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Abstract

INSTABILITY OF ELLIPTIC LIQUID JETS

GHOBAD AMINI-BAZIANI

The motion of liquid jets ejected from elliptical orifices is studied theoretically and
experimentally. In the theoretical part of the study, the linear evolution of initially small
disturbances on the inviscid jets is investigated using a three-dimensional analysis. In
addition, to study the viscous free-surface flows, an approach based on the Cosserat theory
(also called directed theory) is used. Temporal and spatial analyses are performed and the
dispersion equations of waves on the jet column are derived to show the growth rate of
disturbances for different modes under various conditions. An equation for the jet profile is
suggested which describes the axis-switching phenomenon and breakup for various
conditions. The equations are approximated for small and large ellipticities, and well-
known dispersion relations of circular and planar jets are retrieved. It is shown that in the
capillary dominant regimes, the effect of ellipticity is increasing the growth rate and range
of unstable wavenumbers. In this case only modes symmetric to both major and minor axes
are unstable. At higher Weber numbers, as the aerodynamic forces become dominant, by
increasing the ellipticity, growth rate is decreased. In these Weber numbers, as the
ellipticity increases, the growth rates of the modes that are symmetric with respect to the
major axis are larger than those of antisymmetric with respect to the major axis. Increasing
the gas to liquid density ratio increases the disturbances growth rate, while increasing the
liquid viscosity dampens the growth rate and shifts the maximum growth rate toward
longer waves. Experiments are performed to validate the linear results and to investigate

the jet velocity profile. Several nozzles with different ellipticities and length to diameter
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ratios are designed and their behaviors are examined under free (natural) and excited
(forced) perturbations. The spatial evolution of the jet shape is captured using a high speed
camera. In the forced breakup case, the stimulations are performed by modulating the jet
velocity with a piezoelectric actuator through given sinusoidal perturbations. The measured
data are in good agreement with theoretical predictions except at high ellipticities where

nonlinear effects are strong.
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“The history of science teaches only too plainly the lesson that no single method is

absolutely to be relied upon, that sources of error lurk where they are least expected, and

’

that they may escape the notice of the most experienced and conscientious worker.’

Sir John William Strutt, Lord Rayleigh (1842-1919)
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Chapter 1

Introduction

Liquid jet breakup is important in many practical applications such as the combustion of
liquid fuels, ink-jet printing, coatings, painting, and agricultural systems. The breakup of a liquid
into a spray increases the surface area of the liquid and subsequently increases the heat and mass
transfer between the liquid and gas phases. As an example, in diesel engines, the combustion rate
is controlled by the effective vaporization of the fuel which is a strong function of the liquid fuel

atomization process.

The breakup of a liquid stream injected through a nozzle into a gas has been studied
extensively. Previous studies have shown that the spray properties are influenced by a number of
parameters, including the nozzle internal flow effects resulting from cavitation, the jet velocity
profile, turbulence at the nozzle exit, and the thermodynamic states of both liquid and gas. Due
to the influence of these large numbers of parameters, the governing mechanism of liquid jet
breakup is not well understood and research on fragmentation is still an ongoing topic. As
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Chapter 1 Introduction

categorized by Sirignano & Mehring (2000), there are four forces acting on the liquid that are
typically important in liquid breakup. These forces are inertia, pL’V?, surface tension, oL,
viscous, uLV and gravity, pL’g; where L is the characteristic length of the jet (jet radius, in this
work), V is the jet velocity, and g is the gravitational acceleration. In addition, p, o, and u are
liquid properties representing density, dynamic viscosity, and surface tension coefficients,
respectively. These four forces result in three independent non-dimensional groups: Reynolds
number, Re=pLV/u, Weber number, We = pL Vz/a, and Froude number, Fr= Vz/gL. Another

number commonly used is the Ohnesorge number defined as Oh=We"’/Re.

The required energy to break up the bulk of the liquid into droplets can be provided through
various mechanisms such as liquid pressure, air pressure, vibration, acoustics, and electric fields.
Various types of injectors have been designed to inject the liquid streams with sufficient energy.
However, the motion of the bulk of a liquid in another immiscible fluid is mainly either in form
of circular jets or planar sheets. In the present chapter, the instability and breakup of liquid
streams are reviewed and the behavior of circular jets and planar sheets is presented. Literature is
also reviewed to study the behavior of elliptic jets, as an intermediate configuration between
circular and planar shapes. Meanwhile, a brief explanation of the Cosserat theory is presented

which will be used later in the analysis of viscous elliptic jets.

1.1 Circular liquid jets

The jet breakup phenomena have been classified into several regimes that reflect the
differences in the appearance of jets as the operating conditions are changed. These regimes are
the result of the action of the dominant forces on the jet, leading to its breakup. The most

common way of categorizing the circular jet disintegration mechanisms is given by the jet
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breakup curve. This curve includes the breakup length Z, of the jet as a function of the average
emerging velocity, V. The plot is sometimes referred to as the jet stability curve. The length of
the continuous jet attached to the nozzle, i.e. the coherent portion of the jet, is defined as the
breakup length. An analysis of the dynamics of jet stability has as its primary goal the prediction
of the breakup length after which the first drops appear. The average emerging velocity is the jet
volume flow rate divided by the cross-sectional area of the nozzle exit. The general shape of the
breakup curve is schematized in figure 1.1, from which five separate breakup regimes are
identified. These regimes are characterized by the dripping (region A), the Rayleigh (region B),
the first wind-induced (region C), the second wind-induced (region D), and the atomization
(region E) regimes. These breakup regimes correspond to different combinations of liquid
inertia, surface tension, viscous, and aerodynamic forces acting on the jet. Table 1.1 categorizes
the different regimes based on Weber number (We), Ohnesorge number (Oh), and gas to liquid

density ratio (Q).

The first region, dripping regime (region A), corresponds to the situation where individual
drops are formed and emitted from the nozzle exit, without the existence of any continuous
liquid column or definable jet length. The dripping from the nozzle exit no longer occurs if the
liquid inertia force becomes greater than the surface tension force, leading to a limit in terms of
We for the region A as shown in table 1-1. As the jet velocity is increased, the Rayleigh regime
(region B, figure 1.1) appears. Rayleigh (1879) explained that the liquid jet in this regime
undergoes a capillary instability. Based on his analysis, the liquid column is disturbed by an
axisymmetric perturbation with a wavelength greater than the jet’s circumference. The amplitude
of the perturbation increases until becomes equal to the jet radius, at which point, the jet breaks

up, and a drop, whose diameter is equal to that of the jet, detaches from it. In this region, the
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velocity of the jet with respect to the quiescent air remains small and as the velocity increases,
the breakup length increases almost linearly. The jets within this region are commonly referred

to as capillary jets as they are primarily influenced by surface tension.

&

Zp

&
||
é 4

Figure 1.1: Stability curve of a circular jet for different Reynolds numbers, (B) Re=400, QWe=0.03,
(C) Re=2250, OWe=1.35, (D) Re=8000, QWe=24, (E) Re=14000, QWe=35 (From Dumouchel 2008).

As the jet velocity increases, the jet length reaches a maximum that indicates the beginning
of the first wind-induced regime (region C, figure 1.1). Weber (1931) demonstrated analytically
that in this regime, the gas resistance produces an irregular weaving of the jet which increases in

magnitude with jet velocity and results in a decrease of the jet length. The perturbation evolving
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on the jet interface is antisymmetric (sinuous) and the drop production is not as organized as in
the Rayleigh regime. In addition, the size of the formed droplets is slightly smaller than that of

the Rayleigh regime.

In the second wind-induced regime (region D, figure 1.1), the inertia of the fluid overcomes
the effect of the surrounding gas resistance and the jet length again increases with increasing
velocity. In this regime, the liquid flow turbulence assists the aerodynamic forces toward
increasing the growth rate of perturbations. In a very chaotic shape, the liquid jet column is
perturbed right at the nozzle exit and small droplets are detached from its surface. Farther
downstream, the remaining liquid flow breaks up into large liquid fragments; these eventually

undergo a secondary breakup (Dumouchel 2008).

Disintegration regime | Weber number Criteria
Dripping We<4
Rayleigh We >4, OWe <0.6+2.50h"°
First wind-induced 0.6+2.50h"7< OWe <6.5
Second wind-induced 6.5< OWe <20.15
Atomization (spray) OWe >20.15

Table 1.1: Jet breakup regimes and Weber number criteria (From Dumouchel 2008).

In the atomization regime, as characterized by region E in figure 1.1, immediately at the
nozzle exit, deformations appear on the liquid interface. Due to the interaction between the liquid
flow and the gas, these deformations grow in space and time and eventually result in the ejection
of liquid fragments from the main liquid flow. The atomization regime includes primary breakup
and secondary breakup steps. In the primary breakup step, the initial flow is deformed and liquid
fragments are produced. Then, in the secondary breakup process, these liquid fragments distort

and disintegrate into smaller elements. The fragmentation continues until the surface tension

5
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forces are strong enough to ensure the cohesion of the liquid fragments (Dumouchel 2008). The
size of the produced stable droplets is much smaller than the jet diameter. Within this regime, the
spray properties including the condition for the onset of breakup are a strong function of the
degree of flow development and the presence of turbulence. Chigier & Reitz (1996) emphasized
the importance of liquid cavitation in the atomization regime: cavitating flows produce small

breakup length jets whereas fully detached flows produce high breakup length jets.

The first wind-induced regime is reached when the surrounding gas inertia force reaches
around a tenth of the surface tension force; these two forces become of the same order of
magnitude as the second wind-induced regime is approached. Lin & Creighton (1990) calculated
the energy budget of a disintegrating liquid jet based on a spatial linear stability theory. This
budget revealed that in the Rayleigh and the first wind-induced regimes, capillary pinching
remains the governing mechanism of jet breakup and the term associated to surface tension is
always dominant. However, the second wind-induced and atomization regimes are strongly
wind-induced and surface tension acts against the formation of small droplets generated by the
interfacial pressure fluctuations. At low jet velocities, the growth of the long-wavelength small-
amplitude disturbances on the interface, promoted by the interaction between the liquid and
ambient gas, initiates the liquid breakup process. For high-speed liquid jets, the breakup is
thought to result from the unstable growth of short wavelength waves created form the

aerodynamic forces and turbulence effects (Reitz & Bracco, 1982).

The breakup of a liquid jet entering into another fluid has been quantitatively studied for
more than 130 years. Plateau (1873) reported that for a given jet volume, the surface energy
associated with a uniform circular cylindrical shape is not the minimum attainable. He mentioned

that the jet tends to disintegrate into segments with a length equal to 2z times of the jet radius,

6
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such that if a spherical drop is formed from each segment, the droplets have the minimum
surface energy. Rayleigh (1879) argued that the breakup of a liquid jet is the consequence of
hydrodynamic instability and showed that a circular cylindrical liquid jet is unstable with respect
to disturbances of wavelengths larger than its circumference. Among all unstable disturbances,
the maximum growth rate belongs to disturbances with wavelengths around 1.5 times of the jet
circumference. Considering that one single drop is produced per wavelength, and applying the
mass conservation law at the breakup, he reported a drop diameter of 1.89 times of the jet

diameter.

To simplify the analysis, Rayleigh neglected the effects of the surrounding gas, liquid
viscosity, and gravity. However, his theory provides a stability criterion for laminar liquid jets
based upon a linear temporal analysis which remains as the fundamental basis of liquid jet
instability studies. In Rayleigh’s analysis it is assumed that the interface of a jet column of
radius R is perturbed by an axisymmetric wave with a Fourier component of,
1n(z,1) =1, "™ (1.1)
in the cylindrical coordinate system (7, z). This wave follows the liquid whose origin z = 0 is at
the nozzle exit at time ¢t = 0. # is the displacement of the interface from the undisturbed position
r = R, 5o represents the initial amplitude of the perturbation, and £ indicates the wavenumber of

the disturbance in the z direction. a is a complex number as o = «, +i«,, where its real part a, is

frequency and its imaginary part o, represents the temporal growth rate of the perturbation. The
combination of the continuity and momentum equations along with the kinematic and dynamic
conditions that have to be satisfied at the liquid—gas interface leads to a dispersion equation. The
dispersion equation, which gives the growth rate o, for a given perturbation wavenumber £,

shows that for a given wavenumber, the growth rate reaches a maximum a;,,. This dominant

7
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perturbation is supposed to be responsible for the jet breakup when its amplitude is equal to the

jet radius. This breakup criterion is written as,
R= 77037“""“’"[” (12)

in which #, is the breakup time. Multiplying the breakup time by the jet velocity, V, results in the

breakup length Z;, as,
V R
Z, =— In—. (1.3)
aimax 770

Equation (1.3) shows that the jet breakup length varies linearly with the liquid jet velocity as

observed in region B of the stability curve (See figure 1.1).

Although Rayleigh later expanded his theory to include the influence of viscosity (1892), the
analysis became excessively complicated and failed to yield any applicable results. Weber
(1931) extended the Rayleigh theory by taking into account the liquid viscosity, the jet velocity
and the surrounding gas effects. Using a quasi-one-dimensional analysis, he found that by
increasing the liquid jet velocity, the aerodynamic forces increase the growth rate of the
dominant wave and subsequently the breakup length decreases (region C of the jet stability
curve). In addition, by increasing the jet velocity, the dominant wavelength decreases which
leads to a reduction of the droplets size. Weber also showed that the viscosity tends to reduce the

breakup rate and increase the drop size.

Taylor’s analysis (1962) revealed that the density of the surrounding gas has a fundamental
effect on the jet breakup regime. When the gas inertia force (which is proportional to the gas
density) is sufficiently larger than the capillary force, at the gas-liquid interface, droplets are
created with diameters that are much less than the jet diameter. This regime is referred to as the

Taylor mode or the atomization mode which leads to fine spray formation.

8
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As a result of the assumption that the perturbation magnitude remains small relative to the
diameter of the jet, linear analyses fail near the point of jet breakup. Therefore, linear methods do
not result in a prediction of the droplet sizes nor can they accurately forecast the production of
satellite droplets (i.e. small droplets that formed from liquid threads between the main drops).
Despite these shortcomings, the linear stability analysis provides a qualitative description of the
physical mechanisms involved in the various regimes of the jet breakup process. The physical
mechanism of breakup frequently remains the same during nonlinear evolution. However, the
nonlinear evolution subsequent to the onset of breakup alters these physical mechanisms
quantitatively only. The nonlinear instability for a circular liquid jet in the Rayleigh breakup
regime has been studied extensively, through perturbation expansion (Nayfeh 1970, Lafrance
1975, Chaudhary & Redekopp 1980), quasi-one-dimensional approximation (Bogy 1979a,
1979b), and numerical simulation (Ashgriz & Mashayek 1995). Some nonlinear results showed
that the growth rate is slightly less than the linear prediction and also the cut-off wavenumber;
i.e. wavenumber below which jet is unstable, depends on the amplitude of perturbation. Bogy
(1979c) attested that the perturbation solutions are capable of describing the process of liquid jet
breakup, and a nonlinear analysis up to the third order of perturbation expansion in terms of the
initial disturbance amplitude is generally sufficient to account for the inherent nonlinear nature

of the breakup process.

The temporal stability analysis presents the growth of disturbances in time whereas, the
spatial stability analysis considers the growth of perturbation in space. In conclusion, the
wavenumber £ in equation (1.3) is a complex number which its imaginary part k; represents the
spatial growth rate of the perturbation. Keller et al. (1973) argued that the disturbances initiating

at the nozzle face actually grow in space and move downstream to break up the jet into drops.
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They found that the spatial growth rate k; is deduced from the temporal growth rate, o; by the
relation k, =a, + O(1/We). They also suggested that temporal and spatial analyses converge

when We > 3.

Leib & Goldstein (1986a, b) demonstrated the existence of unstable absolute disturbances
that propagate in both the downstream and upstream directions. These instabilities differ from
the convective instabilities that are characterized by a downstream propagation only. Leib &
Goldstein (1986a) found that an inviscid jet issuing in vacuum is subject to an absolute
instability if We < m, otherwise the instability is convective. This cut-off value is slightly changed
by taking into account the effects of the liquid viscosity and the gas density (Leib & Goldstein
1986b). According to Lin & Reitz (1998), absolute instability occurs when the inertia is not
sufficiently large to carry downstream all the unstable disturbances that derive their energy from
the surface tension. Thus, surface tension remains the source of instability and transition from
absolute to convective instability corresponds to the beginning of the formability of the liquid jet.
The theoretical delineation between absolute and convective instabilities is similar to the

criterion for the dripping regime (Dumouchel 2008).

The three-dimensional equations describing the nonlinear motion of symmetric and
asymmetric free-surface flow will be complicated if analytical solutions are to be obtained.
Therefore generating simplified equations that still capture the essential physics of the problem is
very helpful. This is possible when the liquid column is long and thin, so that the fluid flow is
directed mostly along the axis and the velocity field is one-dimensional. Particularly, this
slenderness assumption is valid close to breakup and converges asymptotically to its exact value

close to pinch-off (Eggers & Duppont 1994).
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In a pioneering work, Lee (1974) derived a nonlinear one-dimensional set of equations for
inviscid, incompressible fluids using certain ad hoc assumptions regarding velocity and pressure
variations across the jet. Lee’s linearized equations agree with the inviscid form of Weber’s
equations. Using the basic theory of one-dimensional Cosserat continuum, Green (1976)
presented a nonlinear quasi-one-dimensional theory for a straight, circular, viscous jet. These
derivations are conceptually entirely different from the approach of Weber (1931) or Lee (1974).
Rather than starting with a three-dimensional theory based on the Navier-Stokes and continuity
equations, Green (1976) starts at the outset with a one-dimensional continuum model, called a
Cosserat continuum that has a structure provided by deformable vectors. Using the theory of
directed (or Cosserat) curve and consequently a one-dimensional continuum model, the jet
motion becomes a function of time and axial distance only, thus simplifying the problem

considerably.

