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The present work is conducted with the aim of developing an effervescent atomizer for industrial
burners that will generate a fine and steady spray in large turn-down ratio. The atomizer is fed with light

heating oil (LHO) and uses air as an atomizing medium.

First, a basic classification is made of the published design concepts of effervescent atomizers
investigated by different researchers. Three distinct types of such atomizers are recognized. A single-
hole, plain-orifice atomizer with an “outside-in” gas injection configuration was chosen for this study.

The basic geometric parameters that may significantly influence atomizer performance are described. An
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experimental study of the effervescent atomizer was conducted to evaluate the influence of operational
conditions and of several geometric parameters on the drop size in the spray. The Sauter mean diameter
of drops was measured using a Phase/Doppler Particle Analyser. The study covers the size and number
of aerator holes, their location, and the diameter of the mixing chamber. The influence of these
parameters on the spray quality was evaluated at atomizing pressures of 0.1, 0.3 and 0.5 MPa and gas to

liquid mass flow-rate ratios (GLR) of 2, 5 and 10 %.

The main goal of this work is to develop a new procedure for the design of effervescent atomizers. This
procedure is based upon our experimental results and it is also supported by the findings of other
authors. It allows for the determination of the key geometric parameters of the atomizer to achieve
sprays of minimum mean drop size for defined values of liquid flow rate, air supply pressure and GLR.
The article also studies the optimization of the exit orifice size and of other parameters, such as the size
of the mixing chamber (internal diameter and length), and the number, size, and position of aeration

holes.

1. Introduction

A method of atomization commonly referred to as ,,effervescent atomization” was developed in the
late 1980s by Lefebvre and his colleagues,! though there are works mentioning similar concepts prior to
Lefebvre.2? Effervescent atomizers belong to the class of twin-fluid atomizers with internal mixing. In
the simplest form of the effervescent atomizer, gas is injected directly into a flowing liquid at low
velocity upstream of the atomizer exit-orifice in such a way that a bubbly two-phase flow is created. As
the liquid flows through the discharge orifice, it is transformed by the gas bubbles into thin shreds and
ligaments. When the gas bubbles emerge from the nozzle at sufficient pressure drop, they expand so

rapidly that the surrounding liquid is shattered into drops.



Effervescent atomizers are becoming more and more commonplace in numerous engineering
applications where there is a need for liquid to be fragmented into drops. The major advantage of
effervescent atomizers is their relative insensitivity to fuel physical properties, and ability to provide
good atomization over a wide range of operational conditions even for low-grade fuels. The ability to
vary both the operating pressure and the ratio of gas to liquid flow-rates, GLR, leads to large atomizer
turn-down ratios. As the atomizing gas is utilized by an effervescent atomizer in a relatively efficient
manner, a good atomization can be achieved using very small flow-rates of the gas. Another attractive
feature that should be mentioned is its good atomization at low injection pressures. Furthermore, the
effervescent atomizers can have a larger discharge orifice than conventional atomizers, which alleviates
clogging problems and facilitates atomizer fabrication. It also predisposes this type of pneumatic
atomizer for the atomization of suspensions and slurries.*®

Despite its inherent simplicity, the effervescent atomizer allows a wide variety of design
configurations.® There is an extensive literature on the influence of the geometry of the liquid-air mixing
system on the performance of effervescent atomizers. It has been shown that the optimization of the
atomizer design can improve the spray characteristics. However, it is not possible to make
generalisations based on these published results which were obtained using different atomizer concepts,
for liquids of different physical properties (typically water) and at different operation conditions. We
therefore decided to perform a new systematic study on one design configuration of the effervescent
atomizer to examine the influence of the atomizer design on the spray performance at variable operation
conditions with the use of light heating oil (LHO) as the atomized liquid. Considering the various design
concepts investigated by different researchers, we chose the one best suited for the atomizer’s
application to an industrial LHO burner. A set of atomizers with variable geometry were fabricated and
the corresponding spray produced was experimentally studied using a Phase/Doppler Particle Analyser.
Several design parameters were modified: the size and number of aerator holes, their location and the
diameter of the mixing chamber. The influence of these parameters on the spray performance was

studied at atomizing pressures 0.1, 0.3 and 0.5 MPa and GLR of 2, 5 and 10 %, i.e. operation range
3



suitable for combustion applications. The measured data of drop size were utilized in our design
procedure of the effervescent atomizer with the aim of producing an effervescent atomizer with a fine
and steady spray in large turn-down ratio.

