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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 are inherently complicated and the forma-

tion and development of sprays involve multiple physical processes which take place both simulta-

neously and sequentially. The pulsed spray characteristics far from the injector orifice are affected

by complicated mechanisms of primary and secondary break-up at and close to the injector tip.

This complexity usually requires researchers to make assumptions about break-up mechanisms. In

addition, several droplet collision models have been proposed for sprays, but when used in con-

junction with break-up mechanism models, the accuracy and limitation of collision models have

been difficult to judge. This study is intended to explore, examine and compare different colli-

sion models in a pulsed fuel spray. Since trustworthy laser diffraction measurements of droplet

size distribution can be performed far from the injector orifice, these data can be used as accurate

initial conditions for simulating downstream spray development. Since the pulsed sprays from au-

tomotive fuel injectors are relatively dense ones, this study eliminates the complexity of simulating

two-phase flow equations for break-up and instead solves thesimpler fluid mechanics problem of

the Lagrangian trajectory of spray droplets, together witha droplet collision model. It was found

that for the single-hole sprays of this study, when the droplet size distribution is known at some

plane downstream of the break-up region, the development ofthe spray can be modeled accu-

rately by using a simple Lagrangian model which calculates the droplet collision impact parameter

analytically at each collision.
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Chapter 1

Introduction

This thesis begins with introducing some background information 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 ligaments or droplets are the discrete phase

and the surrounding vapor and/or gas is the continuous phase, and are often contrasted with bubbly

flow in which the discrete and continuous phases take opposite forms. Because liquid densities are

generally higher than gas densities, bubble motions experience lower kinematic inertia and higher

drag forces than droplet motion. The process of forming a spray is called atomization and the

device used to generate a liquid spray is called a spray nozzle, fuel injector or atomizer. Sprays

are usually characterized by their particle size distribution and number density, and measurements

of these quantities are central to defining product performance over a range of applications, from

the delivery of drugs to the human respiratory system to the application of coatings and agrochem-

icals. Sprays present unique challenges in terms of their measurement environment and the speed

of measurement required. Sprays are mainly used in industryto distribute materials over some

specified area, or to create a large liquid surface area. Someof the industries in which sprays are

used widely include:
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i) The food industry: sprays are used to wash agricultural fruits and vegetables, and to dry food

products such as instant coffee and powder soups.

ii ) Paper making: sprays are used to clean paper rolls.

iii ) Fire suppression and mining: water and solutions are sprayed from hoses and sprinklers for

fire control, and water sprays are used to reduce dust levels in mining operations.

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

chemicals.

v) Fuel sprays: fuel injectors for gasoline and diesel engines and atomizers for gas turbines are

used to provide liquid- and vapor-phase fuel distributionsfor subsequent combustion.

1.2 The Importance of Spray Research

Liquid sprays are inherently complicated and the formationand development of sprays involves

multiple physical processes which take place both simultaneously and sequentially. There have

been a large number of studies of liquid sprays that have led to improve understanding of spray

break-up, geometrical spray shape, and understanding of microscopic behavior. However, these

studies have led only to partial descriptions of spray formation and development, and several other

aspects of sprays remain incompletely understood, including the processes of primary and sec-

ondary break-up. Some well-understood aspects of spray modeling require significant computa-

tional resources and so both new and simpler models are desirable to provide a better predictive

capability for liquid sprays.

The objectives of this dissertation are to characterize, explain, and provide predictive models

for the size distribution of droplets in the far field of pulsed spray from automotive fuel injectors.
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In Chapter 2, a review of literature on sprays is given. In Chapter 3, the theoretical background

to sprays is introduced and the difficulties in predicting their behavior are explained. In Chapter

4, the experimental apparatus and the visualization and measurement techniques of the present

study are described. Experimentally measured effects of fuel temperature and injection pressure

on spray geometrical shape and droplet size distribution along the spray axis are presented in

Chapter 5. In Chapter 6, the numerical simulation procedureand numerical results are introduced.

The conclusion and proposed future works are summarized in Chapter 7.
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Chapter 2

Background and Objectives

In this chapter, a brief survey is given of previous studies of liquid jets, sprays, instability and

primary jet break-up, secondary break-up, and droplet collision 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. Savart’s experiment [5] was one of the

earliest studies of liquid jets, in which the observed effects of surface tension on jet instability led

him to propose capillary instability as a possible mechanism of jet break-up. Rayleigh developed

a first-order perturbation calculation for the break-up of aliquid round jet that did not depend on

ambient effects [6]. He showed that the unstable disturbances that caused jet break-up must be

axisymmetric and that the disturbance wavelengths must be longer than the circumference of the

liquid jet.

Donnelly later conducted experimental studies of liquid jet break-up and showed that Rayleigh’s

droplet model did not explain the observation of large main droplets interspersed with smaller satel-

lite droplets [7]. Furthermore, the size of these droplets was found to vary with the wave number of

the disturbances. Lafranc presented a third-order perturbation analysis of the capillary instability

of liquid jets in which it was shown that the higher order terms accounted quite accurately for the
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presence of satellite droplets [8]. Ranz proposed that the sizes of droplets in a liquid jet spray were

related to the wavelength of the most unstable waves [?]. The fidelity of his atomization model

was questioned because aerodynamically induced wave growth requires a finite time to develop,

in which case an unbroken length should be observed near the nozzle exit. However these un-

stable waves may have been much smaller than the jet diameterand therefore difficult to observe

experimentally [9].

2.2 Spray Research

Liquid sprays have been studied for many years because of their practical importance and the

difficulty in predicting their behavior from first principles. While some sprays are continuous and

steady, at least after some initial start-up transient, others consist of multiple short pulses may never

reach a steady state. The sprays considered in this thesis are those that arise from a single-pulse

injection, such as in an automobile engine. In these sprays,liquid is typically injected for several

milliseconds into a surrounding gas that may move at some lowrelative velocity, so that the tip of

the spray has to displace only a light gas.

Before describing research into spray characteristics, some terminology used to describe large-

scale spray features will be introduced. The macroscopic characteristics of a diesel spray are

usually described by their shape according to three main parameters: spray penetration distance;

spray angle; and spray break-up length. These parameters are often used to compare the results

of different spray prediction models with measured characteristics to assess the utility of such

models for describing spray development. They are also usedto model combustion in burners and

in engine cylinders, and to predict whether or not sprayed droplets will collide with walls.

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

5



Figure 2.1 Macroscopic characteristics of a single-jet Diesel spray [1]

surrounding gas phase. The tip penetration length is determined by the effects of the momentum of

the injected fluid and the resistive force exerted by the gas phase. Several models were developed to

predict the propagation of the spray tip as a function of time, for different injection conditions and

were compared with experimental data [10]. Spray penetration lengths and spray cone angles were

measured experimentally using photographic techniques. Such techniques were used by Miller

and Beardsley [11] who studied the effect of the ambient gas density on the penetration length of

an engine spray.

Several attempts have been made to find correlations that canpredict the fuel-spray tip penetra-

tion especially for Diesel fuel sprays. Dent (1971) proposed from experimental data a correlation

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

S(t) = 3.07

(

∆P

ρg

)1/4(294

Tg

)1/4
√

d0t, (2.1)
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wheret is the time after the start of injection,∆P is the pressure difference at the nozzle hole,d0 is

the nozzle hole diameter, andTg andρg are the ambient gas temperature and density, respectively.

This correlation predicts that spray tip penetration increases in proportion to the square root of

time and is independent of the injected fluid characteristics. According to Correas (1988), the tip

penetration of a Diesel fuel spray is proportional to the square root of time and the mean velocity

at the beginning of the injection. His proposed correlationis [13]:

S(t) = C1U
0.5
0

√

deqt, deq = d0

√

ρl
ρg

, (2.2)

wheredeq is an equivalent diameter,ρl is the liquid density andC1 is an experimental constant.

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

S(t) = C2∆P0.25
√

tρ0.25
l

ρ−0.14
g , (2.3)

whereC2 is an experimentally determined constant. An empirical equation was proposed by

Jimenez et al. which states that the tip penetration is proportional to time raised to the power of

0.9 [15]:

S(t) = 0.6−3U0t
0.9
(

ρg

ρl

)−0.163
, (2.4)

whereU0 is the mean liquid velocity at the beginning of the injection.

An important parameter of fuel sprays is the angle of the edgeof the spray as it emerges from

the orifice of the injector. While different ways to measure the cone angle have been proposed,

a common definition is that it is the angle that is formed by twostraight lines in contact with the

spray’s outline at a distance equivalent to60 times the diameter at exit from the injector [1]. When

a specific amount of fuel is injected into a chamber using injectors of different designs, the effect
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of changing the cone angle has a reciprocal effect on the penetration length of the spray. That is to

say, a larger cone angle reduces the penetration length and can cause interference between sprays

in a multi-orifice nozzle, which can promote merging of droplets through collision. On the other

hand, a larger penetration length results when there is a smaller cone angle, which can cause the

spray to collide with the combustion-chamber wall, which isundesirable.

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

most widely used, which can be used for gas phases with densities lower than 15 kg/m3, is [1]:

tan

(

θ

2

)

= 0.13

(

1 +
ρg

ρl

)

, (2.5)

whereθ is the cone angle,ρg andρl are the gas and liquid phase density, respectively. In the above

equation, the aspect ratio of the injector is not included, although Reitz and Braco considered it in

their investigations [16]. According to Hiroyasu et al. thecone angle can be determined as [17]:

θ = 0.05

(

d2ρa(ρl − ρa)

µ2a

)1/4

, (2.6)

whered is the orifice diameter,µa is the gas phase viscosity,ρa andρl are the gas and liquid phase

density, respectively.

Reitz et al. conducted experiments using nozzles with wide range of diameters, and over a

wide range of liquid- and gas-phase pressures [9]. Using a high-speed camera, they were able to

calculate spray angles under different operating conditions. They showed that the spray angle in-

creased with increasing injection velocity. Williams proposed a statistical formalism for describing

the behavior of sprays which included the effects of dropletgrowth, the formation of new droplets,

collisions and aerodynamic forces [18]. This study was a significant step towards modeling the
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spray’s break-up statistically and accounting for collisions between droplets. Williams used the

Liouville theorem to describe the single-particle probability density. Reitz et al. [19] implemented

three coupled models to simulate Diesel-fuel sprays. They used flow cavitation and evaporation

models for the Eulerian liquid phase along with an atomization model for high-pressure Diesel

sprays. Luret et al. used a direct numerical simulation to improve the Eulerium Lagrangian Spray

Atomization (ELSA) model [20], which was originally proposed by Vallet et al. [21].

Arcoumanis et al. [22] developed a cavitation-induced atomization model, which used the total

area at the exit of the injection hole occupied by cavitationbubbles to calculate the radius of

an equivalent bubble having the same area as the entire cavitation-bubble population. Huh and

Gosman [23] published a phenomenological spray atomization model based on the assumption

that cavitation and turbulence inside the nozzle hole are attributed to turbulent fluctuations in the

exit flow, as the dominant source of perturbations at the freesurface of the liquid jet. Baumgarten

et al. developed a model for cavitation and turbulence induced primary break-up which was able to

impose the influence of the cavitation nozzle flow on their spray break-up. Their model described

the transition from the cavitating flow inside the injectionhole to the dense spray near the nozzle

[24].

Wan and Peters [25], Sazhin et al. [26] and Naber and Siebers [27] modeled spray penetration

by solving the cross sectional averaged equations of the lquid-phase flow, describing the mass

and momentum balance in the spray. Sjoberg [18] attempted toincorporate conditions at the tip

region of the spray by assuming that droplets were collectedin a region near the spray tip; the

shape of the near-tip region was approximated by a ball of growing radius. Roisman et al. [28]

studied a high speed fuel spray penetration at distances much longer than the break-up length in a

pressure chamber. In their proposed spray propagation model, inertia of the liquid-air mixture and

the formation of the vortex-ring-like structures near the leading edge of the spray were considered.
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Their propagation prediction agreed well with experimental data reported by Kamimoto et al. [28].

Panchagnula and Sojka [29] carried out a theoretical study of droplet SMD (Sauter Mean Diam-

eter) and reported that SMD increased with increasing axialdistance for an effervescent atomizer

spray. They attributed this SMD increase to both coalescence of large- and medium-size droplets

and evaporation of small droplets. A contrasting conclusion was reached by Ghaemi et al. [30],

who showed that the increase of droplets SMD with increasingdownstream axial distance from an

atomizer was primarily the result of evaporation of small droplets and to a much lesser extent the

result of coalescence. Kastengren et al. studied the effectof ambient gas density on the structure of

diesel sprays near nozzles using x-ray radiography. Their observations showed that the spray width

became much larger as the ambient density increased [31]. Klein-Douwel et al. used the shadow-

graph technique to determine macroscopic characterizations of a Diesel fuel injection spray. Their

work revealed that not all fuel sprays behave identically, even when external conditions are kept

the esame [32]; this observation suggested a stochastic nature in spray behavior. Taskiran and

Ergeneman performed an experiment to find the temporal and spatial evolution of Diesel sprays.

