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ABSTRACT 

The performance parameters like the coefficient of discharge Cd and the spray cone 
angle w of a swirl spray solid cone nozzle without a vane swirler have been studied 

numerically. The numerical computation of flow through the nozzle is performed by 

solving the conservation equations of mass and momentum using MAC (Marker and 

Cell) algorithm. The standard k-E model of turbulence is adopted for computations of 

turbulent quantities. The values of coefficient of discharge Cd and spray cone angle .j; 

have been evaluated from the radial distributions of velocity components of liquid flow 

at the nozzle exit. It has been observed that the coefficient of discharge 
Cd remains 

almost independent and the spray cone angle w decreases with the Reynolds number Re 

of the flow at inlet to the nozzle for a given flow ratio qr (the ratio of flow rate through 

inlet central port to the total flow through the nozzle), diameter ratios D21D1  and D01D1 . 

It is also found to decrease Cd and increase 'y with the decrease in Dç/D1  ratio for a 
given Re, qr,, D21D1  and D0/D1. Again, for a given Re, D2/D1  and DT/Dl an increase in 

flow ratio q increases the value of Cd and decreases the value of ji. However, the 
influence of q on Cd is prominent at lower values of diameter ratios D2/D1  from 0.125 

to 0.21 and the spray cone angle y on the other hand, is almost uninfluenced of 
qr for 

all values of D21D1  below 0.37, while p increases when D2/D1  is increased beyond 

0.37. The increase of 'p is more prominent in the lower range of 
qr. The solid cone 

nozzles without a vane swirler show similar trends of variation of performance 

parameters with the existing results of other authors on solid cone nozzle with a vane 

swirler. The nozzle without vane swirler produces lower values of Cd and higher values 

ofji than those of nozzle with a vane swirler for the same conditions. The nozzle of the 

present work would be less costly and provides higher spray cone angle 'p which could 
produce better atomization as well. 
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NOMENCLATURE 

A0  Cross-sectional area of nozzle orifice (m) 

A Total area of injection ports (m2) 
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CHAPTER 1 

INTRODUCTION 

1.1 General Description and Practical Relevance 

The swirl spray pressure nozzle is used in the field of combustion, drying, 

humidification, cooling, air-conditioning, sprinkling etc. The simplest form of a 

pressure swirl nozzle is known as simplex nozzle. The basic purpose of a simplex 

nozzle in its field of application is to produce a widely dispersed spray of atomized 

liquid having a very high value of specific surface area (surface area per unit volume). 

This enhances the rate of heat and mass transfer between the dispersed liquid phase and 

the ambient gas phase in the fields of application as mentioned above. A tangential 

component of velocity is imparted to the liquid at entry to such nozzles, and the liquid 

attaining a swirling motion inside the nozzle emanates in the form of a conical liquid 

sheet or jet in the surrounding ambience. The sheet or jet, due to its inherent 

hydrodynamic instability, disintegrates into ligaments and finally into liquid drops in 

the form of a well defined atomized spray. The performance characteristics of such 

nozzle are the coefficient of discharge and the spray cone angle. There are two basic 

types of simplex nozzle. In one type, liquid at high pressure is supplied to swirl 

chamber of the nozzle through purely tangential ports and the nozzle produces a hollow 

cone spray. In another type, a high pressure liquid enters to the swirl chamber partly 

through a central cylindrical port which provides a pure axial type entry and partly 

through an annular vane swirler which imparts swirl to the liquid at inlet. The nozzle, 

under the situation, produces a solid cone spray. A simple form of a solid cone spray 

nozzle is shown in Fig.1.I. A solid cone or full cone spray contains significant drop 

mass flux throughout the spray width. They are commonly produced by twin fluid 

atomization techniques. While the hollow cone spray nozzles are mostly used in power 

industries including aviation and space technology, the solid cone spray nozzles are 

largely employed in gas scrubbing, coke quenching, spray drying, sprinkling, chemical 

processing, rinsing and agricultural fields. 



The design approach of such nozzles requires the interrelations between different 

performance characteristics of the nozzle with pertinent input parameters such as, liquid 

properties, injection conditions and nozzle geometry. This needs a physical 

understanding of the flow inside the nozzle and mechanism of spray formation outside 

the nozzle. 

chamber 

Vane swirler

1. 

 

\\Jz  

Fig. 1.1 The geometry of a solid cone spray nozzle 

Generally in solid cone nozzle, fluid gets axial velocity from the flow through central 

axial port and tangential velocity from the flow through a vane swirler which in fact 

provides both tangential and axial components of velocity. The tangential component of 

velocity is responsible to increase the spray cone angle of the final spray. A solid cone 

nozzle could be made whose axial velocity comes from the axial flow through the 

central port and tangential velocity comes from the flow through the tangential entry 

ports placed symmetrically at the periphery of the swirl chamber as shown in Fig. 1.2,. 

then the nozzle under such entries replaces the vane swirler for getting tangential 

velocity could simplify the manufacturing process as well as the cost of a solid cone 

nozzle. 

Tangential entry 

Axial entry  

Fig. 1. 2 The geometry of a Solid cone spray nozzle without a vane Swirler 



1.2 Objectives 

The objectives of the project work are chosen as 

Numerical modeling of a solid cone nozzle without a vane swirler. 

Comparison of the results froin numerical computations with the published results. 

a' 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Atomizing iNozzles 

The transformation of bulk liquid into sprays and other physical dispersions of small 

particles in a gaseous atmosphere are of importance in several industrial processes and 

has many other applications in agriculture, meteorology and medicine. Numerous 

spray devices have been developed for the purpose and they are generally designated as 

atomizers or nozzles. The process of atomization is one in which a liquid jet or sheet is 

disintegrated by the kinetic energy of the liquid itself or by exposure to high velocity 

ambient air or gas or as a result of mechanical energy applied externally through a 

rotating or vibrating device. Because of the random nature of the atomization process 

the resultant spray is usually characterized by a wide spectrum of drop sizes. 

Natural sprays include waterfall mists, rains and ocean sprays. In the home, sprays are 

produced by showerheads garden hoses and hair sprays. They are commonly used in 

applying agricultural chemicals to crops, paint spraying, spray drying of wet solids, 

food processing, cooling of nuclear cores, gas-liquid mass transfer applications, 

dispersing liquid fuels for combustion and many other applications. 