1.1. Effervescent Atomizer Configurations. Starting with the early papers,®° many different designs
of effervescent atomizer have appeared. A basic classification of the single-hole plain-orifice
effervescent atomizers, described in different works, is given below. The designs can be divided into
three basic groups, see Figure 1.

Type A: In this configuration, the liquid flows usually through a central tube. Gas is introduced into
the liquid by a set of small holes. This “outside-in” gas injection configuration enables a large liquid
flow area which prevents clogging making it suitable for the atomization of slurries. This is probably the
configuration that has been most frequently studied by researchers.*”810-22 The “inside-out” gas
injection modification, where the inputs of gas and liquid are interchanged, has been less frequently
studied and was investigated by Chin et al.®

Type B: Here, liquid flows through an annular port formed by the atomizer body and the aerator tube.
Gas is introduced into the liquid by a set of small holes located on the aerator side and/or the aerator
bottom. This “outside-in” modification has been mentioned in several papers.®23-2 The difference
between the “inside-out” and “outside-in” gas injection configuration of the B-type has been studied in

Mostafa et al.?’
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Figure 1. Simplified schemes of design configurations of the effervescent atomizer.



Type C: Both the fluids enter the mixing chamber separately. This configuration enables an
independent control of the gas and liquid input velocity, direction and distribution. This version has
been studied by Lee et al.,?® Tamaki et al.>° and Gong et al.3! If the liquid flows through an axial orifice
and enters the chamber at large velocity, then mixing is prevented and other mechanisms become
responsible for liquid disintegration. Such atomizers can be classified as common air-blast atomizers.

The use of different inserts?®2 or a static mixer® inside the mixing chamber can modify and improve
mixing and internal two-phase flow. The input of the gas can be modified by changing the position of
aeration holes, their size and directions. The disintegration of pure liquids may be enhanced using
perforated plates in front of the discharge orifice. The application of the so-called ligament-control
inserts has been studied by Kuta et al.?® and Sutherland et al.?* Atomizers with annular discharge
orifices®33-34 or multi-hole atomizers'®32035 may have a slightly different design and other more
complicated and sophisticated designs may appear in the future, as, for example, in the case of combined
atomizers.3

In our research, we have used the A-type effervescent atomizer with an “outside-in” gas injection
configuration as it seems to be the most promising for the atomization of LHO and for its possible
utilization in the future for waste fuels.

1.2. Important Geometrical Parameters. The internal geometry of the effervescent atomizer is
described according to the dimensions of its mixing chamber and the size and the shape of the discharge
orifice (for individual parameters see section 2.1. Atomizer Description and Fig. 2 below). The main
parameters of the mixing chamber studied in the past are: the size and number of aerator holes,%2737
the separation of aerator holes,® the radial and axial inclination of aerator holes,*??"20 the location of
aerator holes relative to the final discharge orifice?’?” and the cross-section area of the mixing
chamber.1.27:38

The discharge orifice geometry is determined by the orifice diameter,'410:13.21.27.38-40 the convergence
angle at the inlet of the discharge orifice,® the length to diameter ratio® and the profile and shape of the

exit orifice.918.24



Based on an analysis of the above mentioned research works, we have focussed on four important
geometrical parameters in the present work: the diameter and number of aerator holes, the location of

the aerator holes relative to the final discharge orifice and the diameter of the mixing chamber.

2. Experimental Apparatus

The experimental equipment includes an effervescent atomizer, a cold test bench with fluid supply
system and a Phase/Doppler Particle Analyzer.

2.1. Atomizer Description. A single-hole, plain-orifice atomizer of type A (Figure 1) was used. It
consists of a cylindrical body in which an aerator tube is inserted. The aerator is connected to an exit
nozzle. The liquid (oil) enters the central orifice of the aerator from the left side, while the air is injected
into the liquid through a set of small holes in the aerator envelope. The two fluids form a two-phase
mixture, flow downstream and exit the atomizer through a discharge orifice into the ambient atmosphere

in the form of a spray.

ZNN s —_

Figure 2. Schematic layout of the research atomizer.

The volume of the mixing chamber inside the aerator tube is given by the length downstream of the
last row of air holes (lc) and the internal diameter of the aerator tube (dc). The length Ic and diameter dc,
together with the span length (Al), diameter (da) and the number of aeration holes (N), have been varied

in this study. Several atomizers were manufactured for testing; their dimensions are recorded in Table 1.
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The exit orifice diameter, do, was fixed to 2.5 mm and length I, to 0.7 mm. There was a conical junction
with an apical angle of 25 = 120° in front of the orifice.