They investigated the spray penetration and cone angle and found that 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 degrees of complexity, according to the accu-

racy desired. Some droplet models have been developed basedon the assumption that the droplet

surface temperature is uniform and does not change with time. This simplification reduces the

dimensionality of the problem by eliminating the need to solve an energy equation for droplet

temperature [34] and can be desirable in simplified analytical studies of droplet evaporation and
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thermal ignition of fuel vapor/air mixture [35–39]. One of the most commonly used assump-

tions in modeling droplet evaporation is that the droplet retains its spherical form, even when

moving [40–42]. Generally, the fuel droplet evaporation process includes two main phases: the

transport of fuel molecules from the surface of the droplet into gas through evaporation and sur-

face recession; and diffusion of fuel vapor from the dropletsurface of the droplets into the ambient

gas. Empirical correlations have been proposed for the evaporation of droplets [43, 44]. Sazhin et

al. proposed numerical modeling of droplet heating and evaporation by convection and radiation

from the surrounding gas. Their work was based on an analytical solution of the heat conduc-

tion equation inside the droplet, with the assumption of a constant convective heat transfer coeffi-

cient [45]. Woo et al. developed an analytical mass transferexpression to describe the evaporation

of pure droplets in the convective regime [46]. Brereton [47] developed a spherical model with

temperature-dependent properties for evaporation of multicomponent liquid droplets by simplify-

ing the partial differential equations of droplet heat transfer and mass diffusion by approximating

them as ordinary differential equations. Torres et al. [48]used the Peng-Robinson equation of

state to extend their coupled PDE model of the continuity, thermal energy and species diffusion

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

2.4 Micro-Characterizations of Sprays

Droplets produced by atomizers are not usually of uniform diameter and so can more usefully be

described by a distribution. One way of describing a spray isby specifying the mean diameter

of the droplets at certain locations. There are multiple definitions of mean droplet diameter and

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

dab =

(
∑N

i=0Nid
a
i

∑N
i=0Nid

b
i

)1/a−b

, (2.7)

wherei represents the different classes of droplets which have thesame diameterdi, andN is the

total number of droplets, anda andb are integers. Table 2.1 shows the different mean diameter

definitions and their applications.

Table 2.1 Mean diameters and applications

a b Name Symbol Application
1 0 Arithmetic Diameter (AMD) d10 Comparison

2 0 Surface Area d220 Surface area controlling

3 0 Volume d230 Volume controlling
2 1 Surface Area Length d21 Absorption
3 1 Volume Length d31 Evaporation
3 2 Sauter Mean Diameter (SMD) d32 Vaporization
4 3 De Brouckere d43 Combustion equilibrium

The most commonly used mean diameter is the SMD, which represents the diameter of an imagi-

nary droplet that has the same ratio of the total liquid volume in a spray to the total droplet surface

area in a spray. It can be interpreted as a value that shows theatomization quality. The smaller the

SMD, the finer the droplets and the better the atomization of the spray. The aerodynamic forces

on a droplet and the time it takes to vaporize depend on its size, with smaller droplets having more

rapid acceleration or deceleration and shorter vaporization times than larger ones. Fig. 2.2 shows

a log-normal droplet distribution which is generated randomly for a total number of1000 droplets.

Mean diameters of this distribution are presented in Table 2.2.
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Figure 2.2 A randomly generated log-normal droplets distribution

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

Table 2.2 Mean diameters in the spray of Fig. 2.2

Mean Diameter Name Mean Value (µm)
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 two colliding droplets as the probability

of collision was computed statistically based on the local distribution of the droplets present. The

model included only coalescence and grazing separation of droplets and so could not mimic other

processes observed in binary collisions. Ashgris and Poo (1990) observed that droplet separation

produced satellite droplets from the interacting region between two colliding droplets. Ashgriz

and Poo extended the O’Rourke model and divided the separation process into the two classes of

stretching and reflexive separation to account for the creation of satellite droplets [50]. Other re-

searchers such as Qian and Law (1997), Estrade et al. (1999) and Brenn at al. (2001) also showed

that satellite droplets are formed in these collision processes 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 empirical information is available about macro-

scopic features of sprays, such as their penetration lengths and spreading angles. Phenomena such

as droplet evaporation also appear to be well understood forisolated spherical droplets. Less is

known about microscopic features of sprays such as droplet size and velocity distributions, and

few measurements of these quantities have been reported. While mechanisms of instability that

promote the break-up of liquid jets into droplets have been identified, and models for the colli-

sion of two isolated droplets have been developed, it is not clear how well these models can be

adapted to predict details of real sprays with many interacting, evaporating droplets. Nor is it clear

how an unstable liquid jet develops into a spray with a particular spreading angle and droplet size

distribution.

The objectives of this study are to make new experimental measurements in an impulsively
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started fuel spray to address some of these unresolved issues and to test the abilities of proposed

models to explain the behavior of real jets. In particular, it is planned to:

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

acteristics;

ii ) make new measurements of the dependence of droplet size distribution on distance from the

spray nozzle;

iii ) make new measurements of the effects of fuel temperature onspray characteristics and

droplet size distribution;

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

effects on droplet size distribution

v) evaluate the utility of droplet collision models for explaining the dependence of droplet size

distribution on downstream distance.

In addressing these objectives, the utility of single-droplet evaporation models and two-droplet col-

lision models for describing entire sprays can be assessed.In the following chapters, the theoretical

background and experimental setup are described and the droplet size distribution measurement

techniques are explained in detail. Experimental measurements of fuel sprays are then reported

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

Theoretical Background

In this chapter, the theoretical background is presented for the basic physical processes that take

place within liquid sprays. The processes include break-up, droplet transport, droplet collision and

droplet evaporation.

3.1 Droplet Evaporation

Droplet evaporation is a two-phase flow phenomenon that can,in principle, be solved by using the

three-dimensional continuity, Navier-Stokes, thermal energy and species conservation equations to

describe both the liquid transport within each droplet and the flow of gas surrounding each droplet.

These two equation systems can then be coupled by control-volume applications of the same prin-

ciples to a thin region at the boundary of each droplet. However this approach is impractical as it

would need enormous computational resources and is not currently used in spray studies. Instead,

models have been introduced to make evaporation calculations more practical, though the simplifi-

cations they introduce limit their validity to particular classes of evaporation problems. Several of

these models are described below, and introduced in order ofincreasing generality and complexity.

A droplet is a small, often spherical, volume of liquid bounded almost completely by a free

surface. Both the size and the shape are influenced by the droplet’s surface tension, which acts

to minimize the droplet surface area, tending to produce a spherical shape for a given volume of
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liquid. The process of droplet evaporation comprises two main phases [34]:

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

of droplets, through evaporation with surface recession; and

ii ) diffusion and advection of fuel vapor from the surface of the droplet into the ambient gas.

In the case of droplets of mixtures of liquids, a third phase is present: the diffusion of liquid within

the droplet as the surface concentrations of evaporating species change. The first phase is usually

described by equilibrium thermodynamic relations relating the momentary concentrations in the

liquid and vapor phase, such as the gas phase being saturatedfor pure droplets, or Raoult’s law

for droplets of liquid mixtures. The second phase is concerned with convective heat and mass

transfer, usually with the assumption that the droplet retains its spherical shape, even when in

motion [40, 41, 54] on account of the dominance of surface tension over inertia. It is also usually

assumed that the temperature is uniform over the droplet surface though it can vary with time. It

has been shown from three-dimensional internal flow calculations that isotherms often coincide

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

3.1.1 Thed2 Law

A simple model for describing the rate of evaporation of a droplet is thed2 ‘law’. This model

relationship can be thought of as describing a spherical droplet of a pure liquid in a stationary gas

environment of constant temperature in time and space, equal to the liquid’s wet-bulb temperature.

Under these assumptions, it can be shown that the rate of decrease of the droplet’s surface area is

proportional to time [56], as

d2 = d20 − λt, (3.1)
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whered is the droplet diameter at timet, d0 is the initial droplet diameter andλ is an experimentally

determined evaporation constant. This model is incompleteas it does not predict a value ofλ and,

even when a value ofλ is provided from empirical sources, it is too simplistic to predict the size

of droplets accurately under forced convection or in the final stages of evaporation, when surface

tension becomes important. Fig. 3.1 shows experimental measurements of the non-dimensional

droplet ratio value with time for pure methanol for near quiescent conditions at an ambient pressure

of 1 atmosphere and a temperature of300 K, together with a fit of thed2 model.

Figure 3.1 Temporal history of droplet diameter for evaporation of a methanol droplet [2]

3.1.2 The Spalding Mass-Number Model

Another way of modeling droplet evaporation is to define a mass transfer coefficient (hm) such

that

ṁ′′ = hm(ρvs − ρv∞), (3.2)
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whereṁ′′ is the mass flux of vapor at the droplet surface andρvs andρv∞ are densities of vapor

adjacent to and far from the droplet. For stationary droplets in a quiescent atmosphere, evaporation

is controlled by the rate of diffusion of vapor andhm is:

hm =
2Dg

dd
, (3.3)

whereDg is the binary diffusion coefficient of fuel vapor in gas anddd is the droplet diameter. For

the general case of evaporation controlled by both diffusion and convection, a dimensionless mass

transfer coefficient can be specified by a Sherwood number, defined as [57]:

Sh =
ddhm

Dg
, (3.4)

Sh = 2 when droplet evaporation is driven only by molecular diffusion. For the more general case

of evaporation driven by both convection and diffusion, correlations forSh are usually developed

from experimental or simulation data. One such correlationfor Sh for moving evaporating droplets

is [58]:

Sh =

[

2 + 0.87Re
1/2
f

Sc
1/3
f

]

(

1 +BM
)−0.7 , (3.5)

where

Ref =
Uddd
νf

, (3.6)

Scf =
νf

Dg
, (3.7)

BM =
ρvs − ρv∞

ρgs
=

Yνs − Yν∞
1− Yνs

(3.8)
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whereRef is the Reynolds number at the film surrounding each droplet (20 ≤ Ref ≤ 2000), Scf

is the Schmidt number in the film region,BM is the Spalding mass number andYvs is the mass

fraction at the droplet surface. It can be shown from [59] that:

Yνs =
1

[1 + M∞
Mf

(1− P∞
Pνf

)]
, (3.9)

whereM∞, Mf , P∞ andPvf are the ambient gas and liquid molecular weights, and the ambient

and liquid vapor pressure at the droplet surface respectively. The mass evaporation rate flux for a

single droplet is

ṁ′′ = d

dt

( π
6 ρdd

3
d

πd2
d

)

=
1

6
ρd

d

dt
(dd). (3.10)

From Eqs. 3.2, 3.4 and 3.5, the rate of the droplet diameter decrease can be determined as:

dd
d

dt
(dd) = 6ρd

[

2 + 0.87Re
1/2
f

Sc
1/3
f

]

(

1 +BM
)−0.7 Dg (ρvs − ρv∞) . (3.11)

This ordinary differential equation can be integrated to yielddd(t) using standard numerical meth-

ods.

3.1.3 Coupled ODE Models

Simple models for heating and evaporating of non-isothermal droplets have also been developed.

Some models are based on approximations of the temperature and concentration profiles inside

droplets as their steady-state forms, which results in ODEsfor droplet diameter, and average tem-

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

ρlcl
∂T

∂t
=

kl
r2

∂

∂r
(r2

∂T

∂r
), (3.12)

whereρl, cl andkl are the liquid droplet density, heat capacity and thermal conductivity respec-

tively (assumed to be constant).r is the distance from the center of droplet,t is time andT is the

droplet temperature. If the droplet is heated by convectionfrom the surrounding gas, and has a

constant surface temperatureTs equal to the saturation temperatureTsat, the boundary condition

at the droplet surface can be written as:

h
(

Tg − Tsat
)

= ρlLṘ + kl

(

∂T

∂r

)

r=R
, (3.13)

whereh is the convection heat transfer coefficient,L is the specific heat of evaporation andTg is

the ambient gas temperature. If a quasi-steady (parabolic)form of the temperature profile inside

the droplet is assumed [60]:

T = Tc + (Tsat − Tc)
( r

R

)2
, (3.14)

whereTc is the temperature at the center of droplet andR is the droplet radius. Integrating both

sides of Eq. 3.12 with respect tor yields

ρlcl

∫ R

r=0

∂T

∂t
r2dr = klR

2
(

∂T

∂r

)

r=R
. (3.15)

Taking the derivative of Eq. 3.14 with respect tot andr respectively yields

Ṫ = Ṫc − Ṫc

( r

R

)2
+ (Tsat − Tc)

−2r2Ṙ

R3
, (3.16)
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∂T

∂r
=

2r

R2
(Tsat − Tc) . (3.17)

After substituting Eqs. 3.16 and 3.17 into Eq. 3.15 and simplifying:

Ṙ =
kl

RρlL

[

hR

kl

(

Tg − Tsat
)

− 2 (Tsat − Tc)

]

. (3.18)

Given an initial value of the droplet diameter, Eq. 3.18 can be integrated numerically to obtain the

droplet diameter at any time.