Combustion of liquid fuels in diesel engines, spark ignition engines, gas turbines, 

rocket engines and industrial furnaces is dependent on effective atomization to increase 

the specific surface area of the fuel and there by achieve high rates of mixing and 

evaporation. In most combustion systems, reduction in mean fuel drop size leads to 

higher volumetric heat release rates, easier light up, a wider burning range and lower 

exhaust concentrations of pollutant emissions. In other applications, however, such as 

crop spraying, small droplets must be avoided because their settling velocity is low and 

under certain meteorological conditions, they can drift too far downwind. Drop sizes 

are also important in spray drying and must be closely controlled to achieve the desired 

rates of heat and mass transfer. 
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2.2 Types of Nozzle 

Sprays may be produced in various types of nozzles. According to Lcfehvre 11989] the 

nozzles are mainly classified as 

Pressure nozzles 

Rotary nozzles 

Air-Assist nozzles 

Air blast nozzles and 

Other types 

2.2.1 Pressure Nozzles 

In a pressure nozzle, a liquid is discharged through a small aperture under high-applied 

pressure and the pressure energy is converted into kinetic energy (velocity) hence 

produces spray of liquid. For a typical hydrocarbon fuel, in the absence of frictional 

losses a nozzle pressure drop of 138 kPa(20 psi) produces an exit velocity of 18.6 m/s. 

As velocity increases as the square root of the pressure, at 689 kPa (100 psi) a velocity 

of4l.5 m/s is obtained, while 5.5 MPa (800 psi) produces 117 m/s. 

Pressure nozzles are again classified as 

Plain orifice nozzle 

Pressure-swirl (simplex) nozzle 

C. Square spray nozzle 

Duplex nozzle 

Dual orifice nozzle 

Spill return nozzle 

Fan spray nozzle 

a. Plane orifice nozzle: A simple circular orifice is used to inject a round jet of liquid 

into the surrounding air. Finest atomization is achieved with small orifices. Combustion 

applications for plain orifice nozzles include turbojet afterburners, ramjets, diesel 

engines and rocket engines. 



b. Pressure-swirl (simplex) nozzle: A circular outlet orifice is preceded by a swirl 

chamber into which liquid flows through either a number of tangential holes or both 

tangential and axial holes. The spray is produced under the situation with a wide angle 

giving a greater specific area. There are two basic types of pressure swirl nozzles, such 
as 

Hollow cone spray nozzle and 

Solid cone spray nozzle 

Hollow cone spray,  nozzle: In a hollow cone spray nozzle, liquid at high pressure is 

supplied to the nozzle through tangential entry ports only and is finally discharged from 

an outlet orifice in the form of a hollow cone spray. The swirling flow of liquid creates 

a core of air or ambient gas that extends from the discharge orifice to the rear of the 

swirl chamber. The geometry of the nozzle is usually a converging passage followed by 

a short cylindrical orifice. Sometimes, the geometry of a hollow cone swirl nozzle is a 

narrow cylindrical one, which is employed as an injector of liquid oxygen of a co-axial 

liquid and gaseous propellant injector in a rocket engine. 

Solid cone spray nozzle: In a solid cone nozzle, liquid at high pressure is fed to the 

nozzle having both axial and tangential velocities. Generally axial velocity comes from 

the flow through central axial entry port and tangential velocity originates from the 

flow through a vane swirler. This type of nozzle produces a solid or full cone spray 

comprising drops that are distributed fairly uniform throughout its volume. Solid cone 

sprays contain significant drop mass flux throughout the spray width. They are most 

commonly produced by twin fluid atomization techniques. However, in a certain cases 

it is inconvenient to use an atomizing gas and in some applications the drop mass flux 

and velocity achievable by twin fluid atomization are in adequate. Moreover, for many 

combustion applications, a solid cone nozzle is considered undesirable because it can 

give rise excessive concentration of soot and particulates in the exhaust gases. 

Examples of such nozzle applications include water spray cooling, in various processes 

associated with the manufacture of metal ingots and sheet, the descaling of surfaces and 

gas scrubbing, coke quenching, rinsing and agricultural fields etc. 
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Square spray nozzle: This is essentially a solid-cone nozzle, but the outlet orifice is 

specially shaped to distort the conical spray into a pattern that is roughly in the form of 

a square. Atomization quality is not as high as with conventional hollow cone nozzles 

but when used in multiple- nozzle combinations, a fairly uniform coverage of large 

areas can be achieved. 

Duplex nozzle: A drawback of all types of pressure nozzles is that the liquid flow 

rate is proportional to the square root of the injection pressure differential. In practice, 

this limits the flow range of simplex nozzles to about 10:1. The duplex nozzle 

overcomes this limitation by feeding the swirl chamber through two sets of distributor 

slots, each having its own separate liquid supply. Duplex nozzles allow good 

atomization to be achieved over a range of liquid flow rates of about 40:1 without the 

need to resort to excessively high delivery pressures. 

Dual orifice nozzle: This is similar to the duplex nozzle except those two separate 

swirl chambers are provided. One for the primary flow and the other for the secondary 

flow. The two swirl chambers are housed concentrically within a single nozzle body to 

form a 'nozzle within a nozzle". Dual- orifice nozzles offer more flexibility than duplex 

nozzles. 

Spill return nozzle: This is essentially a simplex nozzle, but with a return flow line 

at the rear or side of the swirl chamber and a valve to control the quantity of liquid 

removed from the swirl chamber and returned to supply line. Very high turndown 

ratios are attainable with this design. Atomization quality is always good because the 

supply pressure is held constant at a high value, reductions in flow rate being 

accommodated by adjusting the valve in the spill return line. 

