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The present paper focuses on the mathematical modeling of industrial fan spray atomizers. The two-
phase flow taking place inside the nozzle’s tip and the exterior region near the outlet of three different
industrial nozzle designs has been modeled and simulated. As a result, valuable information has been
obtained regarding the influence of the inner geometry on the flow and also the formation and develop-
ment of the liquid sheet. Characteristic magnitudes such as the discharge coefficient and the liquid sheet
thickness factor have been obtained and validated through experimental measurements. The accumula-
tion of liquid at the border of fan-shaped liquid sheets, also known as rim, has been studied in the ana-
lyzed designs, revealing the presence of a tangential velocity component in the liquid sheet and a
relationship between the incoming flow rate of the rim and the angle of the liquid sheet. The dependence
of the results on turbulence modeling has also been analyzed, drawing interesting conclusions regarding
their influence on the liquid sheet mean flow characteristics and on the surrounding gas. Thus, the math-
ematical model developed has been proved to be a useful tool for nozzle manufacturers; it provides the
most important characteristic parameters of the liquid sheet formed given certain nozzle geometry and,
additionally, those data necessary to carry out studies of instability, breakup and atomization of the
liquid sheet.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction physical phenomena taking part in the development, destabiliza-
The main objective of liquid atomization is to transform a bulk
of liquid into drops in a gaseous atmosphere so that a maximum
surface to volume ratio is achieved. It is employed in many indus-
trial processes and practical applications including combustion,
painting, spray cooling, agriculture and powder metallurgy, each
having its own requirements on the spray features (Lefebvre,
1989). Knowledge of atomization processes and spray dynamics al-
lows the adjustment to these particular requirements so that a
more efficient use of the atomized fluid is achieved. As a conse-
quence, since the first contributions of Rayleigh (1878) at the
end of the 19th century, followed by other researchers like Weber
(1931) or Ohnesorge (1936), sprays have been the object of inten-
sive research. Thanks to this interest, outstanding improvements
have been achieved, including experimental devices for spray char-
acterization or the development of complex mathematical models.
However, these advances in the understanding of atomization have
also revealed the complexity of its nature and the subsequent dif-
ficulty in developing a mathematical model of the global process.

Broadly speaking, works dealing with the atomization process
can be divided into two categories: one focused on the experimen-
tal study of the atomizers’ behavior and the determination of the
ll rights reserved.
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tion and subsequent breakup of the liquid stream and droplet dis-
tortion and interaction; the other on the mathematical modeling of
the physical processes observed.

Within the first group, initially, great interest was generated in
fan-shaped or radially expanding liquid sheets as shown in the
work of Dombrowski et al. (1960), Dombrowski and Hooper
(1962) and Fraser et al. (1962), where the mechanisms of forma-
tion, destabilization and breakup of this kind of sheets were first
described. They may be formed by impingement of two jets,
obstruction of one jet or use of a fan spray nozzle; presenting sev-
eral special features that increase the difficulty of their modeling,
such as attenuating thickness or the accumulation of liquid at
the edges of the sheet. More recently, the studies developed by
Bremond and Villermaux (2006), Bush and Hasha (2004) on the li-
quid sheets formed by collision of two jets are remarkable. How-
ever, along the years this interest has lessened, shifting towards
plane sheet, cone and jet atomizers. Additionally, although many
experimental, analytical and numerical mathematical modeling
techniques have been developed for spray characterization, the
use of real atomizers has been left aside by more simple and ideal
configurations, since their small size increases the difficulty of
experimental measurements. Actually, on fan spray atomizers the
literature is scarce, standing out the numerical simulation of the
flow inside the tip of the atomizer carried out by Zhou et al.
(1996) and the analysis of droplet-size distributions by Schegk
et al. (1985).
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Nomenclature

A nozzle outlet cross-section (m2)
CD discharge coefficient (�)
h half sheet thickness (m)
k turbulent kinetic energy (m2/s2)
K thickness factor (m2)
p, P, p0 pressure field, mean, fluctuation (Pa)
q flow rate (m3/s)
r radial coordinate (m)
r’ modified radial coordinate (m)
u, U, u0 velocity field, mean, fluctuation (m/s)
a; �a; a0 liquid volume fraction field, mean, fluctuation (�)
DP operating pressure (Pa)
e turbulent dissipation rate (m2/s3)

j curvature of the liquid sheet (m�1)
u angular coordinate (�)
l dynamic viscosity (kg/m s)
h liquid sheet angle (�)
q density (kg/m3)
r surface tension (N/m)
x specific dissipation rate (s�1)

Subscripts
o nozzle outlet
l liquid phase
g gas phase
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Works from the second category began with those developed by
Squire (1953), Hagerty and Shea (1955) where the temporal linear
instability of plane inviscid liquid sheets was analyzed. Several
contributions followed where effects like viscosity (Jeandel and
Dumouchel, 1999), velocity profiles (Ibrahim, 1997) or non-linear-
ity (Mehring and Sirignano, 1998) were added to the mathematical
models of temporal and spatial growth of instabilities and subse-
quent breakup of the liquid stream. An extensive review of these
papers can be found in Sirignano and Mehring (2000). Recently,
some publications have tackled the numerical simulation of the
primary atomization process, like those by Herrmann (2002), Klein
(2005) or Menard et al. (2007). However, only a few tackle the ef-
fect of turbulence (Lakehal et al., 2002) and those in which the noz-
zle geometry is considered are limited to simple configurations.

The present paper is focused on the mathematical modeling of
industrial fan spray atomizers. This kind of atomizers is mainly
used in agricultural and painting applications, where the knowl-
edge of the spatial distribution of droplets and their average size
is of major importance: droplets which are too small can be drifted
by the surrounding air and placed in undesirable locations (Smith
and Miller, 1994), while too large droplets would lead to an exces-
sive liquid consumption and a non-uniform distribution through-
out the target. Final droplet sizes and their spatial distribution
are determined by the flow taking place upstream of the breakup
region and even upstream of the liquid sheet formation. Thus noz-
Fig. 1. Fan spray liquid sheet front v
zle geometry plays a fundamental role in the atomization process
and, therefore, will be considered in this study.

In this paper the suitability of CFD techniques in the character-
ization of industrial fan spray atomizers is shown. The flow taking
place inside the nozzle’s tip and the exterior region near the outlet
of the atomizer has been modeled providing valuable information
regarding the influence of the inner geometry on the flow and also
on the formation and development of the liquid sheet. The calcula-
tion entails several difficulties, since it combines an internal single-
phase flow with an external two-phase flow, featuring large pres-
sure and velocity gradients. Interesting magnitudes such as the dis-
charge coefficient and the liquid sheet thickness factor have been
obtained, as well as other results about the spatial distribution of
the fluid and the production of turbulence. It should be underlined
that the objective of the mathematical model presented is not the
prediction of the destabilization and breakup of the liquid sheet,
but the assessment of a suitable and robust tool for nozzle design
that, in addition, provides the necessary data for the study of insta-
bility, breakup and atomization of the liquid sheet.

