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ABSTRACT

Air-intake filters can filter out salt aerosols in
the ocean atmosphere, which plays a key role in
improving quality of air intake for marine gas turbine.
To carry out precise experiment study on air-intake
filters for gas turbine and its improved design, ocean
atmosphere simulating in laboratory conditions is
needed. Thus, an artificial seawater spray chamber
with spraying nozzles is designed to produce aerosols,
which is similar to salt aerosols in real ocean
atmosphere. Droplet concentration uniformity is an
important indicator to measure performance of
artificial seawater spray chamber. In this article,
experimental method and CFD technology were both
used to explore impact of nozzle performance and
arrangement on droplet concentration uniformity in
the spray field. To obtain more accurate numerical
simulation data, an experiment was carried out before
simulation to measure atomizer angle and particle
size distribution of the spray, which will be used in
real artificial seawater spray chamber. Experiment
data was taken into CFD software, set as the initial
boundary conditions. In the numerical simulation,
changing number and arrangement of nozzles,
gas-particle two-phase flow field in different schemes
have been calculated. Those data can be used as
references in designing real artificial seawater spray
chamber.

INTRODUCTION

Ocean atmosphere contains salt which exist in
form of aerosol, intake air of ocean vessels usually
has to be desalinated. Many large ships are equipped
with gas turbine power equipment. For its great
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amount of intake air, gas turbine engine has strict
requirement in desalination (Gan, 2006). It means
designers have to simulate the ocean atmosphere
under laboratory conditions, which will be helpful for
further study in marine gas-water separators in nu-
merical simulations and experiment study. It can also
provide reliable data for designers in designing
high-performance  marine  gas-water  separator.
However, how to simulate ocean atmosphere better is
always a research focus and spraying is an effective
way. There are many factors that can affect the
concentration uniformity of spray field, including
structure of the spray chamber, performance of the
nozzles, number and arrangement of the nozzles (Li,
2006). At present, researches on the atomizing nozzle
are mainly carried out by ways of combining theoret-
ical analysis and experimental methods. In theoretical
analysis, unstable wave theory has been used to
explain the atomization mechanism and process.
Nozzle is an important part of combustion chamber,
its operating characteristics affect the performance of
combustion chamber directly. Many scholars have
done some in-depth experiment studies on fuel nozzle.
Bulzan et al. (1996) carried out some experiments on
mist combustion flow field in the single-stage axial
cyclone quartz glass cylinder chamber. Qil droplets
velocity distribution and airflow, along with the oil
bead size distribution, have been tested using LDA
and PDPA. Soltani et al. (2005) conducted some
experimental studies on particles and gas velocity
distribution in a single-stage cyclone combustor in
both cold and combustion conditions, in which
particle SMD, particle size and flux distribution have
been measured. Cai et al. (2005) did some further
researches about impact of oil mist swirling mist
distribution and characteristics by measuring mist
chamber combustion flow field in a single-stage axial
cyclone model. It shows that the mist velocity distri-
bution influence greatly on swirl flow field. Fu and
Mongia et al. (2005) measured the two-phase
combustion flow field in a square combustion cham-
ber, obtained three-dimensional velocity and turbu-
lence intensity distribution of vapor and liquid phases,
oil bead size and flux distribution. Jeng et al. (2004)
measured the SMD and droplet size distribution in
different axial positions of the CFM56 swirl cup from
GE Company, using two-dimensional PDPA.



Flow field in spray chamber is a typical
two-phase flow field. Turbulence models used in the
gas-liquid two-phase calculations include Dispersed
Phase Model, Hybrid Model, Euler Model, VOF
model and Level Set model (Sun, 2006). Discrete
Phase Model is mainly used for droplet flow and
bubble flow calculation. It assumes that volume of
the droplet or bubble will not become too large and it
will distribute evenly in the continuous phase. That
means the local particle volume concentration ratio is
less than 10% (Zhang, 2009). Discrete Phase Model
belongs to Euler-Lagrange type model. In calculating
the droplet, the gas is continuous phase and the
droplet is dispersed phase. By calculating the
continuous phase, velocity, turbulent Kkinetic energy
and other information of the flow field can be
obtained. In the Lagrangian coordinates, trajectory of
single droplet is integrated (Tambe et al., 2005).
Trajectory of single droplet will be obtained after the
force in continuous phase field and other physical
quantity have been calculated. Turbulence calcula-
tions are carried out under the concept of statistical
average. Turbulent flow field obtained in the calcula-
tion is also the flow field in sense of the average.
Therefore, it’s unable to reproduce the turbulent flow
field accurately in the calculation (Ma et al., 2001). It
means the calculation of single droplet trajectory has
no practical significance. It is nonsense only if the
statistical laws of droplet motion are obtained after a
large number of droplet trajectories are calculated
(zZhang et al. 2006). Discrete Phase Model is the
model which can simulate the movement of a large
number of droplets by calculation.