Fan Spray nozzle: Several different concepts are used to produce flat or fan-

shaped sprays. The most popular type of nozzle is one in which the orifice is formed 

by the intersection of a V-groove with a hemispheric cavity communicating with a 

cylindrical liquid inlet. It produces a liquid sheet parallel to the major axis if the orifice, 

which disintegrates into a narrow elliptical spray. 
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2.2.2 Rotary Atomizer 

One widely used type of rotary nozzle comprises a high- speed rotating disk with 

means for introducing liquid at its center. The liquid flows radially outward across the 

disk and is discharged at high velocity from its periphery. The disk may be smooth 

and flat or may have vanes or slots to guide the liquid to the periphery. At low flow 

rates, droplets form near the edge of the disk. At high flow rates, ligaments or sheets 

are generated at the edge and disintegrate into droplets. In contrast to pressure nozzles, 

rotary atomizers allow independent variation of flow rate and disk speed, thereby 

providing more flexibility in operation. 

2.2.3 Air-Assist Nozzle 

In this type of nozzle the liquid is exposed to a stream of air or steam flowing at high 

velocity. In the internal mixing configuration, gas and liquid mix within the nozzle 

before discharging through the outlet orifice. The liquid is sometimes supplied through 

tangential slots to encourage a conical discharge pattern. However, the maximum spray 

angle is limited to about 600. The device tends to be energy inefficient, but it can 

produce a finer spray than simple pressure nozzles. 

2.2.4 Airblast Nozzle 

These device's function is very similar manner to air assist nozzles, and both types fall 

in the general category of twin fluid atomizers. The main difference between air assist 

and airblast nozzles is that the former use relatively small quantities of air or Steam 

flowing at very high velocities (usually sonic), whereas the latter employ large amounts 

of air flowing at much lower velocities (<lOOmis). Airbiasts nozzles are thus ideally 

suited for atomizing liquid fuels in continuous-flow combustion systems, such as gas 

turbines, where air velocities of this magnitude are usually readily available. 

8 



2.2.5 Other Types 

Most practical nozzles are of the pressure, rotary or twin-fluid type. However, many 

other forms of nozzles have been developed that are useful in special applications 

These are as follows: - 

Electrostatic 

Ultrasonic 

Sonic(whistle) 

Windmill 

Vibrating capillary 

Flashing liquid jets 

Effervescent atomization 

2.3 CFD (Computational Fluid Dynamics) 

Computers might make the study of fluid flow easier and more effective. Once the 

power of computers had recognized, interest in numerical techniques was increased 

dramatically. Solution of the equations of fluid mechanics on computers has become so 

important that it now occupies the attention of perhaps a third of all researchers in fluid 

mechanics and the proportion is still increasing. This field is known as Computational 

Fluid Dynamics (CFD). To obtain an approximate solution numerically, one has to use 

a discretization method which approximates the deferential equations by a system of 
4- 

linear algebraic equations, which can then he cn1vfd rn 

approximations are applied to small domains in space and/or time so the numerical 

solution provides results at discrete locations in space and time. Much as the accuracy 

of experimental data depends on the quality of the tools used, the accuracy of numerical 

solutions is dependent on the quality of discretizations used. There are many 

approaches, but the most important of which are: 

Finite difference (FD) Method 

Finite volume (FV) Method 

Finite element (FE) Method 

9 



2.3.1 Finite Difference Method (FD) 

This is the oldest method for numerical solution of partial differential equations, 

believed to have been introduced by Euler in the 18th 
century. It is also the easiest 

method to use for simple geometries. The starting point is the conversion of 

differential equation in approximate finite difference form. The solution domain is 

subdivided into a number grid. In principle, the FD method can be applied to any grid 

type. However, in most of the applications of the FD method, it has been applied to the 

structured grids. On the structured grids, the FD method is very simple and effective. It 

is especially easy to obtain higher-order schemes on regular grids. Applying 

approximate finite difference form of equation at each grid point, one algebraic 

equation for each grid node is obtained in which the variables at that node and a certain 

number of neighbor nodes appear as unknowns. 

Then boundary conditions are applied for all boundary nodes. After setting initial 

values for all the unknown grid nodes a solution method for linear algebraic equations 

is applied to obtain the solution of all unknowns. 

2.3.2 Discretization 

Elementary Finite Difference Quotients 

Finite difference representations of derivatives are derived from Taylor series 

expansions. For example , if uj is the x-component of velocity at point (i, j) in a 2D 

system as shown in Fig. 2.1, then the velocity at point (i±l.j) can be expressed in 

terms of Taylor series expansion about point (i.j) as 

u + ' 
(ôu

) 
& + ' 

(a2u ' (sx)2  (au (Ax) u. 1  = ..-i -
) 

r + 2.1 8x2 2! avJ 3 

Mathematically Eqn. 2.1 is an exact expression for u. 
i if the series converges. In 

practice, Ax is small and any higher order term of  Ax is smaller than Ax. Hence for any 

function u(x), Eqn 2.1 can be truncated after a finite number of terms. For example, if 

terms of magnitude (Ax)3  and higher order are neglected, Eqn. 2.1 becomes 
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Fig. 2.1 Discrete grid points around P(i,j) 

Eqn. 2.2 is second-order accurate, because terms of order (Ax)3  and higher order have 

been neglected. If terms of order (Ax)2  and higher order are neglected, Eqn. 2.1 is 
reduced to 

u
1* ,) u

:,J +(-') Ax 2.3 oxJi, j  

Eqn. 2.3 is first order accurate. In Eqns 2.2 and 2.3 the neglected higher-order terms 

represent the truncation error. Therefore, the truncation errors for Eqns. 2.2 and 2.3 are 

(a'n) (Av) 

and 

.4. 



Y 
 (0-n) (Axy 

'.1 
n! 

It is now obvious that the truncation error can be reduced by retaining more terms in the 

Taylor series expansion of the corresponding derivative and reducing the magnitude of 

Ax. 

From Eqn. 2.1, 

) Ax 
= 

U  J,j,. AX _(!) 
) 

(2) 

+ 
axj 2 ôx. 6 

I,) 

or 

(oU ' 

Ax 

U. — U.. 

ox 1)i,j  = 
' 

+ 0 (Ax) 

In Eqn. 2.4, the symbol 0 (Ax) is a formal mathematical nomenclature that means 

"terms of order of Ax". In Eqn. 2.4 the order of magnitude of the truncation error is 

denoted by 0. The first-order-accurate difference representation for the derivative 

(ôu I ôx)1 , expressed by Eqn. 2.4 can be identified as a first- order forward difference 
formula. 