2. Description of the studied atomizers

In the most common type of fan spray atomizers the liquid is
discharged through an orifice whose shape is given by the intersec-
tion of a wedge with a hemispherical cavity. The liquid stream
iew (left) and side view (right).



Fig. 2. Geometry of the atomizers.

M. Altimira et al. / International Journal of Heat and Fluid Flow 30 (2009) 339–355 341
formed is a fan-shaped sheet parallel to the major axis of the ori-
fice, as can be seen in Fig. 1, where front and side views of the li-
quid sheet produced by one of the studied atomizers are presented.

In this work, three different industrial designs of fan spray
atomizers, henceforth named N1, N2 and N3, have been studied.
These nozzles are usually employed in agricultural applications
and were designed so that, under nominal operating conditions
of 3 bar, they provide a flow rate of 0.8 l/min but different liquid
sheet angle: N1 provides a liquid sheet of 90�, N2 of 80� and N3

of 120�. All of them are tiny plastic units with circular section
geometry ending in a hemispherical cavity. Despite their similar
geometries, the three designs differ in their inner dimensions, as
well as in the transition between different cross-sectional areas
and in the shape of the outlet. The geometry of the designs is ren-
dered in Fig. 2 while the main parameters defining their geometry
are listed in Table 1.

Regarding the dimensions of the nozzles, it should be under-
lined that, due to the injection manufacturing process, there is an
uncertainty in their values. Plastic injection pressure, mold tem-
perature and nozzle cooling have a strong influence on the final
dimensions and also on edge and surface finishing. Several units
of each design were cut in half and measured by means of a CNC
vision measuring system (Mitutoyo, QV PRO 302) to check the
validity of the dimensions prior to their addition into the model.
Images from cut units of the three designs are shown in Fig. 3.

Nozzle N1 provides an even flat fan spray thanks to its orifice
shape, whose wedge cut height (h0) is limited. Its cross-sectional
area reductions are round-edged and represented by radii r1 and
r2 (Fig. 2). CNC measurements detected significant variations in
Table 1
Geometrical parameters of the atomizers.

Global parameters Outlet parameters

Di Inlet diameter t Cut offset
R Tip radius hm Maximum outlet angle in sheet plane
L Tip length h0 Wedge cut height limit
r1, r2 Round radii n wedge angle
the inner dimensions of several units of this design, as well as an
unwanted round edge at the orifice, which is clearly distinguished
in Fig. 3 (left). These features were added to the geometry of the
model and, as will be demonstrated below, turned out to influence
nozzle performance.

On the other hand, N2 and N3 provide a flat fan spray through an
elliptically-shaped orifice, its wedge cut determined only by the n
angle value and feature sharp-edged cross-section reductions.
CNC measurements revealed a close accordance between real
and plan dimensions and, as can be seen in Fig. 3 (center and right),
the absence of any appreciable round edge at the orifice for both
designs.

3. Mathematical model

3.1. Flow domain

The considered domain includes the tip of the nozzle and the
exterior region near the orifice, as depicted in Fig. 4. According to
the results obtained by Zhou et al. (1996), only the tip was mod-
eled out of the whole inner geometry, since it is in this region
where the most critical features of the flow are developed. Addi-
tional information about the domain selection can be found in
Rivas et al. (2005).

The dimensions of the exterior zone are a critical issue in this
study and are determined by the following criteria. Firstly, as the
main objective of this work is the study of the liquid sheet devel-
opment, but not the appearance or growth of instabilities leading
to its breakup, the length (Z direction) of the domain was chosen
sufficiently short (between 3% and 9% of the breakup length) to en-
sure small amplitude of the perturbations, in case they exist. Sec-
ondly, the attenuating thickness of the liquid sheet has also been
taken into account, since the longer the domain the higher the
number of elements necessary to guarantee a good resolution in-
side the sheet, involving higher computational cost. However, this
fact was less restrictive than the amplitude of the instabilities. The
dimension perpendicular to the liquid sheet (Y direction) is such
that the boundary condition is not affected by the shear layer



Fig. 3. Image from N1 (left), N2 (center) and N3 (right) cut units.

Fig. 4. Flow domain.
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formed at the vicinity of the liquid sheet. Finally, the minimum
width of the domain (X direction) was fixed by its length and the
angle of the liquid sheet.

The geometry of the nozzles allows the simplification of the do-
main using two symmetry planes (XZ and YZ). Since the length of
the domain is such that the perturbations have very small ampli-
tude and a stationary solution is wanted, it is reasonable to assume
also the symmetry of the mean flow. Thus only a quarter of each
geometry has been modeled.

3.2. Governing equations

The two fluids of interest, i.e. water and air, have been consid-
ered incompressible, being their ratios of density (qg/ql) and dy-
namic viscosity (lg/ll) 0.00123 and 0.0178, respectively. Posing
the multiphase flow problem, the conservation equations for mass
and momentum should be fulfilled for each phase separately,

@ui;k

@xi
¼ 0 ð1Þ

@
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ðqkui;kÞ þ

@

@xj
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where k = g for the gas phase and k = l for the liquid phase. At the
interface, the following kinematic and dynamic boundary condi-
tions should be imposed:

½ui� ¼ 0
½ðsij � niÞ � nj þ p� ¼ r � j
½ðsij � niÞ � tj� ¼ 0

ð3Þ

being

½ � ¼ ðÞl � ðÞg ð4Þ

ni and tj the ith and jth components of the vector normal (from li-
quid to gas phase) and tangent to the interface, respectively, and
j the curvature of the interface.

In multiphase and multifluid flows described by Eqs. (1)–(4),
the position, shape, dynamics and all the phenomena associated
to the interface are of great interest. Several methods (Lakehal
et al., 2002) have been and are still being proposed to simulate
these flows, which can be classified in two approaches according
to the way they consider the flow domain and its discretization.

The first approach includes those methods where each phase or
fluid features a deformable flow domain which must be discretized
to solve Eqs. (1)–(4) at each time step (Ryskin and Leal, 1984). In
these methods, the definition of the interface geometry and jump
conditions is straightforward, since the interface is simply the
boundary between different domains. However, difficulties arise
in these models when dealing with high distorted domains.

The second approach considers a unique flow domain, which is
usually fixed; and the geometry, position and time evolution of the
interface have to be determined through an additional procedure.
Consequently, in this approach there exists only one system of dif-
ferential equations for one fluid (mixture). Different phases or flu-
ids are modeled allowing spatial variation of fluid properties
(density and viscosity) and jump conditions are modeled including
source terms in the flow equations. This approach can be, in turn,
divided into two categories according to the method employed to
identify the interface. The first one includes those known as
front-tracking methods, where particles (Lagrangian markers) are
used to identify the interface (Harlow and Welch, 1965). Methods
from the other category are called front-capturing, since they use a
mark function (also called scalar or color function) to locate the
interface, this function being solved with an additional differential
equation. Volume of Fluid (VOF) (Hirt and Nichols, 1981; Nardone
et al., 1994) and Level Set (Zhu and Sethian, 1992) are well known
front-capturing methods and several modifications (Gueyffier
et al., 1999) and combinations of both methods have been pro-
posed to improve their performance (Sussman et al., 2007).

