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1. Introduction

At the Lappeenranta University of Technology (LUT), experiments are performed where the
behavior of different spray nozzles is tested (Pyy et al., 2015, 2016). The formation of spray
droplets in the nozzles is studied by varying the pressure drop over the nozzle. The size
distribution of the droplets is measured with shadowgraphy at different distances from the
nozzle. It is planned that sprays will be installed in the PPOOLEX test facility, which is a
downscaled model of boiling water reactor containment.

Primary atomization of the liquid jet occurs near the outlet of the nozzle. Turbulent
fluctuations of the liquid jet induce perturbations on the jet surface, which grow and break the
jet into droplets. The length scale of turbulence is the dominant length scale of atomization,
which also determines the resulting droplet size (Chryssakis et al., 2011).

Two different primary breakup distributions are commonly used for describing droplet
diameters. In the lognormal distribution, the logarithm of the droplet diameter obeys normal
distribution. In the Rosin-Rammler distribution, the diameter distribution is also described
with two parameters, i.e., the mean diameter of the droplets and the spread of the distribution
(Schick, 2006; Foissac et al., 2013).

After the primary breakup of the liquid jet, the largest droplets may further break into smaller
droplets in secondary breakup. Droplet may break if drag force caused by air is large enough
to overcome the surface tension of the droplet. Several models for the secondary breakup
have been developed. The Taylor Analogy Breakup model compares the oscillations of the
droplet caused by drag force to the surface tension in order to determine the breakup. In the
Kelvin-Helmholtz breakup model, the growth rate and the wavelength of instability is
determined to find characteristic breakup time (Chryssakis et al., 2011; Sazhin, 2014).

The impinging droplets of the spray form liquid films on surrounding walls and floors. The
liquid film affect the heat transfer to the walls and the shear forces between the film and gas
affect the flow velocity of the gas phase. In addition, impinging of droplets may cause
splashing of secondary droplets from the liquid film.

In the present work, the first single spray nozzle experiments performed at LUT are modelled
with Computational Fluid Dynamics (CFD) calculations. The traces of an ensemble of spray
droplets are solved in a numerical mesh describing the experimental setup. The flow of the
surrounding air and its interaction with the droplets is solved by using the control volume
method. In the calculations, the primary breakup distribution of the droplets is modelled with
the ANSYS Fluent CFD code (ANSYS, 2016).

In the first experiments performed at LUT, full cone spray nozzle (Spraying Systems Co,
2015) with a capacity of 10 liters/min was tested at the preliminary single spray testing
station. In the second set of experiments, full cone spray nozzle with a capacity of 40
liters/min was tested at a new single spray testing station. In both experiments, the droplet
sizes were measured with shadowgraphy (Pyy et al., 2015, 2016). It is planned that later
concentrations of droplets at different parts of the cone are also measured.

In the present report, the estimation of the size distributions of the droplets is discussed in
Section 2. The main features of the plain-orifice atomizer model are presented and the model
is applied to the spray nozzles used in the experiments. The Sauter mean diameters of the
droplets are estimated and the primary breakup distribution is described with the Rosin-
Rammler distribution. In Section 3, the simulation of an experiment performed for the
preliminary single spray test facility is presented. In this experiment, the smallest spray
nozzle with a capacity of 10 liters/min was used. In Section 4, the simulation of an
experiment performed at the newly constructed spray testing station is described. The largest
spray nozzle with a capacity of 40 liters/min was used in this experiment. Finally, in Section 5
the results are summarized and discussed.
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2. Estimation of the size distribution of the droplets

Commercial CFD codes have readily available several atomizer models for the description of
the primary breakup phenomena after the nozzle. In the following, the simplest atomizer
model of ANSYS Fluent (2016) is first briefly described. Then, the average diameter of the
droplets produced by the atomizer is determined. Finally, an estimate for the size distribution
of the droplets is formed.