Again Taylor series expansion for u 1  ,about ujj 

' ((U I  = U -I (—Ax)+ i---i +
(6,U) Ar)3 

- +
+ 1 

(ôu
J ,.)

i,j ox 

a2u

j 2! 

Ar)2

x3 3! 

or 

= u 

(ax)ij 
'') Ax+1

a2U (sx)2 flfl 
+ ............ 2.5 ' 6 

x2 ) 2! ôx3 )
1 3! 

solving for (öu/ (?x) , we obtain 

oUJ 
- 

+ 0 (Ax) 
6x Ar 2.6 

Eqn. 2.6 is a first-order backward or rearward difference formula for the derivative (u 

/ 3x) at grid point  

2.4 
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4 

Now subtracting Eqn. 2.5 from Eqn. 2.1 

- U11  = 2 
XJ, H .()i ± 2.7 

and solving for (ôu/ ax), from Eqns. 2.7. 

au U. -U. 2 I -
)i,j 

= '' ' + 0 (Ax) 2 $ ax 2Ar 

Eqn. 2.8 is a first-order central difference formula for the derivative (ôu / ax) at grid 

point (i.j). 

For a finite difference expression of the second-order partial derivative (62u / 6x2)., 
Eqns. 2.1 and 2.5 are added which produces 

U 1,3  + = 2u11 
021, 

(&)2 (L.
av 

;)4 + 

2.9 

or. 

Il62U 
 

2u11 
iLJ+o(A)2 

2.10 (Ax) 

Eqn. 2.10 is a second-order central difference formula for the derivative (62u / ax2) at 
grid point 

Difference quotients for the y-derivatives are obtained in exactly the similar way. The 

results are analogous to the expressions for the x-derivatives as 

( 

 au - U. 
7:7 = ' + 0 (Ay ) 
Cy I j

(Forward difference) oy Ay 

= U,, U,J + 
0 (v) (Backward difference) 

(ôu = 
U f1 Q ( \\.)2 

(Central difference) ail 2Ay 

= 
)i,j 

(,)2 

- 2U +U + 
0 2 

ay2 (Central difference) 
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2.4 MAC (Marker and Cell) Algorithm 

I 

The MAC method of Harlow and Welch [1965] is one of the earliest and most useful 

method for solving full Navier-Stokes equations. This method necessarily deals with a 

Poisson's equation for the pressure and Momentum equations for the computation of' 

velocity. It was basically developed to solve the problems with free surfaces, but can be 

applied to any incompressible fluid flow problem. A modified version of the original 

MAC method due of Hirt and Cook [1972] has been used by many researchers to solve 

a variety of fluid flow problems. In this method, staggered grid system (where the 

scallers are defined at cell centre and vectors are defined at cell faces) is used and for 

pressure correction, continuity equation is satisfied by an iterative method instead of 

solving Poission's equation, following Hirt and Cook [1972] and Hirt et al. [1975). The 

important ideas on which the MAC algorithm is based are: 

Unsteady Navier-Stokes equations for incompressible flow in weak 

conservative from and the continuity equation are the governing equations. 

Description of the problem is elliptic in space and parabolic in time. Solution 

will be marched in the time direction. At each time step, a converged solution in 

space domain is obtained but this converged solution at any time step may not 

be the solution of the physical problem. 

If the problem is steady, in its physical sense, then after a finite number of steps 

in time direction, two consecutive time-steps will show identical solutions .i. 

However, in a machine-computation this is not possible hence a very small 

value say "STAT" is predefined. Typically, STAT may be chosen between I O 

and iO. If the maximum discrepancy of any of the velocity components for 

two consecutive time steps at any location over the entire space does not exceed 

"STAT" then it can be said that the steady solution has been evolved. 

If the physical problem is basically unsteady in nature, the aforesaid maximum 

discrepancy of any dependent variable for two consecutive time steps will never 

be less than "STAT". However, for a such Situation, a velocity component can 

be stored over a long duration of time and plot of the velocity component 

against time depicts the character of flow. Such a flow may be labeled as simply 

"unsteady". 
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5. With the help of momentum equation, a provisional value of the velocity 

components is explicitly computed for the next time step. 
A 6. Boundary conditions are to be applied after each explicit evaluation for the time 

step is accomplished. Since the governing equations are elliptic in space, 

boundary conditions on all confining surfaces are required. Moreover, the 

boundary conditions are also to be applied afier every pressure-velocity 

iteration. The five principal kinds of boundary conditions to be considered are 

rigid no-slip walls, free-slip walls, in flow and outflow boundaries, and periodic 

boundaries. 

2.5 Previous Works on Atomizing Nozzles 

-46 

A review of literature of previous works pertaining to the field of swirl nozzle has been 

made in this section. Instead of a general and routine description of all the earlier 

works, a critical review of the relevant literature up to the date is presented. 

A host of articles in the area of swirl nozzle is available in literature today. Most of the 

works pertain to the studies on hollow cone spray nozzle and are empirical and semi-

empirical in nature. The pioneering work in the field was due to Taylor [1948] who 

gave the most valid theory for the potential flow through a swirl nozzle and predicted 

that the air core diameter and the spray cone angle were the inverse functions, while the 

coefficient of discharge was a direct function of a single dimensionless quantity defined 
4-

as nozzle constant (K=A' D. D1), where A was the area of tangential entry ports and 
D1  and D0  were the diameters of the swirl chamber and discharge orifice respectively. 

However, in a subsequent work, Taylor [1950], provided a theoretical treatment for the 

growth of boundary layer for a laminar swirling flow in a convergent duct. 

The classical studies in the field of pressure swirl nozzle include those of Binnie and 

Harris [1950], Giffen and Massey [1950]. Binnie and Harris [1950], Binne [1951], 
Cooke [1952], Tate and Marshall [1953], Talbot [1954], Radcliffe [1954], Binnie and 

Teare [1956], Binnie et al. [1957], and Nissan and Breson [1961]. Those works mostly 

referred to experimental investigations in the flow of swirling liquid through straight 

and convergent ducts. The investigations mostly included the experimental 
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determination of the distribution of pressure and different velocity components in the 

flow. In some of the above mentioned works, theoretical prediction of liquid film 
a 

thickness was made either from the solution of potential flow or from the solution of 

boundary layer equations by momentum integral method. A good agreement of 

theoretical predictions of hydrodynamic parameters of nozzle flow and nozzle 

performance parameters with the experimental observations was hardly obtained in 

those works. Amongst the classical analytical works in the field of swirling flow, 

mention can be made of the work of Talbot [1954] who predicted the decay of a 

rotationally symmetric steady swirl superimposed on Poiseuille flow in a round pipe. 