Consider a surface embedded in a Euclidean 3-space to every point of which a vector, called
a director, is assigned. Such a surface with deformable directors is called a Cosserat surface.
Based on the idea of using directors in continuum mechanics and considering a body as a
collection of points together with directions associated with the points, E. & F. Cosserat (1909)
developed a theory for oriented medium called the Cosserat theory. The Cosserats recognized the
significance of the idea of oriented bodies in one and two dimensions in the development of
theories of rods and shells. The application of such a direct approach to elastic rods has received
more attention than fluid jets. Green & Laws (1966) developed a Cosserat one-dimensional
theory for analysis of rod-like bodies. In their model, the continuum is an oriented space curve
corresponding to the rod axis with two deformable directors (representing the cross-section of

the rod) attached to every point of the curve. Green (1976) presented a nonlinear quasi-one-
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dimensional model for a straight, circular, viscous jet using the basic theory of a one-dimensional
Cosserat continuum model. He started with the continuum model, which is based on postulated
integral balance laws in one dimension, then used the principles of continuum physics such as
invariance requirements and constitutive assumptions to derive the one-dimensional equations
and appropriate boundary conditions. The results are valid for a straight jet of any
incompressible material (solid and fluid). Finally, fluidity was accounted for and appropriate

constitutive equations for a Newtonian viscous fluid were obtained.

The theory of directed (or Cosserat) curve is based on a general thermodynamic theory,
which can be used for any kind of material, solid or fluid. This quasi-one-dimensional model
which inherently contains the radial inertia effects in its equations, yields the jet profile as a
function of the axial coordinate only, and simplifies the analysis considerably. The Cosserat
equations of Green (1976) were successfully used by Bogy to study the instability of circular
liquid jets in linear (1978a, 1978b), nonlinear (1979a, 1979b), and numerical analyses (1980).
However, such a theory evidently cannot predict all the features of the original three-dimensional
problem and is only able to specify its main characteristics. For example, according to Bogy
(1979¢), one limitation of this model is its inability to account for any axial velocity-profile
effects. The axial jet velocity is assumed to be a function of the axial distance only and not the

radial distance, meaning that only plug flow is considered.

Bechtel et al. (1992), Eggers & Dupont (1994), and Garcia & Castellanos (1994) used a
perturbation approach to derive one-dimensional equations from Navier-Stokes equations.
However, some differences appear among their resulted leading terms at higher orders.
Asymptotically, the leading-order versions of this procedure for a slender jet result the Cosserat

equations. Garcia & Castellanos (1994) substituted a truncated Taylor series in the radial
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coordinate into the Navier—Stokes equations and boundary conditions at the interface and
developed equations for parabolic velocity profiles. While the Cosserat equations of a circular jet
were derived, their model allows the Cosserat equations to be applied for liquid jets emerging

from long circular nozzles.

1.2 Planar liquid sheets

Most of the atomization systems rely on a large liquid surface-to-volume ratio to increase the
rate of disintegration. Thin sheets of injected liquid are a very common mechanism for
increasing the interface area. The most popular type of nozzle that produces flat liquid sheets is
the fan nozzle. The orifice of a fan nozzle is formed by the intersection of a V groove with a
hemispheric cavity communicating with an inlet cylindrical liquid. Flat liquid sheets are also
produced by impinging two circular cylindrical jets. This way, the shape of the sheet is changed
by varying the impingement angle as formed by the two jet axes (See figure 1.2). If this angle is
equal to 180°, the liquid sheet is radial (figure 1.2a). It is important to note that the thickness of
the liquid sheets produced by a fan nozzle or by the impingement of two jets is decreasing in the
streamwise direction; the property which plays an important role in disintegration of the liquid

stream into a spray (Dumouchel 2008).

Three modes of sheet disintegration were identified which are referred to as rim, wave, and
perforated-sheet disintegration. In practice, all three disintegration modes exist in an atomizer
and their relative importance govern the mean drop size and the drop size distribution. In the rim
mode as the sheet develops downstream, due to the capillary force, the free edge of a liquid sheet
contracts into a thick rim. The contraction lasts until the edges of the sheet coalesce and drops

are emitted from the edges by a mechanism similar to the disintegration of a circular liquid jet. In
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this mode, large drops, as well as numerous small satellite droplets are produced. Rim
disintegration mode occurs mainly where both the surface tension and the viscosity of the liquid

are high (Sirignano & Mehring 2000).

Figure 1.2: Sheets formed by the impact of two circular cylindrical jets (Sketches from Taylor
1960, image from Li & Ashgriz 2006).

At higher injection pressures, a large wavelength sinuous wave grows due to the Kelvin-
Helmholtz instability and the sheet is eventually torn away before the two edges coalesce (figure
1.3). This kind of disintegration is referred to as wave disintegration. At sub-atmospheric
pressure, perforation holes appear on the sheet; they consequently grow in size and produce
ligaments of irregular shapes. The whole sheet is thus disintegrated into drops of varying sizes.

This mode is known as the perforated-sheet disintegration (Sirignano & Mehring 2000).
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Figure 1.3: Sinuous mode of disintegration of a fan-nozzle liquid sheet (left front view, right side

view, from Dumouchel 2005)

The mechanism of liquid sheet instability and breakup was investigated by Squire (1953) and
Hagerty & Shea (1955) for an inviscid liquid sheet of uniform thickness in an inviscid gas
medium. Squire (1953) stated that a minimum difference of velocity between the two fluids is
required for the Kelvin—Helmbholtz instability to develop. Hagerty & Shea (1955) found that only
two types of waves are possible on a flat liquid sheet at any given frequency. These two
correspond to the two surface waves oscillating exactly in and out of phase, commonly referred
to as the sinuous and varicose modes (See figure 1.4). Their results show that the dominant type
of disturbance is antisymmetrical (sinuous). The principal sources of sheet instability are the
aerodynamic forces arising from the interaction of the sheet with the surrounding gas medium
while the surface tension effects always tends to smooth out any perturbances. When the Weber

number, which represents the ratio of the aerodynamic to the capillary forces, exceeds a critical
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value of unity, sheet becomes unstable and breaks up. The sinuous mode is more unstable than
the dilational mode when the gas-to-liquid density ratio is low (Dombrowski & Hooper 1962);
conversely, the dilational mode is more unstable than the sinuous mode when the density ratio is

high (Rangel & Sirignano 1991).

“a Z
7 //1- i 7
X 2
a) Varicose wave - b) Sinuous wave

Figure 1.4: Schematic of a a) varicose disturbance and a b) sinuous disturbance.

The effect of liquid viscosity was investigated by Li & Tankin (1991). Their analyses show
that liquid viscosity has a dual effect on the stability of liquid sheets. At low Weber numbers,
viscosity introduces an additional mode of instability, which can grow even faster than the
aerodynamic instability. At high Weber numbers, the aerodynamic forces always enhance the
instability while the liquid viscosity always reduces the disturbance growth rates and shifts the

dominant disturbances to longer wavelengths.

Based on the linear theory, the growth rate for both sinuous and dilational waves increases as
the Weber number is increased. For all density ratios, there exists a region of wavenumbers, in
which dilational waves are more unstable than the sinuous ones; the latter might even be stable in
that region. For both sinuous and dilational waves, the disturbance wavelength with maximum

growth rate decreases as the density ratio is increased (Sirignano and Mehring 2000).
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Ibrahim & Akpan (1996) presented a three-dimensional linear analysis of a plane viscous
liquid sheet in an inviscid gas medium. Based on their results, at low Weber numbers, two-
dimensional disturbances always dominate the instability of symmetric and antisymmetric
waves. At high Weber numbers, long-wave three dimensional symmetric disturbances have
larger growth rates than their two-dimensional counterparts, while the opposite is true for
antisymmetric disturbances. For disturbances with short wavelengths, both two- and three-
dimensional disturbances grow at approximately the same rate. It was found that increasing the
gas-to-liquid density ratio or decreasing the Ohnesorge number enhances the departure in the
growth rates of two- and three-dimensional symmetric disturbances of long wavelength. In
contrast to planar sheets in which only dilational waves are dispersive, both sinuous and
dilational capillary waves are dispersive in the presence of disturbances parallel and transverse to

the main flow direction (Sirignano and Mehring 2000).

In reality, the liquid sheet breakup process is nonlinear. The linear theory fails when the
liquid sheet breaks up, because during the growth of the sinuous mode of disturbances
predominant under practical conditions, the two gas-liquid interfaces have a constant distance
and the sheet breakup cannot occur without variation of the sheet thickness. Nonlinear analysis
was performed through a 2" order analysis by Clark & Dombrowski (1972), through a 3" order
analysis by Jazayeri & Li (2000), and through a nonlinear discrete-vortex method by Rangel &
Sirignano (1991). The results predicted the appearance of the first harmonic dilational mode due
to the energy transfer occurring from the fundamental sinuous mode, which subsequently leads
to the breakup at half-wavelengths of the fundamental sinuous mode. In addition, the nonlinear

sinuous growth rates were found to be less than the value predicted by linear theory.
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1.3 Elliptic liquid jets

Studies on liquid jets exiting asymmetric nozzles are scarce in literature even though there
has been interest in them since the nineteenth century. The reason could be greater mathematical
difficulty specifically if analytical methods are used. The interest in the study of non-circular jets
arises, from the fact that the jets issued from asymmetric orifices may break up considerably
earlier than axisymmetric jets. In fact, previous studies showed that the mechanism of liquid jet
breakup is influenced by an unusually large number of parameters, namely, the inlet condition
before the emanating, the orifice geometry, and the environmental situation into which the jet is
injected. The effect of orifice geometry has been overlooked the most in the literature compared

to the effect of the remaining parameters.

Among possible asymmetric shapes, elliptic orifices have been examined more. In effect, it
has been shown that elliptic jets outperform circular jets in terms of rapid mixing and spreading
when discharging into another fluid (Gutmark & Grinstein 1999). Elliptic orifices have been
examined for possible practical applications such as pesticide spraying, spray painting and liquid

propellant rocket injectors (McHale et al. 1971).

An interesting phenomenon occurring in elliptic jets is axis-switching. In many instances when a
fluid exits an elliptic orifice, the free jet behavior is oscillatory; the elliptic cross-section of the
jet transforms into a circular one, then again into an elliptic cross-section but with the major axis
perpendicular to that of the elliptic orifice; then circular, then elliptic again with major axis in the
original direction, and so on (See figures 1.5 and 1.6). The oscillation of the major axis of the
free surface elliptic cross section between the perpendicular directions persists until the jet

breaks up. Axis-switching was originally reported by Bidone (1830). Taylor (1960) mentioned
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Figure 1.5: Change in the cross-sectional shape of a jet exiting from an elliptic nozzle (From Taylor

1960).

that surface tension causes a periodical transformation, and in the absence of surface tension this
transformation occurs only once, after which the cross-section continues to flatten. Oscillations
occur due to the competition between the surface tension that tries to restore the cross-section to

a circular shape and the inertial force that tries to change the shape of the cross-section to an

ellipse.

Circular cross-section

TN

Figure 1.6: Axis-switching of an elliptic jet; a) major axis view, b) minor axis view (From Amini &

Dolatabadi 2011c).
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An asymmetric nozzle could be a very effective passive control device for enhancing the
breakup length. Measurements with elliptic nozzles showed that elliptic jets are quite different
from the extensively studied circular and planar jets. Because of the azimuthal curvature
variation, the former has a more complicated behavior. In diesel spray applications, the droplet
size characteristics have been measured by Yunyi et al. (1998). Results showed that for some
experimental conditions, the angle of the elliptic spray is much larger than that of the circular
spray while the SMD (Sauter mean diameter) of elliptic sprays is smaller than that of the circular
sprays. Messina & Acharya (2006) studied experimentally the velocity field and spreading rate
of a liquid spray issued from elliptic nozzles with and without primary air. By active forcing of
air stream, they manipulated the mixing and growth of the spray. Their results showed that in
comparison with the circular nozzle, the spray issued from the elliptic nozzle provides better

mixing in terms of higher mass entrainment and greater jet width.

Kasyap et al. (2009) presented experimental results for the breakup of liquid jets issued from
elliptic orifices. They reported visual observations of elliptic jets by the characterization of the
axis-switching process. They found that a liquid jet emanating from an elliptic orifice exhibits
more unstable behavior or a faster breakup process than a corresponding circular liquid jet in a
specific range of flow for which axis switching was observed. Moreover, they found that
decreasing the ratio of minor to major axes of the elliptic orifice in some ranges makes the

elliptic liquid jet more unstable (See figure 1.7).
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Figure 1.7: Variation of the dimensionless breakup length (Z,/D) versus We"* for orifices with

different ellipticities. (From Kasyap et al. 2009).

Rayleigh (1890) extended his linear analysis to calculate the dynamic surface tension of
liquids by measuring the axis-switching wavelength of inviscid liquid jets with elliptic cross
sections. Rayleigh's model was based on the assumption that the departure from circularity of the
cross-section of the jet is small. This calculation was further improved by Bohr (1909) by
including the viscosity and the gas effects into the nonlinear model for small ellipticities. Geer &
Strikwerda (1983) developed asymptotic theories and approximations to model the spatial
evolution of the free surface of slender elliptic jets. The issues of instability and drop formation

were not addressed in their work.

The instability of an inviscid elliptic liquid jet in an inviscid gas was investigated analytically

by Dityakin (1954). Neglecting the gravity effect and considering the gas density, he derived a
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temporal dispersion equation for axisymmetric disturbances. Dityakin considered an infinitely
long quiescent cylindrical liquid column injected into a gas and modeled its response to a small
perturbation to the shape of the circular cross-section. In calculating the surface tension which is
the main source of instability, because of the usual complexities encountered in ellipse curvature

calculations, he simply used curvature of a circle with the radius of semi-minor axis.

Based on a continuum mechanics approach, called the directed curve theory or Cosserat
theory, Green (1977) showed the single axes transformation of an elliptic jet, while neglecting
the surface tension and viscosity. Including the surface tension, Caulk & Naghdi (1977, 1979)
used one-dimensional Cosserat equations to determine the position of the free surface of a
viscous liquid jet with a finite ellipticity. Using the Cosserat theory, the motion of a fluid jet is
replaced by the motions of a directed curve, in which the material line is identified along the z-
axis and the director pair lies in the x-y plane. The directors are so restricted that they describe an
elliptical cross-section of smoothly varying orientation along the length of the jet; for every z =
constant, the directors lie along the major and minor axes of the ellipse. Caulk & Naghdi (1979)
used their model to investigate the instability of a special case of circular jet only and did not

study the issue of elliptic jet instability.

Using a Galerkin averaging method and integrating the Navier-Stokes equations over the
elliptic jet’s cross-section, Bechtel et al. (1988) obtained a system of one-dimensional equations
for arbitrarily high order. Asymptotically, the leading-order versions of these integro-differential
equations for a slender jet result in the Cosserat equations through which axis-switching can be
explained. Bechtel et al. (1995) used the predicted axis-switching behavior to measure the
dynamic surface tension and the elongational viscosity of fluids. In a subsequent article, Bechtel

(1989) studied the effects of viscosity and gravity on oscillations of an elliptic jet. Bechtel’s
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model considers only the oscillating stable mode and does not lead to any instability or breakup.
While accurate calculations of the jet curvature as the main cause of instability are vital for this

kind of analysis, his model did not keep the full curvature term in its calculations.

Based on the above reviewed literature, and despite the fact that elliptic orifices have shown
promising applications, a systematic study of the jet instability and breakup behavior has not
been reported yet. The present work aims at conducting such study and analyzing the
fundamental mechanisms governing the instability and breakup of jets issued from elliptic

orifices.
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1.4 Objectives

In the study of liquid jet breakup, the effects of the nozzle geometry have been overlooked.
Interest in the study of asymmetric jets arises, in particular, from the fact that jets issuing from
such orifices may break up considerably earlier than symmetric jets. Among possible asymmetric
shapes, elliptic orifices are the most important; in effect, elliptic jets can be considered as an
intermediate case between two simple configurations, the circular jets and the plane sheets,
which have been studied very often. There is a greater mathematical difficulty in studying of
asymmetric viscous jets, specifically if analytical solutions are to be obtained. Therefore,
simplified equations that still capture the main physics of the flow are a helpful tool. In this
work, a combination of theoretical and experimental methods is used to reach the following
objectives.

e Developing a 3-D model and deriving the governing equations of inviscid jet motion.

e Developing the directed curve theory to study the motion of viscous elliptic jets.

e Performing a linear temporal and spatial analysis on the jet instability and depiction of

the dispersion curves.

e Predicting the instability range and studying the behavior of elliptic jets under various

azimuthal modes.

e Extracting the jet profile and predicting the axis-switching and breakup.

e Conducting experimental analysis to validate the theoretical results and investigating the

effects of ellipticity and length of nozzles.
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1.5 Thesis outline

In chapter 2, the three-dimensional equations of inviscid jets are studied. The temporal
dispersion equation is derived to determine the instability range and characterize the behavior of
the liquid jet at different azimuthal modes. The effect of jet velocity and gas to liquid density
ratio is studied in this chapter. The derivation of the dispersion equations of circular and planar
jets, which represent special cases of elliptic jets, is demonstrated as well. Chapter 3 contains
results of the quasi-one-dimensional Cosserat theory (or directed curve theory) to describe the
motion of viscous free-surface flow. The linear solution is obtained by implementing the
perturbation methods. The jet behavior in breakup and the axis-switching process is illustrated.
The possibility of growth of asymmetric perturbations is studied too. An introduction to the
instability of viscous circular and planar jets is mentioned in this chapter. The details of the

mathematical formulas derived in chapters 2 and 3 are included in the appendices.

Chapter 4 covers the experimental analysis that is conducted in the present research. An
experimental setup is designed to validate the theoretical results and investigate the nozzle length
effects. Instability and breakup under both natural and excited perturbations are studied. Based
on the measurements of the breakup length, the disturbance growth rate is calculated and the
corresponding results are compared with the predicted values from three-dimensional and quasi-
one-dimensional analyses. The main physical features of an elliptic jet including the breakup
length and the axis-switching are examined as well. Chapter 5 comprises the summary and

conclusions of this work followed by useful suggestions for future studies.
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Instability of Inviscid Elliptic Jets

In this chapter the motion of an inviscid liquid jet issuing from an elliptic orifice into an
inviscid gas is studied. The linear evolution of initially small disturbances on the liquid jet which
includes the effect of the surrounding gas and liquid surface tension is investigated. Regarding
the importance of instability analysis, classical linear analysis of circular and planar jets, as two
commonly studied cases, are reviewed first. In continuous, using a perturbation-based approach,
a similar analysis is performed to study wave propagation on the surface of an elliptic jet.
Stability equations are presented in elliptical cylindrical coordinates and the nontrivial solutions
that satisfy the boundary conditions are derived. The dispersion equation of waves on a jet
column with elliptic cross-section is derived in terms of the m™ order Mathieu functions, where
m is the m™ azimuthal mode. Growth of symmetric and antisymmetric waves is studied for
various jet velocities. Elliptic configuration has two extreme cases; circular jet when the ratio of

minor to major axis is unity and plane sheet when this ratio approaches zero. Equations are
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approximated for small and large ellipticities and well-known dispersion equations of circular

and planar jets are recovered.

