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Abstract

A nonlinear stability analysis of a liquid sheet moving in an incompressible gas 

medium at rest subject to sinuous disturbances is presented. The first, second and 

third order governing equations have been derived along with appropriate initial and 

boundary conditions which describe the characteristics of the fundcimentaJ mode, and 

the first and second harmonics. It is found that the thinning of the sheet is caused 

by the growth of harmonic waves, and subsequent liquid sheet rupture occurs at 

every half wavelength interval. The amplitude growth rates of the disturbances are 

calculated at the dominant wavenumber for different initial amplitudes and are then 

compared with the predictions from the linear theory. The analysis also allows the 

determination of the breakup time and brealcup length, and the effect of the flow 

parameters on the brealcup time is also investigated.

The present experimental study on the liquid sheet brealcup explores the growth of 

liquid sheet instabilities and subsequent spray formation. Flow visualization reveals 

different flow regimes. Liquid sheet surface displacements, wavelengths and brealcup 

lengths are measured using a photographic technique, and the drop sizes and velocities 

are measured simultaneously by the Phase Doppler Particle Analyzer (PDPA). The 

result of acoustic excitation for different regimes of liquid disintegration shows that 

for certain frequencies resonance and enhanced instability occur. However, in the 

spray regime where a fine spray is formed, although visuzdly there are some effects 

of acoustic excitation on the wave development, the Phase Doppler Particle Analyzer 

(PDPA) measurements show no noticeable effect on the drop sizes eind velocities.

The theoretical predictions are compared with the experimental results for domi

nant wavelength and growth rate of the unstable waves on the liquid sheet surface.
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C hapter 1

Introduction

Liquid atomization is a process whereby a volume of liquid disintegrates into a large 

number of smadl drops. The region in which a mist of fine droplets is formed is called 

spray and atomizer is the device through which the atomization is achieved.

Practical sprays such as hollow-cone sprays, fan sprays and prefilming air blast and 

air-assist atomization, are often produced by the breakup of thin liquid sheets. The 

disintegration of a liquid sheet into drops can be explained by a classical wavy-sheet 

mechanism. According to this mechanism, waves are formed which protrude into the 

co-flowing air stream. The most rapidly growing wave becomes detached from the 

leading edge of the sheet to form a ligament which subsequently breaJcs down into a 

m ultitude of drops.

Sprays may be produced in various ways. The essential prerequisite is suflBcient 

tim e for the unstable waves on the liquid sheet to develop and a high relative velocity, 

between the liquid to be atomized and the surroundings, to be established. The most 

common atomizers used are the pressure, rotary and twin fluid type, although some 

other atomizers have been developed for specific needs. These sprays may be regarded
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as a result of the thin liquid sheet disintegration.

In pressure atomizers liquid is dischéirged at high velocity into a relatively slow 

moving air or gas media. The discharge through a small orifice by the application of 

high pressure on the liquid results in a spray, where prior to atomization the pressure 

energy heis been converted to kinetic energy in the form of a high velocity liquid jet. 

This type of atomizers is used widely in practice as in turbojet afterburners, ram 

jets, diesel engines and rocket engines. In daily application these are in common use 

in such products as air fresheners and hair sprays. Basically very fine drops can be 

achieved by flow through small orifices under high pressures, but that is hampered 

by liquid contamination and orifice plugging. The main advantage of this type of 

atomizer is its simplicity in design and geometrical configuration and its operation 

with no need of external mechanical device or a co-flow of airstream as assistance for 

atomization. The baisic disadvantage is the limited réinge of operation.

The rotary atomizer is based on a high speed rotary disk which may be flat or have 

vanes or slots to  direct the liquid to the periphery. The liquid enters at the center and 

disintegrates and leaves at the periphery. In this type of atomizer a circular spray 

pattern is formed. This type of atomizer has the advantage of flexibility in operation 

by variation of the flow rate or disk speed and edso in handling of slurries of solids 

and liquids. It is used extensively in the food processing industry, for instance, in 

devices used to remove moisture in spray drying operations.

In the twin fluid atomizer the liquid is often exposed to a co-flowing of airstream. 

There are basically two types of twin fluid atomizers: the air assist and the air blast 

atomizers. The former uses relatively small amounts of air at very high velocities in 

the form of external or internal mixing, whereas in the case of air blast atomizers, 

a large amount of air is used at much lower velocities (usually less thain 100 m /s) . 

Pre-filming air blast atomizers are widely used in power generation, propulsion, spray
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drying, chemical processing and pharmaceutical industries. Inside the atomizer the 

liquid is forced through an ajinulcir orifice and exits under relatively low pressure in 

the form of a thin liquid sheet. High air velocity passes along one or both sides of a 

liquid sheet causing the generation of instabilities which aimplify further downstream 

until the sheet disintegrates.

Two other popular atomizers are the ultreisonic and the sonic atomizers. In the 

ultrasonic atomizer the liquid is fed through or over piezoelectric transducers and a 

horn vibrating at ultrasonic frequencies to produce the short wavelengths necessary 

for fine atomization. In the sonic atomizer the sound waves are reflected into the 

path of the liquid jet where the sound waves disintegrate the liquid into small drops. 

These atomizers are used in medical inhalation devices and humidification units in 

buildings.

In the aircraft industry there is an ever-increasing demand for more specific control 

of the spray characteristics in order to enhance engine performance and meet more 

stringent environmental requirements. In other combustion applications, where fuel 

injection is used, expectations for improved performance and emission control are 

rising. Agricultural spraying of herbicides, fungicides and insecticides is carried out 

on a huge scale in many countries using aircradt for crop spraying. If the drop size 

and velocity at impingement are too large, the crop may be damaged, and if the drops 

are too small it may not penetrate well and may be carried away by wind causing 

damage to neighboring crops. In the material processing industry arc and plasma 

guns are used to generate thermal sprays for coating, and the manufacture of tools 

and dyes of complex shapes.

A knowledge of the instability process of liquid sheets and the growth of un

stable waves, which forms the basis of this research, is of significant and practical 

importance. The theoretical study carried out here involves a nonlinear instability
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analysis based on the perturbation technique. This investigation is supported by 

an experimental study employing the photographic and video graphic techniques for 

flow visualization and Phcise Doppler Particle Analyzer (PDPA) for spray character

ization. The PDPA measurements are made non-intrusively, this is important when 

measuring easily deformable particles like liquid drops in sprays.

1.1 Objective and the Scope

The objective of this research is to develop an improved understanding of the fun

damental physical processes of liquid sheet breaJcup and drop formation, from the 

combined analytical and experimental analyses of unstable wave characteristics on 

the liquid sheet surface.

Since the breakup process of the liquid sheet is inherently nonlinear, a nonlinear 

approach to studying the interface instability has been carried out based on a non

linear perturbation technique. This approach provides the breakup time or breakup 

distance, and the effects of the flow parameters on the liquid sheet disintegration and 

the breakup length. This is of fundamental importance in the liquid sheet disintegra

tion and atomization.

In the experimental part, the wave characteristics on the liquid sheet have been 

analysed with liquid sheet flow in the field of co-flowing air and for the case of station

ary air. In both cases the acoustic signal with a range of frequencies for excitation 

of the liquid sheet is employed. The photographic technique is used to assess the 

brealcup length, amplitude growth rate m d the wavelength. The results obtained are 

compared with the predictions of the linear and nonlinear theories. Also the Phase 

Doppler Particle Analyzer is used to measure the characteristic parameters of sprays 

such as drop sizes and drop velocities.
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1.2 Outline of the Thesis

This thesis is organized into two parts. In the first, a nonlinear temporal instability 

analysis of an inviscid liquid sheet, moving in an inviscid and incompressible gas 

medium at rest, has been carried out. A set of governing equations which characterizes 

the instability of the liquid sheet is derived. Some important results useful for spray 

modeling are obtained. By using a Galilean transformation the results of temporal 

instability analysis can be converted into spatial instability analysis, whereby spatial 

surface deformation and breéikup length is derived.

In the second part of this study an experimental investigation has been conducted, 

starting from the design and assembly of the test rig. A flow visualization technique 

is used to  identify the dilferent flow regimes, and photographic measurements are 

made for the chéuracteristics of the surface waves such as the wavelength, amplitude 

growth ra te  and the breakup length. Acoustic excitation is employed to enhance and 

control the instability development, and improved assessment of the surface defor

mation and amplitude growth rate with frequency is made possible. The nonlinear 

effects predicted in the theory is shown to arise in flow visualization results. In the 

atomization regime where a spray is formed, the spray characteristics are obtained 

using the Phase Doppler Particle Analyzer for different flow conditions.



Part I

N onlinear Instability  Anadysis
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O verview

Atomization is a result of interfacial instabilities of the liquid system flowing in either 

a stationary or a moving gas stream. The physical process is not perfectly understood 

and its complexity maices the theoretical investigation difficult. However the math

ematical procedure for instability analysis is now standardized. From the governing 

equations the basic flow is obtained for the system, then the basic flow is assumed 

to be disturbed by a small disturbance, and the governing equations of the disturbed 

flow are derived. In the case of the linear theory all nonlinear terms involving the 

disturbances are neglected.

The linear theory typically predicts an average droplet size and cannot explain 

the sheet breakup phenomenon because during the growth of sinuous waves the two 

gas-liquid interfaces remain a constant distance apart. Therefore the linear theory 

cannot predict the breakup length or the effect of initial amplitude of disturbances on 

the liquid sheet disintegration. Since the breakup process is inherently nonlinear, a 

nonlinear analysis based on the perturbation technique is carried out. This approach 

provides the breakup time or length and the effects of the flow conditions.
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Sprays formed from the disintegration of liquid sheets have extensive practical ap

plications, ranging from chemical and pharmaceutical processes to power generation 

and propulsion systems. A knowledge of the liquid sheet breaikup process is essential 

to the understanding of fundamental mechanisms of liquid atomization and spray 

formation processes. The breakup of liquid sheets hais been investigated in terms 

of hydrodynamic stability via a linear analysis by Squire [1 ], Hagerty and Shea [2], 

Li [3], Li and Tankin [4], etc. Nonlinear effects have been studied by Clark and 

Dombrowski [5] up to the second order of the initial disturbance amplitude, and by 

Rangel and Sirignano [6 , 7] through numericail simulation employing vortex discreti

sation method. As shown by Taub [8 ] for the breakup of circular liquid jets, the closer 

to the breakup region, the higher the order of nonlinear analysis hats to be for ade

quate description of the breakup behaviour. As pointed out by Bogy [9], a nonlinear 

anadysis up to the third order of initial disturbance amplitude is generally sufficient 

to account for the inherent nonlinear nature of the  breakup process. Therefore, a 

third-order nonlinear analysis has been cauried out in this study to investigate the 

process of liquid sheet disruption preceding the spray formation.
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M athem atical Form ulation

A two dimensional liquid sheet of thickness 2a is considered. The sheet moves at a 

uniform axiad velocity of Ut in the gais medium which is initially at rest. The density 

of the liquid and gas axe aissumed to be pe and pg, respectively, as shown in Figure 

3.1.

The pressure field is constant within the liquid and the gas phase, and there is 

no discontinuity across the liquid-gas interface due to surface tension, because of 

the infinite radius of curvature of the plane surface. When the disturbance sets in, 

resulting in the interfacial deformation of the liquid sheet, the flow field is disturbed 

with a perturbed flow velocity u,- and pressure p.- which axe superimposed on the base 

flow velocity U,- and pressure P,-. In two dimensional Cartesian coordinates (x,y), 

the perturbed flow field becomes

Pi =  Pi +  Pi

Ui =  Ui +  u,-

where

=  ( t / , ,0 )
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Gas
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Figure 3.1: Schematic view of sinuous disturbances.
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Ü , =  (0,0)

U i  =  ( U , - ,  V j )

and the subscript i = i  denotes quantities related to the liquid phaae and i = g the 

gas phase. The x axis lies along the centre line of the undisturbed sheet, and the y 

axis is perpendiculzir to it. Assumptions made in the formulation, for both the liquid 

and the gas phase, are itemized below:

• Liquid phase: constant properties such as density, incompressible and inviscid.

• Gas phase: constant properties such as density, incompressible and inviscid.

• Tangential motion: is not present within the liquid and gas flow field.

• Gravity: neglected because of thin liquid sheet, high velocity, amd relatively 

short breakup length, i.e., high Froude number.

• Irrotational flow: initially the liquid sheet is irrotational and moves with uniform 

axial velocity of Ue and the gas is at rest. Hence, velocity potentials exist for 

both liquid and gas phases, and the general continuity equation becomes the 

Laplace equation for the velocity potential for both liquid and gas phases.

• Sinuous disturbance: only sinuous disturbances au'e considered because, as ob

served in practice, the liquid sheet breakup is primarily due to the growth of 

sinuous disturbances.

The equations governing the motion of both the gas and liquid phases are the con

servation of mass and momentum. They can be expressed as follows:

<l>gj^x +  <f>gj,yy = 0 for a  +  Tfi <  y  <  -fOO

oo < y  < —a + Tj2 (3.1)
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=  0 for - a + < y  < a + Tii (3.2)

= ~Pa[<(>9i,t +  +  <Aaj,y)] +  PgO (3-3)

I
^  =  —Pe[<i>e,t + +  Pea (3-4)

where Pgo emd P/o are initial pressures for the gas and the liquid when the flow 

field is undisturbed, and Pgo =  P(q, the subscript x, y and t represent the partial 

derivatives with respect to x, y and time, and t/j is the displacement of the interface 

from the basic state sheet surface at j  =  1 and j  =  2  for the upper amd lower surfaces, 

respectively.

The flow-field solutions have to satisfy the kinematic and dynamic boundary con

ditions at the interface

7 =  1 upper interface
(3.5)

j  = 2 lower interface

Since the interface is a material surface, the kinematic boundary condition require

ments for the liquid phase and gas phase are:

-  <i>ê Vĵ  =  0 (3.6)

Vj,t ^gj^Vj,x =  0 (3.7)

The dynamic boundary condition states that the normal stress is continuous across

the interface with the allowzince for the effect of surface tension included. That is

P e - P g =  o-V.n (3.8)

Where n is the unit vector normal to the liquid-g«ts interface, pointing into the gas 

phase ajid a  is the surface tension. Substituting Eqs.(3.3) and (3.4) into Eq.(3.8), the
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dynamic boundary condition becomes,
1 
2

j

All the governing equations are non-dimensionalized with half sheet thickness a 

as the reference length scale and base flow velocity as the reference velocity scale.

The density is normalized by the liquid density, p =  Pgfpt, and the velocity potential 

is normalized by Uia. Thus the equations in dimensionless form become

4>gi x̂ +  <f>g].yy = 0  for 1 +  »/l < y < +OC

—oo <c y ^  —1 +  7/2 (3.10)

+  4>t,yy = 0  for —1 +  J/2 < y < 1 +  (3-H)

and the dimensionless boundary conditions axe

-  Vi,t -  =  0 (3.12)

4>gj,y ~  Vj.t ~  (f^gjj:Vj  ̂ ~  0 (3.13)

1

(3.14)
•liX

which is valid at y =  - ( —I)-' +  r]j for j  =  1 , 2 .

All the parameters in the  above equations are now dimensionless, even though 

they are written in the same symbols.

The solution to the governing equations is sought in terms of the  perturbation 

expansion for the surface disturbance and velocity potentials with t/q, the initial am

plitude of the disturbeuice, as the perturbation parameter:

Vj — ^ 2  ^oVjni^it) (3.15)
n=l



CHAPTER 3. MATHEMATICAL FORMULATION  14

E  V Ô M x ,y , t )  (3.16)
n = 0

^gj — ?n 0gTn(^> 0  (3.17)
7 1 = 1

where <f>(o =  i .  The boundary conditions, Eqs. (3.12)-(3.14), axe applied to the 

perturbed interface at y =  —(—1 )-̂  +  rjj , which can be expressed in terms of values 

and derivatives at y =  - ( —I)-' by a Taylor series expansion
Tf̂

The surface disturbance rjj is expressed as a periodic function in terms of a complex 

Fourier series <is follows

Vj =  Vo[^^j{t)exp{ikx) tj;j{t) exp{-ikx)]

+  è  exp{iskx) ÿ / f )  exp(-isArx)] (3.19)
r = 2  * = 1

Where k is the wavenumber of disturbance and is related to the wavelength of the 

disturbance hy k = 2 x/A, r, s are integers and ipj{t) are functions of time only

and the overbar denotes the complex conjugate. Substituting Eqs. (3.15) to (3.18) into 

the governing equations and boundary conditions, expanding the resulting governing 

equations and boundary conditions in a series of powers of %, and collecting the 

coefficients of the first, second and third orders of Vo and setting them equal to zero, 

respectively, yield a set of linear equations, as given in the following subsections:

3.1 First Order Formulation

The continuity equations, the kinematic eind dynamic boundary conditions are to the 

first order of vo

, for +  1 < y <  4 - 0 0  
<l>gjl̂ x +  <f>gjl,vy =  0 { (3-20)

for — oo < y <  — 1
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4>ei^x + <f>n.yy 

<i>n,y — V j i , t  — V j i ^  

— V jl . t

P<f>gji,t — <i>n,t — <f>n^

-  1 <  y  <  + 10

0

0

(3.21)

(3.22)

(3.23)

(3.24)

3.2 Second Order Formulation

The continuity equations, the kinematic and dynamic boundary conditions are to the 

second order of %
i

for +  1 <  y <  +OC
<f>gj2,xx +  <i>gj2,yy — 0 (3.25)

for — oo < y < — 1

<f>t2̂ x +  <i>t2,yy =  0 “  l < y < + l  (3.26)

<f>t2,y — Vj2,t — Vj2^ +  Vjl<f>a,yy “  = 0 (3.27)

^gj2,y -  lj2,t +  Vjl<f>gjl,yy ~  Vjl^<l>gjl  ̂ = 0 (3.28)

p[<t>gj2,t + V j i A g j i , y  + Vjl<l>gji,yt\ ~  +  Vji,t<t>n,y +  Vn<f>n,yt] +

9 p ( ^ J j l . x  +  ^ ] j l , y )  -  +  2 [ (^ « .x  +  Vil^<t>Cl,y +  % l^ A .x y ]  =

(3.29)

3.3 Third Order Formulation

The continuity equations, the kinematic and dynamic boundary conditions axe to the 

third order of %

for +  1 <  y <  + 0 0  
<i>giZ,xx +  0 3 j3 .yy =  0 (3.30)

for — oo < y < — 1
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+  <f>t3,yy =  0 —l < y < + l  (3.31)

(f>e3,ÿ — V j 3 , t ~ V j 3 ^  +  Vj2 <f>ei,yy + V j l  ^ t2 ,yy + ^ V j l  <t>n,yyy 

—%irT <t>n̂  — Vj2^ *t>â  — =  0 (3.32)

^jj3,y~^j3,t+J/j2 4 ^g jl,yy  +  V j l  ^ g j2 ,y y  +  2 ^ j l  ^ a j l^ V W

— V j i ^  4>gj2^ — V j 2 ^  <t>gji^ — V j l  ^ g j i ^  V j i ^  ~  0 (3.33)

p[<i>gj3,t +  V jl , t  <f>gj2,y +  V jl  <!>gj2,yt +  V j2 ,t <t>gjl,y +  V j2  4>gjl,yt 

+ V j l  V jl,t  <I>gjl.yy +  <f>gjl,yyt] ~  [<^0.£ +  V jl . t  <^«,y

+ V j l  <i>t2,yt +  V j2 ,t <f>n,y +  Vj2 <f>Cl,yt +  V j l  V jl,t4> tl,yy  

+  ^ t i , y y t ]  +  2 P ^ * i ^ s j i ^ i4 > g j 2 ^  +  V j i , x  ^ g j i , y

^ y j l f y )  4" ^4>gjl,y{^gj2,y 4“ Vjl,y ^gjl,y 4* Vjl ^gjl,yy')\

— ^ 4 > i l ,x { 4 > t 2 ^  4-  V j l , x  ^ e i , y  4-  V j l  ^ e i , r y )  4-  2 ^ a ,y {< f> a ,y  

+ V j i ,y  <f>ti,y +  V j l  <f>ei,yy) 4"  2 {4 > ti,x  4"  V j i , x  <t>a,y 4-  V j l  

+ V j2 ,x  <i>Cl,y 4-  V j2  <f>a,xy 4"  V j l  V j l , x  <i>n,yy 4"  ^ n , x y y ) ]

=  (“ !)■’ [^i3^-2^ji^x»7yi^ (3.34)

After considerable effort, the solution to the above first, second and third order equa

tions are obtained and given below;