The developments in the field of simplex nozzle are mainly due to Kutty et al. [1978], 

IL Som and Mukherjee [1980a,b], Jones[ 1982], Som [1983a,b], Rizk and Lefebvre 

[1985ab], Suyari and Lefebvre [1986],Wang and Lefebvre [1987], Chen et al. [1992]. 

Keh-Chin et al. [1993], Yule at al. [1997], Holtzclav et al. [1997j, Jeng et al. [1998], 

Liao et al. [1999], Sakman et al. [2000], Datta and Som [2000], Dash et al. [2001], 

Halder et al. [2002, 2003], and Steinthorsson et al. [2000]. All these works brought 

about an understanding of the swirling flow inside a hollow cone spray nozzle and 

attempted to evaluate the liquid film thickness or air core diameter at the discharge 

orifice, the flow number, the coefficient of discharge and the spray cone angle of the 

nozzle from empirical studies, the simplified theoretical studies and numerical 

computations. 

iL 

Kutty et al. [1978], experimentally studied on the flow number, the spray cone angle 

and the liquid film thickness at the discharge orifice of a hollow cone swirl nozzle 

They determined the air core diameter from the measurement of liquid film thickness at 

the orifice and predicted that the air core diameter increased with an increase in the 

pressure drop till it became asymptotically maximum. 

The works of Som and Mukherjee [1980a,b] and Som [1983a,b] referred to both 

theoretical and experimental investigations of air core diameter, the coefficient of 

discharge and the spray cone angle from a hollow cone swirl nozzle using Newtonian 

and power law non-Newtonian fluids. The nozzles considered for their studies did not 
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have a finite length of orifice. The theoretical analysis of their works was based on the 

solution of laminar boundary layer equations by momentum integral method. The 

theoretical predications did not agree well with the experimental observations. 

The work of Rizk and Lefebvre [1985a] referred to a theoretical prediction of liquid 

film thickness at the discharge orifice of a conical swirl nozzle. The theory proposed by 

them was based on the force balance of a fluid element in a laminar flow along with the 

consideration of constant pressure gradient across the liquid film. The predictions of 

Rizk and Lefebvre [1985a] were found to be in good agreement with the experimental 

results of Kutty et al. [1978] 

Suyari and Lefebvre [1986] measured the liquid film thickness at nozzle exit in their 

experimental investigation and compared their results with the available correlations. 

They observed that liquid film thickness increased with an increase in n0721e 

constant,K (as defined before). Their experimental data were in good agreement with 

the predictions based on the analysis of Giffen and Muraszew [1953] 

The main difficulty in the numerical simulation of flow in a hollow cone swirl nozzle is 

the accurate tracking of the interface between the two phases. Several methods for the 

solution of a free surface flow by interface tracking or interface capturing are available 

in the literature. Some of them are unable to give exact location of the interface and 

some of them are computationally expensive. Jeng et al. [1998], Liao et al. [1999] and 

Sakman et al. [2000] used a computational model based on Arbitrary Lagrangian 
- 

Eulerian (ALE) method for the simulation of flow in a hollow cone swirl nozzle. Jeng 

et al. [1998] simplified the simulation by treating the interface as an inviscid free 

surface. They observed a bulging shape of an air core at the entrance to orifice in a 

hollow cone swirl nozzle but did not report any quantitative or even qualitative 

functional relationship of the shape and size of the air core nozzle flow and nozzle 

geometry. Liao et al. [1999] and Sakman et al. [2000] investigated numerically the 

nozzle performance parameters like, the coefficient of discharge, the spray cone angle, 

and the liquid film thickness at nozzle outlet with geometrical parameters of the nozzle. 

They also compared their results with the corresponding experimental results of Jeng et 
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al. [1998]. and Sakman et al. [2000] and observed that the liquid film thickness at 

nozzle outlet decreased with an increase in the value of the ratio, L0/D0  where , Lo  was 
the length of orifice and D0  was the diameter of orifice of the nozzle. However, this was 

in contrast to that obtained by Rizk and Lefebvre [1985a] 

The recent work of Datta and Som [2000] predicted a uniform air core diameter in a 

hollow cone type conical swirl nozzle from a numerical solution of two-phase turbulent 

swirling flow in the nozzle. But in practice, the central air core is not uniform in size 

throughout the nozzle. Though the air core is of uniform cylindrical shape in the 

converging part of the nozzle, it bulges out at the entrance to the orifice and then again 

remains almost uniform within the short cylindrical orifice. The theory of Datta and 

Som [2000] could not predict the bulging shape of an air core at the orifice. This ma 

be attributed to the fact that the theory proposed by them, instead of providing a 

solution of a free surface flow, employed a minimum resistance principle in predicting 

the air core diameter from an optimization of nozzle flow with pressure drop for 

different arbitrary air core diameters superimposed in the flow. 

Then Halder et al. [2003] predicted both numerically and experimentally, the shape and 

size of air core and its changes with geometry and flow condition from their detailed 

study on hollow cone swirl nozzle. They again reported the buldging shape of air core 

like Jeng et al. [1998] and determined its sizes as well. Halder et al. [2002] also 

41 reported about the initiation of air core within a hollow cone swirl nozzle. 

From the above comprehensive review of literature, some information about the 

inception of air core in a hollow cone swirl nozzle and the influences of nozzle 

geometry and nozzle flow on the shape and size of a fully developed air core are 

obtained. 

Even if a few information about air core in a conical nozzle are available in the 

literature as described above, but not much information in case of solid cone nozzle is 

found till date. The recent development in the field of solid cone nozzle with a vane 

swirler is mainly due to Nasr et al. [1999], Walmsley et al. [2000], and Halder et a]. 