2.1 Instability of inviscid circular jets

The response of a liquid jet, issuing from an orifice into a stationary gas, to a small
perturbation can be modeled by linear stability theory originally used by Rayleigh (1879). By
growing the perturbation, jet breakup occurs when magnitude of the radius of perturbed jet
exceeds the radius of the undisturbed jet. In the jet instability theory, the governing equations for
mass and momentum conservations are solved subject to boundary conditions at the interface
that include a normal stress balance, a tangential stress balance, and a kinematic condition. The
normal stress balance considers the balance between the surface stresses on both sides of an
interface between two fluids, which includes the pressure jump across the interface due to
surface tension. In the tangential stress balance the gas is typically assumed to be inviscid.
Kinematic boundary condition states that the velocity component normal to the interface is
continuous across the interface. The instability of liquid surface due to perturbations is converted
mathematically to the condition of the existence of nontrivial solution of the linear system which
ultimately leads to a dispersion relation. Dispersion equation relates the growth rate, a, of an

initial perturbation of infinitesimal amplitude to its wavenumber & (or wavelength).

Consider a column of fluid of density, p;, and surface tension, o, streaming with uniform
velocity, V, through a stationary inviscid incompressible medium of density, p,. The column is
assumed to be infinite in the axial direction and of radius b. A cylindrical coordinate system (7, 6,

z) is considered where the z axis coincide with the axis of the column. A small asymmetric
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disturbance with a Fourier component of the following form is imposed on the surface of this
initially steady motion,

n=n,e ", 2.1
In equation (2.1), 5 represents the displacement of the surface in the radial direction from its
undisturbed position » = b, ¢ is time, 7 is the initial amplitude, k~=27/4 is the axial wavenumber, 4
is the wavelength, and a is the complex frequency. The imaginary part of a is the growth rate of
the disturbance. Mode number m is an integer and representing transverse modes of disturbances
on a liquid jet, i.e. the azimuthal wavenumber. Figure 2.1 represents schematic of few selected
modes. Mode zero (m=0) represents a circular cross-section where radius varies only along the
axial direction (See figures 2.1a and 2.2). In this case deformation is called varicose mode. For
m=1 (figure 2.1b), the cross-section is nearly circular and the axis of the jet is sinuous. This
mode is referred to as sinuous mode. When m becomes large, the development of the m™
azimuthal mode leads to m peaks in the circumferential direction (figures 2.1c and 2.1d) and the
breakup mechanism of the liquid jet consists of ripping away the small droplets from the surface

(Yang 1992).

Figure 2.1: Geometrical presentation of azimuthal modes (From Yang, 1992).
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Undisturbed 7
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Figure 2.2: Geometrical presentation of axisymmetric disturbances (=0) on a circular jet.

The dependent variables for liquid jet radius, pressure, and velocity component can each be
presented as the sum of the value found in the undisturbed state plus the perturbation (denoted by

tildas). In particular
r=b+n, pP=p,tD, v=V+v. (2.2)

Pressure and velocity fluctuations are described by Laplace’s equations,
Vg =0. (2.3)
where ¢ is the velocity potential of the disturbance motion. For simplicity the bars are dropped in

the following notations. The boundary conditions to be applied at the interface (r=>b+#), which
can be taken as r = b as an approximation, require that there is no net flux of mass across the

interface and that the normal stress is continuous. These boundary conditions are expressed as,

on ., 0n on
u:_+V_, :—’ 2.4
o a T (24)
and
Pi— P, =0K (2.5)
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where p is the fluctuating pressure in the surrounding medium, o is surface tension coefficient,
and x is the mean curvature of the surface. The subscripts / and g denote quantities for the liquid
and the gas medium, respectively. In addition, # and v are components of fluctuating velocity in »
and z directions, respectively. The mean curvature due to disturbance can be obtained linearly as

follows,
_ 1-m* —k*b*
K‘——b—z( -m" - n . (2.6)

Note that the inertial effects of the surrounding medium enter the analysis only through the
fluctuating pressure, p, in boundary condition (2.5). This pressure is found from Bernoulli’s

equation for liquid phase as,

_ % 9
P =—p ot +V82) (2.7

and similarly for gas phase,

%,

o )- (2.8)

pg:_pg

As it was assumed that fluids are inviscid, the velocity can be expressed in terms of a velocity

potential as,

a¢l a¢g
==, u,=—. 2.9
oor £ or (2-9)
One can assume that ¢ is in the form of,
¢ = f(r)e =" (2.10)

and seek solutions of equation (2.10) which are free from the singularities at the axis and at

infinity. These solutions are,
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4 = i(% V) el (2.11)
and
. a i(at—kz+m6)

#, ==i5)cie @.12)
where,

_1,,(kD)
> Tkt =
and

_ K, (kb
= a o (2.14)

I,, and K,, are the m™ order modified Bessel functions of the first and second kind, respectively.

In addition,

dl (kr)

1, (kb) = reb (2.15)
and
K (kb)= dK,, (kr) . (2.16)

Using velocity potential functions (2.11) and (2.12), substituting (2.7) and (2.8) into the normal

stress boundary conditions (2.5) yields the nontrivial solution of,

ab _ NE/OOK? +(&/¢ +O)1-m ~K*)/We 2.17)
Vv (&/)+0
where,
0=Lo x_wn we=PP (2.18)
P o
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Dispersion equation (2.17) was originally derived by Yang (1992). Based on this equation,
growth rate of three azimuthal modes are shown in figure 2.3 in which growth rate is

nondimensionalized using g =—a,b/V .

0.18

0.15

_C
[y
N

Dimensionless growth rate,
o o
o o
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Figure 2.3: Growth rate of symmetric and asymmetric disturbances on a circular jet (0=0.0013,

We=10").

Yang (1992) suggested that higher modes (i.e. m=1, 2, 3 ...) grow only in higher speeds
when aerodynamic effects become significant and in general, axisymmetric modes (m = 0) are
always dominant. For long waves (kb << 1) the effect of viscosity is small and the above
mentioned inviscid theory can be used. For short waves (kb >> 1) and (m << kb) the viscous
axisymmetric theory (Sterling & Sleicher 1975) predicts quite well the behavior of asymmetric
disturbances since all modes have the same growth rate. However, for high modes (m >> kb >>
1) the growth rate is lower than the low modes growth rate. The viscous asymmetric theory

becomes important only for low Reynolds number (less than a few thousands) and when m >>
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kb. In general, no asymmetric disturbances with maximum wave growth rate higher than the

axisymmetric one was found (Avital 1995).

For axisymmetric disturbances (m=0) and negligible gas densities ( p, =0), equation (2.17)

reduces to,

b [ o LkD)
o = \/kb(l kb)lo(kb), (2.19)

a result originally due to Rayleigh. Without the effect of ambient gas, unstable modes are only

possible when kb < 1, i.e. jet is stable to all non-axisymmetric disturbances but is unstable to

axisymmetric ones whose wavelength /=2z/k is larger than the circumference of the jet, 27b.

2.2 Instability of inviscid planar sheets

Consider a two-dimensional, inviscid, incompressible liquid sheet of thickness 256 moving

with velocity V" through a quiescent, inviscid, incompressible gas medium (See figure 2.4). The
liquid and gas have densities of p; and p,, respectively. A spectrum of infinitesimal disturbances
of the form,
1 =1, @™ (2.20)
are imposed on the initially steady motion. The instability produces fluctuating velocities and
pressures u;, v; and p; for the liquid, and u,, v, and p, for the gas. u and v are velocity components
in y and z directions, respectively. In equation (2.20), #, is the initial wave amplitude, k=27/4 is
the axial wavenumber, and a=a,+io; is the complex growth rate. It is desired to obtain a
dispersion relation a=a(k) from which the most unstable disturbance can be deduced. To obtain
the dispersion relation, the Laplace’s equations for the flow inside (liquid) and outside (gas) the
sheet are to be solved, i.e.
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Vg =0. (2.21)
Using a modal analysis, a solution is assumed in the form of,

¢=(Ce” +C,e™)e ™ (2.22)

a) Varicose (symmetric) wave

b) Sinuous (antisymmetric) wave

Figure 2.4: Scheme of symmetric and asymmetric waves on a liquid sheet.

with the velocity potential ¢ subject to the following boundary conditions at the interfaces (y =

+b) of the liquid and gas,

on ., 0n on
w =yl o, _on 2.23
Ta e T (223)
and
P — P, =OK. (2.24)

The subscripts / and g denote quantities for the liquid and the gas medium, respectively. In

addition, o is the surface tension coefficient and x denotes the local interface curvature given by,
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2
K, =Fo ‘2277; (2.25)

where * sign denotes the solutions of upper (y=54) and lower ( y =-b) interfaces of the liquid
sheet. Note that 77 =7, =—n_for the symmetric case and 77 =7, =#_ for the antisymmetric case.
Equations (2.23) and (2.24) are mathematical statements of the linearized kinematic free surface
condition and continuity of normal stress, respectively. Velocity can be described by potential

flow theory as,

_o¢  _9
o’ ot oy

u, (2.26)

and the linearized unsteady Bernoulli equation is used within both fluids to find pressure as,

o9 ., 04,
b, pi( or o ) ( )
and

o9,
P, =—P, a—tg. (2.28)

The gas phase boundary conditions require that far from the interface (y — +0), the disturbance
vanishes, i.e.

u,, v,, p,—>0 (4, — constant). (2.29)
The following conditions also should be applied at the sheet centerline, i.e. y=0.

=0 (2.30)

for sinuous case and,

2% _,

) 2.31)
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for varicose case. As determined by Hagerty & Shea (1955), two solutions or modes exist which
satisfy equation (2.22) subject to the boundary conditions at the upper and lower interfaces,
corresponding to the varicose and sinuous modes. For the varicose (dilational) mode, the waves
are 7 radians out of phase as shown in figure 2.4a. On the other hand, for the sinuous mode, the

waves at the upper and lower interfaces are exactly in phase as shown in figure 2.4b.

For the case of varicose waves, solutions for the liquid and gas velocity potential are given

by,
. a cosh(ky) ik
= _— V - 27
¢ =i p )Sinh(kb) e (2.32)
¢gi _ _i(%)e¢k(y¢b)noei(at/<z) (2.33)

where * sign denotes the solutions for the velocity potential of the semi-infinite streams above

and below the fluid sheet. For the sinuous mode, velocity potential functions are as follows.

. A sinh(ky) i(at—kz)
TGt 7 Wnin S0 A
=GV coshikp) ™ (2.34)
¢gi _ $i(%)e¢k(y¥b)noei(mkz). (2.35)

When the velocity and pressure solutions are substituted into the normal stress condition (2.24),

the following dispersion relation between o and £ is obtained for the case of sinuous waves,

ab_ Jtanh(kb)Qk*b* — (k°b* /We)[tanh(kb) + O]

(2.36)
V tanh(kb) + O
and for the case of varicose modes,
ab \/ coth(kb)kab2 - (KD’ / We)[coth(kb) + Q] (2.37)

% coth(kb) + O
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O denotes the density ratio between gas and liquid, p, / p;, and Weber number is defined as

We = pbV? /o . Dispersion equations (2.36) and (2.37) were originally derived by Hagerty &

Shea (1955).
0.02
Sinuous wave, We=700 cecceeee Varicose wave, We=700
0016 L === Sinuous wave, We=300 = = =Varicose wave, We=300
Q
g
s
=
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Figure 2.5: Dimensionless growth rate of an inviscid liquid sheet versus dimensionless wavenumber

for a density ratio of 0=0.0013 and Weber numbers of We=300 and 700.

For Weber numbers of We=300 and 700, equations (2.36) and (2.37) for the sinuous and
varicose growth rates are plotted in figure 2.5. Growth rate is nondimensionalized by
B =—a,b/V . Itis clear that for the selected We case, the growth of sinuous waves dominate the
growth of varicose waves. While long waves have been seen to grow on the surfaces of low
velocity sheets, it is possible that short waves grow at higher velocities or higher Weber
numbers. The identification of long and short wavelength regimes for liquid sheet breakup is

similar to the first and second wind-induced regimes for circular jet breakup (Reitz & Bracco
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1986, Senecal et al. 1999). However, while the gas inertia assists the surface tension force in the
destabilization process for circular jets (in the first wind-induced regime), surface tension is
stabilizing for sheets. This is apparent if Q is set to zero in either equation (2.36) or (2.37) so that
only surface tension is acting on the sheet. Thus, for a sheet the breakup length decreases
continuously as the Weber number is increased (See figure 2.5) while the destabilizing effect of
surface tension on a circular jet causes the breakup length to grow from zero to a maximum and

then decrease again as We is increased (See figure 1.1).

In the limit of kb >>1 and QO <<1, dispersion equations (2.36) and (2.37) reduce to,

“7']’ = oKD — b [e. (2.38)

Equation (2.38) is essentially the Kelvin-Helmholtz relation and can also be derived from
dispersion equation (2.17) associated to a circular jet in the range of kb >>1 (b is the jet radius),
i.e. in the limit that the jet radius is much larger than the disturbance wavelength (Levich 1962).
On the other hand, based on the classical results, short waves begin to dominate for sheets if
AMb<2m, i.e., if the wavelength is less than about six times the sheet half-thickness. It can be
suggested that short waves are independent of the nature of the surface on which they grow in

which case the curvature of the surface has no effect on the instability (Senecal et al. 1999).

By comparing instability analysis of circular jets and planar sheets, it can be found that
behavior of circular and planar jets are different from each other. In circular jets, without the
effect of the ambient gas, the jet is stable to all asymmetric disturbances, but is stable to
axisymmetric waves whose wavelength is greater than the circumference of the jet. Under higher
speed conditions, however, the growth of disturbances on the jet surface is asymmetric. In planar
sheet, without the effect of the ambient gas the jet is always stable. In the presence of
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surrounding gas the dominant mode is sinuous (asymmetric) and when density ratio becomes
significant, varicose mode (symmetric) becomes dominant. In low speed regimes, source of
instability for circular jets is capillary and aerodynamic forces, while for liquid sheet is
aerodynamic force only. In fact capillary force induces instability for circular jets but opposes

the instability for liquid sheets.

2.3 Instability of inviscid elliptic jets

Consider an inviscid liquid jet of density p; and surface tension ¢ streaming with a uniform
velocity V through a stationary, inviscid, and incompressible gas with density of p,. The jet is
issuing from an elliptic nozzle with semi-major and semi-minor axes of a and b, respectively.
This geometry can be analyzed in elliptical cylindrical coordinates (p, €, z) which represents, the
radial, azimuthal, and axial directions, respectively. The elliptical coordinate system is shown in

figure 2.6.

6=3n/2

Figure 2.6: Elliptical coordinates system.

Range of these coordinates are 0< p,z< and0<6<2z. The axis of the jet is aligned with

the z axis. p equal to constant curves comprise a family of confocal ellipses and 6 equal to
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constant curves are the orthogonal hyperbolas. We note that the two extreme cases representing a
planar jet (p —0) and a circular jet ( p — o). The transformation from Cartesian to elliptical
coordinate is given by,

x =h-cosh p-cos@
y=h-sinh p-sinéd (2.39)

z=z
where /1 is the distance of the foci to the origin. Furthermore, the following geometric

relationships will be used in our analysis,

b 2
e=2, n=pMZ¢ 5 _tanh'e (2.40)
a e

where e is aspect ratio and the unperturbed jet surface is given by p=py. The linear field equation
for the inviscid flow inside and outside the jet is given by Laplace’s equation, which in the

elliptical coordinate is given by,

o’¢  0¢ . . o’¢
o0’ + 50 +h*(sinh® p +sin’ 49)?:0 (2.41)

where ¢ is the velocity potential. A solution for ¢ is sought in the following form,
#(p,0,2) =P(p)- (@)™ (2.42)

where o is the complex wave frequency and £ is the axial wavenumber. P and @ must satisfy,

O"+O(A+2gcos26)=0 (2.43)
and

P"—P(A1+2gcosh2p)=0 (2.44)
where
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q= %kzhz (2.45)

and 4 is the separation constant. Equations (2.43) and (2.44) are known as Mathieu and the
modified Mathieu equation with parameter —g, respectively. Details of the evolution of the
Mathieu and modified functions can be found in McLachlan (1964). The solutions of @ and P

take the forms of,

O(0)=Dyce, (0,—q)+ D, fe, (6,—q) (2.46)
and
P(p) = DyCe, (p:~q) + D,Fek,, (p.~q). (247)

In the above equations, ce, and fe, are the m™ order Mathieu functions of the first and
second kinds, respectively and also Ce,, and Fek,, are the m™ order modified Mathieu functions
of the first and second kinds, respectively. D;, D,, D3, and D, are unspecified constants. Only
certain combinations of these functions satisfy the physical boundary conditions. Since solutions

must be periodic and f.,, is not a periodic function, @ takes the following form,

O(0) = Dice,,(0,—q) (2.48)
which yields,
¢ =[C\Ce, (p~q) + CFek, (p.~q)Ice, (0,~q)e" "™ (2.49)

where C; and C; are unspecified coefficients. To solve Laplace’s equation, appropriate boundary
conditions and interface conditions have to be prescribed. Far from the interface, i.e. in the

surround gas as p — oo, the disturbances must vanish. For even disturbances about major axis,

the boundary condition may be written as,

%m 0,2)=0. (2.50)
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This condition leads to the following forms of solution,

¢ = CCe,(p,—q)ce, (0.—q)e" "™
(2.51)
¢, = C,Fek, (p.—q)ce, (0,—q)e" "™

where the subscripts / and g denote quantities for the liquid and the gas medium, respectively.
For symmetric disturbances about major and minor axes m is even and for symmetric
disturbances only about major axis and antisymmetric about minor axis m is odd. Similar to the

notation of Crighton (1973), symmetric modes about major axis are called (C, ) modes.

Another possibility is when disturbances are antisymmetric (odd) about major axis. In this
case the boundary condition may be written as,
$(0,0,z) =0 (2.52)

and the solutions of the potential function are in the form of,

¢1 = Clsem (p’_q)sem (97_Q)ei(m_k2)
(2.53)
¢g = CZGekm (p7_q)Sem (Hﬂ_q)e[(m_b) ¢

In this case m is even when disturbances are antisymmetric about the major and minor axes and
m 1s odd when disturbances are antisymmetric about the major axis and symmetric about the
minor axis. This case is referred to as the (S, G) mode (Crighton 1973). sen is another form of
the Mathieu function of the first kind and also Se,, and Ge,, are other alternative forms of m™
order modified Mathieu functions of the first and second kinds, respectively. Readers are

referred to Appendix A for definition of above mentioned Mathieu functions.