3.4 First Order Solution

From Eq.(3.19) and Eqs.(3.20)-(3.24) the first order solution is

Vjl =  V i(0  exp(iA:x) 4- Vi(<) exp(-zfcx) V i(0) =  \  (3 35)
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Let V i  =* ^j{t)  , V j

The geis phase velocity potential is

exp(tfcx)

V
H— exp(-z tz)] exp[t +  ( —ly ty ]  (3.36)

The liquid phase velocity potential is

+ ( - ^  -  iV j)  exp(-zArx)] (3.37)

The amplitude of disturbance is

=  ^cosh()3<) exp(io:i) (3.38)

The complex temporal frequency is

n = a  àzi^  (3.39)

—fctcinh(fc) 
tcinh(A:) + pa  =

Ar[ptanh(A;) — ^(tajih(fc) +  p)]& 
tanh(fc) +  p

(3.40)

(3.41)

3.5 Second Order Solution

From Eq.(3.19) and Eqs.(3.25-3.29) the second order solution is

'% (< ) = "  %(<) =  0 (3.42)
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Vj2 =  exp{2ikx) exp(-2zÀ:z) =  0 (3.43)

Let = “  , V j  ^ j ( 0 -

The gcis phase velocity potential for the upper and lower interfaces is

<f)gi2 =  — —  ̂ ^2k— Vi . t ) exp( 2 2 A:z)

+ (V i,t  +  2k V i  V ’i,t)ex p (-2 iA;x)] +  A{t) (3.44)

<j>g22 = 2 0 2 ,1  +  2 t  V i Vi.f) exp(2 ifcz)

+ (— ^ 2.4 +  2 A: V i  V i.t) e x p (- 2 ztz)] +  A(<) (3.45)

The liquid phase velocity potential is

+^V'2 ,t +  2 z t ^^2 ] exp(2 ztz)

+[2Ar^tanh(A:) ~  * V i)

+^i^2 .t — 2zt V 2] exp(—2iA:z)} 4- B{t)  (3.46)

The amplitude of disturbance is 

= (-l)^ [(A i + A 2 + A3 ) exp(zmt) +  (A4  +  As +  Ag)exp(zm<)

+A% exp(2mf) +  Ag exp(2W ) +  A9 exp(2 m t)] (3.47)

The complex temporal frequency is

m =  q' ±  (3.48)

—2 fccoth(2 A:) 
coth(2 t )  +  p

(3.49)

_  2 fc[pcoth(2 fc) -  ^ (c o th ( 2 Ar) + p ) ] 2  

^  coth(2 ib) +  p ( )
Where =  — V 2 and A(f), B((), Ai, A2 , A3 , A4 , As, Ag, A%, Ag and Ag are the con

stants of integration, given in the Appendix A.
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3.6 Third Order Solution

From Eq.(3.19) and Eqs.(3.30-3.34) the third order solution is

23^,(f)=23 0 .(f) =  O (3.51)

Tjjs = exp(3ztz) exp{-Zikx)

4-^%(() exp(ztr) + "  ^ j(t)  exp(-zfci) ^V’j(O) =  "V'j(O) =  0 (3.52)

Let 0 j(t)

The gas phase velocity potential for the upper and lower interfaces is

,̂,3 =  ( z l Z f ï p E |+ H Z î M { ( 3 ^ , , + 3 ,  V ,  ■*.,
qz.2

+Zk +  -y -  V ? Vi.t)exp(3zfcz)

+ (% .(  +  3A: ^^1,, +  3A: ^01
o p  „ _

-f —  V i  Vi.t)exp(-3zA:x)}

+t % + *” V>1 Vi Vu + Y V? Vi.,) exp(tti)

+( ^ ^ 1  V»j.t
tO

4-t^ V i  ^ ^ 1  V i.t +  y  V Î  Vi,t)exp(-zfcz)} (3.53)

The liquid phase velocity potential is

+3k^ tanh(Â:)^^2 ( - ^  +  ï V i )  -  V ^ ( “^  +  z‘V i)

4-3& coth(2t) [2k^ tanh(fc) ( - ^ ^  -|- z V̂̂ x)
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+  V2,t V i  +  ^02 Vi]} exp(3zA:x)

tanh(fc) ^  -  i '? . )

+ 3fc coth(2fc) [2fĉ  tanh(t) — i

+  V2.t V i  -  2t A; ^^2 V i]} e x p (-3iA:x)}

—A:^[Vi — 2  “  * V̂’l)]

+A;coth(2A:) [26  ̂tanh(t)

+  V̂’2.4 ^01 +  2ifc V i  ^^2]} exp(ifcx)

^ r̂pj -  k^ tanh(fc) ( - ^  +  z V i)

-ATV'I c ^ :  'W i, -  z i  0̂ ? ( ^  +  z- Vx)]

+A:cotli(2A;)[2A:  ̂tajili(A:) V i  “  *^^x)

+  V̂'2.4 V i — 2ik^ipi ^i/>2]}exp(—zA:x)} (3.54)

Where the ajnpiitudes of disturbance axe

=  L>i exp (z6() +  D2 exp (ibt) +  D3 exp [i(jn +  n)t]

+D4 exp [i(m +  n)f] +  Ds exp [i(2n +  n)<]

+De exp [z3nf] +  D? exp [i(n +  2a)t] +  Ds exp [i(m +  n)f]

+D9 exp [i(n +  m)t] +  Dio exp (i3nt)

+£>11 exp [z(n +  2n)t] +  D12 exp [i(n +  2a)<] (3.55)

= Fi exp {int) + F2 exp {int) +  £ 3  exp [z(m — n)f]
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+ F 4 exp [z(m — n)<] + Fs exp [z(m — n)<]

+Fe exp [z(m — n)t] + F7 exp [i(2 n — n)<] +  Fs exp [i(2 n — n)t\ 

+Fg exp [ï(n — n)<] +  Fio exp [i(n — n)<]

+ F 11 exp [i(—n + 2a)<] +  F 12 exp [i(-n  +  2a)t\ +  F\z (3.56)

The complex temporal frequency is

b = ct"± ifi"  (3.57)

3A:[/) tanh(3fc) — ^ ( ta n h (3 t)  +  p)]^/^ 
tanh(3fc) +  p

(3.59)

For the amplitude of disturbance, =  ^ ^ ^ 2  and and D i, D2 , D 3 , D 4 ,

Dhi Dbi Dll Ds, Dg, Dio, D u ,D i2 , F\, Fz, F3 , F 4 , F 5 , Fs, Fj, Fs, Fg, Fio, F n , F 12 and F 13 

are the constants of integration, given in Appendix A.

The results of the first order analysis, i.e., the linear theory, are exactly the same 

as those given in the previous works by Squire [1], Hagerty and Shea [2], Li [3], Li and 

Tankin [4]. The results of the second order analysis, are the same as those obtained 

by Clark and Dombrowski [5] except their results had a typographic error in the  gas 

phase velocity potential. The results of the third order analysis were validated by 

substituting the solution into the governing equations together with the kinematic 

and dynamic boundary conditions.
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R esu lts and D iscussion

It is clear that the first order analysis (i.e., the linear theory) does not lead to reasons 

why the liquid sheet breaJcup occurs nor does it provide the details of drop formation 

process, because the two gas liquid interfaces remain the same distance apart as the 

wave grows temporally. When the interface is subjected to an initial sinusoidal dis

turbance of infinitesimal amplitude, well-known results from the linear theory can be 

used to predict a dimensionless cut-off wavenumber k^. This divides the wavenumber 

spectrum into a region of stable travelling waves and a region of exponentially growing 

waves with an optimum wavenumber that corresponds to the fastest growing wave. 

This boundary which separates the region of stability from instability is predicted by 

the linear theory and in general not necessarily true in the nonlinear case. For the 

linearized case when k < kc the temporal frequency is a complex number and the 

imaginary part results in the surface wave growth, for k >  k^ the temporal frequency 

becomes a real number and the surface waves oscillate. It is found that the growth 

of the first harmonic is due to two effects. One is the feeding of energy from the 

fundamental mode and the other is due to inherent instability of the first harmonic 

itself when the dimensionless wavenumber is 2k < kc. The behaviour of the second
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harmonic is similar to the first heirmonic in the sense that above the dimensionless 

wavenumber of 3k =  kc, the growth of the harmonic is sustained only by the direct 

feeding of energy from the lower harmonics.
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Figure 4.1: Surface deformation with initial amplitude for We =  40, p =  0.001, k 
0 . 0 2  and % =  0 .1 .

The results indicate that the mass is conserved to the higher orders and the  inter

action occurs between the harmonics of the disturbance. The dimensionless disturbed 

interfaces for the upper and lower surfaces are given as yj =  (—iX'*'  ̂4-% +

7o 7j3- Figures 4.1 show that the surface disturbance grows in time but it remains of 

a sinuous character for a substantial period of time. The behavior of the sheet for dif

ferent values of parameters are qualitatively similar to that shown in Figure 4.1, but
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the important difference occurs in the rate of growth of the disturbance and therefore

First, and Second orders
the breaJcup time.

F irst order
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200 600400

First, Second and Third orders
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Figure 4.2: The effect of fundamentzd mode, fundamental mode and first harmonic, 
and fundamental mode, first harmonic, and second harmonie on surf are deformation 
for We =  40, p =  0.001, k  =  0.02, t/q =  0.1 and t =  1298.

Figure 4.2 shows the fundamental mode and the effects of first and second harmonics 

on the surface deformation. It is found that the thinning of the sheet is caused by the 

growth of harmonic waves, and the subsequent rupture occurs once every half wave
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length for the sinuous waves as shown in Figure 4.1 and Figure 4.2. These figures 

also indicate that for the sinuous wave, the breakup occurs near the crest of eaxdi 

interface at low density ratio p =  0 .0 0 1 , which is in agreement with the previous work 

done by Rangel and Sirignano [6 , 7]. In the case of a liquid jet issuing from a nozzle, 

for each wavelength of an unstable disturbance, one main drop and one or more 

usually smaller drops, referred to as the satellite or spherous drops, are formed. This 

liquid sheet disintegration study does not indicate the formation of satellite drops.
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Figure 4.3: The effect of initial amplitude of disturbance on breakup time with 
wavenumber for We =  40, p — 0.001 and for t/o =  0.01, 0.05 , 0.2.

The breakup time with wavenumber for different initial amplitude of disturbances is 

shown in Figure 4.3. The breakup time first decreases for each initial amplitude until 

it reaches a minimum and then increases. The breakup tim e increases significantly 

at lower and higher wavenumbers with the initial amplitude of disturbances where 

the wavenumbers are more stable and the growth of the disturbmces axe slower. 

The breakup time is flat for a region of wave numbers near the linear dominant
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wavenumber which leads to maximum growth rate. The results also show that the 

minimum breaJcup times does not occur at the linear dominant wavenumber. This is 

in accordance with the reported observations.

For the case of low Weber numbers there is a balance between the inertial force 

of the liquid and the opposing surface tension force. At high Weber numbers large 

amplitude antisymmetric waves axe generated, causing earlier disintegration of the 

liquid sheet. These waves are induced by aerodynamic forces acting on the air-liquid 

interface. The breakup length is expected to decrease with increasing the initial 

disturbance amplitude or the growth rate of disturbance. Also as the liquid sheet 

velocity increases, the wavelength of the optimum disturbance decreases, while its 

growth rate increases.
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Figure 4.4: The effect of initial amplitude of disturbance on bre<dcup time with Weber 
number for p =  0.001 and tjq = 0.1, 0.2, 0.4.
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Figure 4.5: The effect of initiai amplitude of disturbajice on breaicup time with Weber 
number for p =  0.005 emd % =  0.1, 0.2, 0.4.

Here the effect of density ratio, Weber number eind the initial disturbance ampli

tude on the breakup time has been investigated. From the linear theory it is known 

that if the density ratio is decreased, a degree of stability is introduced and the growth 

rate is reduced because of the reduced inertia of the surrounding fluid. Figures 4.4, 

4.5 and 4.6 illustrate the effect of the density ratio and Weber number on breakup 

time for different initial amplitude of disturbances.

These figures show that continuously decreasing the density ratio produces in

creasingly more stable traveling waves, thus taking a longer tim e for the sheet to 

break up, in agreement with the linear theory predictions. When the Weber number 

is increased, this leads to a more unstable disturbance and increased growth rate 

which gives shorter breakup times. Also, the results indicate that the breakup time 

does not change significantly with increasing Weber numbers or increasing density
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Figure 4.6: The effect of initial amplitude of disturbance on breaJcup time with density 
ratio for We = 40 and tjo =  0.1, 0.2 , 0.4.

ratios when their values are large.

The effect of initial amplitude of the disturbance on the breakup of the liquid sheet 

is shown in Figure 4.7. The results indicate that increasing the initial amplitude of 

the disturbance would reduce the breedcup time significantly. The results confirm 

the logarithmic-type behaviour of the breakup time with the initial amplitude of 

disturbance. This behaviour is interesting because it is similar to the behaviour 

reported by Ashgriz and Maahayek [10] for the round jet. However, increasing the 

initial amplitude results in a deviation firom the logarithmic behaviour.

In the nonlinear calculations, the dimensionless amplitude can be defined by 

amplitude= where Ymax and Ymin are the maximum and minimum displace

ments of one interface and % is the  initial amplitude, thus at t =  0 , % =  imas—lmuL 

In all cases, the dimensionless wavenumber for the maodmum growth predicted by the
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Figure 4.7: The effect of initial amplitude of disturbance on breakup time for We 
40, p =  0.001 and t  =  0.012, 0.018 , 0.02.

linear theory is used and the dependence of the wave amplitude on time is as shown 

in Figure 4.8. As expected, the linear theory results are valid only for a brief time 

at the beginning of disturbance. After this time, the éimplitude growth is less than 

the exponential rate predicted by the linear theory. The behavior for different initial 

amplitude of disturbance indicates that the linear assumption is valid essentially for 

smaller initial amplitude of disturbances even to the breakup point.

The dimensionless disturbance amplitude for sinuous waves as a function of time 

was compared with the previous work done by Rangel and Sirignano [6 , 7]. For 

comparison disturbance amplitudes were calculated at breakup times for the same 

parameter values, fixed small initial amplitude which falls within the range of validity 

of the linear theory and length scale A. The dimensionless disturbance amplitudes at 

breakup time are generally less than those predicted by the linear theory as expected 

and with good agreement with those derived by Rangel and Sirignano [6 , 7].
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Figure 4.8: The effect of initiîJ amplitude of disturbance on amplitude growth in time 
for We =  40, p =  0.005 and tjq =  0.01, 0.1, 0.2. The solid curves, linear theory and 
dashed curves, present nonlinear theory.

In temporal instability analysis, temporal frequencies for the fundamental mode 

and first and second harmonics are imaginary. That implies the wave grows in ampli

tude everywhere along the sheet, in time. This is contrary to observations. A more 

physically consistent analysis cam be made in terms of spatial instability analysis by 

treating the wavenumber as imaginary and the the temporal frequency as real. The 

spatial instability is particularly appropriate in describing the Üquid sheets subjected 

to acoustic signals of varying frequencies. The present experimental results and com

parison with linear theoretical results on spatial instability of liquid sheets Li [11] 

shows that phase velocity and group velocity are almost equal to the liquid sheet ve

locity. In the non-dimensional form the spatial distance and time become the seime.
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when the liquid sheet velocity as the reference velocity and half sheet thickness as the 

reference length are used, as is the case for the present study. By using a Galilean 

transformation the temporal instability analysis may be changed to spatial instability 

and the previous breakup time may also be called the breakup length.

The results of spatial surface deformation are shown in Figures 4.9 to 4.12. These 

figures show the effect of initial amplitude of disturbance on amplitude growth, 

breakup length and the nonlinear effects on the surface deformation further down

stream. The nonlinearity appears farther downstream, as % is increased. For smaller 

initial amplitude of disturbance the liquid sheet retains almost a sinuous wave charac

ter for some distance downstream, this is consistent with the linear theory. Breakup 

distance decreases with increasing initial amplitude of disturbances. Also the am

plitude at breakup point decreases with increasing initial amplitude of disturbance. 

The results clearly show that thinning of the liquid sheet occurs as a result of the 

growth of the harmonic waves and obviously their effects for larger initial amplitude 

of disturbance are greater. For low density ratios, the breakup occurs near the wave 

crest as predicted and its position at the crest is not very much affected by the initial 

amplitude of the disturbance.
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Figure 4.9; Spatial surface deformation for We =  280.78, p =  0.00129, k =  0.183 
and 7/0 =  0 .0 1 .
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Figure 4.10: Spatial surface deformation for We =  280.78, p =  0.00129, k =  0.183 
and 7/0 =  0.05.



CHAPTER 4. RESULTS AND DISCUSSION 33

-5

200
Dimensionless Distance (x/a)

100 300 400
Distance

Figure 4.11: Spatial surface deformation for We =  280.78, p =  0.00129, k 
and t}q =  0.1.
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Figure 4.12: Spatial surface deformation for We = 280.78, p = 0.00129, k =  0.183 
and Tjo =  0.2.
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SumniEiry

A nonlinear stability amalysis of an inviscid liquid sheet moving in an inviscid and 

incompressible gas medium at rest has been carried out. The first, second and third 

order governing equations have been derived along with appropriate initial and bound

ary conditions. These describe the characteristics of the fundamental mode, the first 

and second harmonics. It was found that the thinning of the sheet is caused by the 

growth of harmonic waves, and the subsequent rupture occurs at half wavelength for 

the sinuous waves. The amplitude growth rates of the disturbances were calculated 

for different initial amplitudes and compared with the linear theory. As expected 

it was found that the growth rate predicted by the nonlinear theory is lower than 

that predicted by the linear theory. The breaJcup time and breaJcup distance were 

determined and the effect of the controlling parameters investigated. The instability 

was suppressed by the surface tension effects and was promoted by the aerodynamic 

interaction between the liquid phase and the gas phase.
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O verview

The quality of liquid atomization has significant influence on the performance of 

practical spray systems such as agricultural sprays, spray coatings, rapid solidification 

of metals, and combustion devices. In almost all of these applications, the liquid exits 

a nozzle in the form of a  thin sheet. The liquid sheet breaks due to aerodynamic 

interaction with the surrounding. The manner in which the liquid sheet breaks up, 

and the characteristics of the sprays that are eventually formed, are key factors in 

determining the suitability of a pairticular atomizer for a particular application.

A second fluid is often employed to facilitate atomization. The aerodynamic force 

at the air-liquid interface promotes the generation of instabilities in the sheet which 

amplifies downstream until the liquid sheet disintegrates. The means by which the 

sheet becomes unstable and breaks up is not very well understood.

Part of the present study employs a photographic technique to assess the global 

structure of liquid sheet disintegration when the designed atomizer is operated in the 

absence of air flow and when there is a co-air flow. For suitable flow conditions where 

atomization and fine spray is formed, the Phase Doppler Particle Analyzer (PDPA),
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which is based on laser light scattering interferometry, was employed to measure the 

spray characteristic parameters such as drop size and drop velocity. The overall goal 

of the flow visualization and PDPA measurement is to obtain a better understajiding 

of the physical process of the liquid atomization qualitatively and quantitatively.

Fundamental studies of the atomization mechanisms are critical for improved at

omizer design. For the flow visualization two dimensional design is most appropriate 

since thin liquid sheet surface wave can be assessed and the measurements can be 

carried out from the side view emd the front view. In this experimental study the 

disintegration of a water liquid sheet into a spray has been investigated, and the noz

zle system designed is different from the previous works of Mansour and Chigier [12], 

Samuelsen [13] and Lozano et al. [14] who used sharp straight inclined contraction 

for the nozzle contraction contour. In the present design am attem pt has been made 

to improve the flow characteristics by imposing smooth contraction nozzles for both 

air and liquid flow.

The formation of the liquid spray is usually achieved through the brealcup of 

this liquid sheet. An ezirly investigation of liquid sheet disintegration was conducted 

by researchers at the Imperial College, and photography was used for sprays in a 

quiescent gas environment. Fraser and Dombrouski et al. [15] showed that the brealcup 

is associated with the wave formation on the sheet. Hagerty and Shea [2] conducted 

experiments on a parallel flow plane sheet atomizer to determine the effects of an 

imposed instability frequency on the formation of waves on the sheet. Their limited 

experimental data demonstrated that the frequency of the instability was a controlling 

factor in the breakup of the sheet.
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E xperim ental A pparatus and  

Inst r um ent at ion

A high aspect ratio nozzle has been designed and used to explore the phenomena of 

liquid sheet disintegration in stationary room air and in co-flowing air streams. Since 

in flow visualization still photography has proven indispensable in identifying and 

characterizing the breakup mechanisms, a camera and a video camera were used as 

the photographic instruments. For characterization of the liquid sheet atomization 

and the resulting spray, a  Phase Doppler Particle Analyzer was employed.