2.1 The plain-orifice atomizer model

The plain-orifice atomizer is common and simple atomizer. It has three different operation
modes, which are illustrated in Figure 1. In the single-phase nozzle flow mode, the liquid
completely fills the orifice. In cavitating nozzle flow, vapor pockets form inside the nozzle just
after the inlet corners. In flipped nozzle flow, downstream gas surrounds the liquid jet inside
the nozzle. The operation mode of the nozzle depends on the dimensions of the nozzle, the
pressure difference over the nozzle and the liquid and gas properties.

orifice walls

1‘ _ g

Py Py

downstream gas
orifice walls

D

L

Single phase Cavitating

/— downstream gas

- .

downstream gas

— liquid jet
— downstream gas

Figure 1. The operation modes of the
nozzles in the plain-orifice atomizer model
Flipped (ANSYS, 2016).

orifice walls

In the plain-orifice atomizer model, the operation mode of the nozzle is determined based on
the Reynolds number, the cavitation number and the critical values for the inception of
cavitation and flipping (ANSYS, 2016).

The Reynolds number based on hydraulic head is defined as

Rey, = (dpi/W\2(P1 — p2)/pi 1)

where d is the nozzle diameter, p; is the liquid density and u is the liquid viscosity. The
upstream and downstream pressures are denoted by p; and p,, respectively. The cavitation
number is defined as

K = (p1 — pv)/(p1 — p2) )
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where p,, is the vapor pressure.

For short, sharp-edged nozzles, the inception of cavitation occurs approximately at cavitation
number K., = 1.9. The effect of the rounding of the inlet edge (r) and the viscosity are

taken into account by the empirical relation for the inception of cavitation (ANSYS, 2016):

1000 3)
Reh

r 2
Kincep =19(1- E) -

Correspondingly, the critical value of the cavitation number, where flip occurs, is given by

-t 2000>‘1 exp (—70r> (4)

L
Kerir = 1 (1 —) (1
O * Rey, d

If the rounding of the inlet edge of the nozzle is large enough (r/d > 0.05), flip is considered
impossible and we set K.; = 1.

The decision tree for the state of the nozzle is shown in Figure 2. The state of the nozzle can
be estimated by calculating the cavitation parameter and comparing it to the critical values of
the inception of cavitation and flipping. In the following, the decision tree is applied to the
nozzles used in single spray nozzle experiments performed at LUT.

flipped cavitating flipped single phase

Figure 2. Decision tree for the state of the nozzle in the plain-orifice atomizer model
(ANSYS, 2016).

2.2 Operation modes of the spray nozzles

In the experiments, full cone nozzles of Spraying Systems Co. (2015) are used. The nozzle
B1/4HH-10 was used in the first preliminary single spray experiments and it is shown in
Figure 3. The capacity of the nozzle is 10 liters/min. Its orifice has a diameter of 3.2 mm and
a length of 23 mm. When the pressure difference over the nozzle is 1 bar, the cavitation
number is K = 1.99. Therefore, the nozzle operates in the single phase mode.

At higher values of the pressure difference of 3...6 bars, the cavitation number for the nozzle
B1/4HH-10 is 1.33...1.16. Then, the nozzle is expected to operate in the cavitating or in the
flipped mode depending on the rounding radius of the inlet edge of the nozzle. The
properties of the nozzle are summarized in Table 1.
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Figure 3. Full cone spray nozzle B1/4HH-10 used in the experiments at the preliminary single
spray test facility (Spraying Systems Co., 2015).

Table 1. Estimates for the states of used full cone spray nozzles according to the plain-orifice
atomizer model.