Upon an initially steady motion, an arbitrary infinitesimal disturbance is imposed which its

Fourier component has the following form,
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n=n,e" " (2.54)
where 7 represents the displacement of the surface in the radial direction from its undisturbed
state, i.e. p = py, t 1s time, 77y is the initial amplitude, & is the axial wavenumber, and a is the
complex frequency. The imaginary part of a is the growth rate of the disturbance. While

accounting 3-D characteristic of the jet, 7, 1s a function of azimuthal angle, 6.

The boundary conditions to be applied at the surface require that there is no net flux of mass

across the interface, i.e,

_dn_on0n

- 2.55
S a e (255)

where u, is the radial component of interface velocity in the liquid phase and similarly for the

gas phase,
on
Uy, = 5 (2.56)

Since the fluids have been assumed inviscid, the velocity can be expressed in terms of velocity
potential which in elliptical coordinate yields,

1 o0

u, = —.
" hysinh? p+sin> 6 Op

(2.57)

Replacing equation (2.57) into equations (2.55) and (2.56) leads to the following set of equations

for liquid and gas,

i(ct —kV)hn,+/sinh’ p +sin® @ = C,ce, (0,~q)Ce’, (py,—q) (2.58)
and

iahn,+/sinh® p+sin @ = C,ce, (0,—q)Fek' (py,—q) (2.59)
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where the primes denote differentiations with respect to p which is calculated at p = p,.
Equations (2.58) and (2.59) can be combined to yield a condition for the velocity potentials at the

interface,

GlaCe, (py,—q)]— C,l(a —kV)Fek,,(py,—q)] =0. (2.60)
Antisymmetric waves follow the same process as above and a similar result may be obtained for

the (S, G) mode.

Another boundary condition is the force balance along the normal direction at the liquid-gas
interface, given by,
P~ Py =0K (2.61)
where p; and p, are the fluctuating pressure in the liquid and the surrounding gas, respectively. ¢
is the surface tension coefficient and x denotes the local interface curvature. For the inviscid
case, unsteady Bernoulli equation is used to calculate the pressure fluctuations at interface for

both of the liquid and gas as,

o4, , , 09
=—p (=L +V D,
P =—p( Py Py )
(2.62)
o9,
Pe =P, (8_;)'
Mean curvature, «, is (Caulk & Naghdi 1979, Bechtel 1988, Jones & Narayanan 2002),
kK =[(¢¢,.sin” O+ ¢,d. cos’ 0)* + ¢ sin” O+ ¢, cos” ] x
[(¢12 Sinz 9 + ¢22 COSZ 9)(¢122¢2 COSZ 0 + ¢222¢1 Sin2 9) + (263)

249, — 9,0 N AP.. _¢2¢22)Sin2 6 cos’ -9, (¢122 cos’ 6+ ¢222 sin® 6 +1)]
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where ¢, and ¢, are semi-major and semi-minor axes, respectively and subscript z represents
derivation to z. In the linearized form, this equation is,

k=1 +0L¢ +14, +1,¢.. +159,.. (2.64)
where coefficients / are functions of R, e, and 6 and have been defined in Appendix B.

Substituting the equations (2.62) and (2.63) in equation (2.61) results in the following equation,

oy XKD _ )=
Cilp(a—kV) Ce, (py,—q)+ pE Ce,, (po=)]=C,lp a(a—kV)Fek,(py,—q)] =0
(2.65)
where y is given by,
e
(2.66)

7 sin? 0+ ¢ cos’ 6)"

and e is the aspect ratio, i.e. ratio of the minor to major axes.

The nontrivial solution of equations (2.60) and (2.65) exists if the determinant of the
coefficients vanishes. This condition gives following dispersion equation which relates the

growth rate of an initial disturbance to the wavenumber in dimensionless form as,

S OK + (% + OV Y - K>
a_l.bz_\/g“QK + (GO G =K e
v 0
¢

in which the following parameters have been used,

p K*(1-¢€’
Q:—g, K = kb, qzﬁ

p PSR (2.68)

and Weber number is defined as,
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bV?
we="P""_ (2.69)
(o2

Furthermore, the following parameters have been used,

Ce —
Cem (pO ,_q)
which represents the effect of capillary force and similarly,
Fek —
£ = _M 2.71)
Fekm (pO ,—C])

which represents the effect of the aerodynamic interaction between the surrounding gas and the
liquid. For m=0, one can regard this mode as analogous to the axisymmetric mode of a circular
jet in which they are symmetric about both axes. On the other hand, for odd values of m, modes
are even about the major axis and odd about the minor axis, representing sideway oscillations in

the plane of the major axis.

The above equations (2.58)-(2.71) belong to the (C, F) mode representing disturbances
symmetric to the major axis. With the similar analyses one can derive dispersion equation (2.67)

for (S, G) mode, i.e. disturbances antisymmetric to the major axis. In this case, ¢ and { are equal

to,
_ e, (py,—q9) (2.72)
Ser’n (po a_q) .
and
Gek —
¢ = -G (p0:0) (2.73)
Gekm (pO ’_q)

For m odd, these modes are even about the minor axis, odd about the major axis, and thus

represent a flapping of the jet column in the plane of the minor axes; on the other hand, for m
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even, modes are odd about both axes and describe a torsional oscillation of the column. It is

important to note that &/ > 0 for all ranges of parameters.

In equation (2.66), y is a parameter related to the curvature and can be expressed by the

following equation,

y=" (2.74)
a

where r is the distance between the origin and a point on the circumference with angle of 8, and
a 1s the semi-major axis. Based on equation (2.67), the maximum growth rate which is
responsible for jet breakup, occurs when 6=0. In conclusion, y =1 and a term of 1-K* appears in
dispersion equation (2.67). This term comes from jet curvature and indicates the capillary
instability range. Similarly, in dispersion equation of a circular jet (Rayleigh 1879), as shown in
equation (2.19), the 1-K* term exists. Regarding the definition of K=kb in equation (2.68), it can
be assumed that capillary term of an elliptic jet is equal to that of a circular jet with a radius
equal to the semi-minor axis. Dityakin (1954) used the same assumption and derived dispersion

equation of elliptic liquid jets.

Similar to the analysis of asymmetric disturbances on a circular jet, to the Fourier form of an
initial disturbance 7, in equation (2.54), a term of azimuthal mode of ¢™” can be added (Rayleigh
1879; Yang 1992) and consequently in equation (2.67),

V¥ —-K*=1-m"-K°. (2.75)
It is important to note that in a circular jet, higher modes grow only in short wavelengths

disturbances, i.e. when K >> 1 so that m << K (Yang 1992).
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2.4 Results and discussion

In this section, the growth rate of initial disturbances is shown for a wide range of Weber
numbers covering Rayleigh as well as the first and second wind-induced regimes. In addition, the
effect of gas to liquid density ratio is studied. Dispersion relation of (2.67) gives the growth rate
of disturbances for various azimuthal modes. However, the theoretical study is limited to the
modes with lower transverse orders, because only the lowest order modes dominate the unstable
fluid flow and the higher order eigensolutions are more oscillatory and are not frequently

encountered in practice.

Figure 2.7: Depiction of the selected five modes of instability waves for elliptic jets: (C, F) modes
including, a) Cey, b) Ce;, ¢) Ce,, and (S, G) modes including d) Se; and e) Se,; (From Amini &
Dolatabadi 2011b).

Results are summarized in two parts as (C, F) and (S, G) modes, which are even and odd to
the major axis, respectively. These deformation modes are shown schematically in figure 2.7.
The notations Ce and Se refer to “cosine elliptic” and “sine elliptic”, respectively. (C, F) form is
composed of Ce, Ce;, and Ce, modes, while (S, G) form is composed of Se;, and Se, modes. Cey

represents disturbances which are symmetric about both the major and minor axes, and
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corresponds to an axisymmetric motion in a circular jet. Ce; represents disturbances which are
symmetric (even) about major axis but antisymmetric (odd) about minor axis indicating flapping
of the jet about the major axis. On the other hand, Se; is representing disturbances symmetric
(even) about minor axis and antisymmetric (odd) about major axis indicating flapping of the jet
about the minor axis. This mode is similar to the sinuous mode in planar liquid sheets and
corresponds to the helical mode, m=1, in the circular jet. Ce, and Se, represent axis-switching
and torsional modes, respectively. When aspect ratio is one (i.e. a circular jet) shapes of Ce,, and

Se,, modes are the same.

Instability regions and disturbance growth rates are plotted in figures 2.8 to 2.13.
Dimensionless growth rate, i.e. Strouhal number, is represented by f and is defined as -o,R/V
where R is radius of the equivalent area circle and ¥ is mean jet velocity in the axial direction. In
addition, dimensionless axial wavenumber is defined as kR. In these figures, Weber number is
calculated based on the jet equivalent radius, R, i.e. We=p,RV?/o. The gas to liquid density
ratio, Q, is typically of order of 10~. A density ratio of 0.0013 has been used in the current
calculations which corresponds to that of air to water. Additionally, to show the effect of density
ratio, growth rate of different unstable modes was shown for a density ratio of 0.1. Details of

modes even (C, F) and odd (S, G) to the major axis are presented in the next sections.

2.4.1 (C, F) modes

These modes represent configurations where disturbances are even to the major axis. Figures
2.8 to 2.11 present disturbance growth rates and the corresponding wavenumbers for several
aspect ratios and Weber numbers. Figure 2.8 shows Ce) mode for Weber numbers of 10, 102, 10°

and 10", This figure reveals that for all aspect ratios, by increasing the Weber number, range of
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unstable wavenumbers is continuously increased. Weber numbers of 10 and 10? belong to the
Rayleigh regime, while the Weber numbers of 10° and 10* belong to the first and second wind-
induced regimes, respectively. Similar to the circular and planar jets, long wave regime is
dominant for low-speed instability, while short waves are responsible for breakup in the case of
high-speed jets. Thus instability growth rate decreases continuously as We number is increased
from 10 to 10°. Transition from a long wave regime to a short wave regime is comparable with
the first and second wind-induced breakup regimes of circular liquid jets (Senecal et al. 1999).
The jet inertia assists the surface tension force in the destabilization process in the first wind-
induced regimes. However, capillary force has a stabilizing effect when the Weber number is
sufficiently high (i.e. 10%, in the second wind-induced regime) and the growth rate increases

significantly as shown in figure 2.8d.

As shown in figure 2.8, for Weber numbers up to 10°, by decreasing the aspect ratio, the
maximum growth rate becomes larger and shifts toward the shorter wavelengths. Furthermore,
increasing the ellipticity increases the range of unstable wavenumbers. However, the behaviour
is different for Weber number of 10* representing the second wind-induced regime. In this case,
by increasing the ellipticity, disturbance growth rate and the range of unstable wavenumbers are
decreased. This transition can be explained by the fact that for Rayleigh and the first wind-
induced regimes, the capillary force plays a destabilizing role. Therefore for a given volume,
elliptic cylindrical jet has more surface area (and energy) than a circular cylindrical jet, and tends
to disintegrate faster. On the other hand, for higher Weber numbers, the effect of ellipticity is
diminishing the instability due to the stabilizing effect of surface tension force against
destabilising effects of aerodynamic forces. This conclusion is confirmed by current

experimental results and also by measurements of Kasyap et al. (2009).
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Figure 2.8: Growth rate of Ce, mode at 0=0.0013 for a) We=10, b) We =10, ¢) We=10", and d)
We=10".

At Weber numbers of 10 and 10” only the axisymmetric mode (Cey) can grow and all other
modes are stable. When the Weber number is increased to 10°, the Ce; has a nonzero growth
rate. Figure 2.9 shows Ce; mode for Weber numbers of 10° and 10*. Results show that for Ce,
mode, by decreasing the ratio of the minor to the major axis, e, growth rate is decreased. For
Weber number of 10°, the axisymmetric mode (Cey) possesses a higher growth rate than Ce,
mode. However for Weber number of 10*, the growth rate of these two modes are almost of the

same order of magnitude. In addition, for Weber number of 10° and for aspect ratios less than
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0.75, Ce; mode does not grow as shown in figure 2.9a. By further increasing the Weber number
to the value of 10*, in addition to Cey and Ce;, Ce, mode also grows (figure 2.10). Similar to the

case of Ce; mode, figure 2.10 shows that by decreasing the aspect ratio, the growth rate of Ce,

mode is decreased.
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Figure 2.9: Growth rate of Ce; mode for a) We=10" and b) We =10* in 0=0.0013. Invisible aspect
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Figure 2.10: Growth rate of Ce, mode for We=10* at 0=0.0013. Aspect ratios less than 0.5 are stable

in this mode.
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In the circular jet case, Cey, Ce;, and Ce, modes reduce to the axisymmetric, helical and
elliptic modes, respectively (See figure 2.1). Due to symmetry of circular jets, results in Ce;, and
Ce, modes are, respectively equal to Se;, and Se; modes. The growth rate calculation for e=1 for

all modes are equal to those of Yang (1992) for a circular jet (See figure 2.11).
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Figure 2.11: Growth rate of various azimuthal modes on a circular jet for a) We=10" and b) We=10"

at 0=0.0013 (Adapted from Yang 1992).

2.4.2 (S, G) modes

These modes represent configurations where disturbances are odd to the major axis. Figure
2.12 shows the growth rate of disturbances in these modes for various aspect ratios. Se; mode
can be identified with a flapping motion in the plane of the minor axis while Se; mode represents
torsion. These modes did not appear in Weber numbers of 10, 10% and 10°. In fact, these
disturbances grow only for a sufficiently high Weber numbers (i.e. We=10") as shown in the
experiments of Kasyap et al. (2009). As can be seen from figure 2.12, the growth rate of Se,

mode in elliptic jets is less than circular jets. On the other hand, Se; mode exists for aspect ratios
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e2>0.75and Se; mode exists only for aspect ratios e > 0.9 . In fact, the ellipticity has a stabilizing

effect for these modes. As mentioned in the previous section, for a circular jet Se; and Ce; are

the same. This is also the case for Se; and Ce, modes.

To summarize the results obtained for (C, F) and (S, G) modes, one can conclude that for
capillary elliptic jets, the only growing mode is Cey (i.e. axisymmetric mode), and the other
modes appear only in higher Weber numbers where aerodynamic effects cannot be ignored. The
Ce; mode, which represents a flapping motion in the plane of the major axis, has a larger
amplification rate than that of Se; mode, which represents a flapping motion in the plane of the
minor axis. Generally, results show that the amplification rates of (S, G) modes are smaller than
those of (C, F) modes. In small Weber numbers, disturbances in Cey mode control the instability

process, while in large Weber numbers, disturbances of Ce;, Ce, modes are also taken into

account.
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Figure 2.12: Growth rate of a) Se; and b) Se, modes for We=10" and 0=0.0013. Growth rate of

invisible aspect ratios are zero in these modes.
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The effect of surrounding gas density on the disturbance growth rate can be illustrated from
figure 2.13. The results are presented for a gas to density ratio of 0.1 and Weber number of 10°.
Comparing the growth rate of different modes for this density ratio with those of figures 2.8b for
the same Weber number but a density ratio of 0.0013, reveals the strong effect of this parameter.
At O =0.0013 the only growing mode was Ce, whereas, for O = 0.1 other modes appear. Figure
2.12a represents the growth rate of axisymmetric mode for various ellipticities. Compared to the
results of the same Weber number as presented by figure 2.8b, increasing the density ratio
significantly changes the trend of instability region. In this case, compared to the capillary force,
the aerodynamic forces are dominant. Therefore a circular jet is associated with the highest
growth rate and ellipticity stabilizes the perturbing waves. Additionally, due to the effect of high
density ratio, other modes including Ce,, Ce>, Se;, and Se, appear which were not present for We

=10% at 0 =0.0013.
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2.4.3 Special case 1: circular jet

Circular configuration can be considered as a special case of an ellipse when major and
minor axes are equal. Correspondingly, dispersion relation of a circular jet can be found from
that of the elliptic jet. In equation (2.67), asymptotics for the modified Mathieu functions as
p—o and g—0, i.e. a circular jet (McLachlan 1964) are,

1,/ (K) _K,.(K)

e T TR® 270
and consequently,
¢ L&E K (K) 2.77)

¢ LK) K, (K)
With these asymptotic values, equation (2.67) is the direct analogy to the dispersion equation

(2.17) for the m™ order azimuthal perturbations of a circular jet of radius b (Yang 1992). For a

specific case of m=0,

¢ _1,(K) K \(K)

¢ LK) Ky(K) (2.78)

For a negligible value of pg, equation (2.67) reduces to,

b [ a LK)
an = \/K(l K )IO(K)’ (2.79)

which is derived originally by Rayleigh (1879).

Calculation of growth rate and phase velocity for a case of density ratio equal to one and no
surface tension effects for a cylindrical vortex sheet is possible through equation (2.67). In this
case, imaginary roots of nontrivial solution from equation (2.67), i.e. growth rate, will be in the

following form,
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ab _ K'(E/O) (2.80)

v+

Considering K = kb, equation (2.80) takes the form,

a, (/) v 2.81)

ko 14(L/8)

Similarly, the real root of nontrivial solution in equation (2.67) will result in phase velocity

(wave speed) as follows,

a _ €9,

ko1+(E/¢) (2.82)

Equations (2.81) and (2.82), respectively, result in amplification factor and wave speed for a
disturbance to an elliptical cylindrical vortex sheet as derived by Morris (1986). In specific case
of e=1, the above equations reduce to those of Batchelor & Gill (1962) for a circular vortex

sheet.