7.1 Nozzle Design and Construction

The nozzle was developed specially to produce a thin smooth liquid sheet of 254/im (0.01 ") 

in thickness which lies between two co-flowing air streams with air exit thickness 

of 1397/fm (0.055"). The main considerations for the design were: thin uniform liq

uid and air sheet with high aspect ratio in order to reduce the edge effects, thin
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separating walls between the air «ind liquid in order to prevent the creation of a vor

tex at the air-liquid interface near the nozzle exit. Other considerations included the 

deformation of the wall, especiéilly at the nozzle exit under operating conditions, max

imum permissible air and liquid pressures, the liquid and air channels to be leeik proof 

internally and extemedly. Fine tolerances down to 2bAfim (0.001 ) were specified only 

for the nozzle exit geometry due to manufacturing cost and diflSculty.

7.1.1 C on traction

Contraction channels for liquid and aiir flow are the most important part of the nozzle. 

The acceleration of the  flows through the nozzle contraction would reduce flow non 

uniformities to produce an even velocity profile and reduce the relative turbulence 

level by increasing the mean flow velocity. There have been only a few studies on the 

design of the contraction tunnel with a rectangular cross section [16], [17]. According 

to Batill and Hoffman [18], the main design criteria for the contraction are;

• exit flow uniformity

• shortest possible contraction length

• reduction in turbulent intensity

• flow with no separation

• minimum boundary layer growth

The method introduced by Downie et al. [17] was used for the calculation of incom

pressible inviscid flow through a rectangular contraction. Their calculation is based 

on a finite difference approximation to Laplace’s equation and solved by the method 

of successive over relaxation. To provide the practiced criteria of such contraction
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Table 7.1: Twin Fluid Atomizer Dimensions

All dimensions axe in millimeters
Liquid

Contraction
Inlet Cross Section 

Outlet Cross Section 
Contraction Ratio 

Aspect Ratio 
Length

12.7 X 25.4 
0.254 X 25.4

50.0
100.0 
81.28

Air
Contraction

Inlet Cross Section 
Outlet Cross Section 

Contraction Ratio 
Aspect Ratio 

Length

14.98 X 25.4 
1.397 X 25.4 

10.7 
18.18 
81.28

Honeycomb 
for Liquid 

Section

Cross Section 
Length 

Diameter

12.7 X 25.4 
20 
3

Honeycomb 
for Air 
Section

Cross Section 
Length 

Diameter

14.98 X 25.4 
20 
3

Screen Section 
for Liquid Flow

Cross Section 
Grid Mesh

12.7 X 25.4 
80

Screen Section 
for Air Flow

Cross Section 
Grid Mesh

14.98 X 25.4 
80

design, a pair of matched elliptic axes was calculated. However, this method was 

suitable if the contraction ratio were in the range of 10 or less. In this design the 

contraction ratio is much higher and for the case of liquid it is equal to 50. Therefore, 

the Downie Jordinson’s method was modified by using a straight line tangentially, 

connecting the two elliptical surfaces.

Surface contour for the air and liquid contractions were calculated and the data 

for twin fluid atomizer axe tabulated in Table 7.1. The data generated for the nozzle 

contour was used in a CAD program and full-size plots of the three parts of the noz

zle were made. The nozzle drawings of the main body, same top and bottom parts
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être shown in Figures 7.1 and 7.2. Further detailed views are given in Appendix C. 

The CAD files were supplied to the manufacturer using the Electrod Discharge Ma

chining (EDM) technique to machine the two-dimensional contraction. It should
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Figure 7.1: Three views of main body of the nozzle, all dimensions aie in millimeters.

be noted that the separation wail thickness between air eind liquid is chosen to be 

1.778mm (0.07"). For a rectangular plate made of stainless steel ( 31655) when all 

edges axe supported and one side of plate is subjected to a uniform pressure loading 

of 0.7Afpa (lOOpsi) the maximum deflection for plate is estimated to be within the 

accepted range of 0.004mm (1.65 x 10~'*incAes).

In consideration of the manufacturing costs, the nozzle wets designed in three parts.
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Figure 7.2: Three views of same top «ind bottom parts of the nozzle, all dimensions 
are in millimeters.

7.1 .2  H oneycom b and Screens

An attem pt has been made to improve the flow uniformity and turbulence level at 

the nozzle exit by placing a set of honeycomb and screens upstream of the nozzle. 

The honeycomb was made by cutting simple straw 20 mm in length (3 mm in diam

eter), resulting in a length to diameter ratio of 6.6. Two sets of wire cloth screens 

(grid 80 mesh) were used, one at the top and the other at the bottom of the hon

eycomb sections. The wire cloth screens were forced fit in nozzle body so to hold 

the straws in place. It is expected that honeycomb and screens would remove other 

components of velocity except the axial, and would reduce turbulence length scede in 

the flow as well.
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7.2 Experimental Setup

A schematic view of the experimental test rig for spray investigation is shown in 

Figure 7.3. A galvanized steel tank acted as the reservoir, with the capacity of about

Compressed Air

Drain Air

Compressed Air

Tap water

Honeycomb

Air Suction

Drain Water

Figure 7.3: Experimental test rig

190 liters (0.48 m in diameter and 1.0 m high) and was filled with tap water. Two 

sets of pressure regulators were used to reduce the main compressed air pressure down 

from 95 psig to 60 psig. One of the outlets was used for pressurizing the water tank 

and keeping the water pressure constant throughout the experiments and the other 

line was used eis the source of co-flow of air.

An Aqua-Pure d irt/rust filter cartridge in the line was used to  trap sand, silt.
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dirt, and other solid particles allowing only clean, clear filtered water to flow through 

the system. The nominal degree of filtration used was 5 micron.

Three flow meters were used to measure the flow rates, one for the water and two 

for air, - one for each side. All flow meters were manufactured by King Instrument 

Co. The full-scale accuracy for both types of flow meters is ±2.5% and m«iximum 

operating pressure and temperature were 125 psig and 54°C. The flow rate range were 

0 — 1.3 GPM{0 — S2 X 10“® nP/s) and 0 — 7 SCFM{Q — 3Z x 10"* rn^/s) for water and 

air, respectively. The metered water and air entered the nozzle and flowed through the 

honeycomb and the set of wire-mesh screens. The water continued through a 50 : 1 

two-dimensional contraction section and exited as a thin liquid sheet at the nozzle 

end with an eispect ratio of 100. The air flowed through a 10.7 : 1 two-dimensional 

contraction sections and exits as a thin co-flow of air sheet at the nozzle exit with 

aspect ratio of 18.18. The liquid sheet was sandwiched between two co-flowing air 

streams. A set of pressure gauges was used to record and control the air and water 

line pressures, and the water tank was equipped with a safety pressure relief valve.

The collecting tank had a honeycomb and a fiber-mesh screen section to improve 

the uniformity of the tank’s ventilating flow system and to prevent the large num

ber of smaJl droplets misting the visualization zone and reducing the accuracy of the 

spray characterization meeisurements with the PDPA. This was especially severe at 

high air flow rates resulting fine sprays. The collecting teink was made of plexiglass 

in an aluminium frame. The plexiglass walls extended upward to constrain the spray. 

The tank dimensions were 0.55 m  x 0.55 m x 1.40 m  with a collecting capacity of 

about 75 liters. The transparent wall gave access for flow visualization and measure

ments, i.e., PDPA measurement, flash stroboscope back lighting, video recording and 

photographing.
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7.3 Acoustic Excitation

The perturbation was induced normal to the plane of the liquid sheet and the liquid 

sheet spray in the case of atomization for different flow conditions. A loudspeaker 

was placed adjacent to the nozzle, parallel and facing the liquid sheet about 40 mm  

away. The loudspeaker was rated at 40 Watt  RM S,  with a sensitivity of 91 dB  and 

driven by a (NAD Electronics, inc.) 250 Watt  power amplifier. The perturbation 

frequency was generated by the pulse/function generator (Wavetek SaJi Diego, CA.) 

with a frequency rajige of 0.004 H z  to 4 M H z.  The amplitude of the perturbation 

was controlled by varying the output volume or the power level of the amplifier.

7.4 Photographic and Flow Visualization

Video recordings and camera photographing together with stroboscope back lighting 

techniques were used as the most effective arrangement for obtaining high contrast 

sheet and spray images. For video recording a VHS Panasonic Omni Movie (.zl2 

Optical Lens 5.4 mm — 64.8 mm, I : 1.6 m, p =  0.75 mm) was used. The camera 

used for photographing was a Pentax-A135 (Zoom I : 3.5 — 1 : 4.5 and Lens 

28 mm — 80 m m ). The photographic techniques were used simultaneously for both 

flow visualization and measurements. A stroboscope, 1531 — A Strobotac Inc. was 

used (the peaJc light intensity for a single flash of 7 million candle power with the 

flash duration of approximately 0.8 ps, flashing rate approximately 110—25000 flashes 

per minute). The frequency of stroboscope back lighting was adjusted to get a clear 

image of liquid sheet or spray surface deformation, the flash light were synchronized 

with the camera by using the bulb shutter speed on the camera, hence a single short 

exposure photograph of the liquid sheet or spray were taken. Hemd rolled negatives 

from a long roll of Kodak Tri — Xpan  film of ISO  400 (35 mm black and white) were
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prepared and the Kodak poly-contrast III RC was used for the printing. To eliminate 

any blurring in photos, high resolution negatives were used and camera was set on 

bulb shutter speed.

7.5 Phase Doppler Particle Analyzer

The Phase Doppler Particle Analyzer (PDPA) from Dantec was used to characterize 

the spray formed in the atomization regime. The phase Doppler method uses light 

scattering interferometry to acquire simultaneously the size and the velocity of the 

spherical particles [19]. After a number of years of development and refinement, the 

method has received wide acceptance as a reliable method for the characterization 

of sprays. It hcis the advantage of being robust and is also relatively easy to use. 

The Phase Doppler Particle Analyzer is capable of measuring some useful parameters 

for spray characterization including temporal and spatial mean drop size distribu

tion, local drop size distribution, drop velocity, volume flux, and number density. A 

schematic of the PDPA systems is shown in Figure 7.4.

The PDPA has three basic units: transmitting optics, receiving optics and the 

signal processor. A linearly polarized helium neon laser gun produces a single beam 

of light. After passing through the splitter, two parallel beams of the same intensity 

are produced. The Bragg cell ants as a frequency shifter for one of the beams. The 

beam displacer reallocates the position of the two beams and after passing through 

a focusing lens the beams converge at a  point in the flow field. A three-dimensional 

ellipsoid shaped measurement volume is then formed from the set of parallel interfer

ence fringes.

As the droplet passes through the beam intersection region, it produces a scat

tered interference fringe pattern that appears to move past the receiver. Doppler
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burst signals are received by each detector with a phase shift between them . The 

phase difference between the detectors is determined by measuring the time between 

zero crossing of the signal from the detectors and dividing by the measured Doppler 

period. The latter is averaged over all the cycles in the Doppler burst signal. The 

measurements of the phase shift are related to the particle size with a linear relation

ship [20, 21].

The optical parameters affecting the measurements are: the laser beam inter

section, collection angle, drop index of refraction, laser wavelength, «ind scattering 

component detected. To avoid phase angle ambiguity in the PDPA measurements, 

three photo detectors are used. The photomultiplier of the receiving optics converts 

the optical signals to electronic signals which can then easily be processed and ana

lyzed by the computer. The Doppler signal is also connected and displayed on the 

oscilloscope for monitoring purposes.

The PDPA optics are mounted on a three-dimensional traversing system, originedly 

designed by Billennes [22]. The receiving and transmitting optic units are installed 

next to each other on a single base with a backscatter arrangement. Sheet rulers 

are used to measure the position, with values accurate to the millimeter. Using a 

gradual built in rotary attached to the lead screw, the precision of the measurements 

was improved. The accuracy of the positioning was checked and believed to be better 

than 0.025 m m  [22]. The Dantec PDPA specifications are listed in the appendix E.

7.6 Experimental Procedure

Three sets of experiments were conducted on the liquid sheet disintegration and re

sulting sprays:
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•  Flow visualization: photography and video recording in the absence and pres

ence of co-flow of air.

•  Flow visualization: photography and video recording in the absence and pres

ence of co-flow of air together with acoustic excitation.

•  Flow visualization (photography and video recording) and spray characteriza

tion measurements using PDPA.

The general rig setup and preparation were cis follows:

•  The water tank reservoir was filled with tap water and left overnight for water 

to settle down and reach room temperature.

•  Prior to test the tank was slowly pressurized with the regulated main compressed 

air and left for an hour to stabilize.

•  The compressed air was regulated and adjusted to 60 psi, and re-adjusted prior 

to the first data reading.

•  The water and room temperatures were checked and recorded.

•  The water line to the nozzle exit was flushed to eliminate all trapped air in the 

system, especially in the water filter.

•  The nozzle was checked to ensure it was not clogged. If cleaning was required 

chemicals and ultrasonic clezmer were used or the nozzle was dismantled, cleaned 

and reassembled.

• When the rig was not in use water in tank reservoir was drained and the water 

nozzle blown dry with air via the bypass air line.
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7.6.1 Flow Visualization without A coustic Excitation

The stroboscope lighting, together with a dimmer glass was used as a source of back 

lighting for photography. When the frequency of the flashing light of stroboscope and 

liquid sheet were synchronized, the liquid sheet surface waves appeared stationary to 

the observer. A set of photos were taken with the camera set on the bulb shutter 

speed. The strobe was put at the high intensity position for more effective back 

lighting and its frequency and camera shutter speed were adjusted prior to talcing 

any photos. The camera was adjusted normal to the liquid sheet and a transparent 

ruler was used to scale the photos. The camera focal length was 0.6 meters and the 

aperture was set at 3.5. The room and water temperature were about 2\°C and the 

tank pressure and co-flowing air were regulated at 60 psi.

The first part of the experiment in this section was conducted with water flow rates 

from 0.1 to 1.0 GPM  (6.31 -  63.1 x 10~® m ^ s) in 0.05 G P M  (3.155 x 10"® m ^/s) 

intervals, with no co-flow of air. The second part of the experiment was conducted 

with the same water flow rate range and the same intervals. The co-flow air was varied 

from 0.5 to 7 S C F M  (4.72-66.06 x lO^* m^/s) with 0.5 S C F M  (4.719 x 10-* m ^/s) 

intervals. The nozzle system was set for different combinations of air-water flow rate 

setting and a large number of photos were taiken. In this part the flow regimes for the 

two cases were identified. Wavelength, amplitude, convergence and breakup length 

are studied and recorded, the results are shown in the next chapter.

7.6.2 Flow Visualization w ith  A coustic Excitation

The air-water flow rates were set for the same range and step intervals as those 

discussed in the previous section. Lighting, strobe synchronization and camera ad

justm ent were carried out similarly.
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In this study sine waves of controlled frequency and amplitude, generated by the 

signal generator and amplified by means of an amplifier, were imposed on the thin 

liquid sheets and the related flow field for different water-air flow rates. There exists 

a set of frequencies for which the acoustic signal can enhance the instabilities, and a 

well-defined surface deformation (waves) results. Two sets of tests were conducted:

•  Fixed acoustic frequency /  =  1.12 k H z  (fixed power level 3 corresponds to an 

acoustic pressure of 111 dB  or 20 Pa )for different sets of water-air flow rates

•  Variable acoustic frequency (fixed power level 3 corresponds to an acoustic 

pressure of 111 dB  or 20 Pa ) for different sets of water-air flow rates

The positioning of the loudspeaker was found to be very critical in superimpos

ing the loudspeaker signal frequencies on the different flow regimes. The enhanced 

instabilities occurred when the fundamental or one of the sub-harmonic frequencies 

of the acoustic signal matched the frequency of particular flow field conditions. All 

tests were conducted when enhanced instabilities occurred. It was further noticed in 

some tests that the enhanced instabilities were poor in cases where the walls of the 

collecting tank were removed. During the test, care was taken not to damage the loud 

speaker. It was found that the ordinary loud speakers are incapable of withstanding 

a fixed large amplitude and frequency signal for a period of time. The maximum 

power level (amplifier volume level) for which the test could be conducted safely for a 

period of time was 3 or 111 dB  . This corresponds to an acoustic pressure of 20 Pa. 

Therefore the number of tests for the liquid sheet in the absence of air stream are 

limited. Experimented observations and results are given in the next chapter.
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7.6.3 PD PA  Spray M easurements

The alignment of the receiving and transmitting optics is cruciaJ for the accuracy of 

the measurements. Throughout the experiments, 30000 data samples were collected 

for each location, and were processed and recorded.

Special caxe was taken to align the treinsmitting and receiving optics in the correct 

position. A reference point was chosen and eill the meaisurements along X, Y, Z ajces 

were taken with respect to this reference point shown in Figure 7.5. For the measure

ments along the Y axis the nozzle was rotated through 180° eind was adjusted for the 

same reference point. The specifications for Dantec PDPA is given in Appendix E, 

cind the complete details of S I Z E  — ware software is given in S I Z E  — ware user’s 

guide manual [21]. For the specific drop size measurement the angular separation of 

the detectors on the receiving optics was adjusted to match the chosen range in the 

software. The bandwidth was also chemged to match the velocity range for different 

locations and different flow conditions.

For the designed nozzle the atomization with fine spray formation occurred at 

high air and low water flow rates. The spray measurements and characterization was 

carried out for the following atomizer setup conditions.

• The experimental measurements and characterization of the spray in the cross 

stream direction normal to the thickness of the sheet, i.e. along the X-axis, 

shown in Figure 7.5. The sampling was taken at 5.08 m m  (0.2”) intervals. The 

water and air flow rates were 0.1 G P M  (6.31 x 10"® m^/s)  and 7 S C F M  (66.06 x 

10"^ m^/s),  respectively. The test was conducted at five different axial lo

cations downstream of the nozzle exit: 114.3 m m  (4.5”), 139.7 m m  (5.5”), 

165.1 mm (6.5”), 190.5 mm (7.5”) and 215.9 mm (8.5' ).

•  The experimental measurements and characterization of the spray in the cross
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stream direction along the width of the sheet, i.e. along the Y-ajcis, shown in 

Figure 7.5. The sampling was taken at 5.08 m m  (0.2 ) intervals, locations down

stream of the nozzle exit. The water and air flow rates were 0.1 G P M  (6.31 x 

10“® m^/s)  and 7 S C F M  (66.06 x 10"* m^/s),  respectively. The test was con

ducted at five different ajdeil locations downstream of the nozzle exit: 114.3 mm 

(4.5”), 139.7 mm (5.5”), 165.1 mm (6.5 ), 190.5 mm (7.5 ) and 215.9 mm (8.5”).

•  The experimental measurements and characterization of the spray along the 

axial direction, i.e. along the Z-axis, shown in Figure 7.5. For different flow 

conditions. The test was carried out from 111.76 mm (4.4 ) to 228.60 mm (9.0 ) 

at 5.08 mm (0.2”) intervals, locations downstream of the nozzle exit.

•  The experimental measurements and characterization of the spray with acoustic 

excitation along the axial direction, i.e. along the Z-axis, shown in Figure 7.5. 

At three different locations 127.0 mm (5”), 177.8 mm (7") amd 203.2 mm (8”) 

at the spray centerline, locations downstream of the nozzle exit for different flow 

conditions. The power level was kept at 3, corresponds to an acoustic pressure 

of 111 dB  or 20 Pa to minimize damage to the loud speaker.
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Figure 7.4: Schematic diagram of the PDPA setup.
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h 300

Figure 7.5: Spray axis for PDPA sampling.
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In this chapter the experimental observations «ind measurements regarding the devel

opment, stability, and disintegration of the hquid sheet issuing from a two-dimensional 

nozzle axe presented for the two cases with and without the presence of air flow.

8.1 Liquid Sheet Breakup in Still Air

A liquid sheet emerges from the central slit with the high aspect ratio of 100, and 

a liquid sheet is generated with the thickness of 0.254 mm.  A set of photographs 

is taken for the water flow rate ranging from 6.31 x 10“® to 82.02 x 10“®m®/sec. 

Photographs axe used to assess the global structure of the liquid sheet breahup process 

and the measurements axe carried out from the enlarged printout of the negatives. 