Nozzle | Orifice | Length Ap Re;, Kincep K it K Mode
type nom. L (mm) | (bar) (r/d=0) | (r/d=0)
d (mm)
1 40 400 1.88 1.34 1.99 | Single-phase
Cavitating
B1/4HH- 3.2 23 3 69 900 1.89 1.35 1.33 | (r/d > 0.05),
10 ’ Flipped (r = 0)
Cavitating
6 98 900 1.89 1.35 1.16 | (r/d > 0.05),
Flipped (r = 0)
B3/BHH- 4.5 24 1 58 200 1.88 1.41 1.99 | Single-phase
SS22
1 78 200 1.89 1.44 1.99 | Single-phase
BUZHR- 1 62 30
Cavitating
6 191 600 1.89 1.45 1.16 | (r/d > 0.05),
Flipped (r = 0)
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In later experiments, the larger nozzle B1/2HH-40 having the capacity of 40 liters/min was
used. Its orifice has a diameter of 6.2 mm and a length of 30 mm. When the pressure
difference over the nozzle is 1 bar, the cavitation number is also for this nozzle K = 1.99.
Therefore, this nozzle is also expected to operate in the single phase mode. At a higher

pressure difference of 6 bars, the nozzle operates either in the cavitating or in the flipped
mode.

2.3 Primary breakup distribution of droplets

Estimates for the average diameter of the droplets after the primary breakup are available in
literature. The experimental correlations are based on the Weber number (Brennen, 2005)

_ piu?d (5)
o

We

For a single-phase nozzle, the exit velocity of the liquid from the nozzle is u = m/(p;A),
where A is the nozzle area and m is the mass flow rate. The surface tension is denoted by ¢
and the radial integral length scale is 1 = d/8.

Assume a single-phase nozzle and consider the primary breakup distribution of droplets. An
estimate for the Sauter mean diameter of droplets has been presented by Wu et al. (1992):

d3, = 133 AWe 074 (6)

The Sauter mean diameter is the diameter of a sphere that has the same volume to surface
area ratio as the total volume of all the drops to the total surface area of all the drops. The
most probable droplet diameter is

1/n

dy = 1.27ds, (1 - Z) ()

where n = 3.5 is the spread parameter for a single-phase nozzle (ANSYS, 2016).

The size distribution of droplets is often described with the Rosin-Rammler density function
(Schick, 2006; Lefebvre, 1989). The Rosin-Rammler density function for the volume (mass)
of droplets is

n-1 n
3) = i(i) _ (i) (8)
The Rosin-Rammler distribution is readily available in ANSYS Fluent (ANSYS, 2016).

Another alternative for describing the droplet sizes is the lognormal density function (Schick,
2006; Lefebvre, 1989). The lognormal density function for the volume (mass) of droplets is

exp {_ [ln(d) - ln(dmean)]z} (9)

202

3y —
f )_\/Z_TTO'd

The lognormal distribution has, for instance, been used by Foissac et al. (2013) for the
description of hollow cone sprays of PWR containment.

In the following, we consider the nozzles of Table 1, when the pressure difference over the
nozzle is 1 bar. Then, the nozzles operate in the single-phase mode and the estimate in

Eq. (6) for the Sauter mean diameter can be used. Comparison of the Rosin-Rammler and
lognormal distributions showed that the difference between the distributions is not significant
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if suitable parameters for the distributions are chosen. In the following, the Rosin-Rammler

density function is used for the size distribution of droplets.

The most probable droplet diameters and the Sauter mean diameters for the nozzles of are
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summarized in Table 2. The corresponding size distributions are shown in Figure 4.

Figure 4. Rosin-Rammler distribution for the volume (mass) of droplets for three nozzles,
when the pressure difference over the nozzle is 1 bar. Single phase operation is assumed
with a spread parameter of n = 3.5. The maximum values have been normalized to one.

Table 2. Estimated Sauter mean diameters and the most probable diameters for the spray

1+ 7 —— B1/4HH-10
/ \‘ ————— B3/8HH-SS22
’4’ \ ——B1/2HH-40
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droplets.