2.2. Atomizer Operation. The atomizer was studied in the vertical downward position of the main
axis. The physical properties of the atomized liquid, LHO, and the atomizing medium, air, are
documented in Table 2. The atomizer was fed with LHO using air as the atomizing medium in the
“outside-in” gas injection configuration, as can be seen in Figure 2. The air and oil supplies were
controlled separately. The operational conditions of the twin-fluid atomizer with given geometry and
fluids of defined physical properties can be basically described by two independent parameters. The oil
flow rate was controlled by a gear pump, and the gauge pressure for the compressed air was set using a
control valve. The air gauge pressure (18) (see Figure 3 below) measured right upstream the atomizer
inlet corresponds to the atomizing pressure drop. Experiments were performed for several air gauge
pressures and GLR values. The gauge pressures and volumetric flow rates of both media were measured
and the GLR calculated. The temperatures of both fluids were kept at 20 + 2 °C.

An Ubbelohde viscometer was employed to measure fluid viscosity (uncertainty value 7 %). We used
the detach method to measure the surface tension (uncertainty value 5 %). The liquid index of refraction
was measured using the Abbe model G refraction meter (Carl Zeiss, Jena) of which the refraction index
uncertainty value is less than 1 %. The physical properties of water as the reference medium and of air
are taken from the existing literature.

2.3. Test Bench. A schematic layout of the test rig is shown in Figure 3. It consists of a gear pump
(14) that supplies LHO from a main fuel tank (16) through filters (15), control valves (9, 10) and flow
meters into the atomizer (7). A chiller (11) ensures the constant oil temperature, hence its viscosity. The
compressed air is impelled into the atomizer either from the central plant or from a two-stage
compressor (1), depending on the required pressure through the air chamber (2), filters (4), control
valve, check valve (5) and flow meters (6). Supply pressure and temperature of the atomizing air are
closely measured by a pressure gauge (18) and a temperature sensor (17), and used for the density

correction to estimate the corrected mass flow rate of air. The spray is collected in a vessel (12) and
;



returned to the main supply tank by the pump (13). The collector is connected to an oil mist separator
that keeps the spray zone free of aerosol but does not disturb the spray. The gear pump (14) delivers the
oil with a pressure of up to 3 MPa. The fuel piping is equipped with a hydraulic shock absorber to avoid
liquid flow pulsations. Pressure (3, 18) and temperature (17, 19) readings are taken at the atomizer inlets
for both the fuel and the air. A differential pressure sensor (8) is placed between the fuel and air lines
right upstream the atomizer inlets in order to monitor the air-liquid pressure difference precisely. Gas
and liquid turbine flowmeters OMEGA FTB 900 series with FLSC-62 signal conditioners are used for
fuel and air volumetric flow rate measurement. Uncertainty of the flow rate measurements is 5 % of the
measured value. Uncertainty of pressure measurements is 2 kPa. Uncertainty of the pressure difference
measurement is 1 kPa. Uncertainty of the fluid temperature measurements is 0.4 °C. Uncertainty values

of all the sensors are taken from their respective technical specification sheets.
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Figure 3. Schematic layout of the experimental facility.

2.4. Phase/Doppler Particle Analyser. Drop size and velocity are measured using a Dantec
Phase/Doppler Particle Analyser (P/DPA). This 1D system is equipped with an Ar-lon* Laser 5500A-00

made by lon Laser Technology (max. total power 300 mW). The spectral line 514.5 nm of the CW-laser
8



beam with power up to 90 mW and horizontal polarization is split, using a transmitting optics 58N10,
into 2 parallel beams 60 mm distant. The transmitting lens focal length is 500 mm, which results in a
half-intersection angle between the beams of 3.43°. The frequency of one of the beams is shifted by 40
MHz. This configuration leads to a fringe separation of 4.3 um and a probe volume of 0.4x0.4x6.7 mm.
First-order refracted light is collected using a Dantec 57X10 receiving optics equipped with three photo-
detectors. The focal length of the receiving lens is 500 mm and the scattering angle 69°. The setup
enables us to measure the drop size up to 350 um. A Dantec 58N50 signal processor was set to measure
velocity within a range of -25.8 to 128.9 m/s at bandwidth 36 MHz. The obtained data were evaluated

using BSA Flow Software v2.1.

