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ABSTRACT 

This paper reports the results of mathematical 

modelling and simulation of two-phase flow near 

the outlet of six different industrial fan-spray 

atomizers under different operating conditions. 

The Finite Volume Method, implemented in the 

commercial code, Fluent V.6.2, has been used to 

solve the mathematical model numerically, whilst 

the Volume of Fluid (VOF) approach has been 

employed to track the interface between liquid and 

gas. Surface tension effects have been included 

using the Continuum Surface Force method (CSF). 

Results from simulation have been validated 

with experimental data and compared with those 

from previous works. Interesting conclusions about 

sheet thickness, velocity and vorticity of the flow 

have been obtained; some of them differ from 

hypotheses assumed in previous works. These 

conclusions may reflect the way in which break-up 

models are used to obtain drop size and break-up 

length.  

Keywords: CFD, Fan-spray atomizer, Liquid 

sheet, Two-phase flow. 

NOMENCLATURE 

A [m
2
] cross-sectional area 

C, C’ [-] constants 

K [m
2
] sheet thickness factor 

Q [m
3
/s] flow rate 

L [m] break-up length 

U [m/s] sheet velocity 

dD [m] drop diameter 

r [m] radial coordinate 

α [-] volume fraction 

δ [m] sheet thickness 

ϕ [rad] angular coordinate 

µ [N·s/m
2
] fluid viscosity 

ρ [Kg/m
3
} fluid density 

σ [N/m} surface tension 

θ [rad] sheet angle 

Subscripts 

0  outlet 

S  sheet 

R  rim 

T  total 

1  primary phase, air 

2  secondary phase, water 

1. INTRODUCTION 

Liquid atomization and spray processes take 

place in a multitude of technical applications, from 

combustion of liquid fuels to agriculture. For this 

reason these processes are the object of active 

research and the number of theoretical and 

experimental works devoted to analysing the basic 

mechanisms of instability and atomization of liquid 

streams is considerable. An understanding of the 

mechanisms governing these processes improves 

the possibility of optimising atomizer design, 

whereby spray characteristics can be adapted to 

their respective applications. 

The field of atomization has yielded many 

theoretical works based on the linear and non-linear 

mathematical stability analysis of jets and liquid 

sheets [1]. These works, from the earliest of 

Rayleigh [2], Taylor [3], Squire [4], Hagerty and 

Shear [5] or Dombrowski [6] up to those of the 

present day, have provided a lot of important 

information about atomization mechanisms. 

However, they have been limited to the analysis of 



very simple flow configurations. Consequently, 

several important effects remain to be adequately 

considered, such as certain more complex nozzle 

configurations, turbulence, non-linear effects and a 

complete description of the interaction between 

liquid and gaseous phase. 

Numerical techniques of Computational Fluid 

Dynamics have been used to study atomization and 

spray processes. Complex mathematical models 

have been employed in the analysis, capable of 

including the effects mentioned previously. Works 

that have used more complex mathematical models 

can be separated into two groups. On the one hand, 

there are those studies whose models focus on the 

direct simulation of the instability mechanisms 

which lead to the disintegration of the liquid stream: 

[7], [8], [9], [10] and [11]. Even though they 

reproduce more of the physics of the process, they 

are not usually used to study real atomizer 

configurations due to limited computational 

resources. On the other hand, there are those works 

which don’t attempt to simulate the instability and 

break-up processes, thereby reducing computational 

requirements. They analyse real atomizer 

geometries and obtain useful information about the 

flow very near the outlet of the atomizer, upstream 

of the break-up point. This information can be used 

as input in break-up models to obtain spray 

characteristics. 

Currently, the thrust is towards the 

development of mathematical models and 

simulation techniques which are capable of 

analysing real atomization systems and which take 

greater account of the physics of the atomization 

process [12],[13]. 

Several works which belong to the second 

group use the Volume of Fluid (VOF) approach to 

model and simulate the two-phase flow inside and 

outside Simplex atomizers. This type of atomizer is 

widely used in combustion applications, and has 

been analysed in a multitude of works [14], [15], 

[16] and [17]. 