3.1.4 Coupled PDE Droplet Evaporation Models

The most sophisticated and expensive approaches to calculating droplet evaporation typically in-

volve spherically symmetric treatments of multicomponentdroplets in a gaseous environment. In

this case the bulk continuity equation is:

∂ρ

∂t
+∇. (ρv) = 0, (3.19)

∂ρl
∂t

+
1

r2
∂

∂r

(

r2ρlvl

)

= 0, (3.20)

whereρ and v are the gas phase density and velocity, respectively. Subscript l represents the

properties of the droplet, whiler is the droplet radius. The continuity equation for speciesi,

assuming Fickian diffusion, can be written as

∂(ρyi)

∂t
+∇.

(

ρyiv
)

= ∇.
(

ρDi∇yi
)

(3.21)

∂(ρlyl,i)

∂t
+

1

r2
∂

∂r

(

r2ρlvlyl,i

)

=
1

r2
∂

∂r

(

r2ρlDl

∂yl,i

∂r

)

(3.22)
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The thermal energy equation is written as

∂(ρI)

∂t
+∇. (ρIv) = ∇.

(

λ∇T + ρ
∑

hiDi∇yi

)

− p∇.v (3.23)

∂(ρlTl)
∂t

+ 1
r2

∂
∂r

(

r2Tlρlvl

)

=

1
cpr2

∂
∂r

(

r2λl
∂Tl
∂r

)

+
ρlDl
cpr2

∑

ifuel

[

∂
∂r

(

r2hl,i
∂yl,i
∂r

)

− hl,i
∂
∂r

(

r2
∂yl,i
∂r

)]

(3.24)

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

interface condition for mass fraction of speciesi can be derived as:

[

ρls
(

vls − vs
)

(

ygs,i − yl,i

)

+ ρlsDl,i∇yls,i − ρgsDg,i∇ygs,i

]

.n̂ = 0 (3.25)

ρls
(

vls − ṙs
)

(

ygs,i − yl,i

)

+ρlsDl

(

∂yi
∂r

)

ls
−ρgsDg,iShg,i

(

yg∞,i − ygs,i

2rs

)

= 0 (3.26)

Since the total mass fraction is equal to1, the following constraint can be applied:

∑

ifuel

yl,i = 1 (3.27)

together with [48]:
∑

ifuel

Dl,i∇yl,i = 0 (3.28)

A summation over all speciesi of Eq. 3.25 yields:






ρls
(

vls − vs
)

(

ygs,F − 1
)

− ρgs
∑

ifuel

Dg,i∇ygs,i






.n̂ = 0 (3.29)
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By manipulating Eqs. 3.23 and 3.25, the energy conservationat the interface can be expressed as:







∑

i

Lisρls

[

−
(

vls − vs
)

yls,i +Dl∇yls,i

]

+ λgs∇Tgs − λls∇Tls







.n̂ = 0 (3.30)

For a spherically symmetric droplet, Eq. 3.29 is an equationfor the surface regression rate:

ṙs − vls =

ρgs
∑

ifuel
Dg,iShg,i

(

yg∞,i − ygs,i

)

2ρlsrs

(

ygs,F

) (3.31)

An interface condition on temperature can be derived from Eq. 3.30 as follows [48]:







∑

i

Lisρls

[

(

ṙs − vls
)

yls,i +Dl

(

∂yi
∂r

)

ls

]

− λl

(

∂T

∂r

)

ls
+ λgNug

Tg∞,i − Ts

2rs







= 0

(3.32)

This system of equations can then be solved, together with a temperature-dependent library of

liquid properties, using a PDE solver for the governing equations inside the droplet, and a root-

finding procedure such as Broyden’s method for matching the PDE and control-volume-obtained

surface conditions to obtaine detailed solutions of the rate of recession of the droplet surface and

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

3.2 Spray Dynamics

3.2.1 Break-Up

In the atomization of a round liquid jet, a diverging spray forms at the nozzle exit. It is also

the location of break-up of the liquid jet. The injected liquid stream becomes unstable to small

disturbances over a wide range of conditions. While the precise mechanisms of break-up are still a
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topic of research, liquid jet break-up is usually divided into different regimes that reflect differences

in the shape of jets as the operating conditions are changed.Four main break-up regimes have

been identified for a round liquid jet injected into a stagnant gas: the Rayleigh regime; the first

wind-induced regime; the second-wind induced regime and the atomization regime [61]. Rayleigh

break-up takes place at low liquid-stream velocity when small-amplitude disturbances on the liquid

surface promote amplification interactions between the liquid and gas phases and initiate break-

up of the liquid stream into droplets. In this regime, the droplet diameters are larger than the jet

diameter and the break-up occurs several nozzle diameters downstream of the nozzle. The first

wind- induced regime is similar to the Rayleigh regime except the droplet diameters are of the

order of the jet diameter. For high speed liquid jets, it is believed that the growth of unstable

short-wavelength surface waves results in break-up of the second wind-induced and atomization

regimes. In the second wind-induced regime, droplet diameters are smaller than the jet diameter

and even smaller in the atomization regime. In the atomization regime, break-up starts at the nozzle

exit. In order to make a quantitative classification of the break-up regimes, the Ohnesorge number

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

Oh =
Wel
Rel

, (3.33)

where the Weber and Reynolds numbers are defined as

Wel =
U2dρl

σ
, (3.34)

Rel =
Udρl
µl

, (3.35)
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whereρl is the liquid density,σ is the liquid surface tension,µl is the liquid dynamic viscosity,U is

the liquid jet velocity andd is the nozzle diameter. The so-called Ohnesorge diagram represents the

different break-up regimes, which are shown together with the zone of Diesel injection applications

in the following figure.

Figure 3.2 Ohnesorge diagram

In Diesel sprays, the primary break-up is the first disintegration of the coherent liquid into large

droplets near the hole of the injector, and the secondary break-up takes place farther downstream.

Fig. 3.3 is a schematic of the primary and secondary break-upin a typical Diesel spray. The physics

of primary and secondary break-up are believed to be very complicated, and stochastic break-up

models have been developed to generate a range of droplet sizes at high Weber numbers [62,63].

3.2.2 Collision Models

In regions of sprays where droplet distribution is sparse, droplet size distribution is affected mainly

by evaporation. However, at high Weber numbers and where thedroplet distribution within the
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Figure 3.3 Diesel injection: primary and secondary break-up

spray is dense, collision processes can play an important role in the formation of the droplet size

distribution. Although droplet break-up can be induced by interactions between spray and gas mo-

tion, droplet collision is the mutual impact of two droplets, caused by their differences in velocity

and direction within a spray. As two droplets impinge, the region of gas separating them can be

trapped as they collide, raising the gas pressure. When the relative velocity of droplets is not large

enough to overcome the pressure forces between the droplets, they do not impinge but bounce

apart. If the relative velocity is higher, droplets can collide and temporarily or permanently coa-

lescence. At relatively low Weber numbers, the coalescenceis permanent and the characteristics

of the new bigger droplet can be obtained from the initial sizes and velocities of the droplets. At

higher Weber numbers, temporary coalescence occurs and theexcess kinetic energy of the droplets

leads to their separation. Droplets that coalesce temporarily tend to undergo reflexive or stretching

separation at low and high impact parameters respectively [50,51].

One of the earliest work in droplet collision has been done byRayleigh [64] who observed that

small rain droplets bounce upon collision.

Several experimental studies have been performed on the different mechanisms of binary droplet

collision. Ashgriz and Poo observed that both the reflexive and stretching separations produce

satellite droplets from the interacting parts between two colliding droplets, and result in a size re-

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

We =
ρd1U

2
rel

σ
, (3.36)

∆ =
d1
d2

, (3.37)

b =
2B

d1 + d2
, (3.38)

whereWe is the Weber number based on droplet diameter,∆ is the droplet size ratio,b is the

impact parameter,ρ andσ are the density and surface tension of the liquid phase, and the subscripts

1 and2 represent smaller and larger droplets respectively.B is the distance from the center of one

droplet to the relative velocity vector (Urel) placed on the center of the other droplet, as shown in

Fig. 3.4. For a head-on collision, the value ofb is zero;i.e. the interaction height of the collision

region is equal to the summation of the radii of the two droplets (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 coalescence, it is assumed that the interaction

of two spherical droplets of diametersd1 , d2 produces a spherical droplet of diameterd0 rotating

with an angular momentumΩ about its center of gravity.

28



d0 = (d31 + d32)
1
3 , (3.39)

The criterion adopted is that separation occurs if the rotational energy exceeds the surface en-

ergy required to reform the two droplets from the coalesced droplets of diameterd0. The moment

of inertiaI of a sphere rotating about its axis through its center can be written as

I =

∫ r=r0

r=0
r2dm =

8π

15
ρr0

5 =
π

60
ρd0

5, (3.40)

The rotational kinetic energy can be expressed by [66]

RE =
Ω2

2I
=

10πρUrel
2B2d61d

6
2

3d110

, (3.41)

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

of diametersd1 andd2 from a larger droplet of diameterd0 and surface tensionσ is given by [66]

SE = πd21σ






1 +

(

d2
d1

)2
+

{

1 +

(

d2
d1

)3
}
2
3






, (3.42)

where,SE is the surface energy. Following the criterion ofRE = SE,

b =
4.8σ

U2
rel

d1ρ
f(

d2
d1

), (3.43)

where, the dimensionless functionf(
d2
d1

) is given by the equation
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(
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)6(

1 +
d2
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)2
(3.44)

3.4 The O’Rourke Collision Model

The O’Rourke model has been widely utilized in numerical studies of sprays and uses a statistical

approach to predict the outcomes of collision events. This model only considers collisions of

droplets that are in the same computational cell. Thus the collision frequency of larger droplets

against all smaller ones is [67]:

υ21 =
N1
Vcell

π

4
(d1 + d2)

2Urel, (3.45)

whereVcell is the cell volume. O’Rourke assumed a Poisson distributionof droplet sizes and

showed that the probability of no collision was [49]:

P0 = e(−υ21∆t). (3.46)

In this model, three collision outcomes are considered: stretching separation with no generated

satellite droplets; bounce; and permanent coalescence. A random numberξ is sampled from a

uniform distribution between0 and1. If it is greater than the probability of no collision, colli-

sion takes place between the two droplets; otherwise no collision occurs because the two droplets

bounce. The critical impact parameter that delineates permanent coalescence from stretching sep-

aration is shown in Fig. 3.5 [68]. The value of the critical impact parameter (CIP ) is estimated as
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Figure 3.5 Effect of droplet diameter on coalescence–stretching separation in a binary collision of
the same size droplets

the square root ofεcoal, whereεcoal is the coalescence efficiency and is defined as:

εcoal = min

{

1,
2.4

Wes

(

1

∆3
− 2.4

∆2
+

2.7

∆

)}

, (3.47)

Wes =
ρU2

rel (d1 + d2)

2σ
, (3.48)

whereWes is the Weber number based on the amplitude of the relative velocity and the diameter

of each droplet. If a random number between0 and1 is greater than theCIP , stretching separation

with no generated satellite droplets takes place. Otherwise it is considered to be a permanent coa-

lescence. The conservation of mass and momentum equations require the post-collision properties

of the permanent coalescence regime to be:

dnew =
(

d31 + d32

)
1
3 , (3.49)
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Unew =
d31U1 + d32U2

d3new
, (3.50)

where the subscriptnew denotes the value after collision. In a stretching separation that generates

no satellite droplets, both droplets are assumed to retain their size. The velocities of the droplets

after collision can be obtained from the energy and momentumconservation equations as:

Unew, i =

d3i Ui + d3jUj + d3j

(

Ui − Uj

)

(

b−√
εcoal

1−√
εcoal

)

d3i + d3j

, i, j ∈ {1, 2} , i 6 = j. (3.51)

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

are obtained from the momentum conservation equation:

Unew, i =
d3i Ui + d3jUj + d3j

(

Ui − Uj

)

d3i + d3j

, i, j ∈ {1, 2} , i 6 = j. (3.52)

3.5 Modeling the Generation of Satellite Droplets

Although the O’Rourke model only permits permanent coalescence between two droplets, many

researchers have shown that satellite droplets are formed after collision [50–52] and that stretching

and reflexive separation may take place. Models that includethese effects are described briefly

below.

3.5.1 Stretching Separation with Generated Satellite Droplets

Visualization data reported by Ashgriz and Poo [50] and Qianand Law [51] suggested that, during

the stretching separation process, a portion of the interaction volume forms satellite droplets while

the rest remains in the original colliding droplets. Therefore when two droplets experience stretch-
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ing separation, the interacting portion between them creates a ligament which ultimately forms

satellite droplets, whereas the non-interacting portion creates two droplets called ‘head droplets.’