EXPERIMENTAL RESEARCH

Atomizer angle measurement

In artificial seawater spray chamber, spray
angle of the nozzle affects distribution of droplet
directly in atomization chamber. Therefore,
measurements of the atomization nozzle cone angle
and characteristics study under different working
conditions are significant (Zhang, 2006). Nozzle used
in the test is shown in Figure 1. The conical nozzle is
adjustable pressure type. Operating pressure range is
from 10Kpa to 50Kpa.

The test nozzle

Fig. 1.

Atomizing angle is one of the design
parameters, which usually will not change too much
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with pneumatic varying, hydraulic or other conditions.
Size of the atomizing angle will affect working
conditions of the equipment. Therefore, type of
nozzle should be chosen carefully according to the
practical working requirements. In this article,
considering need for designing the spray chamber,
atomizing angle of a selected nozzle has been tested
under different working conditions. During the test,
atomizing angles are measured by taking photos
while the nozzle is working under stable condition
(Rao et al., 1976).

In this study, the atomizing angle has been
measured under seven different pressure conditions:
15KPa ~ 20KPa ~ 25KPa ~ 30KPa -~ 35KPa - 40KPa ~
45KPa.The angle data is shown in Table 1.

Table 1. Nozzle spray angle data

T 1 21 3] 4] 5] 6 ] 7
Pressure

ey | 18] 20 | 25| 30 | 3 | 4|4
A?og)'e 273 | 278 | 282 | 276 | 28.7 | 283 | 29.4

PDA Experiment

In order to measure performance of the nozzle,
a variety of quantitative indicators have been
proposed, such as average diameter, characteristics
diameter. In field of spray science, Mugele and Evans
proposed a concept called droplet average diameter.
The average diameters used most commonly are
length mean diameter, surface area mean diameter,
volume mean diameter and Sauter average diameter
(Liao et al., 2007).

When studying the spraying, Sauter average
diameter is the first choice in preliminary analysis.
Two kinds of mean diameter are adopted here. The
first one is Length Average Diameter, its expression
is:

@)

The second one is Sauter Mean Diameter,
customarily indicated by symbol SMD or D3,

_ znidi3
> nd?

The PDA system used in this test is shown
below, in Figure 2 and 3.
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Laser generator part of the PDA system

Fig. 2.
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Fig. 3. Laser probe of the PDA system

In this test, several different working conditions

with different pressures or liquid flow rate are chosen.

D_10, D_32 and the maximum particle size measured
in tests. Data are obtained in the section of 355mm
away from the nozzle exit (Zheng et al., 2010).

1. Tests under constant flow rate conditions:

In the constant flow conditions, 7 groups of
tests, numbered 1-7, have been carried out. Results
are shown below, in Figure 4.
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Fig. 4. The variation of the average diameter along
with the pressure

In the Fig 4, Mean ~ Maxx ~ SMD represents
length average diameter, maximum diameter of the
droplet group and Sauter Mean Diameter
respectively.

As shown, the maximum particle size changes
most obviously. When the pressure is 15KPa, the
maximum particle size is 362.5 microns; when it
increases to 30KPa, the maximum size reduced to
188.2 microns. When it increases continuously, the
maximum particle size has no significant changes
with pressure variation. It means the increasing of
pressure can improve atomization within a certain
range. When the pressure increases from 15KPa to
25KPa, the SMD is almost unchanged. When it
increases from 25KPa to 40KPa, the SMD decreased
obviously. After 40KPa, it remains stable. The length
average has similar variations. Data obtained from
the experiment shows that pressure is one of the main
factors that can impact atomization effect. In
low-pressure conditions, the atomized particle size
decreases significantly with pressure increase.
However, when it increases to a certain value,
particle size changes slightly before it remains stable.
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2. Tests under constant pressure conditions:

In the constant pressure conditions, 9 tests
numbered 8-16 were carried out. In the experiment,
the average diameter is measured under different
conditions with the increasing flow rate of water.
Results are shown below in Figure 5.
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Fig. 5. The variation of the average diameter along
with the liquid flow rate

It’s obvious that with water flow rate increase,
the maximum size shows an overall upward trend.
When the flow rate is 0.008L/Min, the maximum
particle size is 72.4 microns. And increasingly it
reached 192.3 microns at 0.026 L/Min. After slightly
decrease, when 0.052L / Min, the maximum particle
size is uptrend again. It means the liquid flow rate has
an influence nozzle atomization effect. For larger the
flow rate, the atomization effect becomes worse.

Although length average diameter and Sauter
average diameter increase with the increasing of flow
rate, they still have some distinctions (Fuster et al.,
2009). In given flow rate range, minimum value of
the length average diameter is 15.5 microns, the
corresponding flow rate is 0.011L/Min. The
maximum value is 24.7 microns, and corresponding
flow rate is 0.043L/Min. Changes of the length
average diameter is not obvious with the variation of
flow rate. However, SMD variation is little different.
When liquid flow rate increases from 0.003L/Min to
0.011L/Min, the SMD decreases sharply. Then it
increases obviously when the flow rate goes to
0.018L/Min. With the flow rate increasing, the SMD
fluctuates and shows no dramatic changes.

It seems that flow rate increase has some
impacts on atomizing effect, but not a wide range. In
the actual working conditions, the flow rate should
stay above a certain degree, otherwise the nozzle will
not be in good function (Liu, 1998). In fact, each
nozzle has a unique optimum working flow rate range.
Liquid flow rate should be controlled within this
range when the nozzle is working.

NUMERICAL SIMULATION
Mathematical Model
1.Particle Force Balance

In this article, we predict the trajectory of a
discrete phase particle (or droplet or bubble) by



integrating the force balance on the particle, which is
written in a Lagrangian reference frame. This force
balance equates the particle inertia with the forces
acting on the particle, and can be written (for the
direction in Cartesian coordinates) as

du _
_P _ FD(u_up)+M+Fx (3)
dt Pp

where Fy is an additional acceleration
(force/unit particle mass) term,Fp(u-up) is the drag

force per unit particle mass and
18y C,Re

P ped? 24

Here, u is the fluid phase velocity, u, p is the
particle velocity, u is the molecular viscosity of the
fluid, p is the fluid density, p, p is the density of the
particle, and d, p is the particle diameter. Re is the

relative Reynolds number, which is defined as

_ pds|up -] 5)
Y7,

(4)

Re

2.The Discrete Random Walk (DRW) Model

In the DRW model, or “eddy lifetime” model,
the interaction of a particle with a succession of
discrete stylized fluid phase turbulent eddies is
simulated. Each eddy is characterized by
-a Gaussian distributed random velocity fluctuation,

!’

u, v',and W'
-atime scale, 7,

The values ofu’,Vv’",and W' that prevail during the
lifetime of the turbulent eddy are sampled by
assuming that they obey a Gaussian probability
distribution, so that

N )

where&is a normally distributed random number, and
the remainder of the right-hand side is the local RMS
value of the velocity fluctuations. Since the kinetic
energy of turbulence is known at each point in the
flow, these values of the RMS fluctuating
components can be defined (assuming isotropy) as

The characteristic lifetime of the eddy is defined
either as a constant:

7, =2T,
The particle eddy crossing time is defined as

tcross =-7In |:l_ (L)i| (8)

rlu—uy|
Where 7 is the particle relaxation time, Lgis
the eddy length scale, and |u —up| is the magnitude
of the relative velocity.
The particle is assumed to interact with the

fluid phase eddy over the smaller of the eddy lifetime
and the eddy crossing time. When this time is reached,
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a new value of the instantaneous velocity is obtained
by applying a new value of &.

