the O’'Rourke model is used for predicting the collision ames. This simulation is carried out
at ambient temperature for n-Heptane droplets, for whi@peration is assumed to be negligible
at room temperature. Based on the definition given in Eq. 8dltlae size distribution chosen, the

Weber number range was between 0.5 and 86.7. The Reynoldsenusnn the range of 600 to

l Injector tip

6,400.

Figure 6.3 Droplets initial velocity
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Fig. 6.4 shows that higher initial velocities result in $lity larger droplets downstream, which
can be explained by the fact that increasing the initial Brogelocity increases the Weber number
which results in more coalescence through head-on cailsimaking the size distribution move

slightly to the right. However this effect becomes much Isigmificant when the initial mean

velocity is reduced to 80:/s or 40m/s.
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Figure 6.4 Simulated droplet size distribution at/b@: downstream for different initial mean
velocities
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6.2.4 Effect of Synthetic Turbulence in Initial Velocity onDownstream Statis-
tics
In this section, the effect of adding fluctuations to initialocities of a few percent on downstream

droplet size distribution is investigated. A random numbetween—1, 1 (RAN) is created for

each droplet, so the instantaneous initial droplet vefaan be modeled as:

v

=1+ax(RAN), (6.7)

<l

The direction of each droplet velocity is assumed to be theesas described in the previous
section. Fig. 6.5 shows the effect of upstream velocity flatons on downstream droplet size
distribution for two differentx values 0f0.05 and0.1. It is clear that this effect is very small in this
study. The following statistical equations are used toudate fluctuation intensity for different

initial velocities.

up,’L = ﬂp,l + u/p’i » DE {xvya Z} (68)
_ 1 N
Upzﬁzﬂp7ga pE {I,y,Z} (69)
=1
1 N
/ /
Up:NZup7i, p € {z,y,z} (6.10)
1=1
U=\/U2+ U2+ 02 (6.11)
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L2 2 2
U = \/g (U’I + U2+ U’Z> (6.12)

!/
I— % (6.13)

Based on the above equations, the fluctuation intensjtis(2.3 and5.6 percent fora values of

0.05 and0.1, respectively.
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Figure 6.5 Simulated droplet size distribution at/b0: downstream for synthetic turbulences in
initial velocities
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6.2.5 Droplet Collision

In this study four collision outcomes are considered asiplessesults of a binary collision as it was
shown in Chapter 3. In this study in case of collision betw®endroplets, the value of the impact
parameter is obtained analytically based on what it wasqeeg by Taskiran [76], which makes
the collision model described in the previous chapter moceii@te. In other previous simulation
works, the impact parameter is chosen as a positive randonb@wuless than one, however this
assumption can influence the result of collision simulasigmificantly, especially where there are

many head-on collisions.

6.2.5.1 Binary Collision Impact Parameter

Consider two spherical droplets (Fig. 6.6) which have diamseofd, dy (d<dsy), and their
position vectors at time are P (t) and Py(t), respectively. IfX(t), Xo(t) demonstrate the
position of droplets before collision, anky (t¢), Xo(t¢) represent the positions at the instant of

collision (t¢), it is obvious that

X (te) — Xa(t)] = 5(dy + do) 614

X1 (te) = Py (t) + Uy (te — 1) (6.15)

Xo (te) = Py () + Us(te — 1) (6.16)

IPL(#) + Uy (e — 1) = Py (8) — Uslte — 1) = 3(dy +do) (6.17)
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Figure 6.6 Representation of a binary impact parameter

[(Py(1) = Py (1)) + (te — 1) (U1~ Up)] = 5(dy +d)

by introducing the following parameters

AP =Py (1)~ Py (1)
AU =Uqy — Uy

At =te—t

and substituting in Eg. 6.18, one can say

1
AP|2 +2|AP| (A1) [AU] +|AP| 2 (A0 = (o2
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(6.18)

(6.19)

(6.20)

(6.21)

(6.22)



The smaller positive root of Eq. 6.22 gives the collisiondira and the other positive root
represents the imaginary departure titpe According to Fig.6.6 the imaginary distance traveled
by the smaller droplets betweep andt; can be shown aaU(t; — t¢). From the definition,

impact parameter can be obtained by

2
o \/0,2 _ [1AUI(ty—to)]

2B
= === 1 (6.23)
dy +do o o

Eqg. 6.23 gives the impact parameter in a binary collisionciwliiepends on physical properties
of both droplets. This impact parameter is incorporatedl tine Ko model, and called the extended

Ko model.