According to Ashgriz and Poo [50], when two droplets collideat a high impact parameter, only a

fraction of them come into direct contact, as shown in Fig. 3.4. This fraction can be calculated as:











θ1 = Ω1CV S

θ2 = Ω2CV S

(3.53)

Ω1 =















1− 1
4∆3 (2∆− τ)2 (∆ + τ) for h >

d1
2

τ2

4∆3 (3∆− τ) for h <
d1
2

(3.54)

Ω2 =











1− 1
4(2− τ)2 (1 + τ) for h >

d2
2

τ2
4 (3− τ) for h <

d2
2

, (3.55)

whereh, V , ∆ andb are the interaction height, droplet volume, size ratio of droplets and impact

parameter, respectively and

τ = (1− b) (1 + ∆) , (3.56)

h =
(d1 + d2) (1− b)

2
. (3.57)

Mannannur and Reitz [69] proposed a separation volume coefficient to determine the temporal cre-

ation of a ligament that is composed of the interacting volumes of the two droplets. The separating

volume is smaller than the interaction volume. To account for these phenomena, the present model

defines the separation volume coefficient by assuming that the separating volume is proportional to

the ratio of the energy required for separation to the total energy of the two droplets. The separation

volume coefficient of stretching collision is defined as:
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CV S =
Est −Eten − Edis
Est + Eten + Edis

, (3.58)

whereEst is the total kinetic energy,Eten is the surface tension energy in the interacting area,

andEdis is the viscous dissipation, often assumed to be30% of the total kinetic energy [69].

Est =
1

2
ρU2

rel

(π

6
d31

)







∆3
(

1 + ∆3
)2







[

1 + ∆3 −
(

1− b2
)(

Ω1 +∆3Ω2

)]

, (3.59)

Eten = σ

√

d1τ
(

Ω1 +∆3Ω2

)

2π
(π

6
d31

)

. (3.60)

According to Munnannure and Reitz [69], the first shape of theinteracting area after the collision

is a cylindrical ligament. Fig. 3.6 shows the process of stretching separation and ligament and

satellite-droplet formation. The mass conservation equation for the stretching separation with a

ligament is written as:

π

6
d21 +

π

6
d22 = (1− Ω1)

π

6
d21 + (1− Ω2)

π

6
d22 + πr2L. (3.61)

The diameter of the two ‘head droplets’ after the separationcan be written as:

d1af =
[

(1− Ω1) d
3
1

]
1
3 , (3.62)

d2af =
[

(1− Ω2) d
3
2

]
1
3 , (3.63)

where subscriptaf indicates the status of droplet properties after collision. The velocities of the
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Figure 3.6 The stretching separation process

‘head droplets’ can be calculated from Eq. 3.11. Assuming the separation process takes place

rapidly enough, no heat or work transfer takes place and so the conservation of energy equation

can be expressed as:

1
2ρ

π
6

(

d31U
2
1 + d32U

2
2

)

+ πσ
(

d21 + d22

)

= 1
2ρ

π
6

(

(1− Ω1) d
3
1U

2
1 + (1− Ω2) d

3
2U

2
2

)

+

ρ12πr
2δUr + πσd1af







d1af
2 +

√

d2
1f
4 − r2






+

πσd2af







d2af
2 +

√

d2
2f
4 − r2






+ σ2πrδ + ϕ, (3.64)

whereϕ is the viscous dissipation,r is the cylindrical ligament radius,δ is the ligament length,

andUr is the average velocity of the fluid inside the ligament. In this model, it is assumed that the

droplet velocities (before and after collision) and the volume of the ligament are independent of

time. Also the radius of the ligament is assumed to be much smaller than the diameters of droplets
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after collision. Making these assumptions and differentiating Eq. 3.64 with respect to time,

(

U2
r

)˙
− 4σṙ

ρr2
+

2ϕ̇

ρπr2δ
= 0, (3.65)

where ˙ denotes a derivative with respect to time. The initial shapeof the mass that connects the

bulbous end-drops is assumed to be a uniform cylinder of length equal to its radius, so

πr2δ = πr20r0, (3.66)

wherer0 is the initial radius of the ligament

r0 =

[

1

6

(

Ω1d
3
1 + Ω2d

3
2

)

]1/3
. (3.67)

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

stretching so

Ur = Cδ̇, (3.68)

whereC is a constant assumed to be unity [70]. The viscous dissipation rate for a pure extensional

flow can be given by [69]:

ϕ̇ =
πr2µδ̇

2

2δ
. (3.69)

Substituting from Eq. 3.65 and 3.68, we find that

r̈ =
3ṙ2

r
+

r4

2ρr60

(σ − µṙ) , (3.70)

Mannunnar and Reitz showed that, as an alternative to solving the non-linear differential Eq. 3.30,
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an approximation solution can be found by obtaining the non-dimensional radiusR of the follow-

ing equation [69]:

3

4
√
2
k1k2We0.50 R3.5 +R2 − 1 = 0, (3.71)

wherek1 andk2 are constants for the specific conditions. The diameter of the generated satellite

droplets is given by:

dsat = 3.78r0R. (3.72)

The number of satellite droplets generated is:

Nsat =
3

4

(

r0
rsat

)3
(3.73)

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

3.5.2 Reflexive Separation and Generation of Satellite Droplets

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

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

Wecrit =

3

[

7
(

1 + ∆3
)
2
3 − 4

(

1 + ∆2
)

]

∆
(

1 + ∆3
)2

∆6η1 + η2
, (3.74)

where

η1 = 2(1− β)2
√

1− β2 − 1, (3.75)

η2 = 2(∆− β)2
√

∆2 − β2 −∆3, (3.76)

β =
1

2
b (1 + ∆) . (3.77)
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Fig. 3.7 shows the droplet formation process of reflexive separation. As can be seen from this

figure, all satellite droplets generated from the separation are assumed to have the same size, so no

head-droplet is formed in this process.

Figure 3.7 The process of reflexive separation

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

Unew, i =
d3i Ui + d3jUj + d3j

(

Ui − Uj

)

√

1− Wecrit
Wes

d3i + d3j

, i, j ∈ {1, 2} , i 6 = j. (3.78)

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

ligament radius of:

r0 =

[

1

8

(

d31 + d32

)

]
1
3
. (3.79)

3.6 Single Droplet Trajectories

Predictions of the trajectory of a discrete-phase droplet can be obtained by integrating the force

balance on the droplet, written in a Lagrangian reference frame. The inherent three-dimensional

38



character of the droplets is accounted for through an aerodynamic drag force. As a particle moves

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

moving relative to the ambient fluid. Inter-droplet effectson the aerodynamic drag are neglected.

The force balance equates the droplet inertia with the forces acting on the droplet and, in thez

direction, can be written as

dUp

dt
= FD

(

U − Up
)

+
g
(

ρp − ρ
)

ρp
+ Fz, (3.80)

whereFD (U − Up ) is the drag force per unit droplet mass and

FD =
18µ

ρpd
2
p

CDRe

24
, (3.81)

whereU is the environmental gas phase velocity,Up is the droplet velocity,µ is the gas phase

viscosity,ρg is the gas density,ρp is the droplet density, anddp is the droplet diameter.Re is the

Reynolds number, which is defined as

Re =
ρdp

∣

∣Up − U
∣

∣

µ
. (3.82)

The drag coefficient,CD can be found from

CD = a1 +
a2
Re

+
a3
Re2

, (3.83)

wherea1, a2 anda3 are constants that apply for smooth spherical particles over several ranges

of Re given by Morsi and Alexander [3]. Figure 3.8 shows the drag coefficient diagram for these

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

These models for the behavior of droplets undergoing collisions will be examined in later sec-

tions of this dissertation. They will be used to determine how well experimental measurements of

droplet size distributions in sprays can be explained by droplet collision theories. The evaporation

models will be used to assess whether evaporation is a significant contributor 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 spray fuel in a controlled manner, and to mea-

sure the macroscopic features of the spray and the droplet size distribution is described. The

apparatus consists of five main parts: the fuel delivery system; the injector control system; the fuel

heating system; the macroscopic visualization system; andthe droplet size measurement system.

Fig. 4.1 shows a schematic of the experimental setup. A fuel injector is supplied with fuel from a

pressurized tank through a fuel line. A computer control system is used to set injection parameters

such as time duration and time delay after a timing pulse, to allow a specified volume of fuel to

be injected/sprayed. A capability was also provided to heatthe fuel in the line upstream of the

injector, to explore effects of fuel temperature on spray behavior. A high speed CCD camera was

used to record the spray propagation into quiescent surroundings which, after image processing,

could be used to make macroscopic characterizations of the spray. A Spraytec diffraction-based

laser droplet sizing system was used to determine microscopic spray characteristics such as droplet

size distribution. Each of these components is described indetail 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 the fuel. The fuel delivery system is shown

in Fig. 4.1. To supply fuel to the injector, a cylinder of nitrogen is used to pressurize the fuel tank

at a pressure controlled by the cylinder regulator. A secondpressure gage is installed on the fuel

tank, which comprises two chambers. One contains liquid fuel and its outflow is connected to the

injector supply line. The other is a compressed gas accumulator—a cylinder with two chambers

that are separated by a floating piston—connected to the nitrogen reservoir. As the volume of

the compressed gas changes, the pressure of the gas (and the pressure on the fluid) changes. An

injector (in these series of experiments, a commercial Bosch Model PA66) is connected by a fuel

line to the accumulator, so that its pressure provides a flow of fuel when the needle of the injector

is energized. This injector is a type of commercial injectors used in common rail fuel injection

system which usually operates at pressures between100 and300 MPa. The original injector was

a 7-hole type with a0.3 mm each hole diameter. In order to study the pure single plunge spray

development, 6 holes were blocked out by using a commercial super glue. Fuel is then sprayed

from the injector. In order to refill the accumulator with fuel and change the injector, three high-

pressure valves are positioned as shown in Fig. 4.1. With this system, the injector can operate over

a range of pressures limited only by that of the nitrogen in the cylinder.

In Fig. 4.2, a typical heavy-duty fuel injector with electromagnetic fuel injection control is

shown. This kind of fuel injector consists of three main parts: a solenoid spring; a control chamber;

and a nozzle chamber. In the closed position, both the control and nozzle chambers are pressurized.

Because the area above the control plunger is larger than thearea of the nozzle chamber, there is

a net closing force and so no fuel leaves the nozzle. When the solenoid is energized, the resulting

magnetic force raises the ball valve and, because the z-throttle area is smaller than the A-throttle
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area, the pressure in the control chamber drops. However, the nozzle chamber is still pressurized

and so there is a net opening force that raises the control plunger. The needle tip is then raised

and fuel is injected. When the solenoid is no longer energized, the solenoid spring pushes the ball

valve to its original seat and terminates injection.

Figure 4.2 Schematic of a common rail fuel injector

4.2 Fuel Heating System

To investigate spray behavior at fuel temperatures above ambient, a heating system is used. As

fuels are flammable, a high capacity water heater is used to raise the fuel temperature using a

cross-flow heat exchanger. The circulating water passes through insulated lines and transfers heat

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

Item Water Heater
Type Residential

Tank (Gal) 10
Voltage 120
Phase 1

Total watts 2000
Number of elements 1

Height/Top of the heater (in) 23
Jacket diameter (in) 15− 3/4
Water connection 3/4inNPT
Temperature range 90to220F

Weight (lb) 47.05
Model 1PZ78

4.3 Injection Controller System

A FireLynx engine controller system is used to customize theinjection period and delay in these

experiments. The FireLynx is a programmable engine controller designed to operate in environ-

ments from -40◦C to +75◦C with built-in over-voltage, over-current and over-temperature protec-

tion. This system also permits independent external waveform control of multiple injectors, with

a temporal resolution of 0.01 ms. The output voltage to the injector can be scaled from the input

supply voltage or the built-in 5V power supply and the period of injection can take any value

above 0.1ms, however the injection pulse width was 2.4ms in all experiments.

4.4 Macroscopic and Microscopic Visualization Systems

The optical techniques used in spray visualization can be divided into two sub-categories: direct

imaging and non-imaging techniques. Direct imaging in direct injection spray diagnostics has

focused on observation of the spray structure and geometry,such as spray cone angle, cluster

break-up, and penetration length. Non-imaging optical techniques measure spatial and temporal
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droplet size distribution and velocities.

4.4.1 Macroscopic Visualization System

Direct imaging is used for evaluating the macroscopic characteristics of a spray and consists of

taking photographs with a charge-coupled device (CCD) camera to capture images of the spray

or spray droplets. Illumination is carried out with a flashlight or pulsed laser, which creates a

high intensity light source of short duration. The primary requirement in determining the spray

geometric parameters is that the entire spray be imaged. A uniform light source, a diffuser, and

a Photron CCD camera were configured to generate backlit images of the entire spray (Fig. 4.3).

This camera can be used with different rates to record the spray development. For 10,000 and

300,000 frame per second rates, the resolution is 896X848 and 256X64 pixels, respectively. The

corresponding physical resolution in images is approximately 51µm/pixel. These footprints have

16 Bit gray color. To freeze the motion of the droplets in the spray, a triggered flash lamp with

sub-microsecond duration was used.

Figure 4.3 Schematic of the macroscopic visualization system
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A continuous light source and a CCD camera with a very short exposure time were used to

record spray images. The light and/or camera triggers were activated with time-delayed signals

from an injector driver circuit. Additional electronic controls were used to synchronize and phase

the injection, the light source and the camera shutter. As shown in Fig. 4.4, backlit illumination was

used for uniform imaging of the spray and was effective for resolving the spray edges. To evaluate

the principal spray parameters such as the spray angle and axial spray penetration distance, the

edges of the spray were determined. To define the spray boundary, image processing techniques

were used to distinguish between droplets at the spray boundary and optical noise.