In contrast, Fan-Spray atomizers, which are 

widely used in agricultural and painting 

applications, although studied by Dombrowski et al. 

[6], have not been deeply analysed using 

Computational Fluid Dynamics Techniques. In fan-

spray atomizers the spray is produced by 

disintegration of a liquid sheet formed as the liquid 

leaves the outlet (Figure 1). The liquid flow at the 

sheet (as well as its interaction with the surrounding 

gaseous phase) has several special features that 

make it complex. For example, due to surface 

tension, the boundaries of the liquid sheet contract, 

forming a curved rim as the sheet extends from the 

outlet of the atomizer. 

 

Figure 1: Break-up and disintegration of fan-

spray liquid sheet 

Certain characteristic design parameters of 

these atomizers refer to sheet thickness and liquid 

velocity in the sheet. Several studies assume the 

magnitude of the liquid velocity in the sheet to be 

constant and its direction radial. Consequently sheet 

thickness varies with the radial coordinate, r, 

measured from the atomizer outlet according to the 

following expression [6], [18]: 

 

r

K
=δ  (1) 

 

where K is the sheet thickness factor. Its value 

depends on the fluid atomised, the operating 

conditions and the design of the atomizer. 

These hypotheses have been partially proven 

experimentally [6], [19]. 

In this paper the results of mathematical 

modelling and simulation of two-phase flow near 

the outlet of different industrial fan-spray atomizers 

are presented. Hypotheses mentioned previously 

concerning the outflow of fan-spray atomizers are 

checked by means of simulation using CFD 

techniques. Moreover, valuable information which 

may be used as input in break-up models to 

calculate the spray drop-size and break-up length 

[20], [21] has been obtained. For example, the 

break-up model proposed by Dombrowski and 

Hooper [18] established that the drop-size and 

break-up length of fan sheets depended on the sheet 

thickness factor and the air-liquid relative velocity. 

The expressions derived from this model for long 

wave disturbances are the following: 
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2. PROBLEM DESCRIPTION 

 

Figure 2: Exterior geometry of an analysed 

design 

2.1. Description of the atomizers 

Six different commercial designs of fan 

atomizer have been analysed. A description of their 

interior geometry can be found in reference [22]. 

The geometry of the outlet orifice of one of the 

analysed designs is presented in Figure 2. 

2.2. Description of mathematical model 

A mathematical model has been developed to 

study the two-phase flow that takes place near the 

outlet of the atomizer. 

2.2.1. Governing equations 

The fluids employed are water, which is 

assumed to be incompressible and whose properties 

are considered constant (ρ=998.2 kg/m
3
, 

µ=1.003·10
-3

 Pa·s) and air, whose properties are 

also considered constant (ρ=1.225 kg/m
3
, 

µ=1.789·10
-5

 Pa·s). Previous simulations [22] have 

shown that the flow at the atomizer outlet is 

turbulent, and in all cases the Reynolds Average 

Navier-Stokes (RANS) approach is used to model 

the turbulence effects. The standard k-ε turbulence 

model is used to calculate the effective viscosity. 

2.2.2. Flow domain 

The external geometry of each design has been 

accurately modelled in order to observe the 

corresponding effect on flow. 

The geometry of the nozzles, permits the 

domain to be simplified using two planes of 

symmetry (Figure 3). Thus only a quarter of each 

design has been modelled. As simulating the 

appearance and growth of dynamic disturbances, 

which lead to the atomization of the liquid sheet, is 

not considered, this assumption has been perfectly 

accepted. 

Fixing the limits of the domain requires care. It 

might seem that simply enlarging the domain 

should provide better results. However, it is also 

necessary to consider that the liquid sheet narrows 

very rapidly, such that its thickness downstream 

determines a limit superior to the extension of the 

domain if a good balance between space resolution 

in the sheet and number or cells of the model is 

desired. As mentioned previously, the mathematical 

model used is not capable of reproducing the 

destabilisation and break-up of the sheet. 

Consequently, the simulation of an extensive 

domain doesn’t necessarily fit its real behaviour 

because it breaks up at a certain distance from the 

nozzle. 

In spite of this shortcoming,, a simulation with 

a larger domain has been carried out to confirm the 

above. The results show a series of phenomenon 

that, due to the previous sheet break-up, don’t 

appear in real flat sheets. 