Nozzle type | Orifice | Length | Ap 174 v= We das do
nom. | L (mm) |(bar)| (I/min) | V/A =) | (um) | (um)
d (mm) (m/s)

B1/4HH-10 3.2 23 1 4.4 9.12 452 577 | 667

B3/8HH-

5592 4.5 24 1 9.7 10.18 792 536 | 619

B1/2HH-40 6.2 30 1 17.8 9.80 | 1010 | 617 | 713
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ingle spray test facility

iminary s

3. Simulations of the prel

Numerical model

In the model, the distance of the spray nozzle from the floor is 100 cm. The height of the box

At LUT, two experimental series with spray nozzles have been performed (Pyy et al., 2015;
is 60 cm, the length is 120 cm and the width is 80 cm. In the model

Pyy et al., 2016). First, a few tests with the preliminary single spray test facility were

The first spray experiments at LUT (Pyy et al., 2015) were performed with the setup, where
the spray nozzle was located above a box. CFD model for the arrangement is shown in
Figure 5. In the left frame, surface mesh of the CFD model is shown. In the right frame,
operation of the spray and flow of liquid film on the floor are illustrated. The mesh has

performed. In the following, the CFD simulations of the first preliminary tests are described.
428 000 hexahedral cells.

performed, where the measurement of droplet sizes with shadowgraphy was piloted.
Second, a test station for the spray experiments was constructed, where a test series was

3.1

L 5 /////
\ N
R N\

/,W/,

the box floor was 3°. Measurements of droplet sizes with shadowgraphy were made at two

positions: 11 cm and 23 cm from the nozzle.

4p

(bar)

Length
L (mm)

23

Orifice nom.

d (mm)

3.2

Figure 5. Test arrangement used for preliminary single spray tests (left). The form of the

spray and the liquid film on the floor of the box are also shown (right).
Table 3. Properties of the full cone spray nozzle B1/4HH-10 used in the experiments at the

preliminary single spray test facility (Spraying Systems Co., 2015).

Nozzle type

B1/4HH-10
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In the experiments, three different nozzles were used (see Table 1). In the CFD calculations,
the experiment performed with the smallest nozzle B1/4HH-10 was calculated. The
experiment, where the pressure difference over the nozzle was 1 bar, was chosen. The mass
flow rate at this pressure was 4.4 liters/min and the flow velocity at the exit of the nozzle was
9.12 m/s. The half angle of the cone for this solid cone nozzle is according to the
manufacturer 31.25° (Spraying Systems Co, 2015). The parameters of the nozzle are
summarized in Table 3.

In the CFD calculations ANSYS Fluent version 16.2 was used. Isothermal calculation was
performed, where continuity and momentum equations for gas were solved together with
transport equations for turbulence. The turbulence was described with the standard k-¢
model, where standard wall functions were used with production limiter for the turbulence.
The production limiter was used for preventing excessive generation of turbulence at the
stagnation point of the flow that is located on the floor of the box. The experiment was
performed in a large laboratory, which could not be included in the CFD model. Therefore,
only part of the room was model and slip boundary conditions were used for the side walls
and the ceiling of the numerical model.

The spray droplets were described with the Discrete Particle Model (DPM) of ANSYS Fluent,
where trajectories of the droplets are solved in a numerical mesh. The droplets were
assumed to be spherical and the drag included two-way interaction with air. The Rosin-
Rammler distribution discussed in Section 2.3 was used for the droplets. The most probable
diameter of the droplets was 0.667 mm; the minimum and maximum diameters were

0.05 mm and 1.5 mm, respectively. The spread parameter for the distribution was n = 3.5
(see Figure 4). No breakup or stochastic collisions of the droplets was included in the model.

The full cone model of Fluent was used for the injection of the droplets. The number of the
solved droplet trajectories was 300 000, which consisted of 1 000 droplet streams, 30 droplet
diameters and 10 tries for stochastic tracking. The stochasticity of the droplet tracks is
caused by the interaction of the droplets with turbulence. The solution is iterative, where the
two-way momentum transfer between the droplets and air is taken into account.