Figure 4.4 Backlit image of a direct Diesel injection spray

47



4.4.2 Laplacian-Gaussian Edge Detection

Edge detection algorithms are commonly used for evaluatingof the Diesel spray macroscopic

characteristics properties. These algorithms find edges that form a closed contour and completely

bound an object. The intensity of an image changes at the edges of a specific shape is shown in

Fig. 4.5.

Figure 4.5 Intensity and spatial intensity derivative functions near the edges

If the intensity profile of an image changes continuously, itindicates the presence of an edge.

The Laplacian is a 2-D isotropic measure of the second spatial derivative of an image and in 2-D

images can be defined as:

∇2f(x, y) =
∂2f

∂x2
+

∂2f

∂y2
. (4.1)

The Laplacian of an image highlights regions of rapid intensity change and therefore can be used

for edge detection. However, as a second-order derivative,the Laplacian is very sensitive to noise

and so is applied to images that have first been smoothed. Thispre-processing step reduces the high

frequency noise components prior to the differentiation step. One possible preprocessing tool is
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the Gaussian smoothing. The Gaussian distribution function in two variablesg(x, y) is illustrated

in Fig. 4.6 and is defined as

g (x, y) =
1

2πσ2
e

−(x2+y2)

2σ2 , (4.2)

wheres is the standard deviation representing the width of the Gaussian distribution. The shape of

the distribution and hence the amount of smoothing can be controlled by varyings.

Figure 4.6 The Gaussian distribution in two variables

In order to smooth an image with the intensity function off(x, y), it is convolved withg(x, y)

to produce a smoothed image with the intensity function ofs(x, y).

s (x, y) = f (x, y) ∗ g(x, y). (4.3)

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

operator. Fig. 4.7 shows the LOG operator.

Figure 4.7 The LOG operator

The zero crossing is the location in a Laplacian of an image where the value of the Laplacian

passes through zero. Such points often occur at the edges in images where the intensity of the

image changes rapidly. Fig. 4.5 shows that in the approach toa change in intensity, the Laplacian

response is positive on the darker side, and negative on the lighter side. Thus there is a sharp edge

between two regions of uniform but different intensities and the Laplacian response is: zero at a

long distance from the edge; positive just to one side of the edge; negative just to the other side of

the edge; and zero at some point in between, on the edge itself. Once the image has been converted

by the Laplacian of a Gaussian filter, the algorithm detects the zero 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

Figure 4.9 (a) n-heptane spray with rough edges before the image processing. (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 developed for measurement of droplets in automo-

tive fuel sprays as laser diffraction instruments and phase-Doppler instruments. These laser-based

instruments may be used to measure and record the sizes of droplets within fuel sprays. However,

they do not necessarily give identical results in the same spray. Phase-Doppler systems measure

the size distribution of a spray in a very small probe volume which is created at the intersection of

two or more focused laser beams. Laser diffraction measuresdroplet size distributions by measur-

ing the angular variation in intensity of light scattered asa laser beam passes through a dispersed

droplet sample. Large droplets scatter light at small angles relative to the laser beam and small

droplets scatter light at large angles, as illustrated in Fig. 4.10. The angular scattering intensity

data is then analyzed to calculate the size of the particles responsible for creating the scattering

pattern, using theories of light scattering. The droplet size is reported as a volume equivalent

sphere diameter. Thus in laser diffraction methods, the size distribution result is obtained from

the region of the spray within the laser beam cross section asopposed to the probe volume in

phase-Doppler anemometry. The need to move the probe volumethrough numerous positions

in the spray makes phase-Doppler measurements significantly more time consuming than laser

diffraction ones. In both methods, the droplet sizing parameters obtained from the size distribution

curves are the Sauter Mean Diameter (SMD) and the droplet diameters corresponding to the50% or

90% cumulative volume point on the droplet size distribution curve:Dv50 andDv90 respectively.
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Figure 4.10 Scattering of light from small and large particles

4.4.4 Malvern Spraytec

The Malvern Spraytec was designed as a laser diffraction system to measure droplet size distribu-

tions from light scattered by the spray droplets in a cylindrical beam of laser light, as illustrated

in Fig. 4.11. The light scatter from droplets is collected bythe Spraytec after first taking a back-

ground measurement. The scattered light is then used to infer a spatially integrated droplet size

distribution. The diffracted light from the droplets within the working distance and size range of

the receiving optics is collected in an annular array of photo detectors and its intensity measured.

The recorded scattering pattern is then analyzed using a Miescattering model to yield a size dis-

tribution. The angular range over which scattering measurements are made has been optimized

within the Spraytec to ensure poly-disperse size distributions are fully resolved. Particle size cal-

culations are then carried out using a multiple scattering algorithm. This ensures accurate particle

size distributions can be measured at up98% obscuration, beyond the range of operation of tradi-

tional laser diffraction systems. To properly calculate the droplet size distribution, the software has

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

a size distribution measurement from scattering data coincident in time, as a single measurement

from the entire scattering volume. No measurement of droplet velocity 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 transmitterand receiver modules. The X-bar

allows the transmitter and receiver can be moved to different positions, with the detector optics

remaining aligned to the transmitter laser path.

4.4.6 Transmitter

The transmitter contains the laser source which produces a collimated beam of 14mm diameter

with a wavelength of 632.8nm. The laser beam from the transmitter passes through the measure-

ment zone within the spray, then through a lens and protective windows to the detector array in the

receiver. The resultant scattered light is detected by the detectors in the receiver. When no spray is

present in the measurement zone, the transmission level is 100%. However, some light is blocked

when droplets are present in the beam.

4.4.7 Receiver

The receiver holds the lens assembly and photodiode detector elements. A 300mm lens focuses

scattered light onto the detectors and by using Mie scattering theory, the size distribution of scat-

tering droplets is determined. The receiver has 36 detectors that sense the scattered-light intensity

of droplets as small as 0.5µm. Mie scattering theory is applicable to homogeneous and spherical

droplets of arbitrary size illuminated by plane waves [71].According to Mie theory, the intensity

of the scattered light which reaches an observer is a function of the incident light intensity and

scattering function. Mie theory requires knowledge of the optical properties such as the refractive

index of the droplet-gas interface. A typical Mie scattering pattern is shown in Fig. 4.13. Each

bar in the histogram represents the scattered light captured by one of the detectors and so relates
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directly to the size of the particles.

Figure 4.13 A snapshot of a scattering pattern of the detector array

4.5 Experimental Plan

The overall experimental plan is to make measurements of impulsively started fuel sprays under a

range of controlled conditions that will provide new data for the design of fueling systems and tar-

get data for assessing the validity of droplet evaporation and droplet collision models in predicting

the microstructure of sprays. Since diffraction-based measurements of droplet size distribution can

only be made reliably well downstream of the nozzle, it is planed to make these measurements at

a series of such locations along the spray axis. The size distribution data at the location closest to

the nozzle can then be used as an initial condition for testing the ability of collision and evapora-

tion models to predict the droplet size distribution at multiple locations further downstream. Since

droplet evaporation is known to be sensitive to the temperature difference between the liquid and

the surrounding gas, it is also planned to measure these dataover a range of fuel temperatures, and

so provide target data for testing the temperature sensitivity of evaporation models. The plan is
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to make these measurements using n-heptane as the fuel because it is a 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 sprays underambient conditions as a func-

tion of time and penetration distance, to describe their macroscopic structure;

ii ) Carry out the measurements ofi) for fuel temperatures at a controlled range of values above

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

iii ) Measure the droplet size distribution at the closest location to the nozzle at which reliable

diffraction-based measurements can be made, as indicated by the light transmission effi-

ciency, for use as an initial condition for testing evaporation and collision models and for

characterizing the micro-structure of the spray;

iv) Measure the droplet size distribution at a series of downstream locations, and at on- and

off-axis locations, to characterize the microstructure ofthe spray and provide target data for

collision and evaporation models in sprays; and

v) Repeat the measurements ofiii ) and iv) at different fuel temperatures, to determine the ef-

fect of fuel temperature on spray microstructure and to provide target data for spray model

testing.
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Chapter 5

Experimental Results

In this chapter, experimental results are presented of the spray geometry and the size distribution of

droplets in the far field of the spray. The liquid was chosen asn-Heptane, which is representative of

gasoline, and an impulsively started spray was generated using a low pressure Bosch 7-hole injector

with all but one hole blocked. This configuration was chosen as sprays from single orifices provide

better target data for computational modeling than those from multiple orifices, as the complexity

of merging sprays is avoided. The injector hole diameter was0.3 mm. While injector actuation

is almost perfectly repeatable from event to event, the nature of break-up is believed to depend

on instability in the presence of small disturbances and so the subsequent evolution of sprays is

stochastic in nature. For this reason, multiple measurements are made of each injection event so

that both instantaneous and average data can be recorded. The reported droplet size distributions

are time averaged during the spray event and include an average size 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 is important to calculate the order of mag-

nitude of error in the experiments. In this study, spray tip penetration and angle are obtained by

implementing image processing; explained in previous chapter; on the raw images. In order to
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calculate the fuel spray tip penetration, the location of the injector tip and spray front edge are

necessary, the maximum error of reading these locations canbe 2 pixels as Fig. 5.1 shows. Since

the maximum length of each pixel in the study is50 µm, the maximum error in finding spray tip

penetration is0.1 mm. In the similar way, it is obvious that the maximum error of reading pixels

for calculating spray angle is two pixels at 60 diameters downstream of the injector tip [1]. By

using Eq. 5.1, it can be shown that the maximum error in reading the spray angle is almost0.3 ◦.

θ ≈ tan θ =
2 ∗ 50
60 ∗ 300rad ≈ 0.3◦ (5.1)

Figure 5.1 Error in measuring fuel spray angle and penetration

In this study, the Malvern Spraytec instrument was used for laser-diffraction measurement.

For ventilation purpose, a vacuum system collects fuel after spraying. In order to show that this

vacuum system has negligible effect on fuel spray development in the experiments, two different

approaches were taken to investigate the influence of the vacuum system on measurement results.

In the first approach, the ambient air velocity was measured at the entrance of the drain system.

Since this velocity was too low to be measured by conventional pitot tube device, the air velocity
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was measured at the horizontal section of the vacuum drain system as it is shown in Fig. 5.2, then

by using incompressible flow assumption, the air flow velocity was calculated at the drain entrance

as it is shown below:

Figure 5.2 Flow velocity measurement in vacuum system

Q = A1v1 = A2v2 → v2 =

(

D1
D2

)2
v1 =

(

16.5

60

)2
× 3 = 0.23

m

s
(5.2)

The calculated air flow velocity at the vacuum entrance is negligible compared to the fuel spray

velocity which is order of 50m/s. In the second approach, the droplet size distribution at a fixed

injection pressure and temperature was measured for two cases: having the vacuum system on

and off. Fig. 5.3 shows that the droplet size distribution isalmost identical for both cases which

indicates that the vacuum system has almost no effect on the experimental results.

In order to assess the accuracy and limitations of the Malvern instrument, it is necessary to

simulate the dense spray environment with a two-phase medium of known particle number density

and distribution. This was accomplished using a dispersionof Solid Soda Lime microspheres

in distilled water in a stirred glass test cell. In order to make sure that using a glass container
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Figure 5.3 Effect of the vacuum system operation on measurement results (injection pressure and
temperature are 5MPa, 25◦ C, respectively

does not affect the Malvern device measurement result, it isbuilt from fine microscopic slides and

it is placed such that the Malvern laser beam is perpendicular to the sides of the container. A

test measurement of particle size distribution was also conducted to investigate the effect of this

container on the performance of the Malvern device. In this test fuel spray, the size distribution for

n-Heptane was measured with and without the container, as shown in Fig. 5.4. Fig. 5.4 shows the

results of this test which demonstrates that the glass container has almost no effect on the Malvern

device performance. The pulsed spray ran for 50 pulses and each pulse had the duration of 2ms

with the frequency of 40Hz (Fig. 5.5). Based on the pulsed spray Weber number range in this

experiment, no droplet splashing interfered with the Malvern measurement [72].

In order to calibrate the Malvern instrument, 1gr of Solid Soda Lime glass made by Cospheric

Inc. (which has microspheres in the range of 37-40µm) was agitated in 200ml distillate water

in the glass container. Agitation was performed to prevent the particles from coagulating. The

Malvern instrument indicated that 95.4 percent of particles were in the range of 34-40µm, as

shown in Fig. 5.6, which is the same as the certification for particles by Cospheric Inc.