The break-up length of the flat sheet and its 

angle have been experimentally measured for all the 

nozzles under different operating pressures. These 

results, together with the height of the boundary 

layer created on the interface, have been used to 

establish the minimum dimensions for the domain. 

The values of these dimensions (xmax, ymax, zmax), 

nondimensionalized with a characteristic length, i.e. 

the maximum height of the atomizer’s outlet, can be 

seen in Figure 3.  

 

Figure 3: Dimensions of the flow domain 

2.2.3. Boundary conditions 

Previous simulations of the interior flow of 

these atomizers under different operating pressures 

[22] provided profiles of velocity (Ui), turbulent 

kinetic energy (k) and dissipation ratio of k (ε). 

These profiles have been imposed at the outlet of 

the nozzle as boundary conditions.  

At the atmosphere boundaries a uniform zero 

value of gauge static pressure has been prescribed. 

At the solid walls a no-slip condition has been 

imposed on fluid velocity. 

Finally, at both symmetry planes the normal 

velocity component and the normal gradients of all 

other variables have been set to zero. 

2.2.4. Discretization and resolution 

The mathematical model is solved numerically 

by first discretizing the flow domain into a grid and 

then discretizing the governing equations. 

The flow domain has been discretized using 

high quality cells, most of which are hexahedral in 

shape. The number of cells is about 10
6
. The 

maximum height of the atomizer’s outlet contains 
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30 grid points. At the end of the domain there are at 

least 10 nodes within the width of the sheet, which 

ensures an acceptable resolution. 

The CFD code, Fluent V.6.2, is used to solve 

the mathematical model numerically. It employs the 

Finite Volume Method to discretize the flow-

governing equations.  

The Volume of Fluid (VOF) approach [23] is 

considered the most appropriate as it is designed for 

two or more immiscible fluids where the position of 

the interface is of interest. 

Its formulation is based on the fact that two or 

more phases do not interpenetrate, so in each cell 

the sum of volume fractions of all phases must be 

unity. 

A single momentum equation is solved for the 

entire domain, and the resulting velocity field is 

shared by both phases. 
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With regard to turbulence quantities, a single 

set of transport equations is solved and, as for the 

momentum equations, the resulting variables are 

shared by the phases throughout the field. 

The tracking of the interface is carried out by 

solving a continuity equation for the volume 

fraction of water (secondary phase): 
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The volume fraction equation is not solved for 

the primary phase (surrounding air), but computed 

from the following constraint:  

 

1
21

=+αα  (6) 

 

Depending on the local value of αi, the values 

of properties and variables, namely density, 

viscosity, etc., are evaluated with the following 

expression 
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and assigned to each cell within the domain. 

Finite volume formulation demands the 

convective and diffusive fluxes through the control 

volume faces to be computed and balanced with 

source terms within the cell itself. The VOF model 

implemented in Fluent has four schemes for the 

calculation of face fluxes, depending on the type of 

interface reconstruction method used: Geometric 

Reconstruction, Donor-Acceptor, Euler explicit, and 

Euler implicit.  

The last one can be used for both time-

dependent and steady-state calculations, whereas 

the other approaches are valid only for time-

dependent calculations. In order to obtain the face 

fluxes, the implicit scheme applies the same 

interpolation treatment to the cells lying near the 

interface as to those that are completely filled with 

one of both phases. 

This scheme has been considered to be the most 

suitable for the present purpose, as transient flow 

behaviour is not of interest, the steady-state solution 

is not affected by the initial conditions and each 

phase has an independent inflow boundary. 

Surface tension effects along the interface have 

been included in the model. The surface tension 

model in Fluent is the continuum surface force 

(CSF) model developed by Brackbill et al. [23]. 

With this model, the surface tension effects become 

a source term in the momentum equation.  

The governing equations are linearized and 

solved using the pressure-correction algorithm 

SIMPLE for pressure-velocity coupling.  

Second-order schemes are employed to 

discretize the governing equations. An upwind 

scheme is used for convective terms, whereas a 

centred scheme is adopted for diffusive terms. 