2.4.4 Special case 2: planar sheet

A liquid sheet can also be modeled as a special case of an elliptic jet when ellipticity is large.
Asymptotic for the modified Mathieu functions as p—0 and g—o (McLAchlan 1964, Crighton
1973) in (C, F) mode is given by,

g — coth(K) (2.83)

and similarly in (S, G) mode is given by,

?—)tanh([{). (2.84)

Using asymptotic values in equations (2.83) and (2.84), dispersion equation of (2.67) takes a
form similar to varicose shape (equation (2.37)) for (C, F) mode and sinuous shape (equation
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(2.36)) for (S, G) mode. These two dispersion equations were derived originally by Hagerty &
Shea (1955) for the waves propagating on the surface of a two dimensional liquid jet with a
thickness of 2b. It is important to note that for this case, term y in equation (2.66) should be
calculated for #=n/2, i.e. along the minor axis, where by increasing ellipticity, the radius of
curvature is infinity (similar to a planar sheet). However, term of £°b° in equations (2.36) and

(2.37) is not fully recovered from equation (2.67).
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The complexity of viscous free surface flow analysis for an asymmetric geometry can be
simplified using an approach based on the Cosserat theory (also called director theory). This
method reduces the exact three-dimensional equations to a system depending only on time and
on a single spatial variable. One-dimensional Cosserat equations can be assumed as a low order
form of Navier-Stokes equations for slender jets (Bechtel et al. 1988). This quasi-one-
dimensional model which inherently contains the radial inertia effects in its equations gives the
jet profile as a function of axial coordinate only and simplifies the analysis considerably. The
Cosserat equations which are used here were derived originally by Caulk & Naghdi (1979) for
liquid jets emerging from a nozzle with elliptic cross-section. Governing equations are high order

nonlinear partial differential equations (PDE) which determine the position of the free surface.

In this chapter, an overview of the instability of viscous circular and planar jets comes first.
Then using perturbation methods, one-dimensional Cosserat equations are linearized and solved
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to investigate the Rayleigh instability of viscous elliptic liquid jets. The current model considers
only long wavelengths disturbances and the case of short wavelength which prevails when
aerodynamic forces become important is not covered. Both temporal and spatial instability
analyses are performed while the main focus is on the spatial instability to examine the key
characteristics of an elliptic jet such as jet profile, axis-switching and breakup length. Liquid jet
instability is studied for various ellipticities over a specific range of jet velocities and excitation
frequencies. Results are compared with conventional circular nozzles which can be considered as

a special case of an elliptic jet.

3.1 Instability of viscous circular jets

Considering the aerodynamic forces and liquid viscosity, Sterling and Sleicher (1975)
derived a dispersion equation for axisymmetric disturbances on the surface of a circular jet. Their

equation, in case of long wave disturbances (kb << 1) reduces to the following form,

ab JGk2b2 Oh/ We)? +20/°b° [K, (kb)) K, (kb)]+ 2k / We)(1 - k*b)

4 2 3.1)
| GE0? Oh/\We)
2

where o; is the disturbance growth rate and £ is the axial wavenumber. Jet radius is represented
by b, and Ky and K, are modified Bessel functions of the second kind, order of zero and one,

respectively. Ohnesorge number, Weber number, and density ratio are defined as
Oh = ,ul/ pbo, We=pbV?/u,, and Q= o, /p, , respectively. For a case of insignificant

aerodynamic forces (Q = 0), the equation (3.1) reduces to dispersion equation of weber (1931).

In this case, growth rates of disturbances are plotted in figure 3.1 where w = -,/ p,R’ / o . As
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can be seen, the effect of viscosity is reducing the amplification factor (growth rate) and shifting

the maximum growth rate to the larger wavelengths which results in larger droplets.
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Figure 3.1: Temporal growth rate of axisymmetric disturbances on a viscous circular jet;
comparison of results of Rayleigh (1879) and Weber (1931) with that of DCT (Directed Curve
Theory) model (From Amini & Dolatabadi 2011a).

In the classic approach, Navier-Stokes equations and mass conservation are followed by

normal stress and kinematic boundary conditions. Accordingly, in the directed curve model the

field equations are consequences of balance of mass, linear momentum, director momentum and

moment of momentum which followed by boundary conditions including the attachment of

material to surface and discontinuity in normal traction balance. Applying Cosserat theory on a

circular jet results in the following equations (Green 1976); the continuity equation results in,

(4", +(v¢*). =0

(3.2)

and momentum balance in the radial and axial directions reads as,
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_l 4 _ 2 — _ ¢ _ ¢2¢zz 2 _l 2
2 g (v, +vv, —0.5v])=p 7[0'((1+¢22)0.5 (1+¢Zz)1_5)+y7z¢ v, g Hur(Pv,,),
(3.3)
2 __ ¢ 2
”p¢ (vt + sz) - pz + 272—6((1 + ¢Zz )0'5 )z + 2#7[(¢ Vz)z

where ¢ is the jet radius, v is the axial jet velocity, p is the resultant pressure across a section of

the jet, p is mass density (assumed constant), u is the liquid viscosity, and ¢ is surface tension
coefficient. Subscripts ¢ and z represent partial derivative with respect to ¢ and z, respectively.
Equations (3.2) and (3.3) have been solved linearly by Bogy (1978a) and Caulk & Naghdi (1979)
and a temporal dispersion equation was derived. Based on this analysis, the effect of viscosity on
growth rate of disturbances is shown in figure 3.1. The results obtained by Weber (1931) and
Rayleigh (1879) are also presented in this figure which shows an excellent agreement with the

above quasi-one-dimensional analysis.

3.2 Instability of viscous planar sheets

Li & Tankin (1991) and Senecal et al. (1999) added the viscous terms to the inviscid analysis
of Hagerty and Shea (1955) and derived new dispersion equations for viscous liquid sheets. As a

result, the dispersion equation (2.36) of inviscid sheet takes the following form,

ab  \[2k7b? tanh(kb)Oh/We ]’ + Qk’b* tanh(kb) — (k°b’ /We)[tanh(kb) + Q]

4 tanh(kb) + O

NELS tanh(kb)Oh/We]
tanh(kb) + O

(3.4)

for the sinuous mode, and equation (2.37) changes to,
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ab JI2k% coth(kb)Oh/ WeT* + Qk*b? coth(kb) — (k°b* [We)[coth(kb) + O]

Vv coth(kb) + Q

|2 coth(kb)Oh/\We]
coth(kb)+ Q

(3.5)

for varicose mode. Li & Tankin (1991) showed that there exist two modes of instability for
viscous liquid sheets; aerodynamic and viscosity enhanced instability, in contrast to inviscid
liquid sheets for which the only mode of instability is aerodynamic. Aerodynamic instability
dominates and the viscous effect reduces the wave growth rate for the sinuous mode at large
Weber numbers and for the varicose mode at any Weber number. However, liquid viscosity can
enhance the liquid sheet instability for the sinuous mode at low Weber numbers, and under this
condition the viscosity enhanced instability can even become predominant. At an intermediate
Weber-number range, liquid viscosity has complicated effects. For axisymmetric disturbances,
liquid viscosity always reduces the growth rate dominant wavenumber, and aerodynamic
instability always prevails. For a liquid sheet, the surface tension always stabilizes, while
surrounding gas and relative velocity between the sheet and gas favor the onset and development
of instability. Linear analysis shows that, in contrast to circular jets, no temporal capillary

instability exists for purely two dimensional planar sheets (in absence of edge-effects).

3.3 Instability of viscous elliptic jets

In this section, quasi-one-dimensional Cosserat equations of Caulk & Naghdi (1979) will be
used to study instability of elliptic liquid jets. Governing equations are high order nonlinear
PDEs which determine the position of the free surface. These equations are linearized and solved
to investigate the Rayleigh instability of viscous elliptic liquid jets. Since gas phase does not

present in the current analysis, for simplicity subscript / is deleted from all notations.
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Cosserat theory for elliptic liquid jets is based on a quasi-one-dimensional continuum model
where continuum is an oriented space curve corresponding to the jet axis. The behavior of the
liquid jet is studied as the motion of a directed curve in a fixed system of coordinates (x, y, z), in
which the material line is identified along the z-axis. Two deformable vectors (i.e. directors) are
attached to every point of the curve and lie in the x-y plane which represent the cross-section of

the jet. A complete set of the equations includes,

G +&,+v. =0 (3.6)

as the continuity equation and,

b +Vvh. — 6, =0

(3.7)
by +vh,. —0,¢, =0
as equations for motion of directors and finally,
1 |
Z 7[;0¢3¢2 (G, V¢, + 4/12) =p+4ph(4. ) - 2umpéC, + Z ﬂﬂ-(¢13¢24,lz)z
(3.8)

SPEAC G+ D)= 4 I ) - 2L, 4 i BAE),

GGV, +V.) = =p. — . (B, $,) ~ 4. (B, ) + 2un(dyv.).

as the conservation of momentum in x, y, and z directions, respectively. In the above equations,
@, and @, are semi-major and semi-minor axes, respectively. They are both functions of time, ¢,
and axial distance, z (See figure 3.2). £, and ¢, are the material derivatives of the semi-major

and the semi-minor axes divided by their length, respectively. They indicate the jet column
deformation in the transverse directions and will be eliminated from the equations during the
solution. v is the axial jet velocity, p is the average pressure over the jet cross-section, p is the

density, and u is the dynamic viscosity. Subscripts z and ¢ represent the partial derivatives with
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respect to the axial coordinate and time, respectively. /4 is related to the average of capillary force

over the cross-sectional area and is presented by equation (3.9),

W)= (o cos® 0)d0 (3.9)
where ¢ is the surface tension coefficient and « is the mean curvature of ellipse given by,

K =[(4,@,. sin” O+ p,d,. cos” )* + ¢ sin’ @+ ¢; cos” 0] x

[(¢ sin” @+ ¢ cos” O)(@,..4, cos” O+ p,__¢, sin’ O) + (3.10)

2(¢1¢22 B ¢2¢lz )(¢1¢Iz B ¢2¢22 ) Sinz '90032 0- ¢1¢2 (¢122 COSZ 0+ ¢222 Sinz 0+ 1)]

and @ is the azimuthal angle in the plane of the cross-section given by,

(r/x)=(¢,/4,) tan . (3.11)

¢1(21 t)

\ ¢1(0,t)=ﬂ \/
N
N\
N

Figure 3.2: Change in cross-sectional shape of an elliptic jet in Cartesian coordinates.
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Equations (3.6), (3.7), and (3.8) are highly nonlinear and difficult to solve analytically or
numerically. Applying perturbation methods may simplify them considerably. To linearize

equations of (3.6), (3.7), and (3.8), the main parameters are expanded as,

b =a+d, ¢ =b+d, p=p,+D, v=V 4. (3.12)

The bar mark represents the value of the perturbed parameter. a and b are the initial semi-major
and semi-minor axes, respectively (See figure 3.2). The uniform jet velocity is represented by V,

and p,, is the initial pressure and is assumed constant inside the liquid column.

Perturbation can be considered as a superposition of Fourier components which have the

form of Aexp[(i(at —kz)], where A4 is the wave amplitude and k =k, +ik, is the complex axial

wavenumber whose real and imaginary parts represent, respectively, the number of waves over a

distance 27 and the exponential spatial growth rate per unit length in the axial z-direction.
Similarly, o =a, +ic, is the complex wave frequency, the real and imaginary parts of which

give, respectively, the frequency of the Fourier wave and the exponential temporal growth rate.
The instability of liquid surface to perturbations is converted mathematically to the condition of
the existence of nontrivial solution of the linear system which ultimately leads to a dispersion
equation. Dispersion equation relates the growth rate o of an initial perturbation of infinitesimal
amplitude to its wavenumber k (or wavelength). The results indicate that there is a maximum
wave growth rate .., Which occurs at a wavelength of A;.x. The maximum wave growth rate
and the corresponding wavelength characterize the fastest growing (or the most probable) waves

on the liquid surface that are eventually responsible for the breakup.

Temporal analyses consider the growth of the perturbation magnitude with time rather than

along the jet axis, as is considered in spatial analyses. Solution of the dispersion equation in
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spatial case shows predicted wave growth rate, o, versus wavenumber, £, as a function of Weber
number. In the following sections, equations (3.6), (3.7), and (3.8) will be solved temporally and

spatially using linear expansions.

3.3.1 Temporal solution

In the temporal analysis, the perturbations are spatially harmonic, therefore with a selected

frame of reference one may write ¥=0. ¢ and @, can be expanded as,

¢ = f,(k)expli(at — kz)]
(3.13)

¢, = fr(k)expli(at - kz)].
Additionally, pressure term can be eliminated among three equations in (3.8). As the perturbation
is small, the products of its magnitude can be neglected, resulting in a linear analysis and

remaining only the following two equations.

S,4 +S,¢, =0

(3.14)
S:¢ +540, =0.
S1, $2, S3 and Sy are functions of wavenumber and have been defined in Appendix C. Temporal

dispersion equation can be found by condition of nontrivial solution of S5, —S,5; =0 which

finally leads to the following fourth order polynomial.

4
> a0 =0. (3.15)
J=0

The coefficients in dispersion equation (3.15) have been defined in Appendix D which are

functions of the following dimensionless numbers; (a) wavenumber defined as K =iR, (b)

growth rate defined as @ = —a,+/ pR’ / o , and (c) Ohnesorge number defined as Oh = u/\[poR .
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R is the radius of a circle which has the same cross-sectional area as an ellipse, and e is the ratio

of minor to major axes (i.e. aspect ratio).

Equation (3.15) has four roots which two of them are real and related to the oscillatory mode
and do not grow with time. The other two roots are conjugate complex, one is damping with time
and the other is growing with time responsible for the jet breakup. Dispersion curves have been
plotted in figures 3.3 through 3.5 to demonstrate the variation of dimensionless growth rate, w,

versus dimensionless wavenumber, kR.
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Figure 3.3: Growth rate @ versus wavenumber kR for different aspect ratios in inviscid elliptic jets.

Figure 3.3 shows that in comparison with a circular jet, the elliptic jet is more unstable and
by decreasing the aspect ratio (i.e. by increasing the ellipticity), the instability grows faster. Since
the maximum growth rate is responsible for breakup, one can conclude that breakup length of
elliptic jet is shorter than that of the circular jet which confirms the results obtained
experimentally. In addition as can be seen from figure 3.3, the range of unstable wavenumbers in
the elliptic jets is larger than the circular jets.
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Figure 3.4: Comparison of the growth rate obtained by DCT (Directed Curve Theory) model in
circular case, and the results of Rayleigh (1879) and Weber (1931) for different Ok numbers.

Figure 3.4 shows the effect of viscosity on the growth rate of disturbances on a circular jet.
As can be seen, the effect of viscosity is diminishing the growth rate and shifting the maximum
growth rate to longer wavelengths. These results are comparable with those of Rayleigh (1879)
and Weber (1931). This figure shows that in the inviscid case, the difference between the results
of quasi-one-dimensional model and Rayleigh’s axisymmetric analysis is almost negligible (less
than 0.25 %) which can serve as the validation for the developed quasi-one-dimensional
modeling. Furthermore, quasi-one-dimensional results offer an improvement over Weber’s result
since Weber’s model overpredicts the growth rate for moderate viscous jets (Caulk & Naghdi
1979). Similarly, figure 3.5 shows the effect of viscosity on growth rate of disturbances for a

special case of e = 0.5.
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Figure 3.5: The effect of viscosity on the growth rate of disturbances on an elliptic jet with e=0.5.

Dityakin (1954) considered an infinitely long quiescent cylindrical liquid column issuing
in a gas and modeled its response to a small perturbation of the shape of cross-section from basic
circular shape. In his 3-D model, density of liquid and gas were included but their viscosities and
gravity were ignored. In calculating the surface tension which is the main source of instability,
due to the complexity of curvature calculation for ellipse, Dityakin (1954) restricted his analysis
to small departures of the jet cross-section from circular shape. Instead of ellipse curvature, he
simply used curvature of a circle with the radius of semi-minor axis. Even in this case
calculations are long and tedious which detail can be found in the original article. The condition
of nontrivial solution of resulted linear system leads to a dispersion equation. In case that gas
density is ignorable in comparison with liquid density, his dispersion equation has been plotted

in figure 3.6 for three aspect ratios.
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Figure 3.6: Growth rate @ versus wavenumber KR for inviscid 3-D (by Dityakin 1954) and present
1-D model.

As can be seen from figure 3.6, the difference between 3-D and 1-D results is negligible
when aspect ratio is one (i.e. circle) but as aspect ratio is decreased, their difference is increased
too. This result is reasonable because Dityakin’s model is limited to infinitesimal deviations from

a circle.

Knowing the ratio of 52 / ¢71 , both symmetric and asymmetric perturbations can be identified.
A ratio of unity represents symmetric perturbation, while other values result in asymmetric

perturbations. The ratio can be found from equation (3.14) as,

$__S__S (3.16)
¢l SZ S4 ,

Calculations show that for an elliptic orifice with an aspect ratio of e, unstable roots gives a ratio
of one and stable roots gives a ratio of “—e” which means that unstable modes are symmetric and

stable modes are asymmetric. For unstable mode, aspect ratio is increasing toward unity (but not
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exceeding one), i.e. recovering a circular cross-section which has a smaller surface energy. When
ratio is “-e”, periodically major axis is decreasing while minor axis is increasing and the cross-
section of the perturbed jet is an oscillating ellipse exchanging alternately its major and minor
axes. For a given jet volume, a circular cylindrical shape results in the minimum lateral surface
area and consequently provides the minimum surface energy. Increasing the ellipticity of a
cylindrical jet increases the lateral surface area and jet surface energy. Due to the higher surface
energy associated with elliptical jets, they disintegrate faster than circular jets. The results are in
agreement with those of Caulk & Naghdi (1979) and experiments of Bechtel et al. (1995) and

will be verified further in chapter 4 by an experimental analysis.

Cut-off wavenumber, defined as a value above which perturbations are stable, has been
shown in figure 3.3 for various aspect ratios. Based on the above calculations, cut-off

wavenumber is equal to,

K =

c

\/ —e(l+e)E, +3€°E, + 3¢, .17

ek, + E;

where E coefficients are related to elliptic integral and have been defined in Appendix C. Only
disturbances with wavelengths greater than 2zR/K . destabilize the jet and lead to the jet breakup.
R is the radius of a circle which has the same cross-sectional area as an ellipse. According to the
Rayleigh theory, K. is equal to one which means that for circular jet only disturbances with

wavelengths greater than circle perimeter are unstable.