3.Taylor Analogy Breakup (TAB) Model
The TAB model is a classic method for
calculating droplet breakup, which is applicable to
many engineering sprays.
The equation governing a damped, forced
oscillator is
2
Foj—d o pdX )
dt dt?
where x is the displacement of the droplet
equator from its spherical (undisturbed) position. The
coefficients of this equation are taken from Taylor’s
analogy:

L (10)
m Py
k o
= =c,—Z; (12)
m Yy
d
—=c, (12)
m Y

where pi and p, g are the discrete phase and
continuous phase densities, u is the relative velocity
of the droplet, d is the undisturbed droplet diameter, o
is the droplet surface tension, and g is the droplet
viscosity.
x>C,r (13)
Where Cy, is a constant equal to 0.5, if breakup
is assumed to occur when the distortion is equal to
half the droplet radius, i.e., oscillations at the north
and south pole with this amplitude will meet at the
droplet center. This implicitly assumes that the
droplet is undergoing only one (fundamental)
oscillation mode. Equation (9) is nondimensionalized
by setting y=x/(C,r) and substituting the
relationships in Equation (10) — Equation (11):
d’y C. pU° Coo Cu dy

dt? C p1r2 ply3 ,01y2 dt
where breakup now occurs for y>1. For
under-damped droplets, the equation governing y can
easily be determined from Equation (14) if the
relative velocity is assumed to be constant:

y(t) =We, +e “[(y, —We,) cos(at) +

(14)

_ (15)
1(%+y°t—dwe°)sin(wt)]
Where,

2

we =" (16)
O

We, = Ce e A7)
C.C,

Yo = Y(0) (18)
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dy, _dy

D _ Y 19

dt dt() =

1.C (20)
2

. 2 py

In Equation (15), u is the relative velocity
between the droplet and the gas phase, and We is the
droplet Weber number, a dimensionless parameter
defined as the ratio of aerodynamic forces to surface
tension forces. The droplet oscillation frequency is
represented by w.

Geometry Model Design and Mesh Generate

Geometry model of the spray chamber is shown
in Figure 6 and Figure 7. Its structure consists of a
spray chamber, an inlet section and a stable segment.
Fundamental purpose of the design is to mix the air
and atomized particles as fully as possible to make
sure the atomized particles distributed as evenly as
possible in the stable segment. Size of the spray
chamber is 1400mmx1400mmx2400mm, the radius
of the inlet section is 400mm. Cross-section of the
stable segment is a round face with 200mm radius
and length of the stable segment is 2400mm. In this
paper, unstructured grid is used to discrete
computational domain, the grid number is 1.8 million,
as in Figure 8.

Spray Chamber Inlet Section Stable Segment
- - [
’
Fig. 6. Side view of the spray chamber geometry

Nozzle arrangement schemes:

To find out impact of number and arrangement
of the nozzles on particle distribution uniformity in
atomized field, four different layout schemes have
been designed (An, 2003). Fig. 7 shows names of
different faces.

B AEHD -face 1
P "'-‘..\___‘ ABFE -face 2
~~— BFGC -face >
o \ CGHD -face 4
AT"‘H & b || ABCD -face §
|I KQ_{ i
1 ,...""
||| g
D

Fig. 7. A perspective view of the spray chamber
geometry

Scheme 1:
Four nozzles are all set in face 5;
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Scheme 2:

Eight nozzles, four in face 5, one in face 1, face
2, face 3 and face 4 each.
Scheme 3:

Twelve nozzles, four in face 5, four in face 1
and face 3 each.
Scheme 4:

Twelve nozzles, four in face 5, two in face 1,
face 2, face 3 and face 4 each.

Mesh generation:

Fig. 8. Mesh of the flow field
Calculation Configuration:

In the calculation, continuous flow field is
calculated first. Then the Discrete Phase Model is
used for coupling calculation. Outlet pressure is set as
-120Pa, time step size is 0.001s, and the maximum
number of iterations steps is 20. The k-¢ model is
used in steady flow field calculating. Experimental
data of particle size distribution is set as part of
boundary conditions and calculated in the simulation
process.

Results and Analysis

Velocity field flow chart of a typical cross
section in spray chamber is shown in Figure 9. The
flow characteristics are shown clearly.