In this work, the VOF method has been used, since it features a
conservative formulation and allows for the direct finding of a
steady solution (if this exists) of the flow. In this method, the vol-
ume fraction (a) of the secondary phase (liquid) is used as marker
function and the following transport equation is used:
@a
@t
þ @

@xi
ðauiÞ ¼ 0 ð5Þ

As a function of the local value of liquid volume fraction, values of
properties like density and viscosity are evaluated with the follow-
ing averaging:

q ¼ aql þ ð1� aÞqg

l ¼ all þ ð1� aÞlg

ð6Þ

And the governing equations result
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ðFV Þi ¼ r � j � ni � d

Since both phases share the same velocity field, the interface
kinematic boundary condition is automatically fulfilled. The nor-
mal stress jump condition given by surface tension is introduced



Fig. 5. Boundary conditions.
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into the momentum equation as a source term through a Dirac’s
delta function, which has been modeled through the Continuum
Surface Force (CSF) model (Brackbill et al., 1992) (Eq. (9)). This
model interprets surface tension as a three-dimensional continu-
ous effect across the interface rather than as a boundary condition.
A volume force equivalent to the surface tension force is derived in
terms of a variable which presents a discontinuity at the interface
such as density, and introduced at the momentum equation. Grav-
itational force should also be added as another source term in Eq.
(8). Nevertheless, values of the Froude number in the range of
operating pressures considered indicate that its effects can be ne-
glected without detriment to the description of the phenomena.

ðFV Þi ¼ r � j �
@a
@xi
� q

1
2 ðqg þ qlÞ

ð9Þ

Recently, several works (Yeh, 2005; Rivas et al., 2005; Liovic and
Lakehal, 2006) have underlined the importance of turbulence in
nozzle performance, turning its modeling into a major issue. How-
ever, the number of studies dealing with turbulence effects on the
interface is small, and almost null with RANS approach. With the
aim of determining the influence of turbulence modeling for the
present case, the flow has been simulated using different turbu-
lence models, namely: k-e Standard, RNG and Realizable and k-x
SST. Since the flow is turbulent within the domain, magnitudes
can be divided into mean and fluctuating components.

a ¼ �aþ a0

ui ¼ Ui þ u0i
p ¼ P þ p0

ð10Þ

Performing Reynolds averaging following Shirani et al. (2006), the
flow governing equations result in
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where the overlined magnitudes stand for ensemble averaged val-
ues and

�q ¼ �a � qg þ ð1� �aÞql

�l ¼ �a � lg þ ð1� �aÞll

ð14Þ

After the averaging the following new terms have appeared and
need to be modeled: u0iu

0
j;a0u0i and ðFV Þi. The first term, u0iu

0
j (Rey-

nolds stress term), has been modeled adopting the Boussinesq
hypothesis. The second, a0u0i, which represents the correlation be-
tween the fluctuations of volume fraction and velocity, would pro-
vide valuable information about the influence of turbulent scales on
the liquid sheet dynamics. A modeling proposal for this term can be
found in Shirani et al. (2006). From the results presented in that pa-
per one can conclude that, in the region near the outlet of the atom-
izer, where turbulent disturbances present small amplitudes, the
effects of this term on the mean flow magnitudes are not apprecia-
ble. Consequently, it has been omitted in the mathematical model.
Finally, the last term corresponding to the fluctuations on the
equivalent surface tension force has been calculated directly with
the mean values of the variables.

A discussion between the turbulence models employed is devel-
oped in a further section, where the distribution of turbulent quan-
tities within the domain and also their influence on the most
important characteristic parameters of the flow will be appraised.
At this point it should be reminded that, since a one-fluid formula-
tion is used, both phases share the same fields for turbulent
magnitudes and that no special treatment has been imposed on
the interface.

The Standard k-e model (Launder and Spalding, 1972) has been
for many years the most commonly used turbulence model, due to
its simplicity and robustness. Knowledge of its strengths and
weaknesses has favored the development of more complete k-e
based models, such as the RNG (Yakhot and Orszag, 1986), which
is derived from the instantaneous Navier–Stokes equations by
means of Renormalization Group Methods, or the Realizable (Shih
et al., 1995). Regarding near-wall effects, they are significant only
inside the nozzle and the external region near the orifice, where
the meshes employed guarantee a proper resolution of the viscous
sublayer throughout the wall boundaries in all the conditions un-
der study. In simulations with k-e turbulence modeling, the two-
layer model of Chen and Patel (1988) has been combined with en-
hanced wall functions using the blending functions proposed by
Kader (1981).

The k-x SST model (Menter et al., 2003), which combines the
Standard k-x formulation in the near-wall region and a trans-
formed k-e model in the far field, has also been employed in the
simulations. Because of its approach, the model is valid throughout
the near-wall zone as long as there is a good mesh resolution, and
therefore no special near-wall modeling is required.

3.3. Boundary conditions

Boundary conditions for the liquid and gas flow are depicted in
Fig. 5. At the tip inlet, profiles of total pressure, turbulent quantities
as well as the velocity direction were enforced. All these data were
obtained in previous simulations described in Rivas et al. (2005). At
the walls, a non-slip condition was imposed, while at both symme-
try planes the normal velocity component and the normal gradi-
ents of all other variables were set to zero. Finally, a zero-valued
gauge pressure field was set at the three atmosphere boundaries
with very small constant values of backflow turbulent intensity
(I = 4) and viscosity ratio (lT/l = 10) to represent a turbulence-free
condition.

4. Simulation of the mathematical model

The commercial CFD code Fluent V.6.3 has been used to solve
the mathematical model. In this code, the values for all fields are
stored at the center of each cell. Therefore, for the calculation of
convective and diffusive terms, the values at the cell faces must
be interpolated from the surrounding cells. With this aim, a second
order centered scheme has been chosen for diffusive terms whilst
second order upwind (Barth and Jespersen, 1989) for convective
terms at the continuity and momentum equations. The SIMPLE
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algorithm (Patankar and Spalding, 1972) has been used to tackle
pressure–velocity coupling, whereas for pressure interpolation, a
staggered-grid based scheme has been used (Patankar, 1980).

The accuracy of the VOF model is strongly determined by the
sharpness of the interface, since properties of the fluids and inter-
facial forces are replaced by smoothly varying values. So it is of
crucial importance to avoid the smearing of the interface by means
of an appropriate numerical differencing scheme for face flux cal-
culation. In this aspect, neither upwind nor central differencing
schemes are suitable, due to their diffusive nature. The use of spe-
cial interpolating schemes such as Geometric Reconstruction
(Youngs, 1982) or Donor–Acceptor (Hirt and Nichols, 1981) at
the interface cells may provide an unsteady and more accurate rep-
resentation of the interface, but at the expense of stability loss and
increase in computational needs. Nevertheless, as previously men-
tioned, the length of the domain was chosen so that the amplitude
of instabilities on the liquid sheet surface could be taken as negli-
gible and a steady state solution could be attained. For this case,
the combination of an implicit interpolation method with a modi-
fied High Resolution Interface Capturing (HRIC) scheme (Muz-
aferija and Peric, 1998) for face flux calculation provides an
interface sharpness comparable to that obtained with Geometric
Reconstruction, proper calculation stability and is less computa-
tionally expensive.