3.3.2 Spatial solution

The above mentioned temporal analyses was applied to an infinite jet, which considers the

growth of the perturbation magnitude with time rather than along the jet axis, as is considered in
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the spatial analyses for a semi-infinite jet. Jet profile can be derived from results of spatial linear
analysis which allows prediction of axis-switching and breakup of elliptic liquid jets. To start

spatial analysis, the following non-dimensional parameters are defined,

~ Z ~
z=—, I =

| T

5=t ek (3.18)

< | =i
L

For simplicity the tildas are dropped in the following notations. Substituting equation (3.12) into
equations (3.6) and (3.7) and neglecting all the nonlinear terms of the disturbance quantities, the

following dimensionless equation is derived,
(é‘1+52)t+(51+52)z+vz:0 (319)
which serves as a continuity equation. Similarly, using equation (3.12) to linearize equation

(3.8), and eliminating the pressure term, the dimensionless momentum equations along ¢ and

¢, directions can be expressed as follows,

1 1 1 1
(e(vt + Vz) + Z 5lztt + E 5lzzt + Z 51222) + % (dl é‘lzzz + d25lz + d3 é‘22 + d452zzz)
1 1 1
+ _(285121‘ + 265122 - _512221 - _512222 - 2evzz) = O’
Re 4 4

(3.20)

2 2 2
(e(v,+vz)+%52m+%5 +<5

2zzt 2zzz

) + é (d552222 + d652z + d7é‘lz + d85lzzz)

2 2

L (2es, 4205, - S5, C
Re 4

2zt 2zz zzzt Z

o

2zzzz

~2ev.)=0

where We and Re are Weber and Reynolds numbers defined as We=pRV*/o and Re=pVR/u,
respectively. Aspect ratio is presented by e and defined as the ratio of minor to major axes, i.e.
b/a. Coefficients “d” are functions of the aspect ratio and arise from the linearization of the

surface tension term in equation (3.9). They have been defined in Appendix E. In equation
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(3.20), the first, second, and third parts, represent inertial, capillary, and viscous effects,

respectively.

Based on the spatial instability analysis of Keller et al. (1973), the jet-nozzle problem

requires that in a nozzle-fixed frame, one considers solutions of the form exp[i(cz —kz)], keeping

a real and allowing k to be complex. Then the real part of & will be associated with wavelength
while its imaginary part will correspond to the growth or attenuation in the axial direction,
depending on its sign. Using the linear stability of the jet on the basis of this approach, the
unstable spatial dispersion relation will be obtained which predicts the wave growth rate versus
frequency as a function of Weber number. By eliminating the pressure term in equations (3.19)
and (3.20) and replacing the exponential spatial forms of J, and J,, two new equations are

obtained (similar to equation (3.14)) and their nontrivial solution results in the spatial dispersion

equation. Alternatively, one can perform a transformation of z=z+V? in temporal dispersion
equation (3.15), which is equal to replacing w in temporal dispersion equation with We(f —K)

to provide the following spatial dispersion equation,

b.K’ =0. (3.21)

J

~.
Il 0
o

Coefficients b; are functions of Weber number and Strouhal number and have been defined in

Appendix F. Strouhal number is defined as g =-a,R/V . K is dimensionless wavenumber and is

defined as K=kR. Equation (3.21) gives all wavenumbers that closely approximate those obtained
from the three-dimensional theory by Keller et al. (1973) in circular case. In general, equation
(3.21) has eight roots, four of which are not acceptable due to the radiation condition (Bogy
1978b) which states that energy must be outgoing towards downstream (z—o). The excluded
roots are of order O(2) and O(3). Among the other four roots, two of them are conjugate
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imaginary that lead to the breakup while the other two are real roots lead to the axis-switching.

The Jet profile includes the superposition of these two modes.
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Figure 3.7: Dependence of dimensionless wavenumber AR on frequency f and Weber number We

for semi-infinite inviscid jets with aspect ratios of (a) 1.0, and (b) 0.5.

Similar to the analysis of Keller et al. (1973), the root corresponding to the fundamental

mode for which the imaginary part of k is negative, gives unstable disturbances for a jet with

velocity in the z direction. Figures 3.7a and 3.7b show spatial growth rate for inviscid elliptic jets
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with different aspect ratios under various jet velocities. Figures 3.8a and 3.8b show dependency
of wavenumber to frequency for various We numbers in inviscid and viscous cases for a special

case of e=0.7.
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Figure 3.8: Dependence of dimensionless wavenumber kR on frequency f and Weber number We

for semi-infinite elliptic jets with ¢=0.7, for (a) inviscid, and (b) viscous (Oh=0.15) cases.
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As shown in the above results, by increasing the Weber number, instability growth rate is
decreased; which is in agreement with the experimental results showing that by increasing the jet
velocity, breakup length is increased. In the Rayleigh mode, viscosity always dampens

perturbations and shifts the maximum growth rate toward longer waves.

Following Pimbley (1976) and Bogy (1978a, 1978b), the jet radius in the major and minor

axes directions is written as,

4
S,(z,0)=> D, exp i(fi — K ;2),
j=l
(3.22)
4
Sy(z,1)= Y E expi(Pt— K z)

=
where D; and E; are unknown coefficients that are determined using boundary conditions. K;
represents the relevant roots of the spatial dispersion equation (3.21). The following boundary

conditions are valid,
6,(0,6)=0, 6,(0,1)=0, v(0,7)=v, cos ft. (3.23)
The first two boundary conditions are associated with the jet at the nozzle face and the last

boundary condition represents the harmonic disturbance at the nozzle with dimensionless

amplitude of v, and dimensionless frequency of f. Solving the spatial equation requires one more
boundary condition which is the jet slope 0,.(0,f) defined at the nozzle face in the major axis

view. Alternatively, the jet slope in the minor axis view could be selected, as the two are
dependent on each other through the continuity equation. The jet slope at the nozzle face could

be found by measurements (Bechtel et al. 1995).
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The velocity modulation of the boundary conditions as presented in equation (3.23) can be
generated by a piezoelectric transducer which contracts and expands periodically by applying a
periodic voltage on it. The velocity modulation frequency is equal to the imposed frequency to

piezoelectric transducer.

Based on equation (3.22), the following solutions are written for the dimensionless jet radius

for the major and minor axes views,

8, = real{({C, (exp(~iK,2) — exp(~iK ,2))] ~[C, (exp(~iK ,2) — exp(~iK,2) exp(i/i1) |
\ )\ J
| |
Unstable Stable (3.24)

A A
[ o |

S, = real{([(1/e)C, (exp(~iK z) — exp(~iK ,2))] +[C, (exp (=iK ;z) — exp(=iK ,z))]) exp (if3t)}.

It was shown in the temporal solution that the ratio of disturbances of the minor to major
axes is equal to 1 for unstable roots and is equal to —e for stable roots. Using the dimensionless
forms in equation (3.18), these ratios for d,/0; become 1/e and -1, respectively. These two
coefficients appear in front of the unstable and stable parts in equation (3.24), respectively.

Coefficients of C; and C; are found from boundary conditions in equation (3.23) as follows,

C - v,K\K, (3.25)
bBA+/e) (K, -Ky) '
and
—i0,.(0,¢ v KK
2 i6,(0,) PR (3.26)

T (K, -K)exp(ifr)  BA+1e)K,-K,)

Based on the results of the temporal analysis, for asymmetric disturbances, the cross-section

of the perturbed jet is an oscillating ellipse exchanging alternately its major and minor axes (See
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figures 1.5 and 1.6). For unstable axisymmetric disturbances, the aspect ratio is approaching a
value of unity, i.e. recovering a circular cross-section which has a smaller surface area (energy)
for a given volume. The jet profile in equation (3.24) is composed of two parts; the first includes
the imaginary roots which grow in space and lead to instability, and the second includes the real

roots which are stable in space and lead to axis-switching phenomenon.

The spectrum of the roots K;, K, K3, and K4 is required in order to determine their
contribution to breakup and axis-switching. The real parts of K; and K, are equal to the imposed
dimensionless frequency and the imaginary parts give the growth (positive root) and decaying
(negative root) rates. Assuming K; is the root with positive imaginary part, it results in growing
disturbances along the jet. Consequently, K, with negative imaginary part (as conjugate of K;)
represents the attenuating mode. K3 and K, are real and contribute to the oscillatory modes which
are stable along the jet axis. The variations of these four roots by Weber number, for an elliptic
jet with aspect ratio of e= 0.5, are shown in figure 3.9. Although this figure has been plotted for
an imposed frequency of unity, for any imposed frequency the trend of all roots will be similar. It
is important to mention that only the real parts of roots K; and K, are plotted in this figure. The
imaginary part of K; is in fact the growth rate which has been presented in figures 3.7 and 3.8.
As expected, the real parts of K; and K, are equal to the imposed frequency except for very low
We numbers due to the difference between spatial and temporal analysis results (Keller et al.

1973).

It is important to note that the first part of equation (3.24) which represents the dominant
unstable mode, propagates at the frequency of the real part of K; (or K>) which is equal to the
excited frequency, . The breakup wave propagates with a phase velocity (i.e. wave speed) of

/K, (or w/K>) which in dimensionless form is equal to one. In parallel, axis-switching mode is
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propagated at the same phase velocity as the breakup mode which means that the axes of the jet

are altered at a frequency equal to the imposed frequency (or natural frequency in free

oscillations). However, it is better to calculate the group velocity (instead of monochromatic

carrier waves) which is responsible for conveying breakup and axis-switching information. This

task is out of the scope of the current work.

Real part of dimensionless wavenumber, K

]
[REN

K1
cecedeeee K2
\\ ----- K3
~— ---K4
10 15 20 25 30 35 40 45 50

Figure 3.9: Variation of real parts of roots of spatial dispersion equation by Weber number for a

specific perturbed frequency.

Based on the linear instability theory, breakup occurs when the amplitude of small

perturbations grows and exceeds the radius of the undisturbed jet. Although such a large

disturbance is not in the validity range of linear analysis, previous studies for circular jets (e.g.

recently by Gonzalez & Garcia 2009) showed that the calculated breakup length is in good

agreement with the experimental results. Using equation (3.24), spatial evolution of the circular

and elliptic jets for specific values of fluid and perturbation parameters are shown in figure 3.10.
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The breakup length (Z;) can be computed from the jet profile where the jet radius becomes zero.
This task will be performed in the next chapter and the predicted value will be compared with the
corresponding breakup length measured from experiments. In general, small numbers of Fourier
modes are not sufficient to give a correct representation of the shape evolution and non-linear

behavior of the jet profile.
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Figure 3.10: Jet radius as a function of distance from exit of (a) a circular nozzle and (b) an elliptic

nozzle (major-axis view) (We=100, 0h=0.35, £=0.7, = 0.525, v,=0.01, &, (0, /=0.01).

The wavelength of axis-switching can be determined by a simple analysis. Using the
linearized form of Cosserat equations in (3.14), it can be shown (Caulk & Naghdi 1979) that an

elliptic jet with a small aspect ratio, oscillates at the dimensionless frequency of w as,

o* =2(3+K?) (3.27)

where w =0 ,ORS/ o and K = kR. It is important to note that equation (3.27) has also been

derived by Rayleigh (1879) through asymmetric stability analysis of circular jets. On the other

hand, as shown in figure 3.9, for velocities larger than the capillary velocity, i.e. We >>1,
K~p (3.28)

and using the definition of dimensionless numbers, one may write,
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w = pWe. (3.29)

In conclusion, the dimensionless wavelength of axis-switching, 4, is given by,
A =——=~We-2 (3.30)

which means that the dimensionless axis-switching wavelength is proportional to We’> by a

factor of 27/ \/6 .
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Figure 3.11: Variation of dimensionless axis-switching wavelength, 4,,/D,, with We"? for jets
discharging from the elliptic orifices with different ellipticities. The solid line is the linear fit of the

entire data. (From Kasyap et al. 2009).

Experiments of Kasyap et al. (2009) for an unforced elliptic jet showed that a straight line
with a slope of 0.96 can be fitted to the measured dimensionless axis-switching wavelength
versus We®> (See figure 3.11). Considering the definition of Weber number and the

dimensionless axis-switching wavelength in their work that is based on the equivalent jet
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diameter (2R), according to equation (3.30) the slope of the line will be 7/ V12 or 0.9. This
value is in good agreement with the measured value of 0.96 of Kasyap et al. (2009) where the jet
is perturbed by its natural frequency. In fact, experimental results show that this slope is not a
strong function of liquid jet ellipticity. It is important to note that according to equation (3.30), at
small Weber numbers, the wavelength of axis-switching is of the same order as the jet diameter.
This can be interpreted as invisibility of axis-switching at low Weber numbers as presented by

Kasyap et al. (2009) and confirmed by our experiments.
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Experimental Analysis

This part includes the experimental work that has been performed to validate the linear
analysis and also to investigate the nonlinearity effects along with the effects of the jet velocity
profile. Both natural (free) and excited (forced) breakup behaviors are studied. In the natural
instability case, breakup length of elliptic nozzles with different ellipticities and length to
diameter ratios have been measured in a range of Weber numbers covering the Rayleigh regime.
In the forced breakup case, the instability of liquid jets subject to sinusoidal perturbations is
investigated. The curves of the breakup length versus the excitation frequency are plotted and
examined against the theoretical dispersion curves derived in chapters 2 and 3. Results are
compared with conventional circular nozzles which can be considered as a special case of an

elliptic jet.
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The present experimental results are interpreted based on a linear temporal analysis. Previous
works revealed that although the linear theory cannot explain accurately some behavior of liquid
streams such as satellite droplets, it is however useful in predicting other parameters such as
breakup length. In addition, according to the results of Keller’s spatial analysis (1973), the
spatial and temporal approaches are equivalent if the jet velocity is greater than the capillary
velocity (i.e. We >> 1). Therefore, the current experimental data are analyzed in the framework

of temporal perturbation analysis.

The development of a liquid jet of unperturbed radius, R, with a velocity, V, in a quiescent
atmosphere can be analyzed using linear methods as described below. It is assumed that the
Fourier component of the perturbation with frequency, f, grows with a temporal rate of
amplification, a, and a temporal wavenumber, k. For a monochromatic perturbation the radius of
the jet, r, is given by,
r=R+n,e’ @7 4.1)

where 79 is the initial perturbation amplitude. Assuming that breakup occurs when the

perturbation amplitude is equal to the unperturbed jet radius, the perturbation growth rate is

written as,
VR

a=—-—In— 4.2)
Z, 1

where Z;, is the breakup length. Under any particular experimental setup for jet velocity,
disturbance amplitude and frequency, there is a specific minimum length for break up. This
characteristic relates the growth rate of disturbances to the imposed frequency. Assuming that the

initial disturbance amplitude of perturbations, 7, is proportional to the applied voltage on the
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liquid jet (Gonzalez & Garcia 2009, Kalaaji et al. 2003), equation (4.2) is written in the

following form,

a—VAan 13
i v (4.3)

b

where U is the amplitude of the imposed voltage to the liquid jet (e.g. through a piezoelectric
actuator). Delta indicates the difference between quantities in log of voltage (AlnU) and breakup
length (AZ;). In addition, dimensionless wavenumber, K=kR, is calculated from measurements of
imposed frequency , f, and mean jet velocity, V, from relation,

_ 27Rf
—

K (4.4)

Equation (4.3) can be used to determine the experimental dispersion curve a(k) and compare
it to the corresponding theoretical dispersion equations. This method was used before by Bruce
(1976), Cline & Anthony (1978), Kalaaji et al. (2003), and Gonzalez & Garcia (2009). Similar to
these works, the present approach is based on controlling the frequency and fixing the initial
perturbation amplitude using piezoelectric transducers with a given pure sinusoidal disturbance.
Chaudhary & Maxworthy (1980) used an alternative method consists in using a fixed frequency
and a variable velocity. It is important to note that instead of imposing disturbances in terms of
velocity modulation (e.g. by a piezoelectric actuator), one can produce and impose disturbances
in the jet radius (e.g. by shielding electrodes). For a circular jet, results of Gonzalez & Garcia
(2009) from two methods were the same and in excellent agreement with the linear instability
analysis. Generally, disturbances also can be in the form of fluctuations in liquid properties such

as viscosity, temperature, or surface tension coefficient.
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4.1 Experimental setup

The experimental setup is schematically shown in figure 4.1. The experiments were
performed in two different sections. In the first part, breakup of a liquid jet is studied under
natural disturbances; and in the second part, external disturbances are imposed on the jet. In the
second part, the disturbances are applied by a piezoelectric transducer in the form of a velocity
modulation over the mean velocity field. A sinusoidal wave is formed by a function generator
and is amplified with an amplifier which is fed to the piezoelectric actuator. The piezoelectric
transducer contracts and expands periodically by applying a periodic voltage on it and produces
pressure oscillations in the nozzle chamber which translates into sinusoidal disturbances of the
jet velocity at the nozzle exit. Figure 4.2 shows the injector assembly including the piezoelectric

actuator.
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Figure 4.1: The schematic of experimental setup.
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Low voltage values (less than 70 volts, peak-to-peak) were used to obtain results comparable
with the linear stability analysis. High voltage values impose large perturbation amplitudes
which create nonlinearity and are not covered in the mentioned theoretical analyses. It was
assumed that the same disturbance applied to the actuator is transferred directly to the liquid jet
and the effects of the actuator dynamics that may cause nonuniformities were ignored. The
obtained data provides information about difference nozzle geometries which is the goal of this

work.

(m

Plexiglass <—— Water

Figure 4.2: The injector assembly.

Fifteen elliptic nozzles with equal cross-sectional areas and different ellipticities and lengths
were manufactured and tested. Details of geometry specification of the nozzles are listed in table
4.1. The orifices were fabricated from Aluminum by a wire-cut electrodischarge machining

process. Due to the machining process, there were differences in the nozzles’ cross-sectional area

89



Chapter 4 Experimental Analysis

I\I?IZ)Z.le (Iflfn) (nzlfn) Zj (l’IleR;l) LICR)
#1 | 047 | 047 100 0470 10
w | 046 | 047 | 098] 0465 5
w3 | 046 | 046 | 1.00| 0460 i
# | 058 | 039 |067| 0475 10
#5 | 059 | 040 |067| 0485 5
#6 | 060 | 042 |070| 0.502 I
#7 | 068 | 032 | 047 0466 10
4 | 069 | 035 |o051| 0491 5
4 | 068 | 035 |051| 0465 I
#10 | 080 | 028 |035]| 0487 10
411 | 082 | 028 | 034 0480 5
#12 | 080 | 027 |033] 0464 I
#13 | 094 | 024 |025] 0475 10
#14 | 093 | 025 |027] 0482 5
#15 | 092 | 022 |024| 0450 I

Table 4.1: Geometrical specification of the nozzles.

and the error is within 5% of the nominal equivalent diameter. Weber and Reynolds numbers
were maintained equal for all nozzles by using an equivalent diameter of 475 um and the same
liquid flow rate; this allows comparison of the behavior of different nozzles. Five different aspect
ratios were examined; 0.25, 0.33, 0.5, 0.7, and 1. An aspect ratio of one belongs to a circular
nozzle which was used for comparison with other elliptic nozzles. Three different values of
length to diameter ratio (i.e. L/D) were used; 1, 5, and 10. In the forced breakup experiments,
only the nozzles with length to diameter ratio of one were examined. The reason for this

selection is to minimize the velocity relaxation effects since the current theoretical models
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assume that the velocity profile is uniform over the cross-section (i.e. plug flow). It is important
to note that even for short nozzles due to the relaxation of the velocity profile there is a small
difference between the nominal nozzle radius and the unperturbed jet radius which was ignored

in the present work.