Pressure interpolation to cell faces is performed 

using coefficients of the momentum equations to 

avoid pressure checker-boarding 

2.2.5. Convergence criteria 

In order to check the convergence of the 

iterative procedure all the scaled residuals of the 

variables are diminished under 10
-5

. 

3. RESULTS AND DISCUSSION 

3. 1. Results 

 The air-liquid interface has been obtained from 

the values of flow variables provided by 

simulations. It has been considered as interface that 

iso-surface having a constant value of liquid 

volumetric fraction equal to 0.5. 

 

Figure 4: Coordinates System 

To present the results of the study, cylindrical 

coordinates (r,ϕ) have been adopted, as shown in 

Figure 4. The reference frame origin is fixed at the 



pressure centre, i.e. at a point inside the atomizer 

determined by the sheet angle at the outlet [8].  

Values of the thickness factor, calculated with 

Eq. (1), have been obtained at different radial 

distances. In Figure 5, the results for two different 

circumferential surfaces are presented. 
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Figure 5: Variation of the sheet thickness factor 

with the angular coordinate (a) Near the outlet 

(b) Further downstream of the outlet 

Once the sheet surface and its thickness are 

defined as a function of radial and angular 

coordinates, δ(r,ϕ), information about the shape and 

volumetric flow of the sheet and its rim are 

obtained. 

 

Figure 6: Sheet thickness variation with radial 

coordinate (mm) 

Values of cross-sectional area (AS), flow-rate 

(QS) and mean velocity (US) of the sheet have been 

adimensionalized with their corresponding values at 

the outlet. These magnitudes have been defined 

neglecting the rim as: 
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where ϕR is the angle at which the rim starts. 

These parameters, calculated for one of the 

analysed designs under an operating pressure of 3 

bar, are shown in Table 1. Similar magnitudes have 

been obtained for the rim of the sheet, as shown in 

Table 2.  

Table 1. Sheet nondimensional quantities 

(r-rO)/hO AS/AO QS/QT US/UO 

0 100.0% 100.0% 1.00 

0.425 60.7% 99.0% 1.57 

0.85 59.5% 98.8% 1.59 

1.275 59.0% 98.5% 1.59 

1.7 58.6% 98.1% 1.59 

2.125 58.2% 97.8% 1.59 

2.55 58.0% 97.5% 1.59 

2.975 57.7% 97.2% 1.58 

3.4 57.5% 96.9% 1.58 

3.825 57.3% 96.6% 1.58 

4.25 57.0% 96.3% 1.57 

Table 2.  Rim nondimensional quantities 

(r-rO)/hO AR/(AR+AS) QR/QT UR/UO 

0.425 1.4% 1.0% 1.7 

0.85 1.8% 1.2% 1.07 

1.275 2.2% 1.5% 1.09 

1.7 2.6% 1.9% 1.13 

2.125 3.0% 2.2% 1.15 

2.55 3.4% 2.5% 1.17 

2.975 3.7% 2.8% 1.19 

3.4 4.1% 3.1% 1.2 

3.825 4.4% 3.4% 1.21 

4.25 4.7% 3.7% 1.2 

 

These quantities have also been calculated for 

the rest of the designs, obtaining very similar 

values. 

Other interesting results are the radial and 

tangential velocities of the sheet and the vorticity 

distribution throughout the flow domain, as can be 

seen in Figures 7, 8 and 9. 

 

Figure 7: Radial Velocity (m/s) at the nozzle 

outlet and a radial plane 



 

Figure 8: Tangential Velocity (m/s) at different 

circumferential surfaces 

 

Figure 9: X Vorticity (s
-1

) at the symmetry plane 

YZ 

3.3. Experimental validation 

Experimental Validation 

To validate the results obtained by means of 

numerical simulation it would be necessary to 

measure experimentally both sheet thickness and 

velocity. However, it has been very difficult to 

carry out experimental measurements, due to the 

dimensions of both the nozzles and the sheet. 