The HRIC scheme consists of a non-linear blending of Bounded
Downwind (BD) and Ultimate Quickest (UQ) (Leonard, 1991) up-
wind differencing schemes, in such a way that the compressive
property of the former and the stability of the latter are combined.
A normalized cell volume fraction ~ac is computed using the values
of the upstream (U) and downstream (D) cells.

~ac ¼
ac � aU

aD � aU
ð15Þ

Then, both BD and UQ schemes are used to calculate the normalized
face volume fraction

ð~af ÞBD ¼

~ac ~ac < 0 or ~ac > 1

2~ac 0 6 ~ac 6 0:5

1 0:5 6 ~ac 6 1

8><
>: ð16Þ

ð~af ÞUQ ¼
~ac ~ac < 0 or ~ac > 1

MIN ð~af ÞBD;
6~acþ3

8

� �
0 6 ~ac 6 1

(
ð17Þ

and finally, both values are blended with a function of the angle
formed between the normal to the interface and the normal to
the cell face (f).

~af ¼ ð~af ÞBD

ffiffiffiffiffiffiffiffiffiffi
cosf

p
þ ð1�

ffiffiffiffiffiffiffiffiffiffi
cosf

p
Þð~af ÞUQ ð18Þ

The results obtained using this scheme have been compared with
those provided by a second order upwind scheme, proving that
the former is capable of reproducing a sharper interface.

The flow domain has been discretized with a 3 million element
hybrid mesh. Although most of the elements are hexahedral, the
sharp wedge cut at the orifice has been meshed with triangular
prisms due to its complexity.

All numerical simulations have been carried out in an HP server
Proliant DL585 with four dual core processors and 16 Gbyte RAM
working at 2.4 GHz. The convergence criterion has been such that
the scaled residuals from all the variables had to be below 10�6,
entailing calculation time requirements between 100 and 180 h
depending on the mesh density employed.

5. Verification of the mathematical model

For the verification of the mathematical model, an estimation of
the discretization error, as well as a discussion about VOF differ-
encing schemes have been carried out for design N1. Due to the
resemblance between the geometries and meshes of all three de-
signs, studies for N2 and N3 have been considered unnecessary.

It should be underlined that, out of the discussion on turbulence
modeling, only those results obtained with the k-e RNG model will
be presented from this point onwards since, as it will be seen, all
turbulence models provide similar values for the liquid sheet mean
flow variables.

In order to quantify the discretization error, calculations were
carried out using a coarser and a finer mesh, applying a sizing fac-
tor (s) of 1.25 to the original solution. Hence, the coarse mesh con-
sists of 1.5 million elements whilst the fine mesh has 6 million
elements.

At first, the estimation was made by means of the Richardson
extrapolation method (Richardson, 1927), using different charac-
teristic quantities such as the liquid sheet thickness factor or the
discharge coefficient. Although the chosen variables had extremely
similar values for the original and the fine mesh, illogical values of
the apparent order about six appeared, which may indicate that
the coarse mesh was outside the asymptotical range of the discret-
ization error. Consequently, the expression proposed by Roache
(1998) for the Grid Convergence Index (GCI) calculation was
adopted, assuming a conservative value for the safety factor of 3.
Since only the original and the fine mesh are object of this conver-
gence study, the apparent order (g) was taken as equal to the for-
mal order of the scheme used, i.e. 2. Values for the fine mesh index
of 2.3% and 3.8% were obtained for the thickness factor and the dis-
charge coefficient, respectively.

Therefore, from the numerical accuracy point of view, the fine
mesh should be used. However, computational needs for simula-
tions with this mesh exceed the capacity of usually available com-
puters. Since one of the purposes of this work is to provide an
attainable tool oriented towards nozzle design, the use of this
mesh was ruled out. From the GCI calculated for the fine mesh,
the index corresponding to the original solution has been evalu-
ated with the following expression (Roache, 1994), obtaining val-
ues of the GCI of 3.7% and 6% for both quantities.

GCIoriginal ¼ sg � GCIfine ð19Þ

Nevertheless, an analogous estimation of the discretization error
undertaken with geometry N1 excluding the round edge of the ori-
fice gave a GCI for the original mesh under 2% for both the thickness
factor and the discharge coefficient. Therefore, it can be concluded
that the evaluation of the GCI is highly influenced by an extremely
small parameter, i.e. the round edge radius, which is, at the same
time, very difficult to take into account in the discrete mathematical
model.

Following this, subsequent calculations including the discus-
sions about discretization schemes and turbulence models have
been run using the intermediate mesh.

When it comes to the interface sharpness, simulations have
been carried out using two different differencing schemes, namely
HRIC and second order upwind, for the VOF equation. Contours of
liquid volume fraction at surfaces with maximum radial coordinate
are represented in Fig. 6 for both schemes. These surfaces feature
the thinnest liquid sheet and the largest volume fraction diffusion,
making even more evident the superiority of the HRIC scheme in
the resolution of the boundary.

The choice of the spatial discretization scheme has turned out
to have more influence on the border of the liquid sheet than on
the sheet itself. Hence, results for the flow rate, the discharge coef-
ficient or the mean thickness factor are not significantly affected.
However, due to numerical diffusion and the adopted definition
of the interface, the calculation corresponding to the second order
upwind scheme exhibits a smaller rim and, consequently, a lower
liquid sheet angle.



Fig. 6. Contours of liquid volume fraction. HRIC vs. second order upwind scheme.

Fig. 7. Reference frame and magnitudes.
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6. Validation of the mathematical model

Experimental validation has been carried out by assessing the
prediction of the mathematical model for several measured flow
features. All the measurements have been carried out in different
units of every considered design, in order to minimize the effect
of manufacturing irregularities.

VOF based calculations do not provide a clear and sharp inter-
face between the fluids but a continuous profile of volume fraction.
The interface is then identified by the presence of few adjacent
cells with a values between 0 and 1. So, prior to extracting any re-
sult it has been necessary to define a criterion for the definition of
the interface, taken as the isosurface with 0.5 liquid volume frac-
tion (Lafaurie et al., 1993).

Additionally, for the sake of a clear representation of the results,
a cylindrical coordinate frame has been set (Fig. 7). The origin is
fixed at the intersection between symmetry planes and the line
tangent to the liquid sheet. This point was defined by Dombrowski
et al. (1960) as the pressure center of the liquid sheet. The modified
radial coordinate r0 has been established as the radial coordinate
minus the tip radius. Dimensionless magnitudes have been defined
taking A1=2 and ð2DP=qlÞ

1=2 as the characteristic length and veloc-
ity, respectively. These characteristic magnitudes, together with
the properties of the liquid phase, have been used to calculate
the Reynolds number of the liquid sheet.