In the experiments, liquid film was formed on the floor of the box from the spray droplets. In
the CFD model, an inclination angle of 3° was assumed for the floor of the box. The flowing
liquid film was described with the Eulerian wall film model of ANSYS Fluent. The model
solves two-dimensional continuity and momentum equations for the liquid film, which is
formed by collection of the spray droplets. The motion of the film is driven by gravity and two-
way shear force between the film and air. Stripping of droplets from the film by the shear
force was included in the model but splashing caused by droplets was not taken into
account. Steady state calculation for the flow of air and droplet trajectories was performed.
Simultaneously, transient calculation of the formation and motion of the liquid film was
performed with a time step of 0.01 s.

3.2 CFD simulations of the preliminary spray experiments

In the following, the results of the simulation of the experiment with nozzle B1/4HH-10 are
presented, where the pressure difference over the nozzle was 1 bar (Table 3). The velocity
magnitude of droplets is illustrated in Figure 6, where droplets are injected from the nozzle
with an initial velocity of 9.12 m/s. The slowing down of the droplets due to the drag caused
by air is clearly visible. The smallest droplets flow around with the air and move stochastically
due to turbulence.

The flow velocity of air induced by the spray droplets is shown in Figure 7. The strong
downwards flow of air in the center of the spray cone can be seen in the left frame. The
downward flow turns near the floor of the box and returns upwards near the side walls of the
box. In the right frame, the flow velocity of air is shown in one of the measurement planes,
which is 23 cm downwards from the spray nozzle.



WT RESEARCH REPORT VTT-R-05311-15
13 (25)

In Figure 8, concentration of the spray droplets is shown. In the top frame, one can see that
the concentration has a strong maximum in the center of the cone. One should note that
logarithmic scale is used in the contour plot. In the middle frame, the concentration in a
horizontal plane near the floor is shown. The small scale fluctuation of the concentration is
caused by the stochasticity of the droplets described with the DPM model.

At the injection, the half angle of the solid cone was defined to be 31.25°. If the half angle of
the cone is estimated from the envelope of the concentration shown in the top frame of
Figure 8, the result is 29°. The concentration is, however, very small within most of the “solid
cone”. In the middle frame of Figure 8, one can see that near the floor the concentration of
droplets is very small outside a circle having a radius of 0.3 m. This circle corresponds to a
solid cone with half angle of 17°. The concentration of droplets shown in Figure 8 is the
property of the injector model of ANSYS Fluent. Currently, experimental concentration data is
not available on the spray nozzle B1/4HH-10.



WT RESEARCH REPORT VTT-R-05311-15

14 (25)

9.32
8.85
8.39
7.92
7.46
6.99
6.53
6.06
5.59
513
4.66
4.20
3.73
3.27
2.80
2.34
1.87
1.40
0.94
0.47
0.01

Side view Top view

Figure 6. Velocity magnitude of droplets (m/s). Ten percent of the traces of the droplets are
shown.
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Figure 7. Velocity magnitude of air (m/s) in the vertical center plane through the nozzle (top)
and in the horizontal measurement plane 23 cm from the nozzle (z = 77 cm). Note that the
velocity scale is logarithmic.
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Figure 8. Concentration of droplets (kg/m®) in the vertical center plane through the nozzle
(top) and in the horizontal sampling plane just above the floor (middle). Note that the scales
are logarithmic. Concentration is also shown along horizontal line just above the floor
(bottom).
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Figure 9. The mass flowrate weighted distribution of droplets versus diameter (m) in the
measurement plane 23 cm from the nozzle (z = 77 cm).

In the bottom frame of Figure 8, the droplet concentration is shown along a horizontal line
through the center of the spray cone near the floor of the box. Most of the droplets are within
a circle having a radius of 0.3 m as was discussed above. Very large local values of the
concentration are found in the center of the spray cone. The asymmetry of the concentration
is caused by the stochasticity of the droplets described with the DPM model.