3. Influence of Operation Conditions on Spray Performance

As has been shown in a number of publications,!01219.204142 drop size and velocity significantly
depend on the input pressure drop and on GLR. The results of P/DPA measurement at an atomizing
pressure of 0.2 MPa are documented in Figure 4. The radial profiles of D3, at the lowest GLR of 0.4 %
are almost flat with an insignificant local maximum on the atomizer axis. This shape of D3z profiles is
also documented by Li et al.!® and Kufferath et al.3? Profiles with a more distinct maximum on the
atomizer axis have been noted by Lee et al.?°

Increase of GLR leads to decrease of Dz; in the entire radial profile, but mainly near the spray axis.
For GLR exceeding 0.6 %, the profiles tend to be inversely bell-shaped, with their minima on the spray
axis. This change of D3, profiles with GLR can be related to the character of the internal two-phase
flow: bubbly at small GLR, changing to slug, annular and, finally, to dispersed with the increase of the
GLR. In the case of bubbly flow with small, well dispersed bubbles, the liquid is formed into thin
ligaments at the discharge orifice, while, in the case of annular flow, the discharged liquid has the form
of a sheath.1843 The inversely bell-shaped radial size profiles were also documented by Lund et al.?® and
Mostafa et al.,>” while other researchers®®#* have recorded a flat size profiles also at elevated GLR. To

characterize atomization quality by a single parameter, we introduced an Integral Sauter Mean Diameter,
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ID32, which represents the whole spray at a certain cross-section perpendicular to the axis of the nozzle
exit orifice. The simplified equation for the calculation of ID32,; at measurement position i, as derived in

Appendix 1, reads:

(ri 'D??O,i : fi)

M=

|D32,i = (1)

=Rl
N

||
N

where D3g,i and D2o,i are the volumetric and surface diameters of drops measured at the radial position ri.
An ensemble of n drops is measured using P/DPA with drop arrival frequency fi.

The 1D32 calculated from data measured in radial profiles of D3; at a distance of 150 mm downstream
the exit orifice is shown in Figure 5. Inequality of GLR range for particular pressure values was due to
problems with optical access. The increase in GLR in regimes with pressure higher than 0.2 MPa led to
the increased oil mist generation, and, on the other hand, the excessive decrease in GLR led to liquid
splashing. Extensive range of GLR was used here only to show the general tendency of D3> with GLR.
Practical atomizer operation conditions are limited by the maximal fluid pressure available but it is also
desirable to keep GLR as low as possible for the sake of low energy consumption. The effervescent
atomization efficiency decreases with the increase in GLR. The droplet velocity is going to be high at a
very low liquid flow rate, which is not suitable for burner application. Our main research is focused on
GLR in the range 2 — 10 %, useful in combustion applications, and which is a typical operation range of
the effervescent atomizer.

Note that the term “effervescent atomization” is related to the operation of the atomizer in the bubbly
or in the bubbly - slug two-phase flow regime inside the mixing chamber (see definition in Introduction
chapter), where the atomizer benefits from good atomization at low gas consumption. This condition is
for LHO fulfilled when GLR is lower than 5 % for chamber pressure 0.3 MPa. The effervescent
atomizer is often used in regimes with GLR higher then 10 %, where the two-phase flow in the mixing
chamber is different from the bubbly flow regime’%101213.27 The effervescent atomization is based on
bubble formation and bubble rupture. The atomization process, in the case of annular or dispersed
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internal two-phase flow (typically GLR higher than 15 %), relies on the aerodynamic shear force. We
should use the term “internal mixing air assisted atomization” instead of the ,,effervescent atomization”
to be correct in this case®.

The D3> decreases from 95 um at GLR 0.4 % to 42 um at GLR 100 % for a pressure of 0.2 MPa. The
increase of the input gas pressure also leads to a finer spray. This dependence of atomization
performance on atomizer operation conditions is in agreement with our earlier findings!®?° as well as

with the results of other investigators.*12:2°

150 {-~100% —50% +20% —10% 5%
—2% +1% =07% —06% +04%|

-60 -40 -20 0 20 40 60
Radial distance [mm]