The detailed measurement data axe presented in Appendix D.
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8.1.1 Flow Characteristics

At low liquid flow rates, 9.47 x 10“® and 44.17 x 10“®m^/sec a short convergent 

sheet is formed, bounded by thick rims that axe drawn together by surface tension 

forces, CIS shown in Figure 8.1. As the liquid flow rate and hence the liquid velocity is 

increased, the convergence length increases linearly, as shown in Figure 8.2. At low 

liquid velocities the effect of aerodynamic interaction is negligible.

As a result of convergence, the width of the sheet decreases linearly from the 

nozzle exit to the point of convergence. The thickness of the rim decreases with 

increasing liquid flow rate. The two rims act like two liquid jets impinging on each 

other at the convergence point. The result is another liquid sheet perpendicular to 

the original one. This phenomenon can be seen, in the side view of the liquid sheet 

in Figure 8.3. The formation of the secondary liquid sheet depends on the liquid 

sheet velocity, where its component along the rim would give the impinging velocity. 

Also increasing the liquid velocity would reduce the impingement momentum which 

is due to the reduction of the rim thickness and increasing convergence length from 

the nozzle exit.
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Ui = 1.47 m /s  
Rei =  709.41 
W  Cl = 3.80

Ui =  6.85 m/s  
Rei =  3310.56 
Wei = 82.99

Figure 8.1: The face view of the liquid sheet at low liquid flow rate.
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Figure 8.2; The convergence length versus liquid flow rate.

The capillary waves on liquid sheet surface are driven by the surface tension effects 

at both sides of the liquid sheet. The amplitude of these waves reduces towards the 

centre of the liquid sheet. An increase in the liquid velocity reduces the effect of the 

surface tension and as a result the width of the sheet increases, as shown in Figure 8.4.

8.1.2 Flow Regim es without Air Flow

The liquid sheet formed by this nozzle’s geometry in the stationary ambient condition 

has representative wave patterns. These patterns depend on the injection velocity of 

the liquid and may be classified into the following four representative flow regimes:

• Smooth flow at relatively small Reynolds numbers: The interface of the liquid 

sheet is smooth and flat like a mirror surface, free of surface disturbance, as 

shown in Figure 8.1.
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rv)

Ui =  1.47 m / s  
Rei = 709.41 
Wei = 3.80

Ui = 10.72 m / s  
Rei =  5183.93 
Wei  =  203.50

Figure 8.3: The side view of the liquid sheet in the absence of a co-flowing air stream.
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Ui = 9.78 m /s 
Rei = 4729.37 
W  ei = 169.38

Ui =  10.72 m /s  
Rei =  5183.93 
Wei =  203.50

Figure 8.4: The face view of the liquid sheet in the absence of a co-flowing air stream.
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• Two-dimensional wave flow: Increasing the liquid velocity leads to larger Reynolds 

numbers and finally striped waves begin to appear on the smooth interface in 

the vicinity of the nozzle exit, as shown in Figure 8.1. The phase velocity of 

these waves is of the same order as the liquid injection velocity. The wavelength 

of these waves rarely varies with the downstream position, and their amplitude 

is very small compared with the sheet thickness.

•  Evolved two-dimensional wave flow: As the Reynolds number becomes larger, 

the two-dimensional wave grows and a more obvious striped pattern can be 

observed, as shown in Figure 8.4. When the wave amplitude exceeds a certain 

critical value, the continuous liquid sheet breaks up. Another phenomenon 

which is present is the point disturbances at the intermediate flow rates, as 

seen in Figure 8.1. This is because the water in the tank may contain dissolved 

air. The dissolved air are carried to the liquid sheet surface in contact with 

atmospheric air. At atmospheric pressure the dissolved air is separating in form 

of bursting bubbles, giving rise to point disturbances on the liquid sheet.

•  Sandpaper-like water flow: As the liquid injection velocity is increased further, 

the interface becomes rough and the two dimensional wave graduadly evolves 

into a three dimensional wave downstream. The interface of the liquid sheet in 

the downstream area is quite rough. The liquid sheet transits to the turbulent 

flow.

Figure 8.5 shows the flow regime diagram of the Reynolds number versus the Weber 

number for the liquid sheet. The liquid Weber number is defined as piUjaja  and 

the liquid Reynolds number is ptUgdh/fn, where is the hydraulic diameter of the 

nozzle.
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Figure 8.5: Flow regimes in the absence of a co-flowing air stream.

8.1.3 W ave Characteristics of th e Liquid Sheet

All linear stability theories predict that from an initieil disturbance of small amplitude, 

wave growth follows an exponential law. Not many attem pts have been made to 

examine the validity of this prediction. In the present study, acoustic excitation 

of fixed amplitude but different frequencies was used by means of a loud speaker 

to superimpose the  signal frequencies on the liquid sheet. Under this condition a 

well defined surface deformation resulted. To characterize the unstable interfacial 

waves, the wavelengths and amplitude growth rates were estimated from photographic
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measurements, based on the spatial instability of plane liquid sheets [11].

The wavelengths increased almost linearly along the downstream direction for a 

fixed flow condition. The magnitudes of the wavelengths were very close to each other 

for the upper and the lower interfaces at the same axicd locations. The arithmetical 

average for a set of wavelength measurements, was used. The experimental spatial 

growth rate was measured from the photographs such as those shown in Figures 8.6 

and 8.7. The results cire shown in Appendix D, for three water velocities represented 

by Weber numbers (82.99, 169.38 and 286.26). Each test was carried out for a range 

of frequencies up to cut-off frequency.

8.1.4 Spatial Instability Analysis

The temporal instability theory implies that the wave grows in amplitude everywhere 

along the sheet, even in the immediate neighbourhood of the nozzle. In studies of the 

instability of a circular jet [23], it is shown that the temporal instability theory does 

not really apply. The experimental observations indicated tha t the wave set in after 

the sheet was formed and developed downstream along the sheet [24, 15].

A more physically consistent analysis can be made in terms of spatial instability. 

In this analysis the wave number would be complex for given values of wave frequency, 

wherein temporal instability we regard wave frequency complex for given real wave 

numbers. Spatial instability is particularly appropriate in describing liquid sheets 

that are subjected to a continuously oscillating source with a given frequency at the 

nozzle exit.

The spatial instability of plane liquid sheets in gas streams of unequal velocities 

was studied [11] and a complete dispersion relation which relates the spatial growth 

rate, disturbance frequency and the wavelength was derived. Since the dispersion
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relation cannot be solved analytically in closed form a numerical procedure was per

formed through Muller’s method [25]. The complex solution to the dispersion relation 

were obtained for a specific real wave frequency and flow conditions such as liquid 

Weber number, liquid Reynolds number and the density ratio together with the liquid 

and gas velocities.

8.1.5 Spatial Surface Deformation

The wavelength and the amplitude of the wave were estimated from photographic 

measurements. The results were used to calculate the spatial growth rate and the 

real part of the complex wave number which can be related to  the phase velocity. A 

set of typical surface deformations for different flow conditions is shown in Figures 8.6 

and 8.7

From the photographs, interesting results showing sinuous disturbances can be 

seen. These predominate the instability process under the given flow condition. The 

nonlinear effects arising from harmonic wave interaction is invisible on the surface 

deformation specially a t high flow rates, and the thinning of the  liquid sheet at every 

half wavelength can be seen, as predicted by the nonlinear analysis.

The predicted spatial growth rates agree reasonably well with the experimental 

data, as shown in Fig. 8.8. The results show that overall the experimental growth rate 

was lower than the spatial growth rate as predicted by the linear analysis. Figure 8.9 

shows the predicted real part of the wave number, hence the wavelength agrees well 

with the measured values. Figures 8.8 and 8.9 reveal that the nonlinear effects have 

more influence on the spatial growth rate than on the wavelength.

The results of the linear theory are only valid for the very early stages of the wave 

formation where the amplitude of disturbance is assumed to be much smaller than
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Wei  =  82.99 
Ret = 3310.56 

/  =  240 Hz

Wei = 169.38 
Rei =  4729.37 

/  =  450 Hz

Figure 8.6: The side view of the liquid sheet in the absence of a co-flowing air stream
with acoustic excitation.
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Wei = 281 
Rei = 4956 
f  =  600 H z

Wei = 281 
Rei =  4956 
f  =  350 H z

Figure 8.7: The side view of the liquid sheet in the absence of a co-flowing air stream
with acoustic excitation.
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Figure 8.8: spatieil growth rate versus disturbance frequency where for *: We = 
82.99, Re =  3310.56, +: W e = 169.38, Re = 4729.37 and for x: W e = 286.26, Re =  
5372.31 . Here Re is based on half sheet thickness.

the half sheet thickness and it is less valid further downstream. Disintegration occurs 

when the amplitude of these waves reaches a critical value and half waves are tom 

off into unstable ligaments under the action of the surface tension. The ligaments are 

subsequently broken into drops due to the effect of surface tension. The phenomenon 

of half wave breeikup is clearly observable in Figures 8.6 and 8.7. From the set of 

photos for different flow conditions a defined breakup length where coherent sheet no 

longer exists is estimated.

8.2 Liquid Sheet Breakup with Co-flowing Air

The experiment in this section was conducted with water flow rates from 0.1 to 

1.0 GPM  (6.31 -  63.1 X 10-®m3/s) in 0.05 G P M  (3.155 x 10"®m3/s) intervals, 

and co-flow air was varied from 0.5 to 7 S C F M  (4.72 — 66.06 x 10~^m3/s) with
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Figure 8.10: Spatial surface deformation for We =  280.78, p =  0.00129, k =  0.183 
and T}o =  0.01.
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Figure 8.11: Spatial surface deformation for 
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Figure 8.12: Spatial surface deformation for We = 280.78, p =  0.00129, k =  0.183 
and 7/0 =  0.1.
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Figure 8.13: Spatial surface deformation for We = 280.78, p =  0.00129, k =  0.183 
and T/o =  0.2.

0.5 S C F M  (4.719 x 10“"‘m3/5) intervals. The nozzle system was set for diflFerent 

combination of air-water flow rate setting and large number of photos were taken. In 

this part the flow regimes, wavelength, amplitude, convergence and breakup length 

were studied.

8 .2 .1  F low  R eg im es w ith  C o-flow ing A ir

The disintegration of the liquid sheet with varying air stream velocity was investi

gated, ajid the following patterns were distinguishable:

•  At the low air and liquid flow rates the liquid converged under the action of 

surface tension, and the aerodynamic interaction caused the wave to grow on 

the liquid sheet surface (Fig. 8.14).
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• Cellular Breakup: At high air velocity and high liquid velocity cellular breakup 

occurs (Fig. 8.14). The liquid in this case exited the nozzle tip with small scale 

stream-wise, or vertical waves that were generated within the nozzle as the sheet 

came into contact with the shear air. Span-wise vortices were formed across the 

sheet at the air-liquid interface. A sack-like structure developed and layer upon 

layer was formed. This mechanism is termed the cellular breakup.

•  Stretched stream-wise ligament breaikup: As the liquid velocity dropped, and 

the relative velocity increased. The stream-wise vorticity became of equal or 

greater importance to the span-wise component that caused the later regime. In 

this breakup regime, ligaments which were oriented parallel to the flow direction 

predominated over the span-wise ligeunents. At sufl&ciently high air velocities, 

the stream-wise ligaments receded to the nozzle exit and the sheet ruptured 

into ligaments immediately (Fig. 8.15).

Figure 8.16 shows the flow regime diagram of the liquid Reynolds number ver

sus air Reynolds number. Here liquid and air Reynolds numbers axe defined as 

PaUadh,alfia and PiUidh,ilfit where dh,a. and dh,i are hydraulic diameters for air and 

liquid flow passages.
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8.2.2 Wave Characteristics of the Liquid Sheet

Similaj mezisurements like measurements in the absence of air flow were carried out 

for two cases without acoustic excitation Figures 8.14 and 8.15, and with acoustic 

excitation of fixed amplitude for a range of different frequencies Figures 8.17 and 8.18. 

These Figures show that the acoustic excitation has a major effect on the liquid sheet 

breakup. However for the lower liquid flow rate together with high air flow rate, 

ie., the atomization regime, there is no noticeable change in the spray characteristics 

measurements.

From the photos the breakup length, average wavelength and amplitude growth 

rates were measured and the results are shown, in Appendix D . As observed by 

others [26] for plane or annular sheets, increasing air velocity would decrease the 

breakup length. Ultimately the liquid sheet breakup length recedes to the nozzle 

exit, in contreist to the case where increasing the water flow rate would increase the 

breakup length, as shown in Fig. 8.20. Figure 8.19 shows the variation of average 

wavelength with liquid velocity for different air velocities. This indicates that wave

length increases linearly with increasing liquid velocity for a fixed acoustic signal. 

The results aiso show that increasing air velocities lead to more unstable waves with 

increcising wavelengths which are dominated by the acoustic signal. Figure 8.21 shows 

the variation of wave amplitude with the distance from the nozzle exit for different 

liquid velocities and fixed co-flowing air.
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Figure 8.14: The face view of the liquid sheet at high liquid and low equal co-flow of 
air velocities without acoustic excitation.
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Wei =  82.99 
Rei =  3310.56 
Müa =  0.17 
Rta =  10905

Wei =  82.99 
Rei = 3310.56

MCa =  0.21
Rca =  13329

Figure 8.15: The face view of the liquid sheet at high liquid and high equal co-flow 
of air velocities without acoustic excitation.
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Figure 8.16: Flow regimes with co-flowing air.

The results axe shown in Appendix D, for three sets of water flow with co-flowing 

air streams. The liquid Weber numbers are 27.10, 82.99 and 169.38, respectively and 

air velocity of 46.55m/s. The measurements were used to calculate spatial growth 

rates and the real parts of the wavenumbers which enables to calculate the wavelength 

for different acoustic signal frequencies.
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8.2.3 Prediction of Linear Spatial Instability Analysis

The spatial instability of a plane liquid sheet in co-flow gas of unequal velocities has 

been studied by [3] and a complete dispersion relation was derived. Here Muller 

method was used to solve the dispersion relation for the same experimental flow 

conditions and the experimental results were compared with theoretical results in 

Figures 8.22 and 8.23. Generally good agreements were obtained for the  spatial 

growth rates compared with the wavelength which were the same as the case for the 

no co-flow of air.

8.3 Spray Characterization

The structure of the co-flow atomizer sprays depends on many variables such as atom

izer design, working fluids properties, the fluids velocities and the ambient conditions. 

It is practically impossible to examine the effects of all these variables in the  spray 

at the same time.

The present study was focused on the variation of mean drop size and the cixial 

velocity caused by the atomization conditions on the designed atomizer. The liquid 

used for the atomization was the tap water. The flow rates of the two air streams were 

always kept equal throughout the experiments. The spray was generated from the 

liquid sheet breakup exited from the two-dimensional atomizer. The measurement 

volume was chosen as indicated in Figure 7.5 in the previous chapter. In the first 

part of the measurements, the spray was investigated at five parallel planes from

114.3 mm (4.5") to 215.9 mm (8.5”) with equal intervals of 25.4 mm (l" ) . At each 

section the measurements were taken along the X and Y axes, (refer to Figure 7.5).

In the second part the effects of water aind air velocities on the spray characteristics
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were measured down-stream of the nozzle exit along the Z ajcis.

In the last part the effects of acoustic excitation on the spray characteristics were 

measured at a fixed distance from the nozzle exit and for a set of frequencies at which 

visually apparent changes in the surface deformation occurred due to acoustic signals.

For each spray measurement location, the Dantec PDPA together with the SIZE- 

ware software provided detailed data and graph options such as various mean droplet 

sizes and velocities as well as their histograms. A typical histograms axe shown in 

Figure 8.24, provided detailed information about counts of droplets per velocity class 

for the velocity distribution histogram, and counts of droplets per size class for the 

diameter distribution histogram. However, in this work only the data which are 

most representative of spray characteristics, in spray applications are considered and 

presented.

8.3.1 Cross Flow Spray Characteristics at Fixed Air-W ater 

Flow Rates

The cross-flow spray characteristics were obtained along the X and Y cixes, i.e. along 

the direction of the sheet thickness and the width. In this part, the air and liquid 

velocities were fixed at Ut =  0.98 m /s, and Ua =  93.1 m /s , with a liquid temperature 

of Ti =  21°C and the tank pressure of P r  =  60 ±  \psig. The results are tabulated in 

appendix F.

Figures 8.25 and 8.26 indicate the Sauter Mean Diameter (SMD) along the X 

and Y ajces, respectively, for five different axial locations oi Z  = 114.3 m m  (4.5"),

139.7 mm (5.5"), 165.1 mm (6.5"), 190.5 mm (7.5") and 215.9 mm (8.5").

The results in Figure 8.25 show nearly uniform distribution of SMD over the center 

portion of the spray where the spray may be considered as two dimensional. However
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farther away from the center line the effect of rapid mixing and redistribution of 

the drops could well be the result of boundary layer growth. In «ill axial locations 

significant increases in SMD are observed from the center line region to the edge of 

spray, which is mainly due to the relative increase in the number of l«irge drops. The 

poor atomization at the edge of the liquid sheet is due to the low relative velocities 

between the air and the liquid resulting from the boundary layer effects.

The results in Figure 8.26 indicate that the SMD at different axial locations was 

quite symmetric about the center line and it was queditatively similar to Figure 8.25 

along the X axis.

Mean axial velocity variation along the X and Y axes is shown in Figures 8.27 

and 8.28 for five different axial locations ol Z  = 114.3 m m  (4.5"), 139.7 m m  (5.5"'), 

165.1 m m  (6.5"), 190.5 m m  (7.5" ) and 215.9 m m  (8.5" ).

Figures 8.27 indicates that the velocity profiles were Gaussian-like with the max

imum velocity at the center, as observed for the annular liquid sheet brealcup [27]. 

Since the droplets were transported by the atomizing air jets, the droplet velocity 

profiles were governed by the air jets velocity profiles. It is noticed that the velocity 

profiles are highly symmetric about the center line, and the larger droplets are seen 

to have slower responses to the accelerating effects produced by the air flow fields. 

Therefore larger drops at the edge of the spray continue to accelerate over larger 

distances than the smaller drops in the central region of the spray. Figure 8.28 shows 

the velocity profiles along the Y axis at the different axial locations of the spray. The 

results are similar to those for the X axis except in the center line region where the 

velocity profile flattens. This is due to the width of the nozzle. The smaller drops at 

the center accelerate at a much faster rate than the larger droplets in the peripheral 

region.

The variation of the drop turbulent intensity along the X and Y axes is given
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in Figures 8.29 and 8.30 for five different axial locations of Z =  114.3 mm  (4.5"),

139.7 mm (5.5"), 165.1 mm (6.5”), 190.5 mm (7.5”) and 215.9 mm (8.5”).

The turbulent intensity was minimum at the center and maximum at the outer 

edge. The turbulent intensity was also reduced downstream for both X and Y direc

tion. The turbulent intensity was caused by the aerodynamic interaction between the 

atomizing fluid and the dispersed phase fluids.

The variation of the drop number density along the X and Y axes is presented 

in Figures 8.31 and 8.32 for five different axial locations of Z = 114.3 mm (4.5"),

139.7 mm (5.5”), 165.1 mm (6.5”), 190.5 mm (7.5”) and 215.9 mm (8.5").

It is clear that the variation of number density in the X and Y direction is different. 

In the X direction there are fewer sméJler droplets at the center than at the outer 

boundaries and it was similar to the distribution of the Sauter Mean Diameter for this 

case. In the Y direction the number density at the edge was smedler, especiaJly when 

the measurement was made farther downstream. Also the angle of spray is larger in 

the Y direction than in the X direction.
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Figure 8.17: The side view of liquid sheet at high liquid and high equal co-flow of air 
velocities, Ui =  6.85 m /s  and Ua =  59.85 m /s .
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i2e, =  3310.56 
MOa = 0.14 
Rca =  8482

Figure 8.18: The side view of liquid sheet at high liquid and high equal co-flow of air 
velocities, with acoustic excitation f  =  1.12 kH z  and acoustic pressure 20 Pa.
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Figure 8.19: Variation of average wavelength with liquid velocity for different air 
velocities. Acoustic frequency /  =  1.12 kH z  and acoustic pressure 20 Pa.
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Figure 8.20: Variation of breakup length with liquid velocity for different air velocities. 
Acoustic frequency /  =  1.12 kH z  tind acoustic pressure 20 Pa.
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Figure 8.21: Variation of amplitude with the distemce from the nozzle exit for different 
liquid velocities. Acoustic frequency /  =  1.12 kHz and acoustic pressure 20 Pa.
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Figure 8.22: Spatial growth rate versus disturbance frequency where for *: Wei 
27.1, Rei =  1891.75, +: Wei =  82.99, Rei =  3310.56 and for x: Wei =  169.38, Rei 
4729.37 . Here Re is based on half sheet thickness.
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Figure 8.23: Real part of complex wave number versus disturbance frequency where 
for *: Wei =  27.1, Rei =  1891.75, +: Wei =  82.99, Rei = 3310.56 and for x: 
Wei =  169.38, Rei =  4729.37 . Here Re is based on half sheet thickness.
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Figure 8.24: Typical drop velocity and size histograms for center point facing the 
minor axis Ut =  0.98 m /s , Ua. =  93.10 m /s and Z  =  165 m m.
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Figure 8.25: Spatial distribution of drop Sauter Mean Diameter along the X axis 
, Ut =  0.98 m /s , and Ua =  93.10 m /s .
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Figure 8.27: Spatial distribution of drop mean eodal velocity along the X axis, Ue 
0.98 m /s, and Ua =  93.10 m /s .