Diameter distribution of droplets is shown in Figure 9. The distribution has been obtained by
sampling the droplet sizes in the horizontal plane 23 cm from the nozzle, which was one of
the measurement planes in the experiment. The average size of the droplets is of the same
order as in the experiments (Pyy et al., 2015). Currently, detailed measurement data is,
however, not available.

In Figure 10, the thickness and the velocity of liquid film is shown. The thickness and the
velocity are determined by the inclination angle of 3° chosen in the numerical model and the
shear force caused by the air flowing above the film. The maximum thickness of the film is
about 1.1 mm. The typical flow velocity of the film is approximately 10...15 cm/s. The film
model was found work qualitatively well with the spray model, when splashing caused by
droplets was not included in the calculation.
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Figure 10. Liquid film thickness (mm) is shown in the top frame and film velocity (m/s) in the
bottom frame. The flow direction is from left to right.

4. Simulations of the single spray test facility

New single spray test facility was constructed at LUT after performing the preliminary tests
(Pyy et al., 2016). At the test facility, series of experiments were performed with the spray
nozzle B1/2HH-40, which has the capacity of 40 liters/min (Table 1). CFD calculation of one
of the experiments is presented in the following.

4.1 Numerical model

CFD model for the new single spray test facility is shown in Figure 11. The distance of the
spray nozzle from the floor is 190 cm. The collar of the diffuser used in the measurements is
located 110 cm above the floor. Therefore, the distance from the spray nozzle to the
measurement position is 80 cm. The diffuser collar is located inside the spray cone so that
the end of the collar is located on the cone axis. The hexahedral mesh has 833 000 cells.



VIr

RESEARCH REPORT VTT-R-05311-15
18 (25)

In the experiments, the nozzle B1/2HH-40 was used (see Table 1). CFD calculations were
performed for the experiment, where the pressure difference over the nozzle was 1 bar. The
mass flow rate at this pressure was 17.8 liters/min and the flow velocity at the exit of the
nozzle was 9.80 m/s. The half angle of the cone for this solid cone nozzle is according to the
manufacturer 44.75° (Spraying Systems Co, 2015). The parameters of the nozzle are
summarized in Table 4.

In the CFD calculations ANSYS Fluent version 16.2 was used. The continuity, momentum
and energy equations were solved together with transport equations for turbulence. The
turbulence was described with the standard k-& model, where enhanced wall treatment was
used with production limiter for the turbulence. Slip boundary conditions were used for the
side walls and the ceiling of the numerical model. Boundary condition for the temperature on
the walls was 20 °C. Initial temperature of the spray droplets was 11 °C.

The spray droplets were described with the DPM model of ANSYS Fluent, where the Rosin-
Rammler size distribution discussed in Section 2.3 was used. The most probable diameter of
the droplets was 0.713 mm; the minimum and maximum diameters were 0.1 mm and

1.5 mm, respectively. The spread parameter for the distribution was n = 3.5 (see Figure 4).
The injection of 300 000 droplets was done similarly as was described in Section 3.1.
Formation and flow of liquid film was solved on the floor that had an inclination angle of 5°. In
addition, the flow of liquid film on the diffusor collar was calculated.

1.50 mMm
.
" 1.36

1.29
1.22
1.15
1.08
1.01
0.94
0.87
0.80
0.73
0.66
0.59
0.52
0.45
0.38
0.31
0.24
0.17
0.10

Figure 11. Surface mesh of the CFD model for the spray testing station (left). Model for the
experimental arrangement and droplet sizes are also illustrated (right).

Table 4. Properties of the full cone spray nozzle B1/2HH-40 used in the experiments at the
single spray test facility (Spraying Systems Co., 2015).