6.2.6 Collision Models Comparison

In this section, results of implementing different coliisimodels in the Lagrangian tracking of
droplets are introduced. This gives the opportunity to caraphe collision model results to better
understanding the phenomenon of each one. In order to nzaithie effect of evaporation of
droplets in a fuel spray, simulations were done at 25oom temperature. Also, since the velocity
of fuel spray at the injector exit is in the order 10 m /s, entrainment of the surrounding air is
expected to be negligible. The same droplet size distobuds what was measured by Spraytech
at 30 mm downstream was assumed as the initial condition in implemgmifferent collision
models. In that case the simulation is almost a pure cafliproblem in a pulsed fuel spray. Three

following collision models are implemented into dropletvdlopment:
1. O’'Rourke

2. Ko
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3. Ko extended using the analytical Taskiran impact paranmabdel

Fig. 6.7 shows the droplet size distribution from lab datd different axial locations down-
stream the fuel spray. The lab data3atmm below the injector tip was used as the initial distri-

bution in the simulations. The droplets get larger due ttisioh as they develop in these series of

experiments.
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Figure 6.7 Droplet size distribution for n-heptane spraljected by Malvern Spraytec a6°C
room temperature angM Pa injection pressure

For each simulation, 2000 droplets were tracked. They eadtah initial velocity ofé0 m/s,
a vector direction outward from the nozzle center, the dgnsurface tension and viscosity of

n-heptane, and a size distribution chosen to match the iexpet.

6.2.6.1 Simulation Results using the O’Rourke Model

Fig. 6.8 shows the droplet size distribution that resultednfthe simulation using the O’Rourke
model for describing the collision outcomes. Following fpeay development downstream, it is
seen that droplets become larger on account of collisiohe. O’'Rourke model predicts that the

average diameter of droplets gets 4 times larger in a deredapdistance of 9&m. Compared
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to the experimental data of Fig. 6.7, this average size asarés unrealistically larger and implies

that the assumptions of the O’Rourke module are not wetkdub the real spray.
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Figure 6.8 Droplet size distribution from simulations dtetient axial locations using the
O’Rourke collision model

6.2.6.2 Simulation Results using the Ko Collision Model

Fig. 6.9 shows the droplet size distribution that resultednfthe simulation using the Ko model
for describing the collision outcomes [77]. Following th@ay development downstream, it is
seen that droplets become larger on account of collisiknsgglace. Since the Ko model has the
capability to generate small satellite droplets in certaillisions, the average diameter of droplets
is found to be smaller than that calculated by the O’Rourkdehor his more realistic description
of downstream droplet size distribution implies that sormh¢he collisions within the spray do

indeed generate small satellite droplets to offset thecefhé other collisions generating larger

droplets.
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Figure 6.9 Droplet size distribution from simulation atfdrent axial locations using the Ko

collision model
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6.2.6.3 Simulation Results using the Ko Model with the Taskan Impact Parameter Model

(Extended Ko Model)

Fig. 6.10 shows the droplet size distribution that resulteth the simulation using the Ko model
for describing the collision outcomes, but with the analgtimodel of Taskiran [76] for calculating
the binary impact parameter of each collision. This mods gkedicts that droplets become larger
as they move downstream within the spray, but their sizesame with distance is much slower and
a much closer match to experimental data.
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Figure 6.10 Obtained droplet size distribution at différaxial location using Ko collision model
and analytical impact parameter (extended Ko model)

6.2.6.4 Comparing Collision Models

Fig. 6.12 shows the size distribution of droplets initiatheasured at 3@.m below the injector
tip, at three different downstream locations. As alreadytioeed, the Weber number range is
between 0.5 and 86.7, and the Reynolds number is in the radng@0cand 6,400 based on the

following definitions.
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2
e PlsmallVrel (6.24)
o ’ '
Re — PAsmallUrel (6.25)
7]
whered,,,, ,;; 1s the smaller droplet diameter in a binary collisidr,,; is the relative velocity

of two droplets,s is the droplet surface tension apds the droplet viscosity. All three models
predict the movement of the size distribution toward lady@plets, however there are significant
differences in how much larger droplets become during spessglopment. The O’Rourke model
does not take into account the generation of small satellidglets in certain collisions and it
tends to overpredict the size of droplets relative to othedefs. Because of the predominantly
unidirectional flow in this study, there are many almost heaetollisions taking place, in which
case the impact parameter is close to zero. In the Ko callimiodel the impact parameter is
estimated as a random positive number less than 1. Hencedawgto Fig. 6.11, coalescence can
take place randomly in binary collisions without any sawijt to the collision angle. However in
the extended Ko model, since the impact parameter is céécligaalytically for each collision, the
number of coalescences through head-on-collisions isrltves predicted by the Ko model. It is
for this reason that the extended Ko model predicts droptesdo be smaller than the Ko model.
Table 6.1 shows the number of collisions that take place adestance of 3@wm for each model.