35

I  30 

^ 2 5

f  20
0
1  15 
(0

10

o Z=11.43cm 
X Z=13.97cm 
+ Z=16.51cm 
• Z=19.05cm 
. Z=21.59cm

-5 0

o
X 

« +

o
X

o
*

+
X

o
X

o
X

+

X  X o
+

X

50
Distance across the length Y (mm)

Figure 8.28: Spatial distribution of drop mean éixial velocity along the Y axis, Ut
0.98 m /s , and Ua =  93.10 m /s .



CHAPTER 8. EXPERIMENTAL RESULTS AND DISCUSSION 87

400

6300

(0c
®
JE200
c
®
3
■e
.3 100

O'—
-100

o Z=11.43cm 
X Z=13.97cm 
+ Z=16.51cm 
*Z=19.05cm 
. Z=21.59cm

°  x ï ï - j i

-5 0  0 50
Distance across the length X (mm)

100

Figure 8.29: Spatial distribution of drop turbulent intensity aJong the X axis, Ut 
0.98 m /s, and Ua = 93.10 m /s.
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Figure 8.31: Spatial distribution of drop number density along the X axis, Ut 
0.98 m /s, and Ua = 93.10 m /s.
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8.3.2 Effects of Flow Variation on Spray Characteristics

The co-flow atomizer was further chciracterised for different flow conditions. The X 

éind Y directions were fixed at the reference point Figure 7.5. In this paxt a set of 

air water flow rates were chosen; Water: Ui =  0.98, 1.96 and 2.93 m /s; AirzUa =  

93.10, 79.80, 66.50 and 53.20m/s, Ti = 2 l“C and P r  =  60 ±  iP sig . The spray 

characteristics are measured downstream along the Z-axis, for different combinations 

of air-water flow rates and the results are tabulated in appendix G.

Figure 8.33 shows the effect of flow variation on drop mean axial velocity versus the 

distance downstream along the Z axis. Generally drop mean axial velocity decreases 

with the distance downstream. The higher air velocity would give a  sharper decline. 

The rate of decline is more related to the air than to the water. At any fixed location 

downstream in Figure 8.33 the increase in air velocity resulted in an increase in drop 

mean axial velocity, which is due to higher momentum transfer at higher flow rates.

The boundary layer growth and the interaction with the surrounding air are the 

main reasons behind the drop in mean axial velocity, which can cause the deceleration 

of the drop in spray. The axial velocity does not change linearly with air velocity or 

the water velocity. The effect of water velocity increase on the drop axial velocity 

is not very clear. The range of the water velocities used was not very wide because 

of the nozzle design limitations. At higher liquid flow rates much higher air velocity 

is required for the atomization of a liquid sheet to a fine spray. In some cases, 

especially at very high air velocity, increase in liquid velocity would cause a reduction 

of drop axial velocity. In some other cases close to nozzle exit, higher air or water 

velocities would also reduce the drop axial velocity which could be due to strong flow 

fluctuations in the region near the nozzle exit. This hats higher values of turbulent 

intensities.
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Figures 8.34, 8.35 and 8.36 show the effect of flow variation on drop Sauter Mean 

Diameter versus the distance downstream along the Z axis. The Figures show that 

a significant reduction in drop size cam be obtained by increasing the air velocity. 

However there is a limit to the effectiveness of the increased air flow rates beyond 

which there is a diminishing reduction in the drop diameter. Sauter Mean Diameter 

increases generally with distance from the nozzle exit, at the locations, up to 150 mm 

downstream from the nozzle exit. There is a flat or decrease in Sauter Mean Diameter 

with distance. That used to be explained in terms of secondary atomization and 

subsequent increase in coalescence of the droplets [20, 19].

The effect of water velocity is not very clear especially for the liquid velocity range 

considered. By looking at the air-liquid ratio, it is seen that there is a global increase 

in drop size by increasing the air-liquid flow rates, or the velocity ratio.
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different flow rates.

Figures 8.37 to 8.39 shows the spatial distribution of drop number density along 

the Z axis for different flow conditions which inindicates tha t increase of the number 

density with axial location, that is due to droplet migration which occur progressively 

along the spray centerline downstream, amd the decrease in sauter mean diameter is 

the results of increase in number density.

8.3 .3  Effects o f  A co u stic  E xcita tion  on Spray C haracteris

tics

The co-flow atomizer was further characterised to examine the effect of acoustic ex

citation on the spray. The spray measurements were taiken at the center point facing 

the minor axis. Figure 7.5. In this part acoustic signals with a range of frequen-
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Figure 8.36: SpatiaJ distribution of drop Sauter Mean Diameter along the Z axis for 
different flow rates.

cies were used for a set of air-water flow rates; Water: Ui =  1.96 m /s  and ; Air: 

Ua = 66.50, and 93.10m/s. The spray characteristics were measured downstream 

along the Z-axis, for three different axial locations Z  = 127.0 m m  (5.0 ), 177.8 mm  

(7.0"), 203.2 m m  (8.0" ). The results axe tabulated in appendix H.

The effect of acoustic signal on drop Sauter Mean Diameter is shown in Figures 

8.42 and 8.43, and the Figures 8.40 and 8.41 shows its effects on drop mean axial 

velocity at different locations along the Z axis. The sauter mean diameter has the 

same behavior as for the mean axial velocity, and as it is shown in flow visualiza

tion, the acoustic excitation has some effects even in atomization regime but spray 

characteristic measurement such eis SMD does not show considerable chcinge. Theo

retically it is difficult to achieve a significant reduction of the drop size by exerting 

acoustic excitation. In order to improve the effect of external acoustic excitation, the
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Figure 8.47: Self-similarity for the turbulent component of drop axial velocity.

Table 8.1: Correlation CoeflBcient and Uncertainty of Drop Mean Axial Velocity.

W ater Velocity 
Ue{mls)

Air Velocity 
Ua{mls)

Coefficient
c

Standard
Deviation

0.98
93.0 5.3991 0.1991
79.8 4.8918 0.0328
66.5 4.3767 0.0986
53.2 3.7633 0.2119

1.96
93.0 4.5114 0.2090
79.8 4.4520 0.0988
66.5 4.2901 0.0899
53.2 3.5988 0.0524

2.94
93.0 4.5139 0.2147

0.1637
0.1417
0.0866

79.8 4.2337
66.5 4.0983
53.2 3.0532
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cimplitude of the external acoustic disturbances should be larger than the disturbance 

corresponding to the dominant wave growth rate. It is also generally very difficult to 

produce a very leirge initial amplitude of disturbances using ordinary loud speakers.

8.3.4 Correlation o f Spray Characteristics

At far enough downstream, the velocity profiles can be assumed to become self-similar, 

therefore air and water velocities are the same and there is no pressure gradient, and 

the jet momentum J  must remain constant at each cross section. For both water 

and air plane jet, [28]:

J  = J  pti^dA =  const =  const p b u ^^  (8.1)

In the self-similar region, the centerline velocity and jet width depend only upon jet

momentum, density, and the distance, but not upon molecular viscosity since there 

are no walls:

U m a x  =  /cn (z , J, p)  (8.2)

b =  fcn {x , J, p) (8.3)

By dimensional analysis, the width czin only be a linear growth, for turbulent plane 

jet:

6 =  (const) X (8.4)

Here the constant is unique, a single growth rate for all self-similar turbulent plane 

jets.

By dimensional analysis Umax leads to :

U m a x  =  (const) (—)a z ^  (8.5)
p
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Here again the constant is unique for turbulent jets cind independent of the Reynolds 

number, and is obtained from the experimental data.

The drop axial velocities in the spray center for various water and air velocities are 

shown in Figure 8.33. All the experimental data points are used for the correlation 

except those near the nozzle exit. The correlation coefficient and the deviations from 

the experimental results are shown in Table 8.1 for different water and air velocities. 

The correlation curves are presented in Figures 8.44, 8.45 and 8.46, and there is a 

very good agreement with the experimental results.

Figure 8.47 shows self-similarity of the drop axial profile. When the drop zixial 

velocity Uz normalized by the drop maximum velocity Umax on each corresponding 

spray plane is plotted with the coordinate X normalized by the axial coordinate 

Z, the normalized velocity profiles collapse together reeisonably well on the velocity 

correlation for a turbulent jet. The Figure 8.47 also shows that the self-similarity 

does not take place until some distance away from the nozzle exit. This result shows 

that the liquid drops follow the air motion in the central region, and have jet-type 

velocity distribution in the other directions perpendicular to the axial downstream 

direction.

8.4 Uncertainty Analysis

There is a level of uncertainty in all experimental measurements, this arises from each 

individual parameter effecting the measurements. These uncertainties are estimated 

and then the combined uncertainty is assessed. The uncertainties for photographic 

and PDPA spray measurements are as follows.



CHAPTER 8. EXPERIMENTAL RESULTS AN D  DISCUSSION 102

8.4.1 Photographic M easurem ents

The major parameters that axe sources of uncertainties in the photographic measure

ments axe:

•  Nozzle dimensions: uncertainties in cross sectioned area of water and air nozzle 

exits {Aa,At)

• Main pressure fluctuation: uncertainties in water and eiir velocities {Ua,Ut)

• Flow-meter readings: uncertainties in water axid edr flowrates {Qa,Qt)

•  Camera alignment: uncertainties in liquid sheet breakup and sizes (brealcup 

distance, wavelength and amplitude)

• Negatives and printing paper: uncertainties in liquid sheet breakup and sizes 

due to Sensitivity and resolution

• Enlarge printouts: uncertainties in liquid sheet breakup and sizes arising in 

systematic measurements

The nozzle dimensions uncertainties are due to the errors after assembling the 

nozzle paxts. The absolute error for the nozzle dimensions in length and width for both 

air and water is 0.01mm. Further, under working conditions, the maximum deflection 

of 0.004mm occurs on the plate separating air and water canals at Q.7MPa (lOOPsi). 

The result is a maximum absolute error of SAg =  0.257mm^ and 6 Aa =  0.268mm^

for the water and air cross sectional area respectively.

Ae = {Lg ±  6 Lg) X (Wg ±  8 Wg) =  LgWg ±  SAg (8.6)

Aa =  (la  ±  SLa) X {Wa ±  % )  =  L^Wa ±  6A. (8.7)
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The estimation of uncertainty for the water and air velocities is due to the main 

pressure fluctuations and the flowmeters. The maiin supply pressure is 95 psig éind 

only 1% of main supply pressure would give an air velocity of 102.7 m /s  and 10% of 

main supply pressure would result in a water velocity of 11.5 m /s. The accuracy of 

both water and air flowmeters is ±2.5% of the flowmeter full sczde. The majcimum 

absolute error for the water flowrate is 6 Qe = 0.025 G P M  or 1.58 x 10~®m^/s and 

8 Qa =  0.15 SC F M  or 7.08 x 10”®m^/s for the air flowrate.

u .= Q a  ±  S Q a

Aa ±  6 Aa

The relative errors estimated from the above equations, for water cind air flowmeters 

are ±6.51% and ±12.96% respectively.

The uncertainties for other photographic meeisurements are very difficult to assess 

correctly to present.

8.4.2 PDPA spray measurements

The major parameters that are sources of uncertainties in the PDPA measurements 

are:

•  Nozzle dimensions: uncertainties in cross sectional area of water and air nozzle 

exits (Aa,Ae)

•  Main pressure fluctuation: uncertainties in water and air velocities {Ua, Ue)

•  Flow-meter readings: uncertainties in water and air flowrates { Q a ,  Qe)
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• Traversing system: uncertainties in location of spray measurements;

•  Optical alignment for PDPA measurements

• Accuracy of PDPA instrument

• Tank ventilating flow system

• Misting of the visualization zone

• Systematic errors in taking measurements

The same set of apparatus was used for PDPA spray measurements. Therefore esti

mation of uncertainty for the water and air velocities are the same as that presented 

for the photographic measurements.

The PDPA optics which are mounted on a three-dimensional traversing system 

originally designed by Billennes [22]. The accuracy of the positioning was checked 

and found to be better than 0.025 mm.

The PDPA which is based on laser Doppler interferometry has a self-calibration 

built in and is verified to have high accuracy of measurements by the manufacturer. 

Also the PDPA has been calibrated using a single droplet generator [29]. The droplet 

size has an accuracy of 0.6% when compared with the theoretical prediction of Lord 

Rayleigh [30].
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C hapter 9

C onclusion  and R ecom m endation

In the theoretical part of this study a nonlinear stability analysis of tin inviscid liquid 

sheet moving in an inviscid and incompressible gats medium at rest has been carried 

out. The first, second and third order governing equations have been derived along 

with appropriate initial and boundary conditions which describe the characteristics 

of fundamental mode, the first and second harmonics. The results show that the 

nonlinear growth rate is smaller than in the linear case as expected. The theoretical 

results lead to the determination of the breakup time or length, which is of importance 

in the spray modelling. The effects of the flow parameters on the breakup length or 

time have been investigated. Special attention has been given to the effect of initial 

amplitude of disturbance on liquid sheet thinning and the breaJcup phenomenon has 

been studied. The spatial surface deformation gives a more realistic behavior of the 

liquid sheet breakup process.

It is shown experimentally that for a fixed frequency and for certain air velocity, 

the wavelength is almost directly proportional to the liquid velocities. The observation 

shows that for a fixed air flow rate and the acoustic frequency, the amplitude growth 

is dependent on the wavenumber or liquid flow rate. The breakup length for the flow
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conditions and perturbation used is observed to be shorter than when the liquid sheet 

is not acoustically excited. The visual observation of the surface deformation clearly 

shows some very interesting results, such as the nonlinearity predicted by this study 

resulting from the effects of the harmonics and thinning of the liquid sheet at every 

half wavelength interval.

Photographic meeisurements have identified four distinct regimes for liquid sheet 

breakup in the absence of coflowing air. These are, 1)— smooth flow at relatively 

small Reynolds number, 2)— two dimensional wave flow, 3)— evolved two dimen

sional wave flow, and 4)— sand paper-like flow. In the case of liquid sheet breakup 

with coflowing air, the representative regimes are, 1)— surface waves flap like flag, 2)— 

cellular breakup, and 3)— atomization spray regime. Spray from liquid sheet breakup, 

characterized by Phase Doppler Pzu'ticle Analyzer indicates that air enhances insta

bilities cind results in improved atomization. Also, the result of acoustic excitation 

for different regimes in liquid sheet disintegration shows that for certain frequencies 

the resonance and enhanced instability occurs. For the spray regime, however, the 

effect on drop sizes and velocities are not noticeable. Spray cheiracteristic parameters, 

such as drop mean diameter and axieil velocity, are symmetric about the spray axis. 

The drop axial velocity has a jet-type self-similar spatial distribution in transverse 

direction, and decreases monotonically along the spray axis.

Nonlinear analysis should be extended to varicose disturbances because in practi

cal applications both sinuous and varicose waves are unstable and grow on the liquid 

sheet surfaces. Further flow visualization of the streamlines adjacent to the liquid 

sheet is possible by using some kind of smoke and a flash stroboscope back lighting 

synchronized with various phase frequency signal of the loud spealcer. In this case 

the boundary layer separation and subsequent vortex growth around the crests of the 

liquid sheet can be studied.
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A ppendix A

C onstants o f Integrations

1 ‘Î/92 I
4 ( i )  =  ;inh(2^f)l

sinh(2/3f)

C  =  —̂ [(tan h ^  A: +  4coth2A:tajih A; — 5)(n^ +  2fcn +  A:̂ )]

D = C

E  =  —-^[(A:^ +  2Ara)(tanli^ A: +  4coth2A:tanli Ar — 5)

+2(yS  ̂+  a^)(tanh Arcoth2A: +  ^tanh^ A; — ^) — 2(/3  ̂— a^)(tajih A:coth2A: — 1)] 
n

Ai = (m — m)(m — 2n)

A2 =  ----------------------------(m — m)(m — 2n)

 ̂ (m — m)(m — 2a) 
A4  =  A2

As =  Ai
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■<46 =  As
r

A i -

(m -  2n)(m -  2n) 
As =  A i

E
A,9 (m — 2 a){m  — 2a)

D \  —  —- — =[Z?3(Tn +  n — 6) -|- D /i { it i +  ti — 6) D $ ( 2 ^  +  n — 6) 4- D s { 3 n  — 6)
6 —  6

-\-Di{n +  2 a  — 6) -|- D s { t t i  +  ti — 6) -I- Dg{m +  n  — 6) +  D\o{3n — 6) 

+Z?ii(ti +  2n — 6) +  D n i j i  +  2 a  — 6)]

D 2 = Di

Ds
-6 l

(m +  n — 6)(m +  n — 6)

D , - 6 2

(m +  Ti — 6)(m +  n — 6)

Ds —  617
( 2 t i  +  7Î —  h)(2 n +  n —  6)

Ds -6x8
(2n — 6) (371 — 6)

D i — 6 i 9

(n +  2a — 6)(n +  2a — 6)
Ds = D l

Dg D~s

Dio = D~s

Dll — D~s

D i 2 — D^

C l = Ai +  Az +  Aa^ n^Si mnBs +  imBe +  m Br +  Bio)

62 = mnBs +  imBe +  m Br +  Bio)

63 = - ^ ( —71̂  Bi — A tP  B 2 — 2717% B 3  +  2inBs +  in B i  +  Bio)
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6 4  =  - ^ ( —tPB \ — AtPB2 — 2 n^B^ +  2 iîiBe +  inB r  -h Bio)

6 5  =  - ^ ( —tPB \ — AcPB2 — "IcinBz +  ‘lictBo 4- in B 7 +  Bio)

t i l  — — (—M̂ ^ 4  — tP Bs +  inBs +  Bg)
64

t i 2 =  — (—n^B 4 — Bs +  inB% +  Bg)
64

Ci3 =  %—(—2 TIT1B 4 — 2n^5s +  2inBg +  2Bg)
64

e i 7  =  63  +  t i 2

t i 8  =  64 +  t i l

t i g  =  65 +  e i 3

B i  =  I  —  temh(A:) tanh(Sfc)

=  1 — tanh(3fc) coth(2A:)

Bg = 3 — taJLh(A:) coth(2A:) — témh(t) tanh(3Ar) — tanh(3A:) coth(2A;)

B 4 =  6A;tajih(fc) — 4 t tanh(t) coth(2t) tanh(3t) +  A;tanh(3t) +  pk

—2 k tajih^(A:) coth(2fc)
3k k

Bg = —  tan h (t) +  — tanh(3A:) — 2k tanh(6) coth(2Ar) tanh(36)

Be =  —ik[—7 +  tajih(A:) tanii(3A;) +  5 tanh(3A;) coth(2A;) +  tanh(fc) coth(2A:)]

B 7 =  —2iA:[2 tanh(fc) tanh(3A;) +  tanh(3fc) coth(2t) +  tanh(fc) coth(2t) — 4]

Ba =  12tajili(A:) coth(2Ar) tanh(3A;) +  3taiih(3A:) +  15tajih(t)

—4 tanh^(A;) coth(2t)]
U3

B g  =  — [4tanli (fc)coth(2A:) — 15tanh(Ar) +  12taiih(fc)coth(2A:)tajih(3A:)

3k
—3tanh(3A;) —

Wt
Bio =  it^[2taiili(A:) coth(2Â:) +  3tanh(A;) t«mli(3fc) +  6tanli(3fc) coth(2Ar) — 11]

G i  — tanli^(Ar) — 2 p +  1
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G2 = 1 — tanh(Ar) coth(2 t)

G3 = — 3 tanli(Ar) +  Âr t̂anh(Â:)

G4 = —/»A: +  tanh(A;) — 2Artanli^(fc) coth(2A:)

Gs = k  tanh(fc) +  tanh(t) — 2 k  tanh^(fc) coth(2 fc)
, k^
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A ppendix B