..1 

19 



[2004]. Nasr et al. [1999] found experimentally and gave empirical relations of droplet 

size, mean velocity and mass flux for the spray from the nozzle. Walmsley et al. [2000] 

from their numerical investigation, found the droplet and mass flux distribution in the 

spray from the solid cone nozzle. They described the modification, use and validation 

of a three-dimensional CFD code applied to model solid cone sprays produced by 

pressure swirl nozzles. The finite volume code used is a three dimensional, orthogonai. 

two-phase, Lagrangian tracking, transient code. It contains sub-models for the 

secondary break-up of droplets and for coalescence. The effect of chosen initial drop 

size distribution on the predicted fully developed spray characteristics is investigated. 

Optimum initial conditions are determined by making comparisons with published 

experimental data Each initial distribution can be characterized by the maximum, 

minimum and Rosin-Rammier mean diameters. Relations are developed for these 

diameters as a function of the operating parameters. 

Halder et al. [2004], investigated both numerically and experimentally on the 

coefficient of discharge Cd and the spray cone angle tfJ  of a swirl spray solid cone 

pressure nozzle with a vane swirler. The theoretical predictions were made from a 

numerical computation of flow in the nozzle using the standard k-s model of 

turbulence. The values of Cd and +' were evaluated from the radial distributions of 

velocity components of liquid flow at the nozzle exit. The experiments were carried out 

to measure the values of Cd and 'V of a solid cone spray nozzle at different operating 

conditions to validate the numerical predictions. They established, from a fair 

agreement of values of Cd and i between their numerical and experimental results, that 

the adoptation of the standard k- model for turbulence in nozzle flow serves well the 

purpose of predictions of Cd and 'V within the range of operating parameters studied in 

their work. 

In the present work, an attempt towards the numerical investigation on the co-efficient 

of discharge Cd and the spray cone angle ji from a solid cone spray nozzle without a 

vane swirler as shown in Fig. 1.2. has been made to carry out. 

-e 
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CHAPTER 3 

THEORETICAL FORMULATION 

The theoretical analysis relers to a typical solid cone spray swirl nozzle without a vane 

swirler is shown Fig. 1.2. The entry of liquid to the nozzle is spilt through an axial 

central cylindrical port and two tangential ports at the base of swirl chamber. The 

standard k-E model with wall function treatment of turbulent quantities has been 

adopted for the computation of turbulent flow in the nozzle. This is done despite the 

fact, that many researchers have observed some shortcoming in the ability of the 

IL standard k-E model in predicting the recirculating and swirling flow results, at least 

quantitatively. The implementation of modified k- E models or higher order turbulence 

models (ASM,RSM) have been suggested by different researchers(Launder et al. 

[1977], Rodi [1979], Srinivasan and Mongia [1980], Fu et al. [1988], Jones and Pascau 

[1989] , Sturgess and Syed [1990], Nikjooy and Mongia [1991], Chang and Chen[ 

1993]) in the computations of recirculating flows with improved accuracy. However, 

there is no conclusive information available in the literature regarding the accurate 

adoptability for any of such models in a confined swirling flow. The higher order 

turbulence models are relatively complex and time consuming and are found sometimes 

to be not accurate enough in predicting the strong swirling flows. Ramos [1985] in his 

numerical study on swirling stabilized combustor used the standard k-E model and 

argued that the consideration of a scalar viscosity in confined incompressible swirling 

flows was indeed adequate. Halder et al. [2004] reported that the reasonable accuracy 

in numerically predicted performance parameters like the coefficient of discharge and 

the spray cone angle in such swirling flow using standard k-E model was obtained 

comparing with their experimental values. 

3.1 Governing Equations 

The averaged conservation equations for the axi-symmetric flow of a liquid through the 

nozzle are written in a cylindrical coordinate system (Fig. 1.2) as 

Al 
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Continuity Equation 
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Turbulent Kinetic Energy Equation: 
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Turbulent Kinetic Energy Dissipation Rate Equation: 
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The Eqns. 3.1 to 3.6 have been made dimensionless using the dimensionless variables 

V vi  v =- v =-- v ---a 
U' U' ° U 

as 

where, U is the average axial velocity at inlet plane of the nozzle and is defined as 

u = 
r R 

where, Q is the total flow rate through the nozzle, 

p-- p' p1  — , - p;' ---- 
pU pU 

k' 2RE' k=--, = 
U- U3  
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z' r=— z=- 
2R1 2R 

Finally, the dimensionless forms of Eqns. 3.1 to 3.6 become 

Continuity Equation 
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where, The Reynolds number at inlet to the nozzle R,  = 2pUR1 / Vt 
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Turbulent Kinetic Energy Dissipation Rate Equation: 
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The empirical constants for Eqns. 3.11 and 3.12 are as follows 

4 

24 



clu  = 0.09, ak =1.0, = 1.3, c1  = 1.44, c2  = 1.92 

- 3.2 Boundary Conditions 

Inlet 

V 2 , 0(r(R2 3.13a 

RI 

q,.) 

(:~~ 
'2' R2(rKR1  

1 — 
R1) 

(R VR 
2  

v (1 
- 

q,. 
, 

) 
(l?J (.R) 

R2  (r (R1  

v =0,k=k1 e=6  in 

The flow ratio (q) in Eqns. 3.13ato 3.13cis defined as 

q = flow rate through the central entry port 

total flow rate through the nozzle 

Outlet: 
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az 

where, 

p equals to Vr, v , ye and k 

P. is ambient pressure 

25 

3. 13b 

3.13c 

3.13d 

3.13e 

3.14 



Wall: 

Vr= Vz =Vo=O 
3.15 

Logarithmic Law of wall for turbulent quantities 

Axis of symmetry ( r = 0): 

=v =v0 =O
ar  3.16 

33 Coefficient of Discharge and Spray Cone Angle 

The Coefficient of Discharge and the Spray Cone Angle are determined from 
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velocities at the nozzle exit are determined as 
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3.4 Numerical Scheme 

The velocity and pressure fields were calculated by solving the momentum Eqns. (3.8 

to 3.10) along with continuity Eqn. (3.7) satisfying the respective boundary conditions 

by an explicit finite difference computation technique developed by Hirt and Cook 

[1972] following the original MAC (Marker and Cell) method due to Harlow and 

Welch [1965]. The time independent steady state solution of flow was achieved by 

advancing the equations in time till the temporal derivatives of all the variables were 

reduced below a pre-assigned small quantity, A. The performance parameters were 

calculated from the velocity and pressure values at the nozzle exit using Eqn. 3.17 and 

3.18 once the steady state solution was attained. 