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

ibrating the Malvern SprayTech device [4]. The goal of theirstudy was to assess the capability and
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Figure 5.4 Effect of using a glass container in measuring droplet size distribution

Figure 5.5 The pulsed spray duration which was used by the injector in all experiments

Figure 5.6 Calibration results of Malvern Spraytec with 37-40µm microspheres

limitations of the laser diffraction technique in dense sprays. This involved a relatively broad range

of sizes from tens of microns to nearly a millimeter in diameter. In order to assess the accuracy and

limitations of the instrument, it was necessary to simulatethe dense spray environment with a two-

phase medium of known particle number density and distribution. This was accomplished using a

dispersion of solid, spherical polystyrene microspheres and distilled water in a magnetically stirred

glass test cell. Separate experiments were conducted with each instrument using both monodis-
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persed microspheres at concentrations ranging from1 % to 90% transmission and sizes ranging

from 30 to 650 µm. Experiments were also conducted with polydispersed mixtures of beads over

the same range of concentrations and sizes. The polydispersed mixtures consisted of six differ-

ent bead sizes in relative concentrations that approximated log-normal size distributions typical of

large-scale rocket injectors. Their results from the polydispersed experiments were presented as a

percent error in the volume-weighted volume mean diameter from the actual size. Volume mean

diameter was chosen as a representative indicator of accuracy distribution because the instrument

uses a process of inverting the light scattering data to obtain a particle volume distribution and is

thus geared toward providing maximum accuracy in a volume mean diameter. Fig. 5.7 contains

plots of measurement error which they obtained, expressed as a percentage of volume mean di-

ameter as a function of transmission for each of the polydispersed bead mixtures. The Malvern

Spraytec instrument shows very high accuracy over the rangeof transmissions studied in this the-

sis. The instrument was accurate to within +/-10% in the transmission range of 2% to 90%. The

instrument produces reasonably good results even at a transmission of 1%. However the minimum

error occurred at above 60% transmission for all the distributions which is always the case in the

experiment of this dissertation.

5.2 Droplet Size Distribution within a Pulsed n-Heptane Spray

During a single injection from a pulsed fuel injector, the lab data showed a variation of the droplet

size distribution along the spray. The leading edge of the spray has larger droplets than the trailing

edge as shown in Fig. 5.8, where the droplet size distribution is plotted at the spray leading edge,

middle section, and trailing edge. These distributions were constructed from 50 ensembles of data,

with each of the three distributions determined from 0.3ms of data, with the entire passage of the
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Figure 5.7 Percent error in measured volume mean diameter verses transmission for
SprayTech [4]

spray through the measuring volume taking 2ms. The corresponding values ofD43 andDv50 in

these parts of the spray, measured at 50mm from the injector nozzle, were27.73 µm, 23.1 µm,

19.93 µm and 23.16 µm, 18.43 µm, 15.35 µm, respectively. For a single spray injection, the

minimum spray droplet mean diameter occurs near the spray tail. In this study, all subsequent

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

of the size distribution in the center of the spray.

Figure 5.8 Droplet size distribution variation along a n-Heptane 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 methodology described in the previous chapter for

n-Heptane pulsed injection into an ambient atmosphere conditions at 20◦C, 1 bar at fuel supply

pressures between 5 and 10MPa. A typical image of the resulting spray, 0.3 ms after injection,

is shown in Fig. 5.9. It can be seen that the spray for a single hole injector is a symmetric cone

shape with a spray angle of approximately 15◦. The spray appears to be less dense at its edges

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

Figure 5.9 n-Heptane spray overall shape

the development of an n-heptane spray injected at an upstream pressure of 10MPa is shown.

The development of the break-up core can be seen in this sequence of images. The front edge

of the spray gets sharper as it moves and it can be seen that thebreak-up starts almost from the

center of the spray. The spray is less dense at its sides and the droplets are finer in this area

than the center. Because of the stochastic nature of sprays,several experiments were performed
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Figure 5.10 Development of n-heptane spray at 10MPa, 25◦C

to determine how the spray cone angle and penetration would change under different injection

conditions. For this purpose, the variance is defined as the average of the squares of the differences

between the individual experimental values and their averaged value. Standard deviation is defined

as the square root of the variance and is used to express how measurements for a group are spread

out from the average. Fig. 5.11 shows the behavior of the coneangle value at an injection time of

2 ms at two different injection pressures, for 50 independent experiments at the same conditions.

As the injection pressure doubled from 5MPa to 10MPa, the spray angle decreased by about

3 degrees. The vertical lines show the numbers between the minimum and maximum measured

values during the experiments. Because of the stochastic nature of the secondary breakup [73],

the spray edges vary with time. From Fig. 5.11, it can be inferred that the spray angle varied

during the injection [1] and this is thought to be due to the unsteady nature of the spray formation.

The measurement error of cone angle in the experimental series is less 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 penetration of 50 observations at the same
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Figure 5.11 Dependence of spray angle on time and injection pressure at a fuel temperature of
25◦C in a 25◦C ambient.

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

liquid-jet Reynolds and Weber numbers increased, and the tip of the spray developed faster.

Figure 5.12 Effect of injection pressure on the spray tip penetration at a fuel temperature of 25◦C
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 injectiontime of 2 ms for different n-heptane

temperatures, for 50 independent experiments performed atthe same conditions. At the higher

fuel temperature (by 50◦C), the spray angle decreased by several degrees. The vertical lines show

the values between the minimum and maximum measured values during the experiments. From

this figure, it was inferred that the spray angle varied during the injection and was again due to the

unsteady nature of the pulsed spray. Fig. 5.14 shows the averaged values of the spray tip penetration

Figure 5.13 Dependence of spray angle on time and on fuel temperature

of 50 observations, at the same conditions, but for two fuel temperatures that differed by 50◦C. At

the higher fuel temperature, evaporation was thought to be amore important phenomenon and so

the increased rate of droplet evaporation made the front of the spray develop more slowly.

5.5 The Microscopic Characteristics of an n-Heptane Spray

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

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

in the spray are described by a log-normal distribution, as shown in Fig. 5.15. In this figure, the

logarithmic abscissas represent both the volume frequencyand cumulative volume percentages for

droplets which have the same range of diameters. These distributions are the time averages of 50

experimental distributions measured under nominally identical experimental conditions.

In Table 5.1, stochastic parameters of the data presented inFig. 5.15 are shown, with Dv50

and Dv90 as the droplet diameters at which 50 and 90 percent ofthe volume of spray droplets is

smaller and the rest is larger. Dv50 value is also known as theMass Median Diameter (MMD),

and indicates the mid range of the distribution. The term ‘Trans’ is a measure of the amount of

(transmitted) laser light reaching the beam power detector. Some light is blocked when droplets

pass through the measurement area. When the transmitted light is more than about 80%, there

are too few droplets in the area of measurement; when it is less than about 20%, the spray in the

region of interrogation is too dense. In either of these cases, diffraction measurements may not be

trustworthy.

The Malvern instrument has the ability to measure the droplet size distribution in time intervals

as short as 0.4ms. Fig. 5.16 shows the variation of different droplet size mean values during

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

Table 5.1 Stochastic values of Fig. 5.15 distribution

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

Dv50 (µm) 22.17 1.463 21.06 26.42
Dv90 (µm) 49.1 2.06 48.16 55.46
SMD (µm) 16.15 1.019 15.45 19.24

intensity. It is clear that as the spray develops the transmission percentage reduces, showing that

the middle of a single spray is denser. After the dense regionof the spray and near the tail of the

spray the transmission percentage increases. From different averaged droplet diameters, it is clear

that the front leading edge of the spray consists of larger droplets compared to the middle and tail

of the spray. Based on Fig. 5.16, during a single injection, the spray front leading edge Sauter

Mean Diameter (SMD) is26 % more than the minimum SMD; happening near the spray tail. This

relative percentage is 35 and 45 for Dv50 andd43, respectively. In this study in order to investigate

the spray characteristics, a time averaged data of several measurements were used.

Fig. 5.18 and 5.17 show the effect of the injection pressure on droplets size distribution at

a distance of 19mm from the injector tip—the closest location at which reliable measurement
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Figure 5.16 Variation of droplet size mean values during a single injection

could be made. Each graph is the time average of 50 experimental measurements at the ambient

temperature of 25◦C and is measured at 19mm and 25mm below the injector tip respectively.

From these figures, it appears that increasing the injectionpressure moves the distribution to the

left in Fig. 5.15, implying there are more smaller droplets.From Fig. 5.18, at an injection pressure

of 5 MPa, approximately 99% of droplets have diameters less than 160µm, while at 10MPa,

this measure of diameter drops to 100µm. Thus the droplet size distribution is very sensitive to

the injection pressure. Table 5.2 shows the SMD and Dv50 values and their standard deviations

for these experiments.

Table 5.2 Mean droplet sizes of Fig. 5.17

Injection Pressure Mean Size Average Standard Deviation

5.0 MPa
Dv50 (µm) 23.16 2.173
SMD (µm) 16.87 1.465

5.0 MPa
Dv50 (µm) 23.16 2.173
SMD (µm) 16.87 1.465

5.0 MPa
Dv50 (µm) 23.16 2.173
SMD (µm) 16.87 1.465

Fig. 5.19 shows the size distribution of droplets at different axial locations when the ambient

and fuel temperature are 25◦C. These measurements were made downstream of the location at

which the primary and secondary break-up take place. From this figure, it can be seen that the size
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Figure 5.17 Effect of injection pressure on spray droplets size distribution

Figure 5.18 Effect of injection pressure on cumulative spray droplet size curve

distribution is shifted towards a larger ensemble of droplet diameters with increasing downstream

distance. This observation is important because it suggests that there is a greater proportion of

larger droplets in the spray as axial distance increases. This shift to larger droplets in the distri-

bution could be caused either by the removal of small droplets through evaporation, or by droplet

collision yielding more larger droplets.

Fig. 5.20 shows the variation ofSMD with axial distance from the injector tip. This figure
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Figure 5.19 Droplet size distribution at different axial locations, at an injector pressure of 5 MPa
and fuel temperature of 25◦C (herez is the axial distance from the injector tip)

shows unambiguously that the average droplet diameter grows with axial distance and that the shift

in the droplet distribution to larger diameters is not an artifact of the removal of small droplets from

the distribution. Therefore droplet collision, which can yield larger diameter droplets, appears to

be an important mechanism during spray development. It is also possible that droplet coalescence

takes place as a result of collisions, leading to an increasein the SMD of droplets with axial

distance.

Figure 5.20 AxialSMD variation for the injection conditions of Fig. 5.19

Fig. 5.21 shows theSMD of droplets at different -on and off -axial locations, at ambient and

fuel temperatures of 25◦C. From this figure, it appears that droplets are finer at the edges of sprays,
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where evaporation is more prevalent and there are fewer opportunities for collisions.

Figure 5.21 The variation of dropletsSMD for different off-axial locations at ambient fuel
temperature at 25◦C

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 temperature onthe droplet size distribution in an

impulsively started n-heptane spray. Each graph shows the time averaged of 50 experimental mea-

surements at an injection pressure of 5MPa and an axial location of 100mm from the injector

tip. From these figures, it is clear that increasing the fuel temperature from 25 to 75◦C shifts the

size distribution function to the right, which correspondsto fewer smaller droplets and a greater

proportion of larger droplets. This effect is thought to be due to evaporation, which is more pro-

nounced at higher fuel temperatures and depletes the spray of its smallest droplets. Table 5.3 shows

theSMD, Dv50 and standard deviations for the data in these graphs.

Fig. 5.24 shows droplet size distributions at different axial locations in a n-heptane spray at
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Figure 5.22 Effect of fuel temperature on the spray droplet size distribution

Figure 5.23 Effect of fuel temperature on the spray droplet size cumulative distribution curve

Table 5.3 Spray mean droplet sizes of Fig. 5.22

Fuel Temperature Mean Diameter Average Standard Deviation

25◦ Dv50 (µm) 30.65 3.633
SMD (µm) 23.04 2.982

50◦ Dv50 (µm) 24.22 3.25
SMD (µm) 18.17 2.373

70◦ Dv50 (µm) 22.97 0.963
SMD (µm) 16.9 0.556
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a fuel-line temperature of 75◦C- a temperature at which droplet evaporation was shown to be

significant in Fig. 5.22. However, from this graph, it can be seen that, even when evaporation

is significant, the effect of increasing axial position is still to shift the droplet size distribution

curve to the right, indicating a greater proportion of larger droplets with increasing downstream

distance. The most likely explanation for this effect is that droplet coalescence through collision

plays a dominant role in the downstream evolution of a spray.This effect will be examined through

simulations in the following chapter.

Figure 5.24 Droplet size distribution at different axial locations, at an injection pressure of
5 MPa and a fuel temperature of 75◦C, wherez is the axial distance from the injector tip.

Fig. 5.25 represents theSMD of droplets for different -on and off -axial locations for fuel

temperature at 25, 75◦C. For elevated fuel temperatures, the droplets are still finer at the edges of

the spray.
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Figure 5.25 The variation of dropletsSMD for different off-axial locations at different fuel
temperatures at 5MPa injection pressure
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Chapter 6

Fuel Spray Modeling

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

presented.

6.1 Introduction

Although several break-up models have been proposed recently to estimate initial droplet size dis-

tribution in spray modeling, none of them can predict the generated fuel droplet size distribution

with a high level of accuracy. The ability to measure droplets size with a Malvern Spraytec laser

diffraction device provides a unique opportunity to use experimental measurements as initial con-

ditions in simulations.