Table 6.1 Collision models test cases

Collision model O'Rourke| Ko Extended-Ko
Total initial droplets 2000 2000 2000
Total collisions 6,157 | 41,574 38,973
Total coalescences| 4,781 5,364 4,056
Total satellite droplets 0 26,154 20,426
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Figure 6.11 Binary collision regimes criteria for the sanze slroplets

From Fig. 6.12 it seems that considering the formation dfeggedroplets along with using the
analytical approach to predict the impact parameter makeptedicted size distribution closer
to the experimental results. Since in the O’Rourke modalksat droplets do not generate, this
model overpredicts the droplet size distribution. In thedels that consider formation of satellite
droplets, this overprediction is less than what it is seethénO’Rourke. However since in this
study there are lots of heads-on collision and since therieet® Ko modeling uses an analytical
calculated based impact parameter in the case of colligihiémodel gives trustworthy results,
however there is still discrepancies between model anddsdwhich might be either come from

the fact that the real droplets are not completely spheoictiie experimental errors.
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Figure 6.12 Comparison of different collision models résul
6.2.7 Effects of Instrumentation Uncertainty

Fig. 6.13 shows the droplet size distribution for an n-heetspray at0 M Pa injection pressure

measured0 mm downstream of the injector tip. As discussed in the previchapter, the effect
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of uncertainty in measurements of size distribution with Malvern Spraytec has no more than
5 percent in droplet size. This effect is represented in Fi§j3,6by plotting an envelope around
the measured size distribution, corresponding to this oreasent uncertainty, showing by the
blue dashed line. The size distribution results for thisetmpe of initial conditions, predicted
120 mm downstream of the injector tip using the extended Ko modekaown. The envelope of
predictions of the extended Ko model at this level of unéetyaare compared with the measured
data atz = 120 mm in Fig. 6.13. The envelope clearly bounds the experimeratd,dndicating

that the prediction accuracy is comparable to that of theexgental uncertainty.
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Figure 6.13 Effects of instrumentation uncertainty on preed droplet size distribution using
extended Ko collision model

6.2.8 Simulation Results At Elevated Temperature

In order to examine the accuracy of the extended Ko collisimalel at temperatures higher than
ambient, a simulation was performed to study the simultaseffects of evaporation and collision

on size distribution in the spray. In this simulation, detpemperatures were assumed to be at
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initially 70°C to experimental measurements of droplet size distribudiathis fuel temperature.
Thed? evaporation model was implemented with the extended Kasomtl model, so that droplet
sizes decreased on account of evaporation between codlisi6or the purposes of this study,
the complexity of droplet evaporation can be simplified gigantly by making the following

assumptions:

i) The evaporation process is quasi steady. This means thayahstant in time the process
of evaporation can be described as if it were in steady stdiis.assumption eliminates the

need to solve partial differential equations.

ii) The droplet temperature is uniform and assumed to be a fiakeek below the boiling point
of the liquid. This assumption eliminates the need to apphservation of energy to the gas

phase surrounding the liquid droplet and to the droplelfitse

iii) The mass fraction of vapor at the droplet surface is detezthby liquid-vapor equilibrium

at the droplet temperature.

iv) Both liquid and gas thermodynamic properties includingrthal conductivity, density and

heat capacity are constant.

V) The ambient air is assumed to be traveling at the same welasithe droplet, so the heat

transfer problem is assumed to be a stationary rather tharective one.

Fig. 6.14 defines the spherically symmetric coordinateesygsbr an evaporating droplet. Very far
from the droplet surface, the mass fraction of droplet vapassumed to be zero.