Figure 4. Radial profiles of D3, at Ap = 0.2 MPa and different GLRs, with axial distance from exit

orifice 150 mm. Atomizer geometry: do = 1.5 mm, rgc = 4.4, ri¢ = 3.3, rn = 0.02, ra = 6.5.
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Figure 5. Influence of GLR on ID32. Atomizer geometry: do = 1.5 mm, rgc = 4.4, ¢ =3.3, rh =0.02, ra =

6.5.
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4. Influence of Atomizer Geometrical Parameters on Spray Performance

Based on published results, we have defined four geometrical parameters to study in this work: total
area and diameter of aerator holes, diameter of the mixing chamber and location of the aerator holes
relative to the final discharge orifice (see Figure 2 above). All the parameters are related to some
characteristic atomizer dimension for atomizer scaling reasons. Radial profiles of drop size were
measured using P/DPA at the axial distance 150 mm downstream of the final discharge orifice at air
gauge pressures 0.1, 0.3 and 0.5 MPa and GLR 2, 5 and 10 %. For the sake of conciseness, only
exemplary results were processed in the following plots. Mass flow rates of fuel and air corresponding
to particular operating conditions are presented in Table 3 for all the atomizers tested. The axial distance
of 150 mm was chosen for the P/DPA measurements for the following reasons. This distance is often
used by the other researchers.1®?* Our preliminary results at different axial distances from the exit
orifice (50, 100, 150 and 200 mm) indicate a fully developed spray (secondary breakup completed) at
the distance of 150 mm. This is in accordance with the observations of Sher et al.*?> and Whitlow and
Lefebvre.’? Very dense spray in the near-nozzle region causes namely multiple scattering effects and
significant laser light attenuation when using optical measurement methods; small droplets are not seen
by P/DPA and it leads to an overestimation of the resulting D3> value. Furthemore, the spray is not fully
developed when too close to the nozzle orifice. Spray measurement at the distance larger than 150 mm
from the nozzle exit is of limited value for combustion applications as the droplets would interact with
the combustor flow-field and evaporate.

We employed atomizers E25-E28 (see Table 1) to study the impact of the diameter of the mixing
chamber, dc, on the drop size. The relative mixing chamber diameter can be defined by

e =dc/d - (2)
where do stands for the exit orifice diameter. The effect of the mixing chamber diameter is depicted in

Figure 6a.
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We varied the diameter of air injection holes, da, by applying E21-E24 atomizers. The number of the
aerator holes, N, was also varied to keep the total aeration cross-section area constant. The influence of

the relative area of a single aeration hole, rn, on the spray, given as:

ad? /N

2/ 4 =YNL Q)

I :Aa/NAa:

is evaluated in Figure 6b.

Atomizers E30, E33, E36 and E38 were used to investigate the influence of the aeration cross-section
area on the atomization process. The cross section area was modified by a variation of the number of
aerator holes with their diameter maintained constant. The relation between ID3; and the relative
aeration cross-section area, ra, is shown in Figure 6c. ra is a ratio of the aeration area and the area of the

final discharge orifice:

r, = NA, /A, =N(d, /d,)". (4)

The location of aeration holes relative to the final discharge orifice described by the length Ic defines
the relative mixing distance:

e =lo/d. =1/(red).  (5)
The parameter ric was studied using atomizers having one, three and five lines of aeration holes. The
number of the holes in each line was 8 for all the atomizers. The behaviour of atomizers E29-E31
having one line of aeration holes is documented in Figure 6d, atomizers E32-E34 having three lines of
aeration holes in Figure 6e and atomizers E35-E37 having five lines of aeration holes in Figure 6f.

Comments and analysis of all the results shown in Figure 6 are made in the next chapter.
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Figure 6. Integral Sauter mean diameter measured in spray at a distance of 150 mm from the exit orifice
for different operation pressures and GLR’s. The plots depict the influence of different geometric
parameters: a) relative mixing chamber diameter (atomizers E25-E28); b) relative area of aeration hole
(atomizers E21-E24); c) relative aeration area (atomizers E30, E33, E36 and E38); relative mixing
distance for d) atomizers E29-E31 with one line of aeration holes, €) atomizers E32-E34 with three lines

of aeration holes and f) atomizers E35-E37 with five lines of aeration holes.

5. Atomizer Design Procedure
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When designing an effervescent atomizer some key parameters are usually known at the beginning.
They include the liquid and gas properties, the liquid flow rate, and the maximum available supply
pressures of air and liquid. The GLR may or may not be known. If a desired mean drop size is specified,
then, using Figure 5, an optimum GLR can be found to ensure the spray quality. At this stage of the
design we neglect the influence of the atomizer design on the atomizer performance and consider it less
significant than the effect of operation conditions.