Simulation of the detailed evolution of low/medium pressure fuel sprays requires numerical

solution of the velocity, temperature and concentration fields in the gas phase surrounding the

droplets, and coupled solutions of the motion of individualdroplets, possibly including their in-

ternal liquid motion and surface phase change ( [74], [75]) and is computationally very expensive.

Simulation of the break-up of liquid streams into droplets can have even greater computational

expense. It is therefore important and useful to explore simplified and computationally cheaper

approaches to modeling the evolution of sprays. Since trustworthy measurements of the size distri-

bution of droplets at different downstream locations in a fuel spray can be made, the adequacy of
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simplified modeling approaches for the far field of a fuel spray can be explored by using measured

droplet size distributions near the injector nozzle as initial conditions and measured far field size

distributions as target data for evaluation of spray model performance. In this thesis, the simplified

modeling approach explored is one in which a large number of spherical droplets, of a chosen

size distribution and initial velocity field, each move in a Lagrangian frame, governed by New-

ton’s second law of motion. A simple evaporation model is used to describe phase change, and

several models for droplet collisions- which are believed to be the main cause of changes in size

distribution in the experiments of this study- are explored. A simple spherical droplet drag force

model is used, and in this way the behavior of droplets in sprays is modeled without the consid-

erable expense of having to solve for the companion gas phase, the internal velocity within each

droplet, or the non-sphericity of droplets. The adequacy ofthis simplified modeling approach for

low-pressure fuel sprays is the assessed by comparing predicted with measured droplet size distri-

butions. The numerical simulation used in this study was programmed using MATLAB. Ensembles

of droplets with random diameters which have the same size distribution as the ones measured from

the Malvern Spraytec instrument can be generated relatively easily by computer. Using these gen-

erated droplets to match the initial size distribution in the fuel spray and implementing evaporation

and collision models to simulate the Lagrangian development of droplets result is the essence of

this fuel spray model. Since the Malvern Spraytec device hasthe ability to measure the droplet

size distribution at different locations (Fig. 6.1), the fidelity of simulation results can be tested by

comparing them with measured data at downstream locations.

There are important assumptions that are used in the simulation:

i) The droplets are assumed spherical and the environmental air drag force is the only force

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

ii ) The environmental gas phase is stagnant during the spraying event 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 dependence on the choice of collision model,

the following steps are taken:

1. Droplet size distribution is measured experimentally ata desired location far enough (more

than 30mm) from the injector tip that the Malvern device is supposed tomeasure trust-

worthy data. The size distribution at this location is the initial condition in spray modeling.

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

2. Spherical droplets are generated by computer with randomdiameters which have the same

size distribution as measured in experiments. These droplets and their diameters are consid-

ered as the initial conditions in the numerical simulation.

3. Velocities of droplets are determined from the experimental conditions.

4. Linear momentum equations are solved for the initial ensembles of droplets in a control

volume around the spray to obtain the velocity field of all droplets at the next time step.

When two droplets occupy parts of the same volume, they are considered to have collided.

The appropriate collision model is then implemented to determine the outcome, and this

procedure is continued at subsequent time steps.

6.2.2 Effect of Number of Droplets on the Convergence of Size-Distribution

Statistics

As shown in the experimental results chapter, droplet size distribution in a pulsed fuel spray has

a log-normal shape. In order to having a realistic numericalsimulation, it is essential to generate

initial droplets with random diameters which have a log-normal size distribution. The proper way

of generating random droplets should not only be independent of the number of droplets, but also

has the same range of fuel concentration in the air-fuel mixture as in the experiments. Fig. 6.2

shows the influence of the number of generated droplets on size distribution for specific mean and

standard deviation values.

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

Re =
ρvd

µ
,We =

ρv2d

σ
(6.1)

whereρ is fuel density,d is injector orifice diameter,σ is fuel surface tension andv is fuel spray

average velocity. Bosch injector model PA66 with a single hole diameter of 0.3µm and spray wide

angle of 12 degrees was used to generate droplets with the mean diameter value of 35µm.
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Figure 6.2 Generated random droplet size distribution for different number of droplets
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According to Fig. 6.2 increasing the number of generated droplets from 2000 to 10,000 has

negligible influence on the size distribution however it increases the calculation cost significantly.

Taking into account that in the experiments n-heptane concentrations were measured in the range

of 10 ppm to 30 ppm, choosing 2000 initial droplets results in a fuel concentration compati-

ble to the experimental measurements as described below. Inthis study simulations, since the

Malvern Spraytec laser beam diameter is 16mm, the control volume dimensions are chosen to be

10mm x 10mm x 16mm. Assuming the average diameter of droplets to be 30µm, fuel droplets

concentration is calculated as follows:

Vcontrol volume = 10× 10× 16mm3 = 16× 10−7m3 (6.2)

dmean = 30 µm (6.3)

Vdroplets = 2000× π

6
× (30× 10−6)

3
= 28.27× 10−15m3 (6.4)

Vcontrol volume
Vdroplets

= 56.6× 106 = 56.6 Million (6.5)

PPM =
2000

56.6
= 35.3 (6.6)

It is deduced that using 2000 droplets as the initial number of droplets in this study simulations

not only results in having an independent smooth distribution, but 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 injector tip is 100m/s. It is assumed that the

spray is symmetric and that each droplet has an initial velocity vector in the direction from the

center of the injector tip to the center of the droplet, shownin Fig. 6.3. To investigate the effect of

the initial mean velocity of droplets on downstream statistics, the downstream size distribution is

calculated for different initial mean velocities for a representative initial log-normal size distribu-

tion. All droplet velocities are assumed to have an initial velocity equal to the mean velocity, and

the O’Rourke model is used for predicting the collision outcomes. This simulation is carried out

at ambient temperature for n-Heptane droplets, for which evaporation is assumed to be negligible

at room temperature. Based on the definition given in Eq. 6.1 and the size distribution chosen, the

Weber number range was between 0.5 and 86.7. The Reynolds number is in the range of 600 to

6,400.

Figure 6.3 Droplets initial velocity
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Fig. 6.4 shows that higher initial velocities result in slightly larger droplets downstream, which

can be explained by the fact that increasing the initial droplet velocity increases the Weber number

which results in more coalescence through head-on collisions, making the size distribution move

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

velocity is reduced to 80m/s or 40m/s.

Figure 6.4 Simulated droplet size distribution at 50mm 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 initialvelocities of a few percent on downstream

droplet size distribution is investigated. A random numberbetween−1, 1 (RAN) is created for

each droplet, so the instantaneous initial droplet velocity can be modeled as:

v

V
= 1 + α ∗ (RAN), (6.7)

The direction of each droplet velocity is assumed to be the same as described in the previous

section. Fig. 6.5 shows the effect of upstream velocity fluctuations on downstream droplet size

distribution for two differentα values of0.05 and0.1. It is clear that this effect is very small in this

study. The following statistical equations are used to calculate fluctuation intensity for different

initial velocities.

up,i = ūp,i + u′p,i , p ∈ {x, y, z} (6.8)

Ūp =
1

N

N
∑

i=1

ūp, i , p ∈ {x, y, z} (6.9)

U ′
p =

1

N

N
∑

i=1

u′p, i , p ∈ {x, y, z} (6.10)

Ū =
√

Ū2
x + Ū2

y + Ū2
z (6.11)
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U ′ =
√

1

3

(

U ′2
x + U ′2

y + U ′2
z

)

(6.12)

I =
U ′
Ū

(6.13)

Based on the above equations, the fluctuation intensity (I) is 2.3 and5.6 percent forα values of

0.05 and0.1, respectively.

Figure 6.5 Simulated droplet size distribution at 50mm downstream for synthetic turbulences in
initial velocities
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6.2.5 Droplet Collision

In this study four collision outcomes are considered as possible results of a binary collision as it was

shown in Chapter 3. In this study in case of collision betweentwo droplets, the value of the impact

parameter is obtained analytically based on what it was proposed by Taskiran [76], which makes

the collision model described in the previous chapter more accurate. In other previous simulation

works, the impact parameter is chosen as a positive random number less than one, however this

assumption can influence the result of collision simulationsignificantly, 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 diameters of d1, d2 (d1<d2), and their

position vectors at timet areP1(t) andP2(t), respectively. IfX1(t), X2(t) demonstrate the

position of droplets before collision, andX1(tc), X2(tc) represent the positions at the instant of

collision (tc), it is obvious that

|X1 (tc)−X2(tc)| =
1

2
(d1 + d2) (6.14)

X1 (tc) = P1 (t) + U1(tc − t) (6.15)

X2 (tc) = P2 (t) + U2(tc − t) (6.16)

|P1 (t) + U1 (tc − t)− P2 (t)− U2(tc − t)| = 1

2
(d1 + d2) (6.17)
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Figure 6.6 Representation of a binary impact parameter

| (P1 (t)− P2 (t)) + (tc − t) (U1 − U2)| =
1

2
(d1 + d2) (6.18)

by introducing the following parameters

∆P = P2 (t)− P1 (t) (6.19)

∆U = U2 − U1 (6.20)

∆t = tc − t (6.21)

and substituting in Eq. 6.18, one can say

|∆P | 2 + 2 |∆P | (∆t) |∆U | + |∆P | 2(∆t)2 =
1

4
σ2 (6.22)
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The smaller positive root of Eq. 6.22 gives the collision time tc and the other positive root

represents the imaginary departure timetd. According to Fig.6.6 the imaginary distance traveled

by the smaller droplets betweentc and td can be shown as∆U(td − tc). From the definition,

impact parameter can be obtained by

b =
2B

d1 + d2
=

2B

σ
=

2

√

σ2 −
[

|∆U |(td−tc)
]2

4
σ

(6.23)

Eq. 6.23 gives the impact parameter in a binary collision which depends on physical properties

of both droplets. This impact parameter is incorporated into the Ko model, and called the extended

Ko model.

6.2.6 Collision Models Comparison

In this section, results of implementing different collision models in the Lagrangian tracking of

droplets are introduced. This gives the opportunity to compare the collision model results to better

understanding the phenomenon of each one. In order to minimize the effect of evaporation of

droplets in a fuel spray, simulations were done at 25◦C room temperature. Also, since the velocity

of fuel spray at the injector exit is in the order of100 m/s, entrainment of the surrounding air is

expected to be negligible. The same droplet size distribution as what was measured by Spraytech

at 30 mm downstream was assumed as the initial condition in implementing different collision

models. In that case the simulation is almost a pure collision problem in a pulsed fuel spray. Three

following collision models are implemented into droplets development:

1. O’Rourke

2. Ko
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3. Ko extended using the analytical Taskiran impact parameter model

Fig. 6.7 shows the droplet size distribution from lab data at4 different axial locations down-

stream the fuel spray. The lab data at30 mm below the injector tip was used as the initial distri-

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

experiments.

Figure 6.7 Droplet size distribution for n-heptane spray collected by Malvern Spraytec at25◦C
room temperature and5 MPa injection pressure

For each simulation, 2000 droplets were tracked. They each had an initial velocity of60 m/s,

a vector direction outward from the nozzle center, the density, surface tension and viscosity of

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

6.2.6.1 Simulation Results using the O’Rourke Model

Fig. 6.8 shows the droplet size distribution that resulted from the simulation using the O’Rourke

model for describing the collision outcomes. Following thespray development downstream, it is

seen that droplets become larger on account of collisions. The O’Rourke model predicts that the

average diameter of droplets gets 4 times larger in a development distance of 90mm. Compared
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to the experimental data of Fig. 6.7, this average size increase is unrealistically larger and implies

that the assumptions of the O’Rourke module are not well-suited to the real spray.

Figure 6.8 Droplet size distribution from simulations at different 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 resulted from the simulation using the Ko model

for describing the collision outcomes [77]. Following the spray development downstream, it is

seen that droplets become larger on account of collisions taking place. Since the Ko model has the

capability to generate small satellite droplets in certaincollisions, the average diameter of droplets

is found to be smaller than that calculated by the O’Rourke model. This more realistic description

of downstream droplet size distribution implies that some of the collisions within the spray do

indeed generate small satellite droplets to offset the effect of other collisions generating larger

droplets.
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Figure 6.9 Droplet size distribution from simulation at different axial locations using the Ko
collision model
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6.2.6.3 Simulation Results using the Ko Model with the Taskiran Impact Parameter Model

(Extended Ko Model)

Fig. 6.10 shows the droplet size distribution that resultedfrom the simulation using the Ko model

for describing the collision outcomes, but with the analytical model of Taskiran [76] for calculating

the binary impact parameter of each collision. This model also predicts that droplets become larger

as they move downstream within the spray, but their size increase with distance is much slower and

a much closer match to experimental data.