With the above assumptions, the mass evaporation #iateand droplet diameter(¢), can
be related by writing a droplet vapor species conservatguagon, and a droplet liquid mass

conservation equation. The species originally in the tguinase is the species transported, and
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Figure 6.14 Evaporation of a liquid droplet in a quiesceniremment

there is no slip velocity between the droplet and the aml@ignBSo one can say

m (r) = constant = Arr2m!! (6.26)
Species conservation for droplet vapor becomes
m!" = Ysm! — pD—2 (6.27)

dr

whereYs is the vapor mass fraction at the interfapas the mixture density at the interface, and
D is the diffusivity coefficient. Substituting Eq. 6.27 into26 and rearranging to solve for the

evaporation rate, yields

(6.28)

1-Y
m = 4nrspD Ln [ oo}

1-Ys

whereY~ is the vapor mass fraction far from the droplet, which candiészero. Since the rate

at which the mass of the droplet decreases is equal to thatratkich the liquid is vaporized, it
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follows that

3
dm d(PlW%—)

dt - dt

Substituting Eq. 6.29 into 6.28 and differentiating yields

d(d?) 8D [1-Yool _ .
1— Vs

The slope is defined as the evaporation consk&ait8]:

K =

8pD [1 —Yoo}
In
Pl 1—-Ys

Table 6.2 n-heptane thermodynamics properties

*kkkkkkkkkkk Val u e U n |t
Fluid type n-heptane C;yHyg

Boiling temperature (atatm) 371.4 K
Molecular weight 100.2 gr

mkole

Liquid density (at70°C) 640 -4

m

2

Diffusivity (at air) 0.065 %

Gas constant 0.083 LK

Heat of evaporation 336.5 %

(6.29)

(6.30)

(6.31)

To calculate the evaporation constant for n-heptane, ftertihermodynamic properties (Table

6.2), the Clausius-Clapeyron equation to estimate sabargressure variation with temperature

can be written as:

dPsat _ hfg deat

Psat R TSQat
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wheresat denotes the saturation conditidnfg is the heat of evaporation, artlis the gas con-

stant. 1J
p, 3365 () rqaes K
0.083 <k:g—K> 371 K

The interface mole fractionX) and mixture molecular weighf\(,,,,;..) then can be calculated as

x = Lsat _ g (6.34)

mole

My =X x100.2 + (1 — X)29 = 93.08 o (6.35)
The interface mass fractio’§) then can be calculated from
100.2
Ys=X 00-2 _ ) 968 (6.36)
Mz
Substituting these quantities into Eq. 6.31 completesl?h&model for n-heptane as:
d? (t) = d3 () — Kt = d3 (1) — 34 x 1075 ¢ (6.37)

The droplet size distributions at two different locationsresthen compared with simulations
of a heptane spray @&)°C, using the simulation approach described earlier. Fig 6tows the
droplet size distribution of the extended Ko collision mbitgether with thel? evaporation model
at 60 and 120 mm downstream of the injector tip. It seems that even at eleviemperatures
around70°C, the collision model can play the dominant part of the siiaota Experimental
lab data shows that even though droplets evaporate at highmreratures more rapidly, many
collisions take place during the spray development whickentae droplets become larger. There

are some discrepancies between the simulation and lalhg@ghith can be due to the accuracy of
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the droplet evaporation model and the fact that in realipptéts are not completely spherical.
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Figure 6.15 Simulation and lab data comparison at n-hegtanperature of0°C

Fig. 6.16 shows the effect of using tiié evaporation model in the extended Ko collision
model. Without using the evaporation model, the extendeadlision model overpredicts the

average droplet size by almast ;. m.
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Figure 6.16 Lab data and simulation for extended Ko coltisitodel at an elevated temperature
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Chapter 7

Summary, Conclusions and

Recommendations for Future Work

7.1 Summary and Conclusions

In this dissertation the character of n-heptane pulsed/spras been investigated for downstream
of the injector. Specifically, macroscopic and microscagbiaracteristics of fuel sprays are mea-
sured experimentally over a range of different injectiorapaeters. These characteristics included
spray tip penetration, spreading angle, and droplet s&tellition. Interpretations of the behavior
of the spray development based on droplet evaporation dtidi@o models are also presented.
For liquid sprays, the two parameters of spray tip penetnand spray angle describe the overall
shape of the fuel spray, and can be modeled by empirical ieqsatThe droplet size distribution
in pulsed fuel sprays is log-normal just as in steady cowtistsprays.

In consideration of droplet evaporation within sprays, sntiansfer analysis are carried out
using empirical equations for Sherwood number. Collisimdeis for two impinging droplets are
introduced and the possible outcomes of their collisioreapained. It is shown that for two indi-
vidual droplets the outcome of each collision is based predantly on the Weber number, surface
tension, and geometric parameters. It was proposed thad Igpray development could be mod-

eled as a stochastic in process and this behavior was cemsigith experimental measurements.
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This stochastic nature is also explored through collisiaadets.