W ater and A ir Flow-m eter

Settings

B .l Water Flow-meter Settings with Flow Pa

rameters

B.2 Air Flow-meter Settings with Flow Parame

ters
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Table B.l: Water Flow-meter Settings with Flow Parameters

Qt
[GPM)

Qi
(m^/s) X 10 ®

Ui
(m /s)

Re We

0.1 6.31 0.98 472.94 1.69
0.2 12.62 1.96 945.87 6.77
0.3 18.93 2.93 1418.81 15.24
0.4 25.24 3.91 1891.75 27.10
0.5 31.55 4.89 2364.68 42.35
0.6 37.86 5.87 2837.62 60.98
0.7 44.17 6.85 3310.56 82.99
0.8 50.48 7.82 3783.49 108.41
0.9 56.79 8.80 4256.43 137.20
1.0 63.10 9.78 4729.37 169.38

Table B.2: Air Flow-meter Settings with Flow Parameters

Q.
{SCFM )

Q.
(m ^/s) X 10-4 (m /s)

Re
xlOP

Ma
xlO-2

0.5 2.36 6.65 1.211 1.94
1.0 4.72 13.30 2.423 3.88
1.5 7.06 19.95 3.635 5.81
2.0 9.44 26.60 4.847 7.75
2.5 11.80 33.25 6.059 9.69
3.0 14.16 39.90 7.27 11.6
3.5 16.52 46.55 8.482 13.6
4.0 18.88 53.20 9.694 15.5
4.5 21.24 59.85 10.905 17.4
5.0 23.59 66.50 12.117 19.4
5.5 25.96 73.15 13.329 21.3
6.0 28.31 79.80 14.541 23.3
6.5 30.67 86.45 15.752 25.2
7.0 33.03 93.10 16.964 27.13
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A ppendix C 

Different V iew s o f Research  

A tom izer

C .l Main Body of the Research Atomizer

C.2 Top or Bottom Part of the Research Atom

izer

C.3 Contraction Contour of Top or Bottom Part 

of the Research Atomizer

C.4 Contraction Contour of Main Body of the 

Research Atomizer
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Figure C.3: Contraction Contour of Top or Bottom Part of the Research Atomizer.
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Figure C.4: Contraction Contour of Main Body of the Research Atomizer.
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Photographic M easurem ents
D .l Liquid Sheet Convergence Length and Width

D.2 Liquid Sheet Wavelength

D.3 Liquid Sheet Breakup Length

D.4 Growth Rate and Wavelength with Co-flow 

of Air

D.5 Growth Rate and Wavelength with Co-flow 

of Air

D.6 Growth Rate and Wavelength with Co-flow 

of Air

D.7 Growth Rate and Wavelength without Co

flow of Air

D.8 Growth Rate and Wavelength without Co

flow of Air

D.9 Growth Rate and Wavelength without Co

flow of Air
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Table D.l: Liquid Sheet Convergence Length and Width at Various Water Flowrates 
without Co-flow of Air

Water Flow Water Convergence Width W idth
Flow Rate Velocity Length @ 1 cm @ 3 cm

{GPM) {m^/s) X  10-G (m/s) (mm) (mm) (mm)
0.15 9.47 1.47 17.5 10.51 1.71
0.20 12.62 1.96 25.5 13.84 1.71
0.25 15.78 2.44 35.2 16.93 4.11
0.30 18.93 2.93 44.5 18.64 8.04
0.35 22.90 3.23 54.5 19.75 11.28
0.40 25.24 3.91 61.3 20.43 12.73
0.45 28.40 4.40 71.5 21.20 15.22
0.50 31.55 4.89 76.3 21.37 15.90
0.55 34.71 5.38 87.8 22.14 17.09
0.60 37.86 5.87 98.3 22.65 17.95
0.65 41.02 6.36 106.3 22.65 18.63
0.70 44.17 6.85 115.4 23.08 19.15
0.75 47.33 7.33 119.8 23.08 19.66
0.80 50.48 7.82 127.5 23.08 19.66
0.85 53.64 8.31 130.5 23.08 19.66
0.90 56.79 8.80 145.6 23.077 20.51
0.95 59.95 9.29 151.2 23.077 21.49
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Table D.2: Liquid Sheet Average Wavelength at Various Water and Air Flowrates

U a  — 33.25 m /s U a  = 46.55 m /s U a  =  59.85 m /s U a  =  73.15 m /s
U i À2 A3 A4

(m fs) (mm) (mm) (mm) (mm)
9.78 8.44 8.80 8 . 8 8 9.56
8.80 7.32 7.84 8 . 1 1 8.82
7.82 6.69 7.26 7.85 8 . 1 1

6.85 5.69 6.53 6 . 6 6 8 . 1 1

5.87 4.98 6.19 6 . 1 2 6.26
4.89 4.51 5.69 5.98 5.98
3.91 4.34 5.38 5.55 5.60

Table D.3: BreaJcup Length at Various Water and Air Flowrates

Ua =  33.25 m /s Ua = 46.55 m /s Ua =  59.85 m /s Ua =  73.15 m /s
Ui k lb lb lb

(m /s) (mm) (mm) (mm) (mm)
1.96 38.75 18.13 16.25 12.50
2.93 56.88 20.63 2 0 . 0 0 16.25
3.91 68.75 31.25 30.63 22.50
4.89 72.19 37.50 28.13 28.13
5.87 93.75 45.00 30.00 28.75
6.85 116.88 50.63 31.88 31.25
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Table D.4: Growth Rate and Wavelength with Co-flow of Air at Various Frequencies

Ua =  46.55m/s Rca =  8482 Moa =  13.6 x 10  ̂
Ue =  3.91m/s Ree =  1891.75 IVee =  27.1

/ ( ^ z ) A (mm) A2 /A 1 (jJr - k i kr
500 8.8 3.75 0.102 0-022 0.107
700 6.0 4.50 0.143 0.037 0.156
1000 4.2 4.21 0.204 0.051 0.224
3000 1.5 7.50 0.612 0.801 0.626
4000 1.04 8.75 0.816 0.312 0.903
7000 0.92 7.2 1.438 0.328 1.020
10000 0.55 7.6 2.040 0.551 1.707
15000 0.75 7.6 3.061 0.310 1.252
20000 0.83 5.0 4.082 0.289 1.930

Table D.5: Growth Rate and Wavelength with Co-flow of Air at Various Frequencies

Ua =  46.55m/s Rca =  8482 Ma» =  13.6 x lOr^ 
Ut =  6.85m/s Rei =  3310.56 Wee = 82.99

f  {Hz) A (mm) A2 /A 1 Wr —ki kr
0 0 0 0 0 0

500 0.015 2.0 0.058 0.007 0.064
700 0.01 2.67 0.082 0-015 0.094
1000 7.9 4.29 0.117 0.028 0.119
3000 3.2 4.75 0.350 0.073 0.293
4000 2.25 6.0 0.466 0.119 0.417
7000 3.0 8.0 0.815 0.104 0.313
10000 1.0 3.58 1.165 0.191 0.939
15000 0.833 2.33 1.747 0.152 1.127
20000 0.6 2.92 2.330 0.266 1.565
25000 0.8 3.75 2.912 0.247 1.878



APPENDIX D. PHOTOGRAPHIC M EASUREMENTS 129

Table D.6: Growth Rate and Wavelength with Co-flow of Air at Various Frequencies

Ua — 46.55m/s Rca — 8482 Ma^ =  13.6 x 10  ̂
Ut =  9.78m/s Ret =  4729.37 We; =  169.38

f { H z ) A (mm) A-ijAx Ur - k i K
1150 9.0 1.40 0.094 0.006 0.104
1350 7.4 2.11 0.110 0.015 0.127
2300 5.4 3.00 0.188 0.030 0.174
4000 2.83 2.25 0.326 0.043 0.331
7000 1.38 2.60 0.571 0.104 0.683
10000 1.28 2.50 0.816 0.106 0.730
15000 1.7 3.33 1.224 0.106 0.552
30000 0.8 1.71 2.448 0.101 1.173
35000 0.6 1.11 2.856 0.026 1.564

Table D.7: Growth R^te ajid Wavelength without Co-flow of Air at Various Frequen
cies

Ut =  6.85m/s Ret — 3310.56 W et = 82.99
f  {Hz) A (mm) Aï/Ax Ur —ki kr

0 0 0 0 0 0
240 25.0 2.0 0.028 0.004 0.038
300 21.5 2.0 0.035 0.005 0.044
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Table D.8: Growth Rate and Wavelength without Co-flow of Air at Various Frequen
cies

U( =  9.7Sm/s Ree =  4729.37 We/ =  169.38
f { H z ) A (mm) A2 /A 1 U>r - k i kr

450 15.25 2.0 0.037 0.007 0.062
1120 9.67 1.7 0.091 0.008 0.096
1150 9.50 1.6 0.094 0.007 0.099
1180 9.20 1.6 0.096 0.007 0.102
2000 6.50 1.4 0.163 0.008 0.144
3000 4.80 1.05 0.245 0.002 0.196

Table D.9; Growth Rate and Wavelength without Co-flow of Air at Various Frequen
cies

Ui =  12.71m/s Ree =  5372.31 Wee =  286.26
f  (Hz) A (mm) A2 /A 1 U)r - k i kr

200 69.00 2.33 0.013 0.0018 0.013
350 37.00 1.63 0.022 0.0020 0.023
450 30.00 1.96 0.028 0.0034 0.028
600 23.83 1.76 0.038 0.0035 0.036
700 19.75 1.71 0.044 0.0041 0.044
1000 14.83 1.90 0.063 0.0065 0.058
1150 13.25 2.17 0.072 0.0087 0.065
1250 11.60 1.67 0.078 0.0066 0.074
1350 10.60 1.83 0.085 0.0085 0.081
1420 10.00 1.50 0.089 0.0061 0.086
1600 9.57 0.15 0.100 0.0063 0.090
1820 8.8 1.40 0.114 0.0057 0.098
2050 6.87 1.50 0.128 0.0088 0.126
4500 6.20 1.40 0.282 0.0081 0.139
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Table E .l: Specification for PDPA
Model 55X Modular LDA Optics

Trajismitting Front lens 79 mm dia., 310 mm focus length
Optics Bragg Cell +40 MHz optic frequency shift

Polarization angle 90“
Model 57N10 PDA

Receiving Front lens Model 55 x 57, 310 mm focal length
Optics Polarization angle 90“

Photomultipliers 55 X 08
Signa] Model 58N10 PDA

Processor Dimensions 530 X 470 X 295 mm
Size range for droplets 1-10000 nm

Size accuracy 4%
Mecisurement Size resolution 9 bits

range and Max. velocity 500 m /s
accuracy Velocity accuracy 1%

Max. concentration 10“/cm “
Concentration accuracy 30%

Laser He-Ne
Méix. Laser Power 5 W

Optics Configuration near backward backscatter
Standard measuring 

distance 310 mm
Max. frequency range -6 to +30 MHz

Max. béind width 36 MHz (6 selectable ranges)
Input filter flatness 0.5 dB p-p (over 85 % 

of bandwidth)
-1 dB at band edges

Min. burst length 280 ns between 1/e^ levels

Electronics
RMS phase error 0.5“ at S/N =+6 dB 

3.6“ at S/N=0 dB
Max. data  rate 170000 particles/s

at 100000 part/s typically less 
than 10% loss of data

Max. dead time 800 ns, typically 500 ns
Phase resolution 8 bits

frequency resolution typically 8 bits
Arrial time resolution l^s /b it

Transit time resolution 2.7 us /b it
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P D P A  Spray M easurem ents

F .l PDPA Spray Measurements across Minor Axis 

at 114.3 mm (4 .5") form Nozzle Exit

F.2 PDPA Spray Measurements across Minor Axis 

at 139.7 mm (5 .5") form Nozzle Exit

F.3 PDPA Spray Measurements across Minor Axis 

at 165.1 mm (6.5") form Nozzle Exit

F.4 PDPA Spray Measurements across Minor Axis 

at 190.5 mm (7.5") form Nozzle Exit

F.5 PDPA Spray Measurements across Minor Axis 

at 215.9 mm (8.5") form Nozzle Exit

F.6 PDPA Spray Measurements across Major Axis 

at 114.3 mm (4 .5") form Nozzle Exit

F.7 PDPA Spray Measurements across Major Axis 

at 139.7 mm (5 .5") form Nozzle Exit
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F.8 PDPA Spray Measurements across Major Axis 

at 165.1 mm (6.5") form Nozzle Exit

F.9 PDPA Spray Measurements across Major Axis 

at 190.5 mm (7.5") form Nozzle Exit

F.IO PDPA Spray Measurements across Major 

Axis at 215.9 mm (8.5") form Nozzle Exit
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Table F .l: PDPA Spray Measurements across Minor Axis of Nozzle at Z = 4.5

T( =  20'C, P t  == 60 ±  Ipsi, Qi = 6.31 X 10-®mV5, Qa =  33.03 X lO -^m ^s
Axial Axial Velocity Dieuneter Number Volume Turbulent

Distance Uz{m/s) D{fim) Density Flux Intensity
X {m m ) Mean RMS Mean SMD (cm-3) (cm^/s.cm^) %

50.8 0.655 2.102 64.08 75.61 10158 0.0083 320.9
45.72 0.704 2.587 63.76 74.10 14227 0.0120 367.2
40.64 1.883 3.338 58.67 71.25 4717 0.0335 176.8
35.56 4.063 4.566 56.46 68.14 1961 0.0422 112.3
30.48 7.464 5.694 53.67 66.20 1052 0.0611 77.28
25.4 11.98 6.608 53.32 65.35 761 0.0769 55.12

20.32 17.25 6.864 52.94 64.86 711 0.1122 39.78
15.24 21.09 7.412 52.40 64.17 684 0.1307 35.13
10.16 26.4 7.396 51.02 62.89 815 0.1860 28.00
5.08 30.73 7.168 50.59 62.37 910 0.2369 23.32
0.00 32.23 7.036 49.97 61.97 961 0.2557 21.77
-5.08 30.17 7.237 50.12 62.22 908 0.2286 23.98

-10.16 25.57 7.446 58.92 63.29 854 0.1901 29.11
-15.24 20.03 7.398 52.04 64.36 792 0.1439 36.93
-20.32 14.66 6.997 51.61 64.62 947 0.1127 47.71
-25.4 10.03 6.227 51.86 65.76 1071 0.0907 62.02

-30.48 5.942 5.315 52.99 67.44 1340 0.0670 89.44
-35.56 3.183 4.199 55.54 69.52 3754 0.0670 131.9
-40.64 1.385 3.248 58.51 71.89 18226 0.0292 234.4
-45.72 0.380 2.509 62.18 75.05 10025 0.0092 659.6
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Table F.2: PDPA Spray Measurements across Minor Axis of Nozzle at Z =  5.5

T( =  20°C, P t  == 60 ±  Ipsi, Qi = 6.31 X 10 ^rn^ls,Qa =  33.03 x 10 ^rrp/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance U z { m l s ) D{fim) Density Flux Intensity
X{mm) Mean RMS Mean SMD (cm"^) (cm^/s.cm^) %

50.8 2.693 2.425 59.28 75.34 536 0.0633 90.01
45.72 3.831 3.010 55.89 72.10 359 0.0136 78.58
40.64 5.564 3.783 52.75 69.65 409 0.0225 68.00
35.56 7.758 4.496 50.74 67.27 516 0.0361 57.94
30.48 10.37 5.055 49.34 65.75 656 0.0586 48.73
25.40 13.32 5.494 49.49 64.92 656 0.0747 41.24
20.32 16.75 5.800 49.40 64.27 721 0.1024 34.62
15.4 19.76 6.861 53.18 64.63 607 0.1120 34.71
10.16 23.6 7.031 54.23 64.16 505 0.1145 29.79
5.08 26.61 7.059 53.45 63.41 637 0.1574 26.52
0.00 27.98 7.013 54.04 63.49 642 0.1714 25.06
-5.08 27.44 6.942 57.54 65.35 415 0.1252 25.29
-10.16 24.70 7.020 53.88 63.96 595 0.1403 28.41
-15.24 20.89 6.911 53.53 64.21 571 0.1106 33.01
-20.32 17.11 6.517 52.24 64.99 507 0.0838 38.08
-25.40 13.20 6.173 53.80 65.26 525 0.0611 46.73
-30.48 9.818 5.672 52.56 65.12 654 0.0532 57.78
-35.56 6.597 4.984 53.76 66.04 960 0.0417 75.56
-40.64 3.889 4.166 54.51 67.50 1762 0.0317 107.1
-45.72 4.332 3.139 54.94 70.54 310 0.0128 72.46
-50.80 3.173 2.422 57.56 72.11 2639 0.0068 76.32
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Table F.3: PDPA Spray Measurements across Minor Axis of Nozzle at Z =  6.5

Te = 20° C, Pt  == 60 ±  Ipsi, Qi = 6.31 X 10-®mV5,Qa =  33.03 x lO '^m ^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance U:{m/s) D{fim) Density Flux Intensity
X {m m ) Mean RMS Mean SMD (cm-3) {cm^ ! s.cm}) %

60.96 2.573 2.009 58.84 73.51 723 0.0045 78.09
50.8 4.598 3.086 54.39 70.26 415 0.0127 67.12

45.72 6.256 3.713 53.10 68.14 317 0.1956 59.35
40.64 8.258 4.209 50.94 56.5 323 0.0304 50.96
35.56 10.06 4.561 50.33 65.80 460 0.0408 45.29
30.48 12.48 4.920 50.51 65.04 514 0.0569 39.40
18.2 14.97 5.235 48.94 63.73 608 0.0745 . 34.97

20.32 17.44 5.481 50.40 63.85 592 0.0887 31.41
15.24 19.67 5.593 49.22 62.71 722 0.1169 28.42
10.16 21.42 5.649 49.88 62.41 701 0.1242 26.36
5.08 22.40 5.592 49.81 61.95 774 0.1424 24.96
0.00 22.73 5.536 50.81 62.17 715 0.1385 24.35
-5.08 22.11 5.543 50.93 62.44 679 0.1285 25.07

-10.16 20.78 5.612 51.46 63.06 637 0.1166 27.00
-15.24 18.69 5.55 51.30 63.58 571 0.0941 29.68
-20.32 16.41 5.345 50.33 64.06 610 0.0873 32.56
-25.40 13.83 5.126 50.07 64.79 597 0.0721 37.04
-30.48 11.35 4.834 49.28 65.40 574 0.0559 42.56
-35.56 8.959 4.461 49.32 66.41 535 0.0417 49.79
-40.64 6.921 3.988 51.02 68.20 425 0.0277 57.62
-45.72 5.274 3.473 52.46 69.89 343 0.0181 65.85
-50.80 3.995 2.966 55.20 71.10 242 0.0095 74.25
-55.88 2.811 2.361 58.27 74.29 211 0.0060 83.98
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Table F.4: PDPA Spray Me«isurements across Minor Axis of Nozzle at Z =  7.5'

Te = 2 0 ° C, F t  == 60 ±  Ipsz, Qi = 6.31 X lO-^m'^/s, =  33.03 x lO-^m^/s
Axial Axial Velocity Dieimeter Number Volume Turbulent

Distance U z i m / s ) Density Flux Intensity
X { m T n ) Mean RMS Mean SMD {cm ) (cm^/s.cm^) %

66.04 2.084 1.927 55.01 71.24 291 0.0031 92.47
55.88 3.769 2.736 53.33 69.36 199 0.0071 72.60
50.80 4.984 3.211 52.04 68.09 244 0.0114 64.42
45.72 6.601 3.693 50.45 66.71 331 0.0190 55.94
40.64 8.433 4.068 49.98 65.54 386 0.0286 48.23
35.56 10.15 4.315 49.14 64.58 465 0.0394 42.49
30.38 11.93 4.561 49.42 64.07 519 0.0517 38.22
25.40 13.46 4.752 48.77 63.21 568 0.0617 35.29
20.32 15.26 5.010 48.56 62.66 604 0.0734 32.81
15.24 16.91 5.239 49.41 63.01 631 0.0887 30.97
10.16 18.33 5.433 50.43 63.08 621 0.0975 29.62
5.08 19.32 5.597 50.21 62.39 652 0.1056 28.96
0.00 19.78 5.638 50.08 62.39 980 0.1138 28.49
-5.08 19.83 5.607 50.67 62.23 602 0.1013 28.26