Water was supplied from a pressurized tank to supply liquid at a desired pressure. Distilled
water was used for experiment which has a density of 997 kg/m’, a surface tension of 0.073 N/m,
and a viscosity of 0.0009 kg/m.s. The liquid flow to the nozzle is controlled by a pressure
regulator along with a flow control valve. Although a water filter was mounted before the flow
control valve, nozzles were blocked during the experiments and had to be cleaned regularly. In
addition, a vent valve was provided just before the injector inlet to remove bubbles if any
occurred. The velocity value was obtained from the volumetric flow rate and exit area of the
nozzle. The injection assembly was mounted on an optic table with self-leveling supports for

vibration isolation.

A diffused backlight system with adjustable intensity was used to illuminate the jet. The
behavior of the elliptic jets was visualized using high speed photography. Depending on the jet
velocity, nozzle geometry, and the imposed frequency, the resolution was adjusted, and up to
20,000 frames per second images were captured. In order to obtain perpendicular images of the
major and minor axes simultaneously, a mirror was used. The image of the major axis direction
was a direct view but that of the minor axis reflected off the mirror. Experiments were repeated
four times for each run for a range of Weber number varying between 5 and 400, and Reynolds
number of 500 to 5000. As mentioned before, the jet equivalent radius (R) is used as the

characteristic length to calculate Weber and Reynolds numbers.

91



Chapter 4 Experimental Analysis

4.2 Results and discussion

Figure 4.3 presents the breakup of liquid jets that emerged naturally from nozzles with
different aspect ratios. It is clear that by reducing the ratio of the minor to major axes, the
breakup length is decreased. In the free breakup regime, i.e. where there is no excitation force, it
is assumed that the jet is disturbed by the natural frequency of the nozzle system and there is a
maximum wave growth rate a,,,, which occurs at a wavelength of A,,,. The maximum wave
growth rate and the corresponding wavelength characterize the fastest growing (or the most

probable) waves on the liquid surface that are eventually responsible for the breakup.

Figure 4.3: Images from major axis view of nozzles issuing water jets (We= 35, Re=1400).

Figure 4.4 shows the variations in the breakup length for different geometries and jet
velocities under natural perturbations. Z, is the breakup length which is made dimensionless
using the jet equivalent diameter, D=2R. The horizontal axis is JWe which is proportional to
the jet velocity. In figure 4.4 the shortest nozzles, i.e. L/D of one, were used to minimize the
effect of velocity relaxation. In agreement with the results of Kasyap et al. (2009), figure 4.4
shows that breakup length of elliptic liquid jets is much smaller than that of equivalent circular

jets. Furthermore, by increasing the ellipticity, the breakup length becomes shorter.
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Figure 4.4: Dimensionless breakup length versus dimensionless jet velocity for different elliptic

nozzles with the exit area.

One of the main geometrical parameters in circular nozzles is the length to diameter ratio
(McCarthy and Molloy 1974, Birouk and Lekic 2009). By influencing the velocity profile and
boundary layer thickness, this parameter contributes to the jet surface instability and breakup
length. Exiting the long nozzles, liquid jet exercises relaxation of parabolic to flat profile. This
process redistributes the jet’s energy and creates a destabilizing force (McCarthy and Malloy
1974). However, linear instability analysis of Leib and Goldstein (1986) and Ibrahim and
Marshall (2000) revealed that non-uniformity in the velocity profile (e.g., parabolic) would lead
to a reduced instability. On the other hand, the source of the generation of turbulence within
short tubes is usually more limited than in the longer tubes (e.g. by friction force). Therefore, jets
with the more uniform velocity profile would require a higher Reynolds number than the longer
tubes before they contain turbulent disturbances that are sufficient to promote the jet breakup
(Delber and Yu 1988). It is important to note that turbulent flow profiles are significantly similar

to the uniform profiles and thus are only slightly susceptible to velocity relaxation effects. As
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the present theoretical model does not consider nonuniform jet profiles, investigating the effect

of nozzle length and velocity profile is required.

Figure 4.5 presents the effect of length to diameter ratio on elliptic nozzles with different
aspect ratios. For Weber numbers less than 100, which corresponds to the Reynolds number of
2400, the influence of the length to diameter ratio on the breakup length shows no clear trend.
This can be explained by the dual effects of velocity profile. A perturbation begins to grow
internally at a large rate for a fully developed laminar flow which needs a distance for velocity
profile relaxation. On the other hand, for plug flow conditions, the perturbations which are
imposed upstream will be small at the exit, but will grow at a larger rate. Additionally, the
geometry of the current injection may create turbulence in the long tubes even at We numbers
less than 100. As shown in figure 4.5, for Weber numbers greater than 100, the short tube
produces jets which are markedly more stable than those produced from longer tubes. These
results indicate that in this range of jet velocities, the main cause for the shorter jet lengths is the
interactions with the turbulence that is generated within the longer tubes. Moreover, results
reveal that the effect of nozzle’s ellipticity is more significant than its length. As shown in figure
4.5, for the whole range of Weber numbers, by increasing the ellipticity, breakup curves for

different length to diameter ratios collapse to each other.
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Figure 4.5: Effect of L/D (length to diameter ratio) and ¢ (minor to major axis ratio) on breakup

length of liquid jets.
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Referring to equation (4.3), the disturbance growth rate can be calculated using the breakup
length and the amplitude of the imposed voltage. Figure 4.6 shows the variation of the breakup
length for a sample case of ¢=0.7 and three different dimensionless wavenumbers; 0.51, 0.71,
and 1.16. For each measurement, the velocity was fixed and the frequency was varied so that the

dimensionless wavenumber can be calculated from equation (4.4).
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Figure 4.6: Breakup length versus log of amplitude of the applied voltage for aspect ratio of ¢=0.7.

The solid lines are least-squares fit of the data.

By calculating the slope of the line of the breakup length versus the imposed voltage, the
growth rate was found for a wide range of wavenumbers (figure 4.7). Using definition of
dimensionless wavenumber by equation (4.4), a combination of frequency and velocity variation
was used to cover the unstable range of K. The moderate velocity range (i.e. 30<We< 100) of
experimental results was used because the mentioned quasi-one-dimensional theoretical model

covers the Rayleigh mode only and not the dripping or wind-induced regimes. Gravity force in
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the dripping regime, and the aerodynamic interactions with air in the wind-induced regimes,

assist the capillary force in disintegrating the liquid jet.
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Figure 4.7: Comparison of temporal growth rate between results of 3-D, DCT (Directed Curve

Theory) and experimental analyses.
Figure 4.7 depicts the variation of the instability growth rate versus imposed frequency for
different elliptic jets. The dimensionless disturbance growth rate is defined as, w = —a,/ pR’ / &

which varies by the dimensionless excitation wavenumber defined as, K = kR. As mentioned
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previously, R is the radius of an equivalent area circle, and e is the aspect ratio, i.e. the ratio of
minor to major axes. To compare the measurements with the theoretical predictions, results of
the dispersion curves from 3-D linear analysis and directed curve (Cosserat) theory are also

presented in this figure.

As shown in figure 4.7, by increasing the ellipticity (i.e. by decreasing e), the instability
grows faster and the range of unstable wavenumbers increases. In addition, the peak of the
curves shifts to higher frequencies, i.e. shorter disturbance waves. For aspect ratios close to one,
the results of the 3-D and DCT models are in good agreement with each other and also with the
experimental results. Similarly, excellent agreements were found before between the DCT results
and those of Rayleigh (1879) and Weber (1931) for inviscid and viscous circular jets,
respectively (See figure 3.4). Clearly, for an aspect ratio of one, results of 3-D analysis reduces
to that of Rayleigh. In addition, figure 4.7 shows that, DCT predicts a smaller growth rate and a
wider instability range than 3-D model. The reason for a different growth rate could be in the
calculation of curvature which enters the capillary force calculation as the main source of
instability; in 3-D analysis, the maximum value of curvature was used (equation (2.74)), whereas

in directed curve theory, curvature was averaged over the jet cross-section (equation (3.9)).

However, results show that the disturbance growth rate of high ellipticity jets obtained from
the 3-D and DCT models, deviate from the corresponding measured values. It is important to
note that nonlinear effects are strong at locations of the surface that are close to the jet axis
(Gertsenshtein & Shkadov 1973) which is the case for jets with high ellipticity. For disturbances
with KR close to zero and cut-off zones, natural (background) noise is a source of error for the
breakup length and yields non-accurate growth rate calculations. It is generally believed that for

frequencies lower than a specific threshold or higher than the cut-off value, the breakup is
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random and not periodical. These results could be due to nonlinear effects that become dominant

in this range of frequencies (Kalaaji et al. 2003, Rohani et al. 2010,).

Figure 4.8 which has been adapted from Kasyap et al. (2009) shows unstable mode through
major and minor axes views of water jets discharging from an elliptic orifice at different Weber
numbers. Based on the notations in chapter 2, this mode is Ce; which shows that the flapping
mode is observable only in the plane of major axis; in agreement with the previous results that
growth rate of Ce; is larger than Se; in higher ellipticities (chapter 2). At high ellipticities, “the
elliptical jet effectively behaves like a thin sheet whose plane is perpendicular to the major axis
plane of the elliptical orifice. This liquid sheet then tends to develop transverse waves similar to

waves seen on plane liquid sheets.” (Kasyap et al. 2009).
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Figure 4.8: Images of water jets discharging from an elliptical orifice with e=0.17 at a) We=1655, b)
We=2150, and c) We=3225 . Transverse waves are observed only in the major axis plane images

(From Kasyap et al. 2009).
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The breakup of a liquid jet discharging from an orifice is a classical problem in fluid dynamics
due to its theoretical and practical importance. A well-known practical application of the process of
jet breakup is spray and droplet formation, which is of major interest to the combustion procedure of
liquid-fuelled engines. In addition, this process is used in several other applications such as ink-jet
printers, coating, medical tools, food preparation, and agricultural systems. The breakup of a liquid
into spray increases the surface area of the liquid which subsequently increases the heat and mass
transfer between the liquid and gas phases. The complexity of the breakup is related to the
unusually large number of parameters involved namely the design of the nozzle, cavitation,
turbulence, and the thermodynamic states of both liquid and gas. The different combinations of liquid
inertia, viscosity, surface tension, and aerodynamic forces acting on the jet govern the main breakup

regimes.
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Among the above mentioned parameters, the role of the nozzle geometry on the jet breakup
has been overlooked in the literature. Studies on liquid jets issuing from asymmetric nozzles
have not been completely neglected but have certainly been very scarce. The reason could be
greater mathematical difficulty encountered during the analysis specifically if analytical methods
are used. Interest in the study of asymmetric jets arises, in particular, from the fact that jets
issuing from these orifices may break up considerably earlier than symmetric jets. Among
possible asymmetric shapes, the elliptic orifices have been examined the most. This is mainly
due to the advantage provided by elliptic jets over circular jets in terms of rapid mixing and
spreading when discharging into another fluid which is useful in applications such as combustion
and irrigation systems. Geometrically, elliptic jets can be considered as an intermediate case
between two simple configurations, the circular jets and the planar sheets, which have been

studied extensively.

In this thesis, the motion of liquid jets issued from elliptic orifices was investigated using a
combination of theoretical and experimental methods. Three main approaches were employed; a
three-dimensional linear analysis for inviscid jets, the quasi-one-dimensional Cosserat theory for
viscous jets, and experimental analysis. In the theoretical parts, a perturbation-based approach
was used to investigate the governing equations for wave propagation on the jet surface. In the
experimental part, measurements were taken to validate the linear results and also to investigate
the effect of some parameters which were not covered by the theoretical analysis such as jet
profile. The effect of the liquid viscosity, jet profile, and the aerodynamic forces were considered
in the Cosserat theory, experimental analysis, and 3-D analysis, respectively. The methodology

and results of these three approaches are summarized in the subsequent sections.
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5.1 Summary and conclusion

The solution of viscous free-surface flow for an elliptic jet is complicated if 3-D analytical
solutions are to be obtained. In chapter 3, the viscous free surface flow was studied using an
approach based on the Cosserat theory (also called director theory). This model which inherently
contains the radial inertia effects in its equations, gives the jet profile as a function of axial
coordinate only and simplifies the analysis considerably. The quasi-one-dimensional Cosserat
equations can be assumed as a low order form of the Navier-Stokes equations for slender jets.
This model considers only long wavelengths disturbances whereas the case of short wavelength
which occurs when aerodynamic forces become important is not covered. In addition, using this
model, only uniform flow can be studied and the effect of the jet velocity profile cannot be
captured. The Cosserat equations which were used here were derived originally by Caulk and
Naghdi (1977, 1979) for liquid jets emerging from a nozzle with an elliptic cross-section. The
governing equations are high order nonlinear partial differential equations (PDE) that are used to

determine the position of the free surface.

Using perturbation methods, the linearized form of the quasi-one-dimensional directed curve
equations was employed to study the wave propagation in viscous elliptic liquid jets. Temporal
and spatial analyses were performed and the associated dispersion equations of waves on the jet
column were derived to show the variation in the disturbance growth rate under various
conditions. The liquid jet instability was studied for various ellipticities over a specific range of
jet viscosity, velocity, and excitation frequency. Results were compared with the conventional
circular nozzle which can be considered as a special case of an elliptic jet. Based on the spatial
analysis results, an equation for the jet profile was suggested that describes the axis-switching
phenomenon and breakup for various conditions as a function of time and axial space. The jet
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profile has two parts; the first part grows in space and is associated with the jet breakup, whereas
the second part is oscillatory and is associated with the axis-switching. The wavelength of axis-
switching was predicted and was shown to be in good agreement with the experimental

measurements of Kasyap et al. (2009).

The results revealed that in comparison with a circular jet in the capillary mode, the elliptic
jet is more unstable and by increasing the ellipticity, the instability grows faster, while the range
of unstable wavenumbers is increased. This excess of instability was attributed to a larger
curvature in elliptic cylindrical jets which creates a larger surface tension force, the main source
of instability in low-speed jets. For a given volume, the elliptic cylindrical jet has more surface
area (and energy) than a circular cylindrical jet and tends to disintegrate faster. Similar to the
circular case, the effect of viscosity is diminishing the growth rate and shifting the maximum
growth rate to longer waves. In low-speed cases, the elliptic jet is unstable only when
disturbances are symmetric, i.e. equal in the major and minor axes directions. These symmetric
disturbances growing with time increase the initial aspect ratio of the ellipse toward unity
corresponding to a circular cross-section with less surface energy. The jet is stable in asymmetric
cases including the axis-switching mode where the aspect ratio reaches values greater than one.
Similar to the circular jet, the asymmetric modes can grow only at higher Weber numbers, where

aerodynamic forces cannot be ignored.

Considering the circumference of an elliptic jet cross-section, the curvature is maximum in
the major axis and minimum in the minor axis directions and therefore, due to the Young-
Laplace law, the local pressure in the major axis side is greater than that of the minor axis. As a
result, the liquid flows from the major axis side toward the minor axis side. This motion changes

the cross-section of the jet to another elliptic shape in which the location of major and minor
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axes are changed, i.e. the axes are switched. These oscillations either continue after breakup (See

figure 1.6) or damped by viscosity effects before breakup (Bechtel 1989).

The dispersion curve of an elliptic jet (e.g. figure 3.3) is similar to that of a circular jet with a
smaller cross-sectional area. As confirmed in chapter 2, the capillary behavior of an elliptic jet is
similar to that of a circle with a radius equal to its semi-minor axis (See figure 5.1). In other
words, a circular core region inside the elliptic jet is responsible for the instability and breakup of
the elliptic jet while the rest of the cross-section (two peaks in the circumference) is just
oscillating and changes the location of major and minor axes, alternatively. It is important to
mention that this discussion is valid only for small Weber numbers where aerodynamic forces

are insignificant.

Figure 5.1: Axis-switching (stable) and breakup (unstable) regions of an elliptic liquid jet.

An experimental analysis was conducted to validate the linear analysis results and investigate
the nonlinearity effects along with the effects of the jet velocity profile. Several nozzles with

different ellipticities and lengths were designed and their behaviors were examined under free

104



Chapter 5 Closure

(natural) and excited (forced) perturbations. Circular nozzles were analyzed as well to compare
their behavior with that of elliptic nozzles. The evolution of the jet shape, axis-switching, and
breakup was captured using a high speed camera. In the natural instability case, the breakup
length of elliptic nozzles with different ellipticities and length to diameter ratios were measured
for a range of Weber numbers covering the Rayleigh regime. In the forced breakup case,
stimulations were performed by modulating the jet velocity with given sinusoidal perturbations
using a piezoelectric actuator. Through the measurements of the jet breakup length and imposed
frequency, the experimental dispersion curves were obtained and compared with the
corresponding dispersion curves derived from the three-dimensional and quasi-one-dimensional

Cosserat approaches.

It was observed that in the capillary mode, the breakup length of elliptic jets is much smaller
than that of circular jets. In addition, jets with higher ellipticity have a shorter breakup length.
Experimental results were in good agreement with linear analysis results which predicted that by
increasing the ellipticity the instability grows faster and the range of unstable wavenumbers
increases. Finally the effect of the jet velocity profile was studied by varying the nozzle’s length
to diameter ratio. Similar to the circular jets, and in agreement with the literature, there is not a
clear trend for low-speed jets while at higher velocities longer nozzles produce jets with a shorter
contact length. The measured data for instability growth rate were in good agreement with the

theoretical predictions except at high ellipticities where nonlinear effects are strong.

In chapter two, using a three-dimensional analysis and including the effect of the surrounding
gas, the linear evolution of initially small disturbances on the inviscid jets was investigated. An
elliptical cylindrical column of liquid was considered and its response to a small perturbation to

the shape of cross-section was modeled. The potential flow equation was solved in the elliptical
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cylindrical coordinates and two boundary conditions were applied; the continuity of the radial
velocity and the balance of normal stress on the free surface. The solution of the potential flow
yielded a well-known Mathieu function. In case of equality between major and minor axes, the
Mathieu function degenerates to a single Bessel function corresponding to a circular cylindrical
case. The resulting system of equations admits a nontrivial solution, through which an explicit
dispersion equation was derived. The growth of different azimuthal waves on an inviscid liquid
jet was considered for a wide range of jet velocities. For various jet ellipticities, the growth rate
of the symmetric and antisymmetric waves was plotted and compared with that of the circular
jet. The well-known dispersion equations of circular and planar jets were recovered from the
asymptotic solutions of the elliptic jet for extreme cases of small and large ellipticities,

respectively.