An interferometric technique, proposed by 

Dombrowski [6], [25] has been used to measure the 

sheet thickness experimentally. Basically, this 

technique consists of illuminating the sheet with a 

light beam of a specific wavelength. Due to changes 

in the sheet thickness, intervals of constructive and 

destructive interference appear, as shown in Figure 

10. Measuring the distance between two bright 

intervals, q and t, the thickness factor of the sheet 

can be calculated using the following expression: 

 

qt
rr

tq

n
K

11cos2
−

−
⋅

⋅
=

β

λ  
(11) 

  

where  λ is the wavelength of the light beam. 

 n is the refractive index. 

 β is the angle of refraction of the light in the 

sheet. 

 rq and rt are the radial coordinates 

corresponding to the q
th

 and the t
th

 intervals. 

With this technique, values of K have been 

measured for all the designs under different 

operating pressures. 

 

Figure 10: Image taken with the interferometric 

technique 

As the pressure is increased, all the nozzles 

exhibit the same behaviour, as noticed previously 

by Fraser et al. [20]: at low pressures the sheet is 

completely flat and fringes are perfectly visible. At 

higher pressures disturbances appear, making the 

identification of fringes difficult. Finally, when a 

certain pressure is reached, the sheet becomes 

turbulent and, due to random disturbances, no 

fringes can be observed. This critical pressure 

varies depending on the design. 

These experimental values have been compared 

with data from simulations. In only one of the six 

analysed designs has it been possible to see fringes 

clearly. For this atomizer, the values of the 

thickness factor obtained from interferometry differ 

by 15% from those obtained using simulation. 

Velocity distributions obtained with 

simulations are in agreement with those observed 

by Stetler et al. [26], who measured the velocity in 

liquid sheets from fan-spray atomizers similar to 

those analysed in this work with an LDA system.  

4. CONCLUSIONS 

The main conclusions of the present work 

concern changes of sheet thickness with the radial 

coordinate, the velocity of the fluid within the sheet 

and the flow vorticity. 

Regarding sheet thickness, the analysis 

undertaken shows that, from a certain distance 

downstream of the outlet, sheet thickness follows 

Eq. 1. Moreover, the thickness factor cannot be 



considered constant; rather, it is dependent on the 

angular coordinate (Figure 5). The shape of the 

outlet in its immediate vicinity has a strong 

influence in the sheet thickness. 

In agreement with several previous works, the 

simulations show that, from a certain distance 

downstream of the nozzle, the velocity of the sheet 

is constant and mainly radial with a slight tangential 

component. However, in the region near the outlet, 

the liquid in the sheet has an appreciable tangential 

component. The radial velocity of the fluid in this 

region also suffers an increase from the value at the 

outlet, reaching a maximum and then decreasing to 

a value that remains constant as the liquid goes 

downstream of the sheet. A further conclusion 

related to those presented above is the difference 

observed between the mean velocity at the atomizer 

outlet and that reached in the sheet. Simulations 

have shown the latter to be 55% higher than the 

former. This fact, observed previously by Stetler et 

al. [26], would invalidate the assumption made in 

several works, which considers both velocities 

equal [6], [21]. 

In fact, the velocity of the liquid in the rim is 

more similar to the velocity at the outlet. 

Regarding the vorticity, the highest values are 

located near the surface of the sheet, those in the 

rest of the flow domain being negligible. Even the 

vorticity conveyed from inside the atomizer is 

diffused downstream of the outlet. This result 

confirms the fact used in several works [10], [27], 

that the sheet surfaces are vortex sheets at the 

inviscid limit.  

Finally, mention can be made of the fact that 

several conclusions reached in this study can affect 

the way in which break-up models are used. For 

example, some of these models [6], use the sheet 

velocity and the thickness factor as inputs to predict 

the mean drop size and break-up length. 

Estimations of these inputs can be the velocity at 

the outlet, obtained from the discharge coefficient 

and the operating pressure, and a mean value of the 

thickness factor calculated with the following 

expression [28]: 

 

θ2⋅
=

O

T

U

Q
K  (12) 

 

where QT is the flow rate, UO is the mean velocity 

and θ is the sheet angle, at the atomizer outlet. 

The velocity and the thickness factor obtained 

with latter estimations are significantly different to 

those obtained from simulations, as are the results 

obtained when they are used as inputs in break-up 

models.   
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