00 270 225 180 135 9.0 4.5 1]

I

Entrance

23
Fig. 9. \elocity flow chart of the middle section

From the figure, the whole flow field can be
divided into four parts approximately. In the area



near the entrance, the entire flow field is relatively
uniform. The overall speed in this section is relatively
low, velocity values are mostly below 10m/s. The
second part is the area near the curved inlet section.
Due to contraction of the inlet-section, part of the air
flow changes its direction violently (Zhang, 2006).
The third part is the area behind inlet section, vortex
appears because of the clogging and irregular shape
of the flow path. The fourth part is the area in the
stable segment, as shown in the flow chart, the air
flow is relatively stable, but with higher speed.
Although the flow field is somehow disordered
because of the inlet section, its curved design makes
the subsequent flow field maintain in a relatively
stable state (Cao, 2005). From the flow chart, apart
from the area around the inlet section, the overall
flow field is very stable which meets the practical
requirements.

Figure 10 shows the particle trajectories of a
typical nozzle layout scheme in the entire flow field.

Fig. 10. Distribution of particle trajectories

In the study of spray field, the droplets
produced in the spray are processed by the Discrete
Phase Model (DPM) (Wang, 2004). By using the
Discrete Phase Model that CFD software provides,
Lagrange equations can be used to calculate the
discrete phase trajectory (Cui, 2006). Turbulent
eddies effects on the droplet particles can be
predicted. In addition, droplet evaporation process,
boiling process, heating process, burst process,
merging process and other types of discrete phase,
like cooling process, continuous phase and discrete
phase coupling process, can all be reflected in the
calculation (Rao et al., 1976). During the coupling
calculating of the discrete phase and the continuous
phase (Liu et al., 2005), the movement of continuous
phase will impact discrete phase, and vice versa (Hou,
2005). From Fig. 10, droplets move in vortex
together with the air.

Based on the calculation results, the Maximum
concentration, Average concentrations in different
sections are obtained. In this paper, the concentration
non-uniformity is defined as follow,

C

S = —max.
Ca
O represents concentration non-uniformity,
Cmax represents the maximum concentration in the
section, C, represents the average concentrations.
Figure 11 shows the particle non-uniformity
results of the four diffident schemes. The horizontal

axis represents dimensionless position.
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Concentration Nonug ity

02 063 04 05 Ge D7 0

——Schems 4
The relative position

Non-uniformity of the concentration in four
different schemes

Fig. 11.

In these four schemes but the first one, the
non-uniformity along varies violently in different
positions. This is mainly because of arrangement
forms of the nozzles (Hou, 2012).

In scheme 1, the nozzles are all placed on the
entrance wall. Therefore, particle distribution can
remain relatively stable in most of the area. In
scheme 2, on the contrast, there is only one nozzle on
each circumferential wall. That is why there is a crest
in the graph (Gan, 1990). Other schemes show the
same pattern. After the fluctuation, an arch occurs in
all four curves. These regions in the curves
correspond to the trumpet-shaped inlet section, in
which scheme 1 has the highest non-uniformity and
scheme 4 has the lowest one (Shen, 2000). When the
air flow into the stable segment, the distribution of
concentration becomes uniform and the four curves
have leveled off.

By contrast Scheme 1 (4 nozzles), Scheme 2 (8
nozzles) and Scheme 4 (12 nozzles), increasing
nozzle number can help to keep the concentration
non-uniformity of droplets of the spray chamber in a
reasonable range (Han, 2010).

Although the nozzles in Scheme 4 are arranged
more dispersed (Wang, 2008), the concentration
non-uniformity in the stable segment is still higher
than that in Scheme 3. This is because the turbulence
flow around the inlet section has helped the droplets
to disperse and improve uniformity (Li, 2007).

CONCLUSIONS

In this paper, experiment study and numerical
simulation are used to test function of the air
atomizing nozzle and analyze performance of the
artificial seawater spray chamber. Main purpose of
the test is to obtain performance data of the nozzle
which will be used in the calculation of the spray
chamber. By analyzing the results of these studies,
nozzles performance in variable conditions and flow
field in the spray chamber are obtained.

(1). Experimental results show that, spray angle does
not change apparently with variation of pressure.
Therefore, main factors which affect nozzle spray
angle are not its operating parameters, but its
structural parameters.
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(2). Results show that pressure is one main factor that
affect the atomizing effect. Increasing the
pressure in a reasonable range can improve
atomization performance. Though increasing
fluid flow rate will affect the atomization effect,
atomizing nozzle performance does not change
apparently with the increase of the fluid flow rate.

(3). Comparing different schemes, effects of the
nozzle numbers and nozzle arrangement method
on the spray field uniformity have been obtained.
higher nozzle number can make the concentration
distribution in the spray chamber more uniform.
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