Another part of this study describes appropriate ways afaliging liquid sprays and calculat-
ing geometrical parameters. In this study, a high speed @meised to record the development
of n-heptane sprays illuminated by a diffused white backgtblight source. The raw images
are processed by subtracting the background and filteriagntiise, after which Edge detection
techniques are carried out to locate the borders of the sprarger to find the spray geometrical
parameters. The effects of fuel injection pressure and ¢eatpre on the spray penetration length
and spreading angle were then measured experimentally.

A Spraytec laser diffraction system is used to determinesthe distribution of droplets at
different axial locations. This system is able to calculde size distribution based on the light
scattering intensity which is detected by an angular arfaletectors.

It was also determined experimentally how the variatiomgggtion pressure and temperature
influences the droplet size distribution. In the presentspeay study, it was found that droplet size
changes primarily through collision and that effects ofpmration are negligible at temperatures
close to ambient for n-heptane.

Since trustworthy measurements of droplet size distioudit different downstream locations
in the fuel spray were made, the adequacy of simplified mogdelpproaches for the far field of a
fuel spray could be explored. By using measured dropletdiszebutions near the injector nozzle
as the initial condition and the measured far field size ithistion as the target data different spray
models performance are compared. In this study, the simgblifiodel approach is the one in
which a large number of spherical droplets, of a chosen sstakiition and initial velocity field,
move in a Lagrangian frame, governed by Newton’s second fawation. Several well-known
binary droplet collision models are implemented duringagptevelopment. One of these models

is the O’Rourke model [67] which takes into account boungic@alescence and separation as
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three possible outcomes of binary collisions.

The other model explored is the Ko model [77] in which generabf satellite droplets is
included. Another collision model is developed in this stbésed on an extension of Ko model
using analytically calculated impact parameter proposeddskiran [76]. Comparison of the
above models shows that the O’Rourke model overpredictdrthi@et size distribution because of
its neglect of satellite droplets. Because of the unidioaetl spray development in this study, there
are many of close-to-head-on-collisions taking place hab impact parameters are often close to
zero. In the Ko collision modeling, the impact parametestineated as a random positive number
less than 1. This is why coalescence can still be taken pfabaary collisions. However in the
Taskiran-extended Ko modeling, since the impact paraneta&iculated analytically, the number
of coalescence in close-to-heads-on-collisions is censitlless than that of the Ko model. This
is the reason that the extended Ko model predicts droples Emaller than the Ko model. Of
the three collision models considered in this study, them¢d Ko model predicts results in a
best agreement with lab data. It is concluded that this ampr@f Lagrangian modeling is very
effective for simulating the behavior of single jet sprayigtvWeber numbers of arounid)0, 000.

In this study droplets were considered to be spherical, tischot safe to assume that this model
applies for non-spherical droplets.

There are limitations applied in using the extended Ko simh model. Boundaries for coa-
lescence and separation outcomes are valid for droplefsdyitamic viscosity to surface tension
ratio (%) of greater than 0.02/m [79]. Since in this study droplet binary collision Weber rogn

(pU2d

&) is less than 100, more cautious should be used for usingteaded Ko collision model

in sprays which their Weber number exceeds 100. It was alsoleded that for sprays similar
to those of this study, if the droplet size distribution iolum at some plane downstream of the

break-ups region, the development of spray can be simutgteding a simple Lagrangian model.
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Therefore, collision impact parameter can be calculatediyénally.

7.2

Recommendations for Future Work

In future research into this topic, it is recommended thatftlowing be examined:

i)

ii )

iii )

Non-sphericity of droplets: In this study the range of rbmensional Weber and Reynolds
numbers of spray droplets are in the range that they can lenasksspherical. For cases
in which fuel spray droplets have non-spherical shapesettended Ko collision model

could be assessed for non-spherical droplets in the fualysgpevelopment modeling by

comparison with experiments;

Implementing the extended Ko model in multi-hole spraysordinvestigation is needed
to examining the suitability of collision models in situats in which there are significant
velocity shear forces so droplets can not be assumed sphaicmore than one spray is

developing;

Implementing a more comprehensive evaporation modelifgr @nvironment temperature:
The proposed model might not work well in cases where thezdaage temperature dif-
ferences between the spray jet and ambiemd?smodel might not describe evaporation
accurately. This could be explored by using the proposedsimol model along with more

sophisticated evaporation models;

Break-up models: Examining more sophisticated appraatheredicting the fuel spray
break-up from upstream initial conditions, provided by dgtveam experimentally mea-

sured droplet size distributions.
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