6.1. Liquid sheet angle

Liquid sheet angle (h) is one of the most important characteris-
tic parameters of fan spray atomizers, since it is directly related to
the coverage of the spray. Experimental angles were measured at
25 images randomly selected from a set of 500 frames captured
with a Redlake MotionXtra HG100-LE high speed camera along
the whole pressure range. Table 2 shows the comparison of the
measured mean values, together with the 95% confidence interval,
and predicted values of h. Results from N1 and N3 show good agree-
ment, with errors lower than 8%; whereas those from N2 present
errors up to 18%.
Table 2
Variation of liquid sheet angle (�) with pressure. Predicted vs. measured values with 95%

P (bar) N1 N2

Predicted Measured Predicted

1 42.8 40.6 ± 0.6 37.0
2 44.0 43.0 ± 0.3 44.6
3 44.0 44.0 ± 0.4 45.5
4 44.1 46.3 ± 0.6 45.9
6.2. Discharge coefficient

Another major performance parameter is the discharge coeffi-
cient CD, defined as

CD ¼
ql

A � 2DP
ql

	 
1=2 ð20Þ

For the experimental measurement of the discharge coefficient a
pressure transmitter (Wika S10) and an ultra-low flow sensor
(Omega FTB-601) were used. In order to minimize the influence
of the flow sensor operation curve on the measurements, it was pre-
viously calibrated with the stream gauging method determining the
constant of proportionality between pulses and liquid volume for
the whole range of operating pressures. An error in CD measure-
ments of ±3% has been estimated considering the flow meter, pres-
sure transmitter and data acquisition frequency as the major error
sources.
confidence interval.

N3

Measured Predicted Measured

36.8 ± 1.8 53.3 55.2 ± 3.1
37.8 ± 1.2 55.0 58.0 ± 1.4
39.6 ± 1.0 56.6 60.4 ± 1.2
41.4 ± 0.9 57.0 61.6 ± 0.8
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Fig. 8 depicts the variation with pressure of this parameter for
N1 and N2. It is noticeable that small variations in the inner dimen-
sions of N1 units due to the manufacturing process lead to a higher
scattering of the experimental data. Additionally, results from N1

prove the importance of considering the round edge, since its addi-
tion to the geometry improves significantly the prediction of the
discharge coefficient, decreasing the average error from 25 to 8%.
In nozzles of design N2, by opposite, real dimensions presented
good agreement with design dimensions and a very accurate pre-
diction of CD was obtained for this design, with 5% error along
the studied range of operating conditions. Finally, values for the
discharge coefficient from simulations of N3 present errors be-
tween 7% and 15% at the range of 1–4 bar and 20% at 0.5 bar.

6.3. Thickness factor

This parameter (K) was first defined by Dombrowski et al.
(1960) and Taylor (1960) as the ratio between the liquid sheet half
thickness (h) at any point and its radial coordinate (r). It is an
essential parameter in the stability analysis of an attenuating li-
quid sheet, an issue tackled by authors like Weihs (1978) and Cla-
net and Villermaux (2002).

h ¼ K
2r

ð21Þ

Dombrowski et al. (1960) stated that K was constant from a certain
operating pressure on. Based on that statement, in several papers
(Dombrowski and Hooper, 1962; Weihs, 1978) it was assumed to
be a constant characteristic parameter. Values of this parameter
along the sheet obtained from simulations of the mathematical
model have been plotted at different dimensionless radial coordi-
nates and are shown in Fig. 9.

It can be seen that the thickness factor of the liquid sheet varies
both with the radial and the angular coordinate, the former being
strongly related to the shape of the orifice, which has also been de-
Fig. 8. Measured vs. predicted values of the disc

Fig. 9. Angular profile of dimensionless thickness factor K at different dimensionless ra
(right) at 3 bar.
picted at the lower left corner of each chart. For the sake of clarity,
profiles at only two dimensionless radial coordinates have been
depicted. However, it should be pointed out that, in the presented
simulations, further downstream this factor tends to a value inde-
pendent of the radial coordinate. The growth of the rim while mov-
ing downstream is clearly represented, and will be analyzed in a
following section.

Observing the profiles from N1 with and without the round edge
(left and centered charts); one can conclude that the presence of
this feature changes completely the appearance of the liquid sheet,
its thickness factor and the development with the radial
coordinate.

Despite the observed variations of this parameter with the po-
sition inside the liquid sheet, and with a view to the development
of a subsequent model dealing with the instability of an attenuat-
ing liquid sheet, it is advisable to get an averaged value of K from
CFD calculations. This value has been calculated using an area-
weighted averaging throughout the liquid sheet excluding its bor-
der and the region where the flow is highly influenced by the ori-
fice, and is depicted in Fig. 10 for the three studied designs along
the range of operating pressures. The lack of dependence of the
averaged thickness factor with the operating pressure is notice-
able; one may thus conclude that this magnitude can be defined
as a characteristic parameter of a nozzle.

An interferometric technique proposed by Dombrowski et al.
(1960) and lately used by other authors (Choo and Kang, 2001; Cla-
net and Villermaux, 2002; Lan et al., 2008) has been used to mea-
sure the sheet thickness variation experimentally. It consists of
illuminating the liquid sheet with a monochromatic light beam.
Due to the attenuating thickness, reflections from the front and
the back surfaces of the sheet present different optical paths and
create a pattern of constructive and destructive interference. This
phenomenon is represented schematically in Fig. 11.

The optical path difference H for a liquid sheet of half thickness
h can be expressed as
harge coefficient for N1 (left) and N2 (right).

dial coordinates for N1 without round edge (left), with round edge (center) and N3



Fig. 10. Variation of the dimensionless thickness factor K with operating conditions
for N1, N2 and N3.
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H ¼ gðABþ BCÞ � AD ¼ 2g � 2h � cosb ð22Þ

g and b being the refractive index and the refraction angle of the
light on the liquid sheet, respectively. Where H is an odd number
of times the half-wavelength of the incident light, a bright fringe ap-
pears. Therefore, the thickness variation between two adjacent
bright fringes can be written as

Dh ¼ k
4gcosb

ð23Þ

The relation between the incident and refraction angles is given by
sinb = gsin/. Thus the thickness factor can be expressed as

K ¼ k

g 1� sin2 /
g2

	 
1=2 �
q� t
1
rt
� 1

rq

ð24Þ

rq and rt being the radial coordinates for the qth and the tth fringes,
respectively.

The light source used was a 1000 W mercury vapor lamp with a
discrete spectrum of emission. A plano-convex lens and a band-
pass filter were placed in front of the lamp to produce a parallel
light beam of a single wavelength. A CCD camera (Nikon D80) with
a macro lens was used to capture the images.

As the calculated thickness factor depends on sin/, taking a
smaller value for / minimizes the error determining /. So the opti-
cal arrangement was lined up and placed in front of the liquid
sheet with a 10� slant from its normal and the camera was placed
symmetrically, so most of the reflected light was received by the
CCD sensor.

An estimation of the experimental error has been carried out,
establishing /, rq and rt as the major error sources. The angle be-
tween the incident light and the camera and the normal to the li-
quid sheet (/) is controlled by means of two rotary plates with a
Fig. 11. Optical paths of the interference phenomenon.
precision of ±1�. On its turn, rq and rt introduce an error related
to the width of the fringes. Considering the typical values of these
parameters in the most unfavorable combination, an error of 6% in
thickness factor measurements has been estimated.