It was shown that in the capillary dominant regimes, the growth rate and range of instability
increase with increasing ellipticity due to the increasing surface area (energy). Modal analysis
showed that in this regime only axisymmetric modes, i.e. the modes symmetric to both major and
minor axes, can grow. As the jet velocity increases, i.e. for higher Weber numbers where
capillary force stabilizes the disturbances, with increasing the ellipticity, the growth rate of
disturbances decreases. For such Weber numbers, other azimuthal modes appear, while the
axisymmetric mode still possesses the maximum growth rate. In some cases, the preferred mode
switches from one that is symmetric with respect to both axes to one that is symmetric with
respect to the major axis only. In general, for an inviscid elliptic liquid jet ejected into an inviscid
gas, the growth rates of modes symmetric with respect to the major axis are larger than those
antisymmetric with respect to major axis. This means that the preferred mode of the jet’s motion

is flapping in the plane of the major axis rather than flapping in the minor axis plane.
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Similar to the circular jets, for elliptic jets in low-speed mode where long wave disturbances
cause instability, increasing the Weber number decreases the instability growth rate. On the other
hand, in high-speed modes, where short wave disturbances are responsible for the jet breakup,
the instability increases with increasing the Weber number. The effect of increasing the ratio of
gas to liquid density was found very significant. The higher the density ratio, the larger the
instability growth rate and the wider the region where instability occurs. In addition, increasing

the density ratio shifts the maximum growth rate toward shorter waves.

In effect, the curvature distribution of an elliptic jet is non-uniform whereas the curvature
distribution of a circular jet is uniform and that of a planar sheet is zero. Therefore, the behavior
of an elliptic jet is different than that of a circular jet or a planar sheet. This difference is visible
only for low-speed regimes where drops are pinched off the liquid jet due to capillary instability.
By increasing the jet velocity or ratio of gas to liquid density, the aerodynamic forces become
dominant. In this case, the short wave disturbances (much smaller than the jet’s radius of
curvature) prevail and the disintegration occurs on the jet surface. Therefore, the curvature of the

three configurations become ineffective and the above mentioned difference vanishes.

In general, the behavior of elliptic jets, even for high ellipticities, is more similar to that of
the circular jets than that of the liquid sheets. The difference between elliptic and circular jets is
more significant in surface tension dominant regimes. In Rayleigh and first wind-induced
regimes where the capillary force is destabilizing, elliptic jets are more unstable than circular
jets. At higher Weber numbers, where capillary force is stabilizing, circular jets are more
unstable than elliptic jets. However, neither experiments nor theoretical results could show any
tendency of the high ellipticity jets to behave similar to planar sheets in which sinuous

(antisymmetric) waves are dominant. A nonlinear analysis or experimental investigation with
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high ellipticity jets (e < 0.1) might show this sinuous behavior. Furthermore, the corner effects in
a rectangular jet might show this difference. The corners of a planar sheet have no curvature

while those of an elliptic jet have a considerable curvature.
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5.2 Recommendations for future work

The present work is aimed at developing analytical tools to understand the main features of

elliptic jets including axis-switching and breakup. The following topics are suggested to further

expand the research and increase the fundamental knowledge in this field.

To capture the exact amount of growth rate and cut-off wavenumber a nonlinear analysis
is required. A nonlinear solution of the 3™ order is enough to capture quantitatively the
main fluid parameters. With a nonlinear analysis, investigating the size of main and
satellite drops can be performed as well. In the experimental part, high values of the
imposed voltage can be used to enter the nonlinear regions. In addition, imposing the
harmonics of the main wave, and waveforms other than the sinusoidal will be useful too.

In the current theoretical models, the jet velocity was taken to be uniform, i.e. a plug flow
was assumed. This assumption holds true only for short nozzles. To obtain quantitative
results for any nozzle length, a realistic jet profile must be considered. Accordingly,

longer nozzles (i.e. L/ D > 10 ) should be used in the validating experiments.

To yield a more practical solution, in the 3-D model, the effects of viscosity and swirl for
liquid and gas phases can be added (e.g. through Helmholtz decomposition method and
adding free vortex to the velocity potential).

A numerical solution of three-dimensional inviscid and quasi-one-dimensional equations
is highly recommended. The numerical solution of the quasi-one-dimensional equations
yields the jet profile which shows the breakup and axis-switching modes better. The
effect of various parameters such as viscosity, high ellipticity, and even turbulence can be

more easily captured by using an efficient numerical analysis.
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The present results show that a combination of active and passive control can potentially
produce liquid jets with desirable forms. Providing a closed-loop control system which
can manipulate the size and distribution of the main and satellite droplets might have

excellent applications.
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Appendix A

Definitions of used Mathieu and modified Mathieu functions are as follows. /,, and K, are the m™

order modified Bessel functions of the first and second kind respectively. The functions ce,, and

se, are analogous to cos(m#) and sin(m6) while Ce,, and Se,, are analogous to /,, and Fek,, and

Gek,, to K,, in the case of the circular jet. 4 and B are expansion coefficients which have been

calculated using an algorithm mentioned in McLachlan (1964).

m Ce n(OD Q) - r m
ce,,,(p,—q)=(-1) —Zgzm) (1) A", (2q cos p)
r=0
m Se m+ (0 q) m+
€y (P1=q) = (—1)" 220 Z( 1) BT, (24q cos p)
\/_ (2m+1)
m ce m+ (0’ < r m+
s€n(P=q) = (=1) Wtaﬂ P (1) @r+D AL L, . (2\q cos p)
1 r=0

m Se'm+ (O’ - r m+
5€32(P=q) = (=1) —; Bémmq Ltan p3 (<1 (2r+ DB, ., (24q cos p)
2 r=0

Sem (p’_q) = _isem (lpi_q)
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m ce m O m
Cerp(pq) = (1) ;(E,,,f’)y 1Y AC1, (2/g cosh p)
r=0

ce,,, (0, m
Fek,,,(p~q) = (~1)" ;";fzm?)Z( 1y ACK, (27 cosh p)
r=0

m e m+ (0 ) m+
Cey, o (p—q) = (<1)" 224 Z( 1y B2V (2, cosh p)

\/_ (2m+1)

m+ (0 ) r m+
Fek,,.,(p.—q)=(-1)" WZ(—D By, l)K2,+1(2\/gcoshp)
r=0

1

C62m+1( s q

)
Ssn(Pi=q) = ()" —=——=— T A(M > AL, (2g sinh )

r=0

ceZm+l( ’q)
ko (D) = (D)™ — =5 \/_A(2m+1) zAéfo”sz (2\/gSiIlh p)

T
Se;m+2 (7 > q)

Sesyea(pa) = ()" — i hs—coth p Y 2r + DB, 0 (2 g sinh )

2 r=0

T
Se;m+2 (7 b Q)

ekspnia(P=q) = (=)™ m]B(—z,I?lz) coth p"(2r+2)BJ 17K, 5 (24/g sinh p)
2

r=0
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Appendix B

Coefficients of mean curvature, «, resulted from linearization in equation (2.64), are given by,

(-’ /R)
' (sin® @ +e’cos’ 6)"” (B.1)
h=(-¢ /Rz)((sinz 0 +e* cos* 0)" - (sin’ 93-I—Slr212(:§s2 0)* (B.2)
h= (_e/Rz)((sinz 0+ e cos’0)°  (sin’ ;ej ng;fz el B3
b= 96:228112 )" £
sin” @ (B.5)

" (sin? 6+ ¢’ cos® 0)*

122



Appendices

Appendix C

The main kinematics and differential equations characterizing the motion of a directed elliptic
liquid jet, designates as %, in the form derived by Caulk and Naghdi (1977, 1979) are
summarized here. Quasi-one-dimensional directed medium comprises a material line and a pair
of directors attached to every point of the material line. Using a fixed system of rectangular
Cartesian coordinates (x, y, z), we assume that the material line of & is identified along the z-axis
and the director pair lies in the x-y plane (See figure 3.2). let ¢ the curve occupied by the
material line of & in the present configuration at time ¢, be described by its position vector r
relative to a fixed origin, and let d, (o=1,2) stand for the pair of directors at ». Then a motion of

the directed curve X is specified by,

r=r(z,t), d,=d,(z,1). (C.1)

The velocity and the director velocities are defined by,

R— (©2)

where subscript ¢ designates the material time derivative holding z fixed. We restrict motions of

the directed curve & such that in the present configuration at time ¢,

r=z2(z,0k, d=¢i, dy=¢,j (C.3)

where ¢; and ¢, are semi-major and semi-minor axes of the elliptic cross-section, respectively.
The velocity, the acceleration, the director velocities, and the director accelerations assume the

form,
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W= ¢1é/11?, W =¢2§zja w, =(&, +§12)¢1;, wy, =(&y, +§22)¢2]
where

¢, =, + 481, =V, + ;.

The condition expressing the incompressibility of the fluid medium is given by,
4/1 + 4,2 + vz = 0

and the differential equations of motion of the elliptic jet described above are,

ARG, +E D)= P ) -2+ B

TPEA G +9E + E)= P+ G~ 2L+ AT,

Ph$, (v +v.) = =p. = bh. WD, ) — 4. (. ) + 2un(Bv.)..

(C.4)

(C.5)

(C.6)

(C.7)

(C.8)

The process of linearization of above mentioned equations are as follows. The main parameters

are expanded as,

¢1=a+¢71, ¢2=b+¢72, P=py+D, v=V+v.

(C.9)

The bar mark represents the value of the perturbed parameter. a and b are the initial semi-major

and semi-minor axes, respectively (See figure 3.2). The uniform jet velocity is represented by V,
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and p,, is the initial pressure and is assumed constant inside the liquid column. Using equations

(C.6) and (C.7), continuity equation takes the form of,

G, +Vvh., +¢2t+v¢2z +v, =0

; . = (C.10)

By replacing expansion parameters (C.9) in equation (C.10), the form of continuity equation

changes to,
v.ab+bd, +ap, =0 (C.11)
Average of capillary force on the jet cross section, equation (3.9), is linearized as,

__2x[(a’sin® @ +b* cos” 0)(..bcos’ O+, _asin® 0)—(ab+ap, +bg,)]
)=, [(a® +2ad)sin® 0+ (b* +2bg, ) cos” OF 40 (C.12)

and after integration, this term will be equal to,

h(¢l’¢2) = k] +k2$1 +k352 +k4glzz +k5g222 (C13)

and similarly,

W@y ) =k + ks + bsthy + by + ks . (C.14)

Constants have been defined at the end of this appendix. Other terms of momentum equation

(C.8) are linearized as,
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¢y Ve, +¢7 :@

a

ng""?zf"éﬁ :%

1 1 —
Z”pﬁ@ (é/u + Vglz + glz) = Zﬂ'pa2b¢m

1 _
Z”p@:%(gzz +vg,, + 4/22) = %”mbz@n
2ﬂﬂ(¢1¢2vz )z = 2/,[7ZZleZZ

2unppS, = 2pumbd,

2umh$ S, =2,
1 3 1 2y =
Z:uﬂ-(¢l ¢2§lz)z = Z'um b¢llZZ

1 I e
JHEBHG ). = pb’,
ot (. ) = s,

b h(d. ) = aki,.
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LW, ¢,) =N, N2_2 N3_ N4_222 NS_zz
44, ,) + Ny, + N3y + Nygs... + N5 (C.26)

hdih(d,, ) =M, Mz_ M3_2 M4_zz MS_Zzz
S0P, 4) + Mg+ Mg, + My, + Mg 27

Coefficients of M and N have been defined at the end of this appendix. In conclusion, momentum

equations (C.8) in three-directions become,
1 - - _ - - - - 1 -
Z”Pa2b¢m +2umb @, = py+ P+ N+ Nogy + Ny + Nyps . + Nsh.. +Z:um2b¢ltzz

1 - - _ - - - - 1 - C.28
Z”Pab2¢2n +2umagy, = py+ p+ M, + My + Myp, + M4y, + Mo, . +Zﬂ7mb2¢2zzz ( )

ﬂmb‘_}t = _}_72 - bklalz - akl@z + 2Iuﬂubvzz-

By eliminating the pressure term among equations (C.26), two equations are derived,

[(_i ﬂpazb)glttzz + (”pb)altt + (_4/’”rb)¢71tzz + (i ﬂﬂazb)%tzzzz + (NS )alzzzz + (N3 - bk] )¢lez] +

[(ﬂ-m)aZtt + (_2ﬂ7[a)52tzz + (NZ - akl )5222 + (N4)522222 = 0

- - - - (C.29)
(oD + (2umD) .. + (M —bk).. + (M ). ]+

[(_% ﬂpbza)@ttzz + (ﬂpa)¢72tt + (_4/17561)52[22 + (% lu”bza)atzzzz + (MS )522222 + (M3 - akl )5222] =0

Replacing a Fourier form for perturbed part of ¢1 and ¢» as,

¢ = f,(k)expli(at — kz)]
(C.30)

¢, = fr(k)exp[i(oz —kz)].
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in equation (C.29), will result equation (3.14). Coefficients of system of equations (3.14) resulted

from linearization of Cosserat equations are as follows,

S, =(D,B* + D, +D,)(e*nc/R*) (C.31)
S, =(D,B* + D, + D}) e’/ R*) (C.32)
S, =(C,B° +C,f+C,)(e*na/R*) (C.33)
S, =(C,p* +C|p+C})e*na/ R?) (C.34)
where

C, =(/n)E,K"* - (3¢’ E, — E)K?) (C.35)
C, = Oh(2K?) (C.36)
C, =1 (C.37)
C,=(e/ ) E,K'-BE,—E)K?) (C.38)
C/ = Oh(0.25eK* +4K*/ e) (C.39)
C, =0.25eK>+1/e (C.40)
D, =(e/ n)E,K*—(BE, —E)K?) (C.41)
D, = Oh(0.25K* +4K?) (C.42)
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D, =0.25K* +1

D, =(/7)EK* - (3¢’ E, — E)K?)

D! =Oh(2K*/¢)

D) =1/e

and

E _J‘zﬂ cos’ 0 do
0 (sin? @+ e’ cos* )"’

E _J-Zﬂ sin?0cos’ 0 do
0 (sin’ @ + e’ cos’ 6)*°

J-2ﬂ cos*@ dé
0 (sin® @+ e*cos® 0)*°

J~2ﬂ cos*0 do
0 (sin’ @+ e’ cos’ 6)"”

s =

r:r sin’@cos* 0 db
0 (sin® @+e’ cos’ 6)

In the above equations, following parameters have been used,

(C.43)

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)

(C.49)

(C.50)

(C.51)

(C.52)
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k, =ai3(—151 +3E,)
a

ky= aiz (—E, +3€’E;)
a

M, = —O'aezEl

M, = o(—€E, +36’E; —€°E,))
M, = o(—€’E, +3e°E, —eE))
M, = oa’eE;

M, =ou’e’E,

N, =—cue’E,

N, =0(3¢’E; —2¢E,)

N; =0(3e’E, —2¢°E,))

N, = ou’eE;

22
Ns;=ou"e’E,
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Appendix D

Coefficients of temporal dispersion relation in equation (3.15) are given by,

a,= AK* + APK* + APK> (D.1)
a, = A“K’+ AVK* + APK? (D.2)
a, =—(A"K + AVK* + APK* + A (D.3)
a, =—(AVK* + AP K> + A) (D.4)
a,=A7K*+ 4 (D.5)
where

AP =Q/72*)Re* (—E, +3E,)’ —2e°(E, —3e’E,)?) (D.6)
AL =1/ 7> )4e*EE, —12e*E,E, — 4’ E,E, + 16" E,E.) (D.7)
A4 =2/ N"E; — €’ EY) (D.8)
A® = (Oh/ 7)(8e’ —4e)E, — (24’ + 24 E, + (12¢* +12&°)E,) (D.9)

AP =(Oh/x)(0.5¢* +0.5¢’YE, — (1.5¢* +1.5¢’)E, + (8¢’ +8e*)E, — (4e”
(D.10)
+4e)E,)

A© =(0.50he’ | 7)1 +e)E, (D.11)

131



Appendices

AP =2/ 7)(—€" +)E, + (3¢’ +3e*)E, —(3e* +3e")E,) (D.12)

AP =(0.5¢° / r)(—(e+ e )E, +Be+3e’)E, —(4de+DE, +(4+4/e)E,

(D.13)
— 48770h° / €)

AP =(-0.5¢* | 7)((e+ > E, +4n0h* (1 +€*)/ e) (D.14)
A® =-0.1250n% (D.15)
A” =—80he (D.16)
AP = -2.50he(1 + &) (D.17)
AP =—-0.250ne’ (D.18)
AL =0.5¢(1+¢?) (D.19)
AP =0.125¢, (D.20)
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Appendix E

Coefficients of jet profile in equation (3.20) are as follows,

d=-"°FE, (E.1)
T
2
d, = d pn z (E, -3E,) (E.2)
2
d, =5 Je (E, —3€*E,) (E.3)
T
d,=-%F, (E.4)
T
2
d, =-% Je E, (E.5)
T
3
dy=* f (E,—3E,) (E.6)
2
d, =5 Je (E, —3¢°E,) (E.7)
T
d, = e E, (E.8)
T
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Appendix F

Coefficients of spatial dispersion polynomial in equation (3.21) are given by,
by = BW AL + BWe> A” + B WeA”
b, =—(4BWe* A” +38°We'* A” + 2 pWeA”)
b, =6B°We* A" +3pWe'° A” + Wed” + p*We* AP + BWe' AP + p*WeAdS”
+ ﬁWeO.SAIQ) + AéZ)
b, =—(4pWe* A? + We'S A + AW AP +38°We'S AP + 2 fWed? + We' A4>)
b, =We’ A" +6°We* 4> +3We'* AP + Wed” + BWe'* AP + B*WeA()
+ e AP + 457
b=—(A4pWe* A +We'> AP +3°We' > AP + 2 pWedS? + We™ A™)
by =We* AP +3We' > AP + WedS® + B2WeA® + pWe> AL + AL
b, =—We'> AP + 2 WeAl” + We™ A”)

by = Wed®
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