-10.16 19.08 5.537 50.71 62.07 591 0.0821 29.01
-15.24 18.02 5.390 50.45 63.46 526 0.0798 29.90
-20.32 16.44 5.166 49.69 62.11 512 0.0684 31.40
-25.40 14.80 4.906 49.78 62.50 473 0.0572 33.13
-30.48 12.99 4.669 50.22 63.31 446 0.0483 35.93
-35.56 11.24 4.415 50.68 63.73 550 0.0392 39.25
-40.64 9.212 4.108 51.20 64.80 353 0.0286 44.59
-45.72 7.574 3.737 51.04 65.37 339 0.0279 49.34
-50.80 6.145 3.365 51.54 66.37 307 0.1724 54.76
-60.96 3.707 2.518 54.41 68.53 233 0.0065 67.91
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Table F.5: PDPA Spray Me«isurements across Minor Axis of Nozzle at Z  =  8.5

T( =  20"C, Pt == 60 ±  Ipsi, Qi = 6.31 X 10 Qa = 33.03 X 10-^m^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{m/s) D{fim) Density Flux Intensity
X {m m ) Mean RMS Mean SMD (cm-3) {cm^ /  s.crn}) %

66.04 3.518 2.290 53.88 67.52 179 0.0061 65.10
60.96 4.756 2.795 52.06 66.01 192 0.0083 58.78
50.80 7.155 3.481 50.00 65.12 329 0.0201 48.65
40.64 9.986 4.009 49.72 64.30 407 0.0342 40.15
35.56 11.76 4.184 51.89 64.38 390 0.0416 35.55
30.48 13.08 4.417 51.82 64.47 384 0.0452 33.76
25.40 14.90 4.636 52.14 64.54 396 0.0531 31.96
20.32 15.79 4.831 52.32 64.08 417 0.0610 30.58
15.24 16.75 4.985 52.21 64.02 481 0.0745 29.76
10.16 17.52 5.181 56.44 64.98 292 0.0548 29.57
5.08 18.01 5.239 50.28 62.91 645 0.0986 29.08
0.00 18.03 5.310 54.73 63.94 1067 0.0603 29.44
-5.08 17.73 5.236 52.08 63.58 480 0.0775 29.52
-10.16 17.09 5.019 51.95 63.70 436 0.0686 29.36
-15.24 16.06 4.869 50.93 63.54 484 0.0681 30.31
-20.32 14.69 4.718 50.46 64.11 554 0.0715 32.11
-25.40 13.25 4.542 49.50 64.25 546 0.0614 34.26
-30.48 11.65 4.369 50.53 64.76 465 0.0475 37.50
-35.56 10.11 4.161 51.41 65.46 413 0.0379 41.15
-40.64 8.438 3.903 51.27 66.12 369 0.0283 46.25
-45.72 7.296 3.66 51.18 66.62 332 0.0223 50.16
-55.88 4.484 2.951 53.70 69.11 229 0.0100 65.82
-66.04 2.827 2.389 56.08 72.26 918 0.0042 84.52
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Table F.6: PDPA Spray Mecisurements across Major Axis of Nozzle at Z =  4.5

7> =  20°C ,Pr == 60 ±  Ipsi, Qi = 6.31 X l O - W / s ,0 .  =  33.03 X lO-^m'^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{m/s) D{fim) Density Flux Intensity
K(mm) Mean RMS Mean SMD (cm-3) (cm^/s.cm^) %

35.56 0.80 2.724 57.11 69.06 14921 0.1722 340.20
30.48 1.577 3.599 52.67 66.25 11673 0.0277 221.1
25.40 4.224 5.345 47.96 63.35 2176 0.0492 126.0
20.32 9.804 7.611 46.57 61.69 1091 0.0664 78.14
15.24 19.03 9.042 45.96 61.33 997 0.1272 47.49
10.16 28.33 7.933 47.40 61.33 1099 0.2352 28.00
5.08 32.14 6.665 48.18 61.75 1378 0.3484 20.73
0.00 32.43 6.353 48.13 62.44 1683 0.4385 19.58
-5.08 31.85 6.722 47.74 62.23 1700 0.4236 21.09

-10.16 27.83 7.992 45.80 61.25 1365 0.2696 28.71
-15.24 18.63 9.089 46.00 61.73 2453 0.1348 48.70
-20.32 9.207 7.482 45.71 61.95 1812 0.0815 81.26
-25.40 3.727 4.917 49.37 64.03 2637 0.0636 131.9
-30.48 1.481 3.339 52.75 66.50 8503 0.0412 225.39
-35.56 0.406 2.498 57.90 69.65 26656 0.0136 615.1
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Table F.7: PDPA Spray Measurements across Major Axis of Nozzle at Z =  5.5

Tt =  20“C, P t  =  60 ±  Ipsi, Qi =  6.31 x 10-«m^/s, Q . =  33.03 x lO'^'m^/s
Axial 

Distance 
Y (mm)

Axial Velocity 
Uz(m/s)

Diameter
D(fim)

Number
Density
(cm-3)

Volume 
Flux 

(arrP /  s.arp)

Turbulent
Intensity

%Mean RMS Mean SMD
35.56 0.474 2.414 57.81 70.20 420124 0.0384 508.9
30.48 1.232 3.369 52.24 67.66 9125 0.0553 273.4
25.40 3.689 4.720 48.19 64.86 2893 0.0657 127.9
20.32 8.004 6.567 49.96 63.82 1300 0.0783 82.05
15.24 14.98 8.0995 48.76 63.00 915 0.1022 54.02
10.16 22.76 7.780 46.63 62.01 1501 0.2475 34.17
5.08 28.82 6.759 60.70 62.86 160 0.0599 23.45
0.00 29.38 6.309 50.47 63.87 1531 0.3948 21.46
-5.08 28.57 6.632 48.43 62.57 1599 0.3638 23.21

-10.16 24.79 7.455 47.32 61.94 1328 0.2473 30.07
-15.24 18.09 8.079 46.71 62.12 1160 0.1464 44.65
-20.32 10.62 7.183 45.92 62.41 1247 0.0831 67.59
-25.40 5.143 5.432 51.46 64.82 1417 0.0496 105.6
-30.48 2.141 3.811 50.49 65.80 4236 0.0465 177.9
-35.56 0.690 2.706 54.28 68.05 2.7839 0.0331 392.0



APPENDIX F. PDPA SP R A Y  MEASUREMENTS 143

Table F.8: PDPA Spray Measurements across Major Axis of Nozzle at Z =  6.5

Tt =  20°C, Pt  == 60 ±  Ipsz, Qi = 6.31 X 10 ®m^/s,Qa =  33.03 x 10 *m^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{m/s) D{fim) Density Flux Intensity
Y {mm) Mean RMS Mean SMD {cm ) {cm^ /  s.arrp) %
40.64 0.448 2.233 57.60 71.17 29200 0.0176 497.5
35.56 1.541 2.869 55.35 68.61 4295 0.0544 186.1
30.48 2.872 3.776 55.81 67.37 2035 0.0524 131.4
25.40 6.395 5.321 49.22 64.83 1491 0.0767 83.20
20.32 11.16 6.665 47.58 63.27 1125 0.0916 59.69
15.24 16.67 7.262 52.01 64.18 817 0.1291 43.58
10.16 21.94 6.909 54.05 64.96 705 0.1542 31.47
5.08 25.06 6.386 50.73 63.70 1308 0.2865 25.48
0.00 25.42 6.328 49.96 63.35 1388 0.3010 24.88
-5.08 24.29 7.025 63.56 63.32 56 0.0192 28.92
-10.16 18.56 7.359 47.99 63.32 1377 0.1970 39.63
-15.24 12.42 7.069 52.69 64.54 579 0.0626 56.87
-20.32 7.304 5.809 48.97 64.02 1399 0.0796 79.53
-25.40 3.522 4.320 49.73 65.30 3600 0.0842 121.5
-30.48 1.527 3.203 52.24 67.34 7630 0.0787 209.6
-35.56 0.480 2.399 55.72 69.98 49499 0.0539 499.7
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Table F.9: PDPA Spray Measurements across Major Axis of Nozzle at Z  =  7.5"

Tt = 20°C, Pt =: 60 ±  Ipsi, Qi = 6.31 X 10-®m3/s, Qa = 33.03 x 10-'‘m ^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{m/s) D{pm) Density Flux Intensity
Y {mm) Mean RMS Meaji SMD (cm ) {arrP ! s.arP) %

35.56 0.457 3.446 54.25 68.38 42673 0.0327 535.0
30.48 1.643 3.212 51.39 66.86 5331 0.0585 195.4
25.40 3.752 4.179 48.16 64.91 2033 0.0571 111.3
20.32 7.075 5.175 44.85 63.21 1684 0.0770 73.14
15.24 10.94 6.144 44.76 62.71 1504 0.1061 56.13
10.16 15.52 6.528 46.46 63.22 1265 0.1412 42.05
5.08 19.70 6.486 47.52 63.31 1364 0.2081 32.91
0.00 21.91 6.184 49.10 63.28 1327 0.2377 28.22
-5.08 21.87 6.129 49.42 63.01 1195 0.2141 28.01
-10.16 19.92 6.348 53.22 64.23 642 0.1215 31.86
-15.24 15.92 6.553 53.50 64.74 620 0.0923 41.15
-20.32 11.01 6.011 44.86 61.84 1355 0.0940 54.57
-25.40 7.069 5.166 45.87 62.99 1533 0.0703 73.07
-30.48 3.946 4.125 48.23 64.26 2048 0.0571 104.5
-35.56 2.100 3.280 48.27 65.84 4406 0.0464 156.1
-40.64 0.401 2.368 53.45 68.32 34083 0.0237 589.2
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Table F.IO: PDPA Spray Measurements across Major Axis of Nozzle at Z =  8.5*'

7> =  20‘'C7,/V =: 60 ±  Ipaz, Qi = 6.31 X 10-®mVs, Qa =  33.03 x lO-^m^^/s
Axial Axied Velocity Diameter Number Volume Turbulent

Distatnce U z i r n f s ) D{fim) Density Flux Intensity
Y(mm) Mean RMS Mean SMD (cm-3) (crrp/s.cm^) %
40.64 0.883 2.576 51.41 67.21 12511 0.0464 291.4
35.56 2.260 3.332 49.44 65.61 3185 0.0570 147.4
30.48 4.350 4.120 46.58 63.56 222 0.0593 94.70
25.40 7.017 4.920 48.41 63.67 1088 0.0571 70.11
20.32 10.51 5.603 47.54 63.00 1308 0.0798 53.31
15.24 14.55 5.998 47.72 62.93 1622 0.1194 41.21
10.16 17.74 5.967 49.25 63.32 1096 0.1570 33.62
5.08 19.48 5.75 49.05 62.94 1160 0.1798 29.52
0.00 19.35 5.738 48.73 63.30 1286 0.1979 29.65
-5.08 17.44 5.893 48.84 63.98 1231 0.1769 33.78

-10.16 14.09 5.954 47.90 63.49 1147 0.1253 42.23
-15.24 10.26 5.564 45.27 62.61 1186 0.0824 54.21
-20.32 6.567 4.829 48.68 63.64 1282 0.0589 73.64
-25.40 4.248 4.015 47.03 64.43 2078 0.0652 94.51
-30.48 2.176 3.188 49.07 65.44 3533 0.0661 146.5
-35.56 0.559 2.493 50.77 67.51 29060 0.0437 445.7
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P D P A  Spray M easurem ents

G .l PDPA Measurements for Ui = 0.98 m/s and 

Ua = 93.10 m/s at Different Z Axial Locations

G.2 PDPA Measurements for Ui = 1.96 m/s and 

Ua = 93.10 m /s  at Different Z Axial Locations

G.3 PDPA Measurements for Ui = 2.93 m/s and 

Ua = 93.10 m /s  at Different Z Axial Locations

G.4 PDPA Measurements for Ui = 0.98 m /s and 

Ua = 79.80 m /s  at Different Z Axial Locations

G.5 PDPA Measurements for Ui = 1.96 m /s and 

Ua = 79.80 m /s  at Different Z Axial Locations

G.6 PDPA Measurements for Ui = 2.93 m /s and 

Ua = 79.80 m /s  at Different Z Axial Locations

G.7 PDPA Measurements for Ui = 0.98 m /s and 

Ua = 66.50 m /s  at Different Z Axial Locations
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G.8 PDPA Measurements for Ui = 1.96 m/s and 

Ua = 66.50 m/s at Different Z Axial Locations

G.9 PDPA Measurements for Ui = 2.93 m/s and 

Ua = 66.50 m/s at Different Z Axial Locations

G.IO PDPA Measurements for Ui = 0.98 m/s and 

Ua = 53.20 m/s at Different Z Axial Locations

G .ll PDPA Measurements for Ui = 1.96 m/s and 

Ua = 53.20 m/s at Different Z Axial Locations

G.12 PDPA Measurements for Ui = 2.93 m/s and 

Ua = 53.20 m/s at Different Z Axial Locations
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Table G.l: PDPA Spray Measurements at Center Point Facing Minor Axis

Tt =  20°C, P r =  60 ±  Ipsz, Qi =  6.31 x lQ-®mVs, Q. =  33.03 x lO'^'m^/s
Axicil

Distance
Z{mm)

Axial Velocity 
Uzim/s)

Diameter
D{/xm)

Number
Density

Volume
Flux

{cm^/s.crrP)

Turbulent
Intensity

%Mean RMS Mean SMD
101.60 34.80 6.522 56.83 66.23 883 0.3452 18.74
106.68 34.39 6.336 60.85 68.77 408 0.1860 18.42
111.76 33.83 6.087 64.48 71.23 239 0.1245 17.99
116.84 33.71 5.849 66.33 72.15 114 0.0629 17.34
121.92 33.07 6.023 65.93 71.93 108 0.0581 18.21
127.00 31.00 6.424 55.85 67.88 114 0.0455 20.22
132.08 30.00 6.722 48.49 62.67 1861 0.4470 22.39
137.16 29.75 6.620 49.16 63.05 1788 0.4415 22.25
142.24 28.94 6.646 49.69 63.20 1674 0.4085 22.96
147.32 28.26 6.723 49.99 63.27 1586 0.3844 23.78
152.40 27.49 6.731 49.56 63.10 1800 0.4149 24.47
157.48 26.92 6.646 50.97 63.65 1509 0.3596 24.68
162.56 26.70 6.579 51.76 64.06 1412 0.3416 25.10
167.64 25.94 6.542 54.15 64.85 1030 0.2671 25.22
172.72 25.00 6.551 53.70 64.59 1151 0.2832 26.20
177.80 24.28 6.398 48.38 62.92 2032 0.3958 26.34
182.88 23.62 6.453 49.33 63.35 1746 0.3441 27.31
187.96 23.14 6.266 50.41 63.61 1605 0.3232 27.07
193.04 22.87 6.279 52.54 64.77 1236 0.2722 27.45
198.12 22.39 6.204 52.64 64.70 1328 0.2831 27.71
203.20 21.71 6.155 54.46 65.36 1055 0.2337 28.34
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Table G.2: PDPA Spray Measurements at Center Point Facing Minor Axis

Tf =  20°C, Pt = 60 ±  lpsi ,Qi = 12.62 X 10-®mV5, Qa =  33.03 X 10"“m^/s
Axicil Axial Velocity Diameter Number Volume Turbulent

Distance U z { m f s ) D{fim) Density Flux Intensity
Z{mm) Mean RMS Mean SMD (cm"^) (cm^/s.cm^) %
101.60 27.52 5.112 62.02 70.55 711 0.2783 18.57
106.68 27.35 5.089 61.15 69.85 716 0.2697 18.60
111.76 26.87 5.084 61.46 70.10 749 0.2808 18.91
116.84 26.51 5.154 61.68 69.94 650 0.2405 19.44
121.92 26.09 5.107 60.04 69.04 781 0.2683 19.57
127.00 25.67 5.113 59.39 68.60 814 0.2677 19.91
132.08 25.29 5.205 59.43 68.47 728 0.2347 20.57
137.16 24.64 5.190 57.90 67.69 1030 0.3056 21.05
142.24 24.09 5.272 57.39 67.66 1070 0.3047 21.88
147.32 23.44 5.245 56.48 67.49 1190 0.3196 22.36
152.40 22.79 5.305 54.10 66.40 1416 0.3369 23.27
157.48 21.96 5.271 55.44 66.92 1362 0.3280 23.99
162.56 21.67 5.242 52.73 66.25 1661 0.3659 24.18
167.64 21.61 5.175 52.19 65.89 1845 0.3889 23.94
172.72 21.10 5.106 51.86 65.89 1801 0.3663 24.18
177.80 21.00 5.205 57.01 67.34 955 0.2317 24.78
182.88 20.57 5.079 54.23 66.43 1341 0.2918 24.69
187.96 19.89 5.076 56.18 66.98 1042 0.2330 25.52
193.04 19.60 5.011 54.36 66.57 1448 0.2982 25.55
198.12 19.46 4.968 53.56 66.12 1576 0.3108 25.52
203.20 18.91 4.930 52.53 66.07 1939 0.3600 26.07
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Table G.3: PDPA Spray Measurements at Center Point Facing Minor Axis

Ti =  20‘»C, Pt  = 60 ±  Ipsi, Qi = 18.93 X 10"®mVs, Qa =  33.03 x 10 ^rn^fs
Axial Axial Velocity Diameter Number Volume Turbulent

Distance C/j(m/s) D{fim) Density Flux Intensity
Z[mm) Mean RMS Mean SMD (cm-2) (cm^/s.cm^) %
101.60 25.50 4.413 52.98 67.38 1448 0.3921 17.30
106.68 25.55 4.306 52.90 67.29 1438 0.3823 16.85
111.76 24.93 4.234 52.74 67.22 1513 0.3926 16.98
116.84 24.64 4.153 52.69 67.01 1572 0.4000 16.85
121.92 24.42 4.126 51.93 66.87 1652 0.4048 16.89
127.00 24.18 4.060 51.44 66.37 1640 0.3858 16.79
132.08 23.82 4.067 50.85 66.05 1740 0.3913 17.07
137.16 23.59 4.003 52.06 66.31 1629 0.3824 16.96
142.24 23.10 4.019 51.66 66.08 1445 0.3252 17.39
147.32 22.74 4.011 51.44 66.16 1558 0.3440 17.63
152.40 22.50 4.039 50.39 65.60 1641 0.3440 17.95
157.48 22.12 4.009 51.23 65.76 1527 0.3225 18.12
162.56 21.86 4.011 51.02 65.54 1537 0.3178 18.34
167.64 21.63 3.998 52.05 66.04 1469 0.3133 18.48
172.72 21.18 4.036 52.22 66.04 1410 0.2951 19.05
177.80 20.87 3.983 52.01 65.65 1379 0.2819 19-08
182.88 20.44 4.022 52.76 65.85 1224 0.2495 19.67
187.96 20.22 3.951 49.76 64.59 1645 0.2976 19.53
193.04 19.82 3.981 51.07 65.03 1552 0.2879 20.08
198.12 19.50 3.944 52.22 65.85 1494 0.2873 20.21
203.20 19.03 3.984 53.13 65.65 1349 0.2562 20.93
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Table G.4: PDPA Spray Measurements at Center Point Facing Minor Axis

Tt =  20°C,Pt =  60 ±  Ipsi.Qi =  6.31 x lQ-^m^/s,Q^ =  28.31 x IQ-^m^/s
Axial

Distance
Z{mm)

Axied Velocity 
Uz{m/s)

Diameter
D{fim)

Number
Density
(cm-3)

Volume 
Flux 

[arP /  s.cm})

Turbulent
Intensity

%Mean RMS Mean SMD
111.76 26.54 6.180 48.30 63.62 1570 0.3474 23.28
121.92 25.26 6.116 47.73 63.01 1559 0.3158 24.20
132.08 24.06 6.045 48.12 63.49 1395 0.2737 25.11
142.24 22.86 5.930 48.99 63.67 1457 0.2792 25.94
147.32 22.33 5.932 48.22 63.56 1420 0.2667 26.56
152.40 21.62 5.834 48.36 63.64 1380 0.2445 26.97
157.48 20.89 5.780 48.84 63.88 1423 0.2480 27.66
162.56 20.28 5.768 48.70 63.68 1379 0.2320 28.43
167.64 19.83 5.671 49.60 64.31 1307 0.2250 28.59
172.72 19.32 5.525 49.36 64.19 1286 0.2136 28.59
177.80 18.69 5.495 49.23 64.36 1409 0.2286 29.39
182.88 18.26 5.426 48.97 64.18 1307 0.2036 29.70
187.96 17.71 5.368 49.47 64.04 1332 0.2033 30.31
193.04 17.17 5.200 49.83 64.21 1290 0.1925 30.27
198.12 16.68 5.183 50.59 64.66 1210 0.1815 31.05
203.20 16.20 5.078 50.28 64.77 1289 0.1856 31.22
208.28 15.88 4.951 49.88 64.93 1369 0.1919 31.16
213.36 15.57 4.877 49.76 65.24 1330 0.1840 31.31
218.44 15.12 4.737 50.74 65.72 1348 0.1874 31.31
223.52 14.66 4.703 49.50 65.26 1403 0.1791 32.06
228.60 14.49 4.557 49.31 65.59 1391 0.1761 31.43
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Table G.5: PDPA Spray Measurements at Center Point Facing Minor Axis