Nevertheless, this technique is extremely sensitive to the pres-
ence of perturbations, as previously noticed by Fraser et al. (1962).
The appearance of random disturbances on the sheet’s surface
makes impossible the formation of the interference pattern, as
shown in Fig. 12. The visualization of fringes near the outlet, where
the amplitude of perturbations is smaller, was also impossible
since, due to the fast thickness reduction, the fringe spacing is ex-
tremely short. At very low operating pressures, the formation of
perturbations causes difficulties for measurements at sufficiently
distant and unperturbed points. So, finally, measurements were
achievable only in units of N1 at operating pressures between 1
and 3 bar.

As previously seen, the value of the thickness factor varies with
the angular coordinate due to the orifice shape. Thus, this param-
eter was measured at different angular positions u between
�20� and 20�.

Discrete values of K obtained in measurements of N1 are de-
picted in Fig. 13, revealing the presence of high data dispersion
in measurements at different positions. However, as already stated
for the mean values throughout the liquid sheet from CFD simula-
tions, there is no relevant dependence on the operating pressure.
This confirms that K can be defined as a characteristic parameter
of each nozzle design. In Fig. 13 are also presented the range of val-
ues of the thickness factor obtained from simulations at the region
of the liquid sheet equivalent to the measurement position range,
i.e. at angular positions between �20� and 20�.

6.4. Spatial distribution of the spray

The spatial distribution of the spray produced was measured
experimentally with a Patternator, a device consisting of a set of
test tubes uniformly distributed at a certain vertical distance from
the nozzle (Fig. 14). It should be pointed out that these measure-
ments are very common amongst nozzle manufacturers. Obvi-
ously, the final distribution of the spray is highly influenced by
the atomization process, whose modeling is not inside the scope
of this work, but it is possible to get a reliable flow distribution
with the data from the simulations, contributing to the validation
of the mathematical model and providing a useful tool with a view
to nozzle design.

To obtain the desired data from the simulations, the front outlet
boundary (Fig. 5) of the considered domain was divided into re-
gions with surface equivalent to a patternation test tube. The mass
flow rate passing through each region was computed and related to
the global mass flow rate providing values easily comparable with
the experimental results.

In Fig. 15, the right chart corresponds to the flow distribution of
N3, the level of agreement being noteworthy between the mathe-
matical model and the experimental values for this case, where
only at the border of the spray small differences can be observed.
These are due to the highly disturbed real sheet, which provokes
its prompt destabilization preventing the formation and growth
of the rim. Adjustment of the results from N2 is similar to that from
N3, since both liquid sheets present the same behavior. However,
the prediction of flow rate distribution at the center of the liquid
sheet is not as accurate. Finally, results for N1 at 3 bar present a
considerable lack of fit at the border, since the liquid leaves the
nozzle completely undisturbed and the rim is formed and grows
as it travels downstream.

So the prediction of angular flow rate distribution given by sim-
ulations is very accurate in those cases where the liquid sheet per-
turbations prevent the formation of the rim. Considering a more



Fig. 12. Images captured with the interferometric technique. (Left) 0.5 bar, (center) 1.5 bar, (right) 3 bar.

Fig. 13. Measured vs. predicted values of the thickness factor for N1.

Fig. 14. Experimental device employed for flow distribution measurements
(Patternator).
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extensive domain may improve the results in small disturbance
cases, but at the expense of modeling a region with larger
Fig. 15. Spatial pattern of N1 (left), N
perturbations whose dynamics cannot be predicted with the model
used.

7. Results and discussion

In addition to the outcomes presented throughout the valida-
tion of the mathematical model, other relevant results have been
obtained through the analysis of data from CFD simulations. Along
the following lines discussions regarding the velocity profile of the
liquid sheet or the growth of the rim will be developed, giving spe-
cial attention to the differences on the behavior of the nozzles un-
der study and their underlying grounds.

One of the main drawbacks of fan spray atomizers is the accu-
mulation of liquid at the free edge of the sheet, forming the so
called rim. The breakup of the rim follows the mechanism of a free
jet, producing larger droplets than the ones from the liquid sheet
and leading to disturbed flow (Fig. 15; left) and droplet-size distri-
butions (Fig. 16a). Depending on the flow regime, it can even influ-
ence the destabilization of the liquid sheet enhancing its breakup
(Sirignano and Mehring, 2000).

In order to make a separate analysis, the region of the liquid
sheet corresponding to the rim has been differentiated from the li-
quid sheet itself in the different calculations. Then, from this point
onwards presented results will refer to the liquid sheet and the rim
separately.

From the results detailed in Table 3 one can notice that, in
agreement with experimental visualizations (Fig. 16), the rim en-
larges with the distance from the orifice, the one produced by N1

being larger than the one by N3. At higher operating pressures
the effects of surface tension decrease and so does the rim flow
rate.

As far as the rim velocity is concerned, it is purely radial with
values smaller than and proportional to the liquid sheet velocity
(Fig. 17). The constant of proportionality depends on the angle of
the liquid sheet h.

It has been assumed in several previous works that the velocity
profile of liquid sheets formed by fan sprays is radial and with a
uniform mean value given by the flow rate and the nozzle orifice
area (Dombrowski and Hooper, 1962; Weihs, 1978). Results from
simulations on industrial atomizers carried out in this work show
that, as the flow leaves the nozzle, a vena contracta is formed
2 (center) and N3 (right) at 3 bar.



Fig. 16. High speed images of N1 at 1 bar (a) and N1 (b), N2 (c) and N3 (d) at 3 bar.

Table 3
Variation of qRIM/qTOTAL with the radial coordinate.

r0/A1/2 N1 N3

1 bar (%) 2 bar (%) 3 bar (%) 4 bar (%) 1 bar (%) 2 bar (%) 3 bar (%) 4 bar (%)

0.2 3.3 3.4 3.0 3.1 1.2 1.7 1.5 1.7
0.8 5.3 4.3 4.1 4.2 2.4 1.9 2.3 2.2
1.4 5.2 5.0 4.8 5.1 4.1 2.9 2.6 2.7
2 6.3 5.3 5.1 5.6 5.0 3.7 3.3 3.1
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(Fig. 17). Then, the liquid sheet undergoes sudden area reduction
leading to an increase in its velocity up to 45% depending on the
geometry and the operating conditions. This fact has also been ob-
served experimentally by Stetler et al. (2002).

Further downstream, once the liquid sheet is developed, its
velocity magnitude becomes uniform and mainly radial. Neverthe-
Fig. 17. Radial evolution of velocity magnitude for the liquid sheet and the rim.
less, this mean velocity is not the one given by the flow rate and
the area of the outlet orifice, but larger due to the previous sudden
cross-sectional area reduction. It should be underlined that,
although the studied designs present different values of the dis-
charge coefficient, the final velocity of the developed liquid sheet
is very similar. A development region could then be defined where
the liquid sheet is strongly influenced by the internal flow. This re-
gion, as depicted in Fig. 17, extends up to an approximate dimen-
sionless radial coordinate of 0.4.