Figure 6.10 Obtained droplet size distribution at different axial 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 initiallymeasured at 30mm below the injector

tip, at three different downstream locations. As already mentioned, the Weber number range is

between 0.5 and 86.7, and the Reynolds number is in the range of 600 and 6,400 based on the

following definitions.
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We =
ρdsmallU

2
rel

σ
, (6.24)

Re =
ρdsmallUrel

µ
, (6.25)

wheredsmall is the smaller droplet diameter in a binary collision,Urel is the relative velocity

of two droplets,σ is the droplet surface tension andµ is the droplet viscosity. All three models

predict the movement of the size distribution toward largerdroplets, however there are significant

differences in how much larger droplets become during spraydevelopment. The O’Rourke model

does not take into account the generation of small satellitedroplets in certain collisions and it

tends to overpredict the size of droplets relative to other models. Because of the predominantly

unidirectional flow in this study, there are many almost head-on-collisions taking place, in which

case the impact parameter is close to zero. In the Ko collision model the impact parameter is

estimated as a random positive number less than 1. Hence according to Fig. 6.11, coalescence can

take place randomly in binary collisions without any sensitivity to the collision angle. However in

the extended Ko model, since the impact parameter is calculated analytically for each collision, the

number of coalescences through head-on-collisions is lower than predicted by the Ko model. It is

for this reason that the extended Ko model predicts droplet sizes to be smaller than the Ko model.

Table 6.1 shows the number of collisions that take place overa distance of 30mm 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

96



Figure 6.11 Binary collision regimes criteria for the same size droplets

From Fig. 6.12 it seems that considering the formation of stellate droplets along with using the

analytical approach to predict the impact parameter makes the predicted size distribution closer

to the experimental results. Since in the O’Rourke model satellite droplets do not generate, this

model overpredicts the droplet size distribution. In the models that consider formation of satellite

droplets, this overprediction is less than what it is seen inthe O’Rourke. However since in this

study there are lots of heads-on collision and since the Extended Ko modeling uses an analytical

calculated based impact parameter in the case of collision,this model gives trustworthy results,

however there is still discrepancies between model and lab data which might be either come from

the fact that the real droplets are not completely sphericalor the experimental errors.
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Figure 6.12 Comparison of different collision models results

6.2.7 Effects of Instrumentation Uncertainty

Fig. 6.13 shows the droplet size distribution for an n-heptane spray at10 MPa injection pressure

measured30 mm downstream of the injector tip. As discussed in the previouschapter, the effect
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of uncertainty in measurements of size distribution with the Malvern Spraytec has no more than

5 percent in droplet size. This effect is represented in Fig. 6.13, by plotting an envelope around

the measured size distribution, corresponding to this measurement uncertainty, showing by the

blue dashed line. The size distribution results for this envelope of initial conditions, predicted

120 mm downstream of the injector tip using the extended Ko model are shown. The envelope of

predictions of the extended Ko model at this level of uncertainty are compared with the measured

data atz = 120 mm in Fig. 6.13. The envelope clearly bounds the experimental data, indicating

that the prediction accuracy is comparable to that of the experimental uncertainty.

Figure 6.13 Effects of instrumentation uncertainty on predicted 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 collisionmodel at temperatures higher than

ambient, a simulation was performed to study the simultaneous effects of evaporation and collision

on size distribution in the spray. In this simulation, droplet temperatures were assumed to be at
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initially 70◦C to experimental measurements of droplet size distributionat this fuel temperature.

Thed2 evaporation model was implemented with the extended Ko collision model, so that droplet

sizes decreased on account of evaporation between collisions. For the purposes of this study,

the complexity of droplet evaporation can be simplified significantly by making the following

assumptions:

i) The evaporation process is quasi steady. This means that atany instant in time the process

of evaporation can be described as if it were in steady state.This assumption eliminates the

need to solve partial differential equations.

ii ) The droplet temperature is uniform and assumed to be a fixed value below the boiling point

of the liquid. This assumption eliminates the need to apply conservation of energy to the gas

phase surrounding the liquid droplet and to the droplet itself.

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

at the droplet temperature.

iv) Both liquid and gas thermodynamic properties including thermal conductivity, density and

heat capacity are constant.

v) The ambient air is assumed to be traveling at the same velocity as the droplet, so the heat

transfer problem is assumed to be a stationary rather than convective one.

Fig. 6.14 defines the spherically symmetric coordinate system for an evaporating droplet. Very far

from the droplet surface, the mass fraction of droplet vaporis assumed to be zero.

With the above assumptions, the mass evaporation rate,ṁ, and droplet diameter,d(t), can

be related by writing a droplet vapor species conservation equation, and a droplet liquid mass

conservation equation. The species originally in the liquid phase is the species transported, and
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Figure 6.14 Evaporation of a liquid droplet in a quiescent environment

there is no slip velocity between the droplet and the ambientair. So one can say

ṁ (r) = constant = 4πr2ṁ′′ (6.26)

Species conservation for droplet vapor becomes

ṁ′′ = Ysṁ′′ − ρD
dYs
dr

(6.27)

whereYs is the vapor mass fraction at the interface,ρ is the mixture density at the interface, and

D is the diffusivity coefficient. Substituting Eq. 6.27 into 6.26 and rearranging to solve for the

evaporation rate, yields

ṁ = 4πrsρD Ln

[

1− Y∞
1− Ys

]

(6.28)

whereY∞ is the vapor mass fraction far from the droplet, which can be set to zero. Since the rate

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

dm

dt
=

d(ρlπ
d3
6 )

dt
= −ṁ (6.29)

Substituting Eq. 6.29 into 6.28 and differentiating yields:

d(d2)

dt
= −8ρD

ρl
Ln

[

1− Y∞
1− Ys

]

= −K (6.30)

The slope is defined as the evaporation constantK [78]:

K =
8ρD

ρl
Ln

[

1− Y∞
1− Ys

]

(6.31)

Table 6.2 n-heptane thermodynamics properties

************ Value Unit
Fluid type n-heptane C7H16

Boiling temperature (at1atm) 371.4 K

Molecular weight 100.2 gr
mole

Liquid density (at70◦C) 640 kg
m3

Diffusivity (at air) 0.065 cm2
m

Gas constant 0.083 kJ
kgK

Heat of evaporation 336.5 kJ
kg

To calculate the evaporation constant for n-heptane, from its thermodynamic properties (Table

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

can be written as:

dPsat
Psat

=
hfg

R

dTsat

T2sat

(6.32)
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wheresat denotes the saturation condition,hfg is the heat of evaporation, andR is the gas con-

stant.

[ln P ]
Psat
1atm =

−336.5
(

kJ
kg

)

0.083
(

kJ
kgK

)

[

1

T

]368 K

371 K
→ Psat = 0.9 atm (6.33)

The interface mole fraction (X) and mixture molecular weight (Mmix) then can be calculated as

X =
Psat
Patm

= 0.9 (6.34)

Mmix = X × 100.2 + (1−X) 29 = 93.08
mole

gr
(6.35)

The interface mass fraction (Ys) then can be calculated from

Ys = X
100.2

Mmix
= 0.968 (6.36)

Substituting these quantities into Eq. 6.31 completes thed2 model for n-heptane as:

d2 (t) = d20 (t)−Kt = d20 (t)− 34× 10−8 t (6.37)

The droplet size distributions at two different locations were then compared with simulations

of a heptane spray at70◦C, using the simulation approach described earlier. Fig. 6.15 shows the

droplet size distribution of the extended Ko collision model,together with thed2 evaporation model

at 60 and120 mm downstream of the injector tip. It seems that even at elevated temperatures

around70◦C, the collision model can play the dominant part of the simulation. Experimental

lab data shows that even though droplets evaporate at highertemperatures more rapidly, many

collisions take place during the spray development which make the droplets become larger. There

are some discrepancies between the simulation and lab results which can be due to the accuracy of
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the droplet evaporation model and the fact that in reality droplets are not completely spherical.

Figure 6.15 Simulation and lab data comparison at n-heptanetemperature of70◦C

Fig. 6.16 shows the effect of using thed2 evaporation model in the extended Ko collision

model. Without using the evaporation model, the extended Kocollision model overpredicts the

average droplet size by almost10 µ m.

Figure 6.16 Lab data and simulation for extended Ko collision model 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 sprays has been investigated for downstream

of the injector. Specifically, macroscopic and microscopiccharacteristics of fuel sprays are mea-

sured experimentally over a range of different injection parameters. These characteristics included

spray tip penetration, spreading angle, and droplet size distribution. Interpretations of the behavior

of the spray development based on droplet evaporation and collision models are also presented.

For liquid sprays, the two parameters of spray tip penetration and spray angle describe the overall

shape of the fuel spray, and can be modeled by empirical equations. The droplet size distribution

in pulsed fuel sprays is log-normal just as in steady continuous sprays.

In consideration of droplet evaporation within sprays, mass transfer analysis are carried out

using empirical equations for Sherwood number. Collision models for two impinging droplets are

introduced and the possible outcomes of their collision areexplained. It is shown that for two indi-

vidual droplets the outcome of each collision is based predominantly on the Weber number, surface

tension, and geometric parameters. It was proposed that liquid spray development could be mod-

eled as a stochastic in process and this behavior was consistent with experimental measurements.
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This stochastic nature is also explored through collision models.

Another part of this study describes appropriate ways of visualizing liquid sprays and calculat-

ing geometrical parameters. In this study, a high speed camera is used to record the development

of n-heptane sprays illuminated by a diffused white background light source. The raw images

are processed by subtracting the background and filtering the noise, after which Edge detection

techniques are carried out to locate the borders of the sprayin order to find the spray geometrical

parameters. The effects of fuel injection pressure and temperature on the spray penetration length

and spreading angle were then measured experimentally.

A Spraytec laser diffraction system is used to determine thesize distribution of droplets at

different axial locations. This system is able to calculatethe size distribution based on the light

scattering intensity which is detected by an angular array of detectors.

It was also determined experimentally how the variation of injection pressure and temperature

influences the droplet size distribution. In the present fuel spray study, it was found that droplet size

changes primarily through collision and that effects of evaporation are negligible at temperatures

close to ambient for n-heptane.

Since trustworthy measurements of droplet size distribution at different downstream locations

in the fuel spray were made, the adequacy of simplified modeling approaches for the far field of a

fuel spray could be explored. By using measured droplet sizedistributions near the injector nozzle

as the initial condition and the measured far field size distribution as the target data different spray

models performance are compared. In this study, the simplified model approach is the one in

which a large number of spherical droplets, of a chosen size distribution and initial velocity field,

move in a Lagrangian frame, governed by Newton’s second law of motion. Several well-known

binary droplet collision models are implemented during spray development. One of these models

is the O’Rourke model [67] which takes into account bouncing, coalescence and separation as
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three possible outcomes of binary collisions.

The other model explored is the Ko model [77] in which generation of satellite droplets is

included. Another collision model is developed in this study based on an extension of Ko model

using analytically calculated impact parameter proposed by Taskiran [76]. Comparison of the

above models shows that the O’Rourke model overpredicts thedroplet size distribution because of

its neglect of satellite droplets. Because of the unidirectional spray development in this study, there

are many of close-to-head-on-collisions taking place, so that impact parameters are often close to

zero. In the Ko collision modeling, the impact parameter is estimated as a random positive number

less than 1. This is why coalescence can still be taken place in binary collisions. However in the

Taskiran-extended Ko modeling, since the impact parameteris calculated analytically, the number

of coalescence in close-to-heads-on-collisions is considered less than that of the Ko model. This

is the reason that the extended Ko model predicts droplet sizes smaller than the Ko model. Of

the three collision models considered in this study, the extended Ko model predicts results in a

best agreement with lab data. It is concluded that this approach of Lagrangian modeling is very

effective for simulating the behavior of single jet sprays with Weber numbers of around100, 000.

In this study droplets were considered to be spherical, and it is not safe to assume that this model

applies for non-spherical droplets.

There are limitations applied in using the extended Ko collision model. Boundaries for coa-

lescence and separation outcomes are valid for droplets with dynamic viscosity to surface tension

ratio (µσ ) of greater than 0.02s/m [79]. Since in this study droplet binary collision Weber number

(ρU
2d
σ ) is less than 100, more cautious should be used for using the extended Ko collision model

in sprays which their Weber number exceeds 100. It was also concluded that for sprays similar

to those of this study, if the droplet size distribution is known at some plane downstream of the

break-ups region, the development of spray can be simulatedby using a simple Lagrangian model.
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Therefore, collision impact parameter can be calculated analytically.

7.2 Recommendations for Future Work

In future research into this topic, it is recommended that the following be examined:

i) Non-sphericity of droplets: In this study the range of non-dimensional Weber and Reynolds

numbers of spray droplets are in the range that they can be assumed spherical. For cases

in which fuel spray droplets have non-spherical shapes, theextended Ko collision model

could be assessed for non-spherical droplets in the fuel spray development modeling by

comparison with experiments;

ii ) Implementing the extended Ko model in multi-hole sprays: More investigation is needed

to examining the suitability of collision models in situations in which there are significant

velocity shear forces so droplets can not be assumed spherical, or more than one spray is

developing;

iii ) Implementing a more comprehensive evaporation model for high environment temperature:

The proposed model might not work well in cases where there are large temperature dif-

ferences between the spray jet and ambient, sod2 model might not describe evaporation

accurately. This could be explored by using the proposed collision model along with more

sophisticated evaporation models;

iiii ) Break-up models: Examining more sophisticated approaches to predicting the fuel spray

break-up from upstream initial conditions, provided by downstream experimentally mea-

sured droplet size distributions.
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