Te =  20°C,Pt  = 60 ±  Ipsi, Qi = 12.62 X 10 ®m^/s, Qa =  28.31 x 10-'‘mV5
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{rn/s) D{fim) Density Flux Intensity
Z(m m) Mean RMS Meem SMD (cm-3) (cm^/s.cm^) %
111.76 22.83 4.579 49.64 65.40 1511 0.3118 20.05
121.92 22.03 4.555 48.84 65.03 1619 0.3095 20.67
132.08 21.26 4.422 48.80 64.67 1552 0.2835 20.79
142.24 20.40 4.388 48.94 64.89 1557 0.2734 21.50
147.32 19.84 4.428 48.52 64.83 1687 0.2861 22.31
152.40 19.55 4.366 48.28 64.71 1638 0.2705 22.33
157.48 19.21 4.313 48.92 64.67 1575 0.2606 22.45
162.56 18.64 4.327 48.89 64.98 1605 0.2598 23.21
167.64 18.26 4.287 49.46 65.10 1581 0.2556 23.47
172.72 17.55 4.322 56.36 64.92 542 0.1075 24.61
177.80 17.17 4.285 56.04 64.83 633 0.1219 24.95
182.88 16.81 4.202 56.16 64.73 593 0.1117 24.99
187.96 16.30 4.182 56.13 64.35 521 0.0945 25.65
193.04 15.96 4.181 56.70 64.52 436 0.0788 26.18
198.12 15.54 4.111 57.61 65.00 382 0.0699 26.45
203.20 15.13 4.090 58.04 65.28 344 0.0620 27.02
208.28 14.87 4.022 57.36 65.04 479 0.0838 27.03
213.36 14.61 3.925 56.11 65.04 689 0.1146 26.85
218.44 14.27 3.919 57.58 65.55 535 0.0909 27.45
223.52 14.04 3.807 56.86 65.73 699 0.1138 27.11
228.60 13.82 3.750 55.70 65.33 849 0.1320 27.12
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Table G.6: PDPA Spray Measurements at Center Point Facing Minor Axis

Te =  20°C, Pt  = 60 ±  Ipsi, Qi = 18.93 X lQ-^m^/s,Qa =  28.31 x 10“^m ^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uzimls) D{fim) Density Flux Intensity
Z{mm) Meem RMS Mean SMD (cm-3) {cm^/s.cm^) %
111.76 21.29 3.868 51.34 65.66 1410 0.2903 18.16
121.92 20.68 3.714 49.85 64.95 1601 0.2996 17.95
132.08 20.11 3.672 49.51 64.67 1604 0.2857 18.25
142.24 19.39 3.650 49.19 63.98 1555 0.2603 18-82
147.32 18.96 3.594 48.95 64.31 1568 0.2564 18.94
152.40 18.60 3.555 49.52 64.14 1467 0.2425 19.10
157.48 18.19 3.562 50.93 63.93 1306 0.2203 19.57
162.56 17.78 3.524 51.33 63.99 1305 0.2185 19.82
167.64 17.41 3.504 51.59 64.14 1327 0.2201 20.12
172.72 17.15 3.545 53.18 64.37 739 0.1292 20.66
177.80 16.61 3.544 54.75 63.88 593 0.1047 21.34
182.88 16.70 3.608 54.94 63.56 552 0.0945 22.45
187.96 16.03 3.625 56.26 64.27 401 0.0720 22.61
193.04 15.68 3.578 56.18 64.35 418 0.0737 22.80
198.12 15.24 3.543 57.27 64.69 313 0.0556 23.16
203.20 14.85 3.578 57.86 65.06 304 0.0534 24.08
208.28 14.64 3.518 57.12 64.77 415 0.0708 24.02
213.36 14.56 3.393 55.55 64.57 632 0.1029 23.30
218.44 14.14 3.403 56.70 64.91 526 0.0858 24.07
223.52 13.99 3.345 55.43 64.63 679 0.1044 23.90
228.60 13.77 3.304 54.27 64.65 959 0.1415 23.98
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Table G.7: PDPA Spray Measurements at Center Point Facing Minor Axis

Ti =  20»C, Pt = 60 ±  Ipsz, Qi == 6.31 X 10-®m=*/s, Qa =  23.59 x IQ-^m^/s
Axicd Axial Velocity Diameter Number Volume Turbulent

Distance Uz{mfs) D{fim) Density Flux Intensity
Z{mm) Mean RMS Mean SMD (cm ) {crrP/s.cm^) %
111.76 20.74 5.398 46.48 64.12 817 0.1340 26.01
121.92 19.68 5.359 46.32 63.89 802 0.1232 27.23
132.08 18.58 5.250 46.42 63.56 773 0.1099 28.24
142.24 17.39 5.200 46.90 63.63 726 0.0986 29.89
147.32 16.90 5.166 47.09 63.81 707 0.0933 30.56
152.40 16.34 5.070 47.76 64.221 695 0.0912 31.02
157.48 15.76 4.958 47.75 64.18 715 0.0901 31.46
162.56 15.34 4.981 47.89 63.94 661 0.0812 32.45
167.64 15.05 4.915 47.98 64.19 645 0.0784 32.63
172.72 14.53 4.867 48.34 64.67 641 0.0767 33.48
177.80 14.20 4.761 48.32 64.38 624 0.0726 33.51
182.88 13.70 4.657 48.40 64.82 631 0.0711 33.99
187.96 13.60 4.583 48.59 65.00 629 0.0718 33.70
193.04 12.85 4.473 48.90 65.23 607 0.0654 34.80
198.12 12.64 4.426 49.13 65.41 634 0.0679 34.99
203.20 12.07 4.301 49.18 65.79 657 0.0674 35.63
208.28 11.74 4.187 49.97 66.22 608 0.0634 35.66
213.36 11.42 4.088 50.22 66.30 606 0.0614 35.79
218.44 10.90 3.924 50.44 66.39 625 0.0618 35.97
223.52 10.57 3.836 50.41 66.77 626 0.0594 36.29
228.60 10.32 3.692 50.44 66.61 628 0.0578 35.76
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Table G.8: PDPA Spray Measurements at Center Point Facing Minor Axis

Te =  20"C, Pt  = 60 ±  Ipsi, Qi = 12.62 X 10"®m3/s, =  23.59 x  lO-^m^/s
Axiéii Axial Velocity Diameter Number Volume Turbulent

Distance Uzim/s) Density Flux Intensity
Z{mm) Mean RMS Meam SMD (cm-3) {cm^/s.cm?) %
111.76 19.10 3.589 45.87 64.33 1022 0.1512 18.78
121.92 18.27 3.536 45.28 63.50 986 0.1346 19.34
132.08 17.42 3.564 45.35 63.57 1003 0.1298 20.45
142.24 16.88 3.488 45.98 63.79 898 0.1142 20.66
147.32 16.28 3.502 46.00 63.12 969 0.1170 21.51
152.40 15.84 3.479 46.33 63.00 968 0.1146 21.95
157.48 15.56 3.492 45.84 62.43 982 0.1104 22.44
162.56 15.16 3.417 46.08 62.82 974 0.1089 22.53
167.64 14.75 3.428 46.32 63.25 1856 0.1102 23.23
172.72 14.05 3.394 46.32 63.16 1017 0.1081 24.15
177.80 13.70 3.367 46.60 63.31 995 0.1031 24.57
182.88 13.45 3.337 46.60 63.48 989 0.1015 24.80
187.96 13.22 3.279 46.73 63.27 967 0.0977 24.79
193.04 12.70 3.237 46.85 63.25 1012 0.0979 25.46
198.12 12.57 3.245 46.77 63.66 1048 0.1004 25.81
203.20 12.39 3.211 47.46 64.49 1001 0.0977 25.91
208.28 12.09 3.174 48.45 65.02 1210 0.0921 26.25
213.36 11.88 3.121 48.87 65.35 877 0.0888 26.26
218.44 11.60 3.080 48.50 65.26 919 0.0895 26.54
223.52 11.32 3.031 48.98 65.24 930 0.0895 26.77
228.60 11.29 3.042 49.04 65.15 938 0.0889 26.94
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Table G.9: PDPA Spray Measurements at Center Point Facing Minor Axis

Te =  20°C, Pt  = 60 ±  Ipsz, Qi = 18.93 X 10-®mVs, Qa =  23.59 x IQ-^m^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{m/s) Density Flux Intensity
Z{mm) Mean RMS Mean SMD (cm -:) (cm^/s.cm^) %
111.76 18.21 3.170 46.63 64.85 1014 0.1481 17.40
121.92 17.57 3.125 45.71 63.84 982 0.1311 17.77
132.08 16.87 3.109 45.41 63.20 998 0.1231 18.42
142.24 16.12 3.110 45.89 63.21 1001 0.1186 19.28
147.32 15.77 3.109 46.20 63.43 958 0.1127 19.70
152.40 15.34 3.109 45.97 62.70 1007 0.1124 20.26
157.48 15.00 3.110 46.34 63.16 999 0.1118 20.73
162.56 14.60 3.121 46.31 62.72 980 0.1061 21.38
167.64 14.29 3.107 45.99 62.56 1048 0.1095 21.73
172.72 14.09 3.059 46.15 62.63 1020 0.1048 21.71
177.80 13.62 3.069 46.38 62.70 1018 0.1014 22.53
182.88 13.46 3.029 46.33 62.98 1001 0.0997 22.48
187.96 13.14 3.029 46.38 62.65 1012 0.0982 23.04
193.04 12.81 3.036 46.65 62.93 1029 0.0979 23.69
198.12 12.68 2.980 46.55 62.90 1057 0.1000 23.50
203.20 12.41 2.954 46.61 63.42 1093 0.1022 23.79
208.28 12.18 2.937 47.06 63.22 1008 0.0926 24.11
213.36 11.91 2.910 47.57 63.82 986 0.0915 24.42
218.44 11.62 2.890 47.54 63.82 1024 0.0927 24.86
223.52 11.38 2.85 48.06 64.16 993 0.0913 25.03
228.60 11.12 2.826 48.17 64.10 958 0.0848 25.39
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Table G.IO: PDPA Spray Measurements at Center Point Facing Minor Axis

T> =  20‘’C ,P r == 60 ±  Ip-si, Qi = 6.31 X 10~®m^/s, Qa = 18.88 X 10 *np/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{mfs) D{fim) Density Flux Intensity
Z{mm) Mean RMS Mean SMD {cm^ ! s.crrP) %
111.76 15.54 4.561 47.22 64.45 501 0.0641 29.33
121.92 14.63 4.536 47.77 65.56 462 0.0587 30.99
132.08 13.96 4.502 45.50 63.41 508 0.0536 32.25
142.24 12.90 4.417 46.36 64.03 491 0.5057 34.22
147.32 12.58 4.306 45.32 63.22 502 0.0470 34.22
152.40 12.22 4.253 45.64 63.82 497 0.0469 34.80
157.48 11.31 4.160 45.66 63.60 555 0.0476 36.77
162.56 10.71 4.031 45.63 63.80 580 0.0479 37.64
167.64 10.51 3.977 46.46 64.31 554 0.0465 37.81
172.72 10.07 3.835 46.92 64.38 549 0.0458 38.08
177.80 9.874 3.738 46.82 64.86 531 0.0440 37.87
182.88 9.598 3.684 46.53 64.73 512 0.0404 38.41
187.96 9.191 3.598 47.13 64.58 542 0.0411 39.15
193.04 8.648 3.453 47.60 65.15 614 0.0424 39.92
198.12 8.154 3.375 47.46 64.91 598 0.0408 41.39
203.20 7.996 3.289 48.14 65.49 588 0.0403 41.13
208.28 7.688 3.267 48.19 65.87 595 0.0400 42.49
213.36 7.767 3.186 47.61 65.85 555 0.0370 41.02
218.44 7.208 2.954 48.95 66.31 611 0.0397 40.98
223.52 7.006 2.881 47.87 66.88 642 0.0388 41.12
228.60 6.994 2.774 47.43 66.38 608 0.0363 39.67
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Table G .ll: PDPA Spray Me<isurements at Center Point Facing Minor Axis

Tt =  20*C, Pt  = 60 ±  Ipsi, Qi = 12.62 X lQ-^m^/s,Qa = 18.88 x IQ-^m^/s
Axial Axial Velocity Diameter Number Volume Turbulent

Distance Uz{mls) D{fim) Density Flux Intensity
Z{m m ) Mean RMS Mean SMD {cm ) {cm^ !  s.cm}) %
111.76 13.51 3.206 43.92 61.66 1124 0.1028 23.73
121.92 12.81 3.172 43.93 61.63 1154 0.1007 24.75
132.08 12.08 3.111 44.11 61.74 1120 0.0926 25.74
142.24 11.49 3.054 44.29 61.62 1106 0.0869 26.58
147.32 11.20 2.986 44.34 61.95 1104 0.0862 26.66
152.40 10.95 2.955 43.65 61.23 1132 0.0827 26.96
157.48 10.67 2.891 44.33 61.69 1115 0.0821 27.08
162.56 10.35 2.886 44.42 62.03 1136 0.0826 27.86
167.64 10.02 2.820 44.81 62.33 1146 0.0822 28.13
172.72 9.721 2.778 45.00 62.32 1100 0.0774 28.58
177.80 9.577 2.741 44.59 62.65 1075 0.0744 28.62
182.88 9.385 2.678 44.76 62.34 1098 0.0748 28.53
187.96 8.992 2.668 45.12 62.55 1084 0.0723 29.67
193.04 8.817 2.584 45.77 62.66 1101 0.0733 29.31
198.12 8.675 2.559 45.44 62.66 1120 0.0776 29.50
203.20 8.406 2.490 45.85 63.05 1133 0.0722 29.62
208.28 8.177 2.472 46.12 63.73 1151 0.0735 30.24
213.36 8.083 2.420 45.43 63.28 1098 0.0686 29.94
218.44 7.822 2.282 46.69 63.90 1061 0.0672 29.17
223.52 7.435 2.246 45.66 63.84 1221 0.0696 30.21
228.60 7.340 2.204 45.44 63.92 1224 0.0695 30.03
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Table G.12: PDPA Spray Measurements at Center Point Facing Minor Axis

Te =  20"C, Pt = 60 ±  Ipsi, Qi = 18.93 X 10-®m=*/s, Q. = 18.88 x lO’ ^m'^/s
Axial Axial Velocity Dizuneter Number Volume Turbulent

Distance Uzimfs) D(/xm) Density Flux Intensity
Z{mm) Mean RMS Mean SMD (cm-^) [crrP ! s.cw}) %
111.76 13.00 2.907 44.49 62.04 825 0.0741 22.34
121.92 12.57 2.831 44.07 62.11 767 0.0667 22.51
132.08 11.46 2.820 44.30 61.77 823 0.0644 24.60
142.24 10.88 2.786 44.94 62.05 814 0.0623 25.59
147.32 10.73 2.757 45.31 62.21 782 0.0595 25.7
152.40 10.30 2.710 45.47 61.78 772 0.0562 26.28
157.48 9.796 2.667 45.12 61.31 914 0.0620 27.22
162.56 9.481 2.636 45.05 61.23 942 0.0623 27.80
167.64 9.118 2.610 45.34 62.04 982 0.0636 28.62
172.72 8.633 2.540 45.83 62.27 982 0.0621 29.42
177.80 8.529 2.510 45.84 62.43 964 0.0599 29.43
182.88 8.275 2.482 45.91 63.10 975 0.0600 29.99
187.96 8.174 2.420 45.99 62.44 931 0.0556 29.60
193.04 7.787 2.387 46.64 63.36 858 0.0512 30.65
198.12 7.591 2.330 46.65 63.32 998 0.0579 30.69
203.20 7.372 2.301 46.72 63.76 999 0.0567 31.21
208.28 7.164 2.229 47.49 64.23 942 0.0543 31.11
213.36 6.892 2.188 47.81 64.30 946 0.0528 31.75
218.44 6.647 2.154 48.13 64.39 948 0.0513 32.41
223.52 6.426 2.105 48.04 64.47 1007 0.0522 32.75
228.60 6.245 2.075 48.82 65.01 978 0.0505 33.23
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A ppendix H

P D P A  Spray M easurem ent

H .l PDPA Measurements at Axial Locations of

Z — 127.0 mm, 177.8 mm and 203.2 mm for a 

range of Acoustic Signal Frequencies, Ui =

1.96 m /s, Ua = 66.50 m/s.

H.2 PDPA Measurements at Axial Locations of

Z = 127.0 mm, 177.8 mm and 203.2 mm for a 

range of Acoustic Signal Frequencies, Ui =

1.96 m /s, C/fl =  93.10 m /s.
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Table H .l: PDPA Spray Measurements a t Center Point Facing Minor Axis

Te =  20*C, Pt = 60 ±  Ipsi, Qi =  12.62 x IQ-^m^/s, Q . =  23.59 x 10-<m3/s
Freq Axial Velocity Diameter Number Volume Turbulent

Z" uency Uz{mfs) D{pm) Density Flux Intensity
kHz Mean RMS Mean SMD (cm-3) {cm^/s.cm}) %
0.0 16.75 3.908 50.21 64.46 775 0.113 23.32

0.28 17.15 3.890 50.14 64.47 713 0.105 22.67
5 1.00 17.16 3.860 50.49 64.75 699 0.107 22.49

2.35 17.02 3.951 50.16 64.45 742 0.109 23.20
2.93 17.27 3.784 50.11 64.64 718 0.107 21.91
3.02 17.12 3.776 51.09 65.44 698 0.109 22.05
0.0 13.62 3.529 53.45 65.99 509 0.071 25.91

0.28 13.0 3.611 51.51 65.12 698 0.083 17.75
7 1.00 13.57 3.501 51.18 64.60 581 0.072 25.78

2.35 13.45 3.469 49.30 63.90 796 0.089 25.79
2.93 13.27 3.511 50.23 64.73 740 0.086 26.44
3.02 13.15 3.702 54.06 65.64 505 0.066 28.14
0.0 12.07 3.316 49.66 65.15 758 0.079 27.45

0.28 12.08 3.325 49.88 65.18 747 0.079 27.51
8 1.00 12.04 3.275 49.63 65.02 751 0.079 27.20

2.35 12.13 3.271 49.62 65.15 754 0.079 26.96
2.93 12.16 3.294 49.68 64.91 755 0.079 27.07
3.02 12.18 3.264 49.54 65.11 762 0.080 26.78
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Table H.2: PDPA Spray Measurements at Center Point Facing Minor Axis

T( =  20°C,Pt  =  60 ±  lpsi,Qi = 12.62 x lQ-^m^/s,Qa = 33.03 x lO-^mVs
Freq Axieil Velocity Diameter Number Volume Turbulent

Z" uency U,{mfs) D{fim) Density Flux Intensity
kHz Mean RMS Mean SMD (cm-3) [crrp ! s.cnP) %
0.0 26.00 5.312 52.35 64.82 1266 0.313 20.42

0.28 25.84 5.277 51.88 64.71 1377 0.330 20.42
5 1.00 25.92 5.268 52.76 65.35 1203 0.305 20.32

2.35 25.91 5.219 52.78 65.08 1261 0.316 20.14
2.93 26.04 5.220 53.20 65.16 1471 0.307 20.04
3.02 25.99 5.267 52.91 65.20 1254 0.317 20.26
0.0 20.59 5.246 53.36 65.94 1232 0.253 25.47

0.28 20.77 5.211 55.17 66.29 974 0.214 25.08
7 1.00 20.67 5.227 55.37 66.23 919 0.200 25.28

2.35 20.50 5.257 55.08 66.23 1047 0.222 25.63
2.93 20.76 5.229 55.03 66.05 931 0.201 25.18
3.01 20.80 5.305 57.82 67.10 665 0.158 25.49
0.0 18.87 4.897 54.03 66.05 1041 0.199 25.95

0.28 18.36 5.014 55.27 66.42 997 0.192 27.30
8 1.00 18.63 4.985 56.29 66.44 834 0.168 26.75

2.35 18.07 5.011 57.50 67.09 723 0.147 27.72
2.93 18.39 5.051 59.24 67.69 586 0.129 27.46
3.02 18.37 5.023 59.00 67.23 587 0.127 27.34