Accepting the assumption of purely radial velocity of the liquid
sheet, the growth of the rim is only due to surface tension (Clark
and Dombrowski, 1971). However, studied atomizers produce a li-
quid sheet with both radial and tangential velocity components,
adding another major contribution to the incoming flow rate of
the rim.

Surface tension effects on the liquid sheet angle have been
properly reproduced by the Continuum Surface Force model, as
can be seen in Fig. 18. Although the results are not a contribution
to the objective of this work, the use of a mathematical model al-
lowed the study of the liquid sheet behavior in absence of surface
tension, which is impossible to carry out in experimental tests.
Simulations undertaken considering a zero-valued surface tension
coefficient lead to a larger angle almost independent on the oper-
ating pressure. Additionally, and contrary to the results with non-



Fig. 18. Evolution of liquid sheet angle with the dimensionless radial coordinate for
N3. Surface tension effect.

Fig. 20. Diagram of the rim incoming flow rate contributions.

350 M. Altimira et al. / International Journal of Heat and Fluid Flow 30 (2009) 339–355
zero surface tension, the liquid sheet angle did not decrease with
the distance from the nozzle. It has also been observed that,
according to what has been previously stated, an accumulation of
liquid is formed at the free edge due to the tangential component
of the velocity.

Contours of the tangential velocity component of N1 and N3 are
depicted in Fig. 19. It can be observed that, although N1 presents
larger values for this magnitude at the outlet, downstream both
nozzles present the same range of values and similar profiles.
The maximum values are developed at the borders of the liquid
stream at the region near the orifice; decreasing its value while
moving downstream tending to a uniform profile. Thus its contri-
bution to the rim flow rate will be larger at the region near the out-
let and decrease with the distance from the nozzle.

To discern between both contributions and evaluate their rela-
tive influence on the growth of the rim, the analysis of the incom-
ing flow rate of the rim has been carried out taking a differential
element as represented in Fig. 20.

The flow rate increase throughout the differential element can
be expressed as

qR2 ¼ qR1 þ dqR12 ð25Þ

where

dqR12 ¼ uSheet � dS ð26Þ
Fig. 19. Contours of tangential velocity (m/s) at 3 bar for surfaces of constant r0/A1/2

for N1 (above) and N3 (below).
is the incoming flow rate, which can be separated into two terms
related to surface tension effects and the tangential component of
the liquid sheet velocity, as follows:

dqr ¼ ur � dS � sinw

dqt ¼ ut � dS � cosw
ð27Þ

being

sinw ¼ r � du � 2h
dS

cosw ¼ dr � 2h
dS

ð28Þ

In the last expressions dS stands for the length of the arc corre-
sponding to the differential element and w is the angle between
the radial direction and the tangent to the rim. Values of the incom-
ing flow rate, h and dS, as well as the area-weighted averaged prod-
ucts ut � cosw and ur � sinw, were obtained from the simulations at
different distances from the orifice. Although the radial velocity
component is always larger than the tangential, the small values
of w make their contribution to the incoming flow rate of the rim
of the same order of magnitude (see Eq. (27)).

It is known that N3 features a larger angle h than N1, leading to
smaller du for a certain dr. Taking into consideration that both noz-
zles give similar flow rates for a given operating pressure, posing a
mass balance of the liquid sheet, one can conclude that dS and w
are larger for N1 than for N3. Since w = O(0), the term cosw is
O(1) and sinw is O(w). Even though the contribution of the tangen-
tial velocity is almost the same for both nozzles, the larger the an-
gle of the liquid sheet (h) the lower the contribution of surface
tension effects to the growth of the rim. Therefore, liquid sheets
with larger angles tend to develop thinner rims.

Posing the rim instability problem as the disintegration of a li-
quid jet, the thinner rim of nozzle N3 would have a shorter charac-
teristic breakup time than those of N1 and N2 and hence, an earlier
disintegration into droplets. If this was the only mechanism gov-
erning the destabilization of the rim, one could conclude that noz-
zles with the same liquid sheet angle should present similar rim
behavior. However, as can be seen in Fig. 16, the destabilization
of the rims produced by N1 and N2, with similar angles, is quite dif-
ferent. High-speed imaging of the liquid sheets formed by these
nozzles reveal that, while N1 presents a smooth surface free of tur-
bulent perturbations, N2 and N3 have a highly disturbed surface,
even near the outlet of the atomizer. It has also been observed that
these turbulent disturbances impact on the already disturbed rim,
causing its early atomization and enhancing liquid sheet breakup.
This effect was also observed by Bremond and Villermaux (2006)
when inducing perturbations in the liquid sheet with an external
device. So, it could be concluded that, together with the liquid
sheet angle, turbulence has a significant influence on the behavior
of the rim produced by the nozzles under study.



Fig. 21. Ratio between tangential velocity and surface tension contribution to the rim incoming flow rate.
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It should be pointed out that, mainly in N3, the estimation of w
is critical, presenting significant variations due to discretization.
Since the coordinates of the rim boundary were taken from the dis-
crete domain, for some differential elements negative values of du,
and thus of w, were obtained. However, since the main objective of
this analysis was to prove that the effects of both contributions
were comparable in magnitude, the exact values of the flow rate
were not considered as important as the qualitative conclusions
obtained. Fig. 21 depicts the ratio between the incoming flow rate
due to surface tension and the one from the tangential velocity for
N1 and N3. Missing columns correspond to non-logical values of w
due to discretization, leading to incorrect flow rates. It can be seen
that, near the orifice, the incoming flow rate of the rim for N1 is
mainly due to tangential velocity. While moving downstream,
the contribution of surface tension gains relative importance, as
the magnitude of tangential velocity decreases.

Regarding turbulence modeling, and as previously stated, simu-
lations of N1 have been undertaken adopting different models,
namely: k-e Standard, RNG and Realizable and k-x SST. It should
be stressed that, due to the larger discretization error of the model
considering the round edge, calculations for this discussion have
been carried out neglecting this feature. However, it will be seen
that, out of the nozzle outlet, the round edge has not a major influ-
ence on turbulent magnitudes or velocity profiles. As for the veri-
fication of the mathematical model, due to the resemblance
between the geometries of all three designs, analogue studies for
N2 and N3 have not been carried out.

It is known that all models based on the Boussinesq hypothesis
present certain limitations when dealing with flows with large ra-
pid extra strains, providing overpredicted turbulent kinetic energy.
Although the k-e RNG model contains a strain-dependent correc-
tion term in the e equation which is supposed to correct this lim-
itation, as noticed by Hanjalic (2004), this term does not account
for the sign of the strain.

Very similar values of the most characteristic integral magni-
tudes of the problem have been obtained from all the turbulence
models considered (Table 4). Results obtained from k-e Standard
model present slight differences, featuring a larger thickness factor
and discharge coefficient, which is consistent with the results ob-
tained by Yeh (2005). In general, it can be stated that the mean
Table 4
Values of characteristic magnitudes of the problem for the turbulence models
employed.

k-e k-x SST

Standard RNG Realizable

h (�) 45.53 45.39 46.21 46.40
CD 0.687 0.659 0.659 0.652
K (mm2) 0.305 0.278 0.279 0.258
flow of the liquid sheet is not much affected by turbulence model-
ing. This is a positive conclusion from the manufacturer point of
view, who is mainly interested on the characterization of the liquid
sheet.