The computational domain was divided into a set of small cells. The variables in the 

domain were defined following a staggered grid arrangement, with the velocity 

components located at the center of the cell faces and the scalars (p, k, c ) located at the 

cell centers. The cells were labeled with an index (i, j), which denoted the cell number 

as counted in the positive direction of'z' and 'r respectively. A time dependent solution 

was obtained by advancing the flow field variables through a sequence of a short time 

step, öt calculated in a manner described later. The advancement of the variables was 

made in two stages. First, all the variables were advanced explicitly based on their 

values at previous time step and then the velocities calculated in the first stage were 

corrected to satisfy the mass conservation for each cell an iterative pressure correction 

introduced in each cell was based on the mass divergence Di
j,  calculated from the 

associated velocities with the cell as 

flD 3  
= 

- D1J 3.20 

opI,) 

here, f3 is an over—relaxation factor. 

I, * 
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The idea behind the pressure correction was to conserve the mass by reducing the 

pressure in the cells having a net positive mass divergence. The change in pressure 

within a cell changed the associated velocity components as follows 

a 
(Vr ),j =(Vj

jj  +52jj 3.21 gr 

9 1 3.22 
151. 

I \ -..\ St 
= 

I 

+ --.Spi, j 3.23 

(V.)11 = ()i. —sp1 3.24 

Where, VY  represents the velocity calculated after the first stage calculation as 

mentioned before. 

As the pressure-velocity corrections in one cell affect the pressures and velocities 

associated with the neighboring cells, the process had to be carried Out iteratively, till 

the mass divergence of all cells was reduced below a small pre-assigned value. The 

pressure and velocity fields, so corrected, and gave the final solution at the advanced 

time level. In original MAC method, the pressures in the cells were obtained by solving 

the Poisson's equation for pressure directly according to Harlow and Welch [1965] 

The present method of pressure- velocity coupling was done by iterative method using 

the principle of conservation of mass , developed by Hirt and Cook [1972] and Hiri et 

al. [1975] following a related technique developed by Chorin [19671. 



3.5 Discretization Scheme 

The continuity equation (Eqn. 3.7) was discretized following a central differencing 

scheme. in momentum equations (Eqns. 3.8 to 3.10 ) and k andF, equations (Eqns. 3.11 
and 3.12 ), the space derivatives of the diffusion terms were discretized by central 

differencing scheme. The advection terms, on the other hand, were discretized by 

hybrid differencing scheme described by Patankar [1980], where the discretization was 

made based on the local Peclet number (Pe associated with the cell). A central 

differencing scheme was adopted when the Peclet number was in the range of-2 :!~ Pc < 

2. When the Peclet number was outside the range, an upwind scheme was used in 

which diffusion terms were set equal to zero. 

3.6 Grid Specification 

A 44X62 variable sized adaptive grid system was considered to make the 

computational cells finer near the inlet and wall regions. The variations in the size of 

grids were made uniformly. Grid independence test was done for each set of calculation 

by doubling and quadrupling the number of grids in both r and z directions and it was 

found that the changes in the magnitude of the local velocity components and turbulent 

kinetic energy were not more than 2%. 

3.7 Time Step Specification 

The choice of the time step (&) to ensure the stability in the computation was 

calculated satisfying two restrictions as suggested by Hirt et al. [19751. First, the fluid 

should not travel more than one cell in one time step. 

8z 5r 9t1 Kmin
(IV 

-, 
- 

jVJ) 
I 3.25 

Therefore, the time step must satisfy the inequality, 
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where, the minimum value was calculated with respect to every cell in the mesh 

Typically, 8t1  was chosen to be one-fourth to one-third of the minimum cell transit 
A 

time obtained from Eqn. 3.25. 

Second, the momentum should not diffuse through approximately more than one cell in 

one time step. A linear stability analysis showed that this limitation implied, 

Sr 2  5z 2  St 2 K 0.5 Re 
8r 2 +5z 2 3.26 

Flnall\. 

öt = mm (3t1, 6t2) 3.27 

The required value of öt, as explained above, was found out at each time level. Often a 

more stringent restriction on 5t than given by Eqn. 3.27 was required to have a 

converged solution and this was fixed by trial and error during the computation. 

F 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The velocity field within the nozzle has been plotted in r-z (grid 44X62) plane for 
Re= 1X10 4, q, =0.1 and 131 /D1 = 0.21 inFig.4.l. Fig.4.1 depicts the flow field inside 

the nozzle of a given geometry and given operating conditions. A recirculalion is 

observed in the annular space at the inlet region of nozzle which does not reach to axis 

at all. The flow fields at other operating conditions, as studied in the present work, are 

similar to that as sho\\il  in Fig. 4.1. 
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Fig. 4.1 Velocity field in a solid cone swirl nozzle without a vane swirler 

4.1. Influence of Reynolds number Re and DT/Di on the coefficient of discharge C(j and 
the spray cone angle W. 

Coefficient of discharge Cd versus Reynolds number Re and Spray cone angle 4/ versus 

Reynolds number Re are plotted in Fig.4.2 & Fig.4.3 respectively. Reynolds number Re 

or 
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is varied from IXIO to 6X10 for q = 0.1, D2/D1  0.17 and D0/D1  = 0.25 in both the 
plots. Two different plots have been made for D1 ID1  = 0.21 and D/D1  = 0.25 in both 

the figures. It has been observed from the numerical computations (Figs 4.2 and 4.3) 

that the coefficient of discharge Cd remains almost uninfluenced and the spray cone 

angle 'I' decreases with the increase in inlet Reynolds number Re for given values of' 

DT/DI, q and D2/D1  An increase in Reynolds number Re for a given values of flow 

ratio qr, D2/D1  and D1/D1, implies an increase in the flow through both the central port 

and the tangential ports proportionately. It causes an increase in both the axial and 

tangential velocities at inlet to the nozzle. Hence, swirling strength increases at the 

same time friction in flow also increases and finally results in almost constant values of 

Cd and a decrease in 'I' with Re. 