Nozzle type Orifice nom. Length Ap 1% v = V/A Cone
1 17.8 9.80 44.75

B1/2HH-40 6.2 30
6 41 22.63 41.5
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4.2 CFD simulations of the first experiments

In the following, the results of the simulation of the experiment with nozzle B1/2HH-40 are
presented, where the pressure difference over the nozzle was 1 bar (Table 4). The droplet
traces colored with diameter are shown in Figure 12, where 30 000 of the total 300 000
traces have been plotted. Some of the smallest droplets are seen to flow around with air in
the region of the simulation model. Large droplets are captured by the liquid film on the floor
or on the diffusor collar. In the bottom view, one can see that in the numerical model the
small droplets are concentrated in the center of the cone. In particular, large amount of small
droplets are found below the diffusor collar.

The velocity and thickness of liquid films on the floor and on the diffusor collar are shown in
Figure 13. The liquid film on the cylindrical diffusor collar flows downwards along the surface
of the collar. On the bottom side of the collar droplets are formed from the liquid film. The
droplets fall down to the floor, where they are captured by the liquid film. The maximum
velocity of the liquid film on the floor is approximately 22 cm/s. The maximum thickness of
the film is about 0.8 mm.

The concentration of droplets is shown in Figure 14. In the injection model, the value of
44.75° was used for the half angle of the solid cone. In the simulation result, one can see that
at the distance of 80 cm from the nozzle almost all the droplets are within a circle having a
radius of 66 cm. This means that almost all the droplets are within the cone that has half
angle of 40°.

Diameter distribution of droplets is shown in Figure 15, which has been obtained by sampling
the droplet sizes in the horizontal plane 80 cm from the nozzle. According to preliminary
information, the average size of the droplets in the experiments is smaller than the size
predicted by the present model (Pyy et al., 2016).

In Figure 16, the velocity magnitude of air is shown. The maximum velocity of air is 7.85 m/s,
which is somewhat smaller than the initial velocity of the spray droplets. The maximum
velocity of air in front of the collar is approximately 3.8 m/s. The shear force caused by the air
passing the collar induces a vortex inside the collar, where the maximum flow velocity of air
is 2.5 m/s.

In Figure 17, turbulence kinetic energy and dissipation are shown. As is expected, the
turbulence kinetic energy achieves its maximum value inside the spray cone. Some
turbulence is also generated inside the diffusor collar. The production limiter used in the
turbulence model reduces excessive generation of turbulence in the stagnation points on the
diffusor collar and floor. Turbulence dissipation is also strongest in the center of the spray
cone and near the floor. Interestingly, the turbulent viscosity ratio (uq,/1) is strongest on the
right side of the spray cone and the viscosity is very unsymmetric.
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Figure 12. Droplet traces colored with diameter. Ten percent of the traces of the droplets are

shown.
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Figure 13. Velocity of liquid film (m/s) on the left and film thickness (mm) on the right. The
liquid films on the diffusor collar and on the floor are shown.
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Figure 14. Droplet concentration in the vertical center plane through the nozzle (left) and in
the horizontal sampling plane 80 cm from the nozzle (z = 110 cm). Note that logarithmic
scale is used.
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Figure 15. The mass flowrate weighted distribution of droplets on the horizontal
measurement plane 80 cm from the nozzle (z = 110 cm).
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Figure 16. Velocity magnitude of air in the vertical center plane through the nozzle (left) and
in the horizontal sampling plane 80 cm from the nozzle (z = 110 cm).
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5. Summary and discussion

Experiments with single spray nozzles are performed at the Lappeenranta University of
Technology (LUT). Three different full cone spray nozzles manufactured by Spraying
Systems Co (2015) are tested. The size distributions of the droplets are measured with
shadowgraphy (Pyy et al., 2015, 2016).

In the present work, the single spray experiments have been modeled with the ANSYS
Fluent version 16.2 CFD code. Models for the experimental setups have been constructed
and chosen experiments have been simulated by using the Discrete Particle Model (DPM) of
Fluent.