Fig. 22 illustrates the profiles of dimensionless Z-velocity, tur-
bulent intensity and viscosity ratio for the different turbulence
models considered. Results from the Realizable model have been
omitted due to their resemblance with the RNG model.

Velocity profiles corresponding to the nozzle tip are almost
identical for all the models. At the external region, the velocity pre-
dicted for the liquid sheet features a uniform profile along its thick-
ness. In this aspect, the k-e Standard model gives a thicker liquid
sheet with a slightly lower average velocity. The most important
differences have been observed regarding the depth of the air
entrainment region (Fig. 22). This part of the air flow influenced
by the liquid sheet is a key issue for the subsequent analysis of
instability and break up as well as for the spray dynamics. It can
be seen that this region grows almost linearly for all the models,
being larger for all k-e models than for the k-x SST.

With regard to the turbulent viscosity, the expression employed
for its calculation differs among the models under study. The def-
inition of turbulent viscosity at the k-x SST, which introduces a
limiter to prevent its excessive growth, leads to a sudden extinc-
tion of this magnitude and turbulent kinetic energy production in-
side the nozzle’s tip, where a turbulent level increase should be
expected. Although the k-e RNG accounts for the turbulent viscos-
ity through a differential equation to handle low Reynolds number
flows, the turbulent Reynolds number throughout the domain
yields an expression which is analogous to that of the k-e Standard,
with a value for the Cl coefficient of 0.0845 instead of 0.09. So the
differences between the turbulent viscosity given by the RNG and
the Standard k-e models do not rely on the expression itself but on
the data with which it is calculated. The additional source term of
the epsilon equation in the RNG k-e model gives a smaller destruc-
tion of e for rapidly strained flows and, consequently, lower values
of k and lt than the Standard k-e.

One of the main fronts in turbulence modeling is the search of
representations able to guarantee realizability of the solution. In
this aspect, none of the models considered provides a completely
realizable solution, being the k-e RNG the one giving the smallest
non-realizable region from all the k-e models studied. Although
the k-x SST model is even more realizable than the k-e RNG, this
is due to the turbulent viscosity limiter which, as stated above,
goes against the physics of this particular flow. The authors have
observed that the lack of realizability is related to high values of
the ratio between production and dissipation of turbulent kinetic
energy.

Images (b) and (d) depicted in Fig. 16 make clear the existence
of fundamental differences in the development of the liquid sheets
from N1 and N3 and, consequently, in their respective flow magni-



Fig. 22. Profiles of dimensionless Z velocity, turbulent intensity and turbulent viscosity ratio for the three turbulence models employed (please note that in some cases scales
are different).
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Fig. 23. Profiles of dimensionless Z velocity, turbulent intensity and turbulent viscosity ratio of N1 and N3 with the RNG k-e model.
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tudes. For this reason, a more extensive analysis of their velocity
profiles and turbulent magnitudes has been considered of interest.

The profiles of dimensionless Z velocity, turbulent intensity and
viscosity ratio for N1 and N3 are plotted in Fig. 23 These profiles
correspond to the calculations adopting the RNG k-e turbulence
model. The flow enters the tip with larger turbulent kinetic energy
for N3 than for N1 due to the sharp cross-section area reductions of
the former.

The external shape of the nozzle appears to play an important
role on the development of turbulence in the surrounding air,
Fig. 24. Contours of turbulent intensity for N1
favoring the entrance and recirculation of the air flow and avoiding
large pressure gradients.

Although near the outlet the turbulent intensity is not constant
along the liquid sheet thickness, further downstream it becomes
uniform and has almost the same value for both nozzles. The effect
of the external shape also dilutes with the distance from the
nozzle.

It should be mentioned also that, even though the round edge of
N1 has a strong influence on the discharge coefficient or other flow
magnitudes at the very near field region of the outlet, further
and N3 at 3 bar at the XZ symmetry plane.
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downstream there is no substantial difference between the profiles
of the plotted magnitudes with and without this feature.

However, these results do not elucidate the fundamental differ-
ences between the liquid sheets formed by these two designs. It is
clearly distinguishable from pictures (b) and (d) of Fig. 16 that the
border of N3 is highly disturbed and rapidly disintegrates into
droplets enhancing the breakup of the liquid sheet itself. Alterna-
tively, the border developed by N1 thickens and follows the mech-
anisms of destabilization and breakup typical from a jet,
independently of the liquid sheet. This fact, together with observa-
tions about the rim disintegration previously described, motivated
the representation of turbulent intensity at the XZ symmetry plane
for both designs (Fig. 24). It can be seen that, although the air sur-
rounding the liquid sheet from N1 has a larger turbulent intensity
than that of N3, values of this magnitude inside the liquid sheet of
the latter are larger and concentrated in the border, which may
lead to its prompt destabilization and breakup.

8. Conclusions

In this paper, CFD techniques have been used in fan spray noz-
zles’ characterization providing accurate and very useful data
about the flow taking place inside the tip and the development
of the liquid sheet for three different designs. The mathematical
model has been defined, verified and subsequently validated. Mod-
el validation has been carried out by assessing its ability to predict
several experimentally measured flow features, which were mea-
sured in several units of every design to avoid dependences on
manufacturing defects.

The importance of accurate knowledge of nozzle geometry has
been demonstrated through the changes in nozzle performance
produced by the presence of a round edge at the orifice of design
N1. The addition of this feature to the geometry was found to be
decisive for the correct prediction of the discharge coefficient.

The experimental technique employed for the validation of the
thickness factor, based on interferometry, has turned out to be ex-
tremely sensitive to the presence of perturbations on the liquid
sheet surface.

Regarding the spatial distribution of the spray, although it is
highly influenced by the processes of primary and secondary
breakup, reliable results have been obtained. This has allowed
model validation and has also strengthened mathematical model-
ing by means of CFD techniques as a useful tool for nozzle design.

A development region has been defined near the outlet of the
nozzle where a vena contracta is formed leading to an acceleration
of the fluid. This fact entails a radical change in the traditional
assumption that the liquid sheet velocity is uniform, constant
and given by the flow rate and the cross-sectional area of the
outlet.

The velocity profile of the atomizers under study presents a tan-
gential component which contributes to the growth of the rim at
the same grade than surface tension along the region near the out-
let of the atomizer, especially in N1. Both contributions, but mainly
surface tension effects, are dependent on the angle of the liquid
sheet; so that the larger the angle, the lower the incoming flow rate
to the rim.

The use of different turbulence models has revealed no relevant
differences in the basic integral magnitudes of the liquid sheet
flow, although a significant influence has been observed regarding
the depth of the air entrainment region all k-e models provide sim-
ilar results while the k-x features a thinner shear layer. Neverthe-
less, with a view to future modeling of the instability and breakup
process, the structure of the shear layer produced and the effect of
turbulent scales through the term a0u0i both in the liquid and
the gas phase flow should be taken into account and analyzed in
depth.
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