It is further observed (Figs.4.2 and 4.3) that Cd decreases and 'I' increases with a 

decrease in D1/D1  ratio for fixed values of Re, q, D0/D1  and D2/D1. For given values of 
Re and qr, a decrease in DT/Dl causes to increase in the tangential velocity at inlet to 

the nozzle. Then the pressure drop within the nozzle increases and at the same time the 

tangential component of velocity also increases over the axial one at the nozzle exit. 
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Fig. 4.2 Effects of inlet Reynolds number Re and DTIDI on Cd 
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Fig. 4.3 Effects of inlet Reynolds number Re and Dr/Di on 'p 

4.2. Influence of flow ratio q, and diameter ratio D21D1  on the coefficient of discharge 

C(l and the Spray cone angle qi. 

Coefficient of discharge Cd versus flow ratio q, is plotted in Fig.4.4. Flow ratio q is 

varied from 0.110 0.5 for Re = 5X10 ', DT/DI = 0.21 and DJD1 = 0.25. Five different 

plots have been plotied for D2/D1  = 0.125, 0.17, 0.21, 0.37 and 0.5. It is observed from 

the numerical predictions (Fig. 4.4) that the coefficient of discharge Cd increases 

slightly with the flow ratio qr  for a given value of Re, D0/D1  and D1 /D1, at higher values 

of diameter ratios ( D2/D1  = 0.37 to 0.5 ). But when D2/D1  is decreased below 0.37 the 

value of Cd increases sharply with an increase in q. An increase in the value of flow 
ratio q r  for a given value of Re, implies an increase in flow through the central port and 

a reduction in flow through the tangential ports at inlet to the nozzle. This causes an 

increase in the average axial velocity through the central port and a decrease in 

tangential velocity at the inlet. Under this Situation, the Swirling strength of flow within 

the nozzle is reduced with a subsequent reduction in the pressure drop for a given flow. 

This results in an increase in the value of Cd and a decrease in 'i' 
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port at nozzle inlet is considerably reduced while the tangential velocity is increased. 

This causes an increased strength of swirl in the flow through the nozzle and finally 

results in a higher value ofii. 
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Fig. 4.5 Effects of now ratio q. and diameter ratio D 21D 1  on qi 

4.3. Compaiison of nurneiical predictions from l)I'eseflt work with the published results 

The comparisons of numerically predicted values from the present work with the 

published results of other authors are as follows- 

The coefficient of discharge Cd from the present work is found less while the tji is 

found higher than that of published results of Halder et al. [2004]. The maximum 

variation of coefficient of discharge Cd and spray cone angle 'I'  values from the present 

work for the effect of flow Reynolds number Re for a given values of D01D1, q and 

D2/D1  were 10.5% and 43.1% respectively. While the same from Halder et al's [2004] 

results were 6.45% and 10.9% respectively for the same working range. 
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D2/D1  were 10.5% and 43.1% respectively. While the same from Halder et aL's [2004] 

results were 6.45% and 10.9% respectively for the same working range. 

The maximum variation of coefficient of discharge Cd and spray cone angle q j values 

from the present work for the effect of flow ratio q for a given values of D/D1, Re 

and D2/D1  (0.125 to 0.21) were 66.47% and 87.87% respectively. While the same from 

1-lalder et al. [2004]'s results were 46.5% and 75% respectively for the same working 

range. 

Although the comparison has been made between two works but both works have not 

been done in the same environment. In Halder et al. [2004]'s work, swirling strength 

was generated by applying swirl number while the same is generated in the present 

work by applying tangential flow through tangential entry ports. But the trends of 

variation of coefficient of discharge Cd and spray cone angle qi in both the cases are 

found similar. Moreover, higher values of spray cone angle i; as obtained in the present 

work could he able to provide better atomization than the nozzle with a vane swirler. 
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CONCLUSIONS 

Modeling of flow through a solid cone nozzle without a vane swirler has been made 

in the present project. The performance parameters like coefficient of discharge Cd 

and spray cone angle qi have been predicted from numerical solution as functions of 

nozzle geometry and injection conditions. The coefficient of discharge Cd is almost 

uninfluenced and the spray cone angle 'v decreases with the increase of Reynolds 

number Re of flow at inlet to the nozzle for a given values of q, D0/D1  and 132/131. 
A decrease in DT/Di ratio for a given Re, q D0/D1  and D21D1  decreases the 

coefficient of discharge Cd and increases the spray cone angle 41. An increase in the 
value of flow ratio qr  for a given Re, DT/Dl and D2/D1  increases the coefficient of 

discharge Cd but decreases the spay cone angle W. The solid cone nozzles with or 

without a vane swirler show similar trends of variation of performance parameters 

like Cd and x1i. In some cases, the nozzle without a vane swirler produces higher 

spray cone angle than that of nozzle with a vane swirler. The nozzle assumed for 

the present work would be less costly and provides higher spray cone angle 41 

which could produce better atomization as well. 
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D2/131  were 10.5% and 43.1% respectively. While the same from 1-lalder et al.'s [2004] 

results were 6.45% and 10.9% respectively for the same working range. 

To 

The maximum variation of coefficient of discharge Cd and spray cone angle values 

from the present work for the effect of flow ratio q for a given values of Dr/Di, Re 

and D2/D1  (0.125 to 0.21) were 66.47% and 87.87% respectively. While the same from 

I lalder et al. [2004]'s results were 46.5% and 75% respectively for the same vorkng 
range. 

Although the comparison has been made between two works but both works have not 

been done in the same environment. In Halder et al. [2004]'s work, swirling strength 

was generated by applying swirl number while the same is generated in the present 

work by applying tangential flow through tangential entry ports. But the trends of 

variation of coefficient of discharge Cd and spray cone angle ji in both the cases are 

fbund similar. Moreover, higher values of spray cone angle '41 as obtained in the present 

work could be able to provide better atomization than the nozzle with a vane swirler. 
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