The first step in the CFD simulations has been the estimation of droplet size distribution. This
has been done by using the plain-orifice model (ANSYS, 2016). The states of the nozzles
were first determined by calculating the cavitation numbers of the nozzles. Experiments
where the nozzles operate in the single-phase mode were chosen for the simulation. The
mean Sauter diameters for the primary breakup distributions of droplets were determined
based on the Weber numbers. The Rosin-Rammler distribution was used for the primary
breakup distribution of droplets. Values provided by the manufacturer were used for the
spray cone angles.

The full cone model of Fluent was used for the injection of the droplets. The number of the
solved droplet trajectories was 300 000, which consists of 1 000 droplet streams, 30 droplet
diameters and 10 tries for stochastic tracking. The stochasticity of the droplet tracks is
caused by the interaction of the droplets with turbulence. The solution was iterative, where
the two-way momentum transfer between the droplets and air was taken into account.

First, experiment with the solid cone nozzle B1/4HH-10 (Spraying Systems Co, 2015) was
calculated. The nozzle has an orifice with a diameter of 3.2 mm and a capacity of

10 liters/min. The pressure difference over the nozzle was 1 bar and single-phase operation
of the nozzle was assumed. The estimate calculated from the plain-orifice model for the
Sauter mean diameter of the droplets in the primary breakup distribution was 577 um. This is
roughly of the same order as was observed in the preliminary experiments (Pyy et al., 2015).

Second, an experiment performed at the constructed single spray testing station was
calculated. The larger solid cone spray nozzle B1/2HH-40 (Spraying Systems Co, 2015) was
used in the experiment. This nozzle has an orifice with a diameter of 6.2 mm and a capacity
of 40 liters/min. The pressure difference over the nozzle was also in this case 1 bar and
single-phase operation of the nozzle was assumed. The estimate for the Sauter mean
diameter of the droplets in the primary breakup distribution was 617 pgm. Preliminary
information from the experiments suggests that the real value is smaller (Pyy et al., 2016).

After the primary breakup of the spray, additional breakup of droplets may occur. Several
models exist for this so-called secondary breakup. The simplest model available in ANSYS
Fluent is the Taylor Analogy Breakup (TAB) model, which compares the surface tension
forces of the droplet to the drag force caused by surrounding air (ANSYS, 2016; Chryssakis
et al., 2011). This model is only suitable for small Weber numbers (We < 100). An alternative
to TAB model is the Wave Breakup Model, where the fastest-growing Kelvin-Helmholtz
instability for the spray jet is determined (ANSYS, 2016; Chryssakis et al., 2011). The
wavelength and growth rate of the instability determine the sizes of the droplets.

After the primary breakup of the spray jet, the secondary breakup of droplets may further
reduce their mean diameter. The secondary breakup was, however, not included in the
present CFD model. It’s possible inclusion could affect the results of the simulations, where
the distance of the measurement plane from the spray nozzle is large. Such a situation
occurred in the simulation of Section 4, where the distance was 80 cm. In the simulations of
Section 3, the distance was only 23 cm. The significance of the secondary breakup at
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different distances from the nozzle should be revealed by further analysis of the experimental
data.

The collisions and the coalescence of the droplets were not considered in the present
analysis. In ANSYS Fluent (ANSYS, 2016), the collision method proposed by O’'Rourke
(1981) is available. The collision of droplets located in the same grid cell is modeled based
on the collisional Weber number, where relative velocity of the droplets is used. As the result
of the collision, bouncing or coalescence of the droplets may occur. The importance of the
collisions for the present simulations is not clear and should be further studied.

As the result of the present simulations, the concentration of droplets in different regions of
the spray cone was obtained. In addition, it was observed that large amount of small droplets
were located near the axis of the spray cone. More detailed comparison of these
observations to forthcoming experiments will be of interest.
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