5.1. Discharge Orifice. The geometry of the plain discharge orifice is given by a length/diameter ratio
of the throat section, lo/do, and the angle of the flow convergence downstream of the mixing chamber 24.
The convergence angle has little effect on the spray mean drop size, provided it is less than around
120°.° Mostafa et al.?’ also found a slight effect of the convergence angle on the spray up to 28 = 140°
but an abrupt increase in drop size if a nozzle with a hole at the centre of a simple plate (25 = 180°) was
used. A value for 24 of 90° - 120° is recommended because it gives good flow characteristics using a
relatively short length of the exit orifice. Of more importance to atomization is the length/diameter ratio
of the final discharge orifice. Reduction in lo/do yields improvements in atomization, so this ratio should
be as small as possible with respect to manufacturing limitations.® The effect of the diameter of the final
discharge orifice on the drop size has been examined by several investigators.t#13:2127.37:46 |n gl the
cases, it has been found that the differences in the drop size as generated by nozzles with different final
discharge orifice diameters were always quite small. The performance of multi-hole atomizers is the
same as those of single-hole atomizers for the same lo/do ratio.*%2 These findings facilitate the design of
multi-hole atomizers; the spray shape and spray cone angle can be simply varied to comply with the

atomizer application. The discharge orifice size determines the atomized liquid mass flow rate:

m, = CpA,+/2App, . (6)

The discharge coefficient of the exit orifice Cp is influenced by the nozzle size and geometry,
atomizer operation conditions and physical properties of the atomizing gas and atomized liquid. Based
on published works and our tests of more than thirty plain-orifice atomizers, the following equation for

the discharge coefficient was found:
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Co =CpiCosCos  (7)
where Cp: reflects the physical properties of the atomized liquid by the equation®
Coy = (1) (") (8)
where x is the liquid/water viscosity ratio and ¢’ the liquid/water surface tension ratio. For particular

data, see Table 2 above. The second term, Cpg, describes the effect of the nozzle geometry:

| -0,11
Cpy = O.GZ[d—"sin(Zﬁ)“] : 9)

o]
The equation is valid for g smaller than 90°. And Cps represents the atomizer operation conditions:

G 1

[2App, (L+GLR)

The total mass velocity G is calculated by combining the Homogeneous Frozen Flow Model (HFFM)

Cps = (10)

and the Separated Flow Model (SFM):4’

G = 0.5(Gyerm + G ) (11)

Lzllr‘)’ll Hl :: l j(l )+ (kk_lj(l e )ﬂw

Gheem = (12)
V4 1=
a
and:
1
Geewm =(GLR+12)/p, (1;) r— GLR (13)
P) i \/2,091 . _1(1_72_(k—1)/k)

where o is the gas volume fraction:

Vv
a=—>=3— (14)
Vg +V,

and s the pressure ratio:

m=py/py. (15)
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The solution of Egs. (12) and (13) can be split into two intervals: 7 e (z. 1) and 7 (0, 7). Within the

first interval, the equations are solved directly, in the second one, the value 7 in Egs. (32a) and (32b) is
replaced by the critical pressure ratio, zc. zc is a ratio at which both the functions, Egs. (12) and (13)
respectively, reach their maxima. Searching for the critical value of nc in the Eq. (12) is done

numerically. Critical value of zc in the Eq. (13) is:

2 k/(k-1)
”cz(m) . (16)

For detailed information about the derivation of both the flow models and a comparison of the
calculated discharge coefficient with experimental data see Appendix 2. The proposed model gives a
better prediction of the nozzle discharge coefficient, Cp, than the empirical correlation® and is also
superior to calculations of Chen et al.*8

Knowledge of liquid physical properties, atomizer operation conditions and preliminary values of the
nozzle length-diameter ratio and the convergence angle 24 enables us to calculate the discharge orifice
diameter that would give the desired liquid flow rate using Egs. (6)-(13).

5.2. Gas Injection Holes. The ratio of the aeration area to the area of the final discharge orifice, ra,
(Eqg. (4)) governs the corresponding ratio of the gas velocity through air injection holes to the gas
velocity through the discharge orifice. Our experiments (Figure 6¢) show that relative aeration area of
about 8 to 12 gives the smallest drop size independently of pressure and GLR. Large aeration area
increases the contact area between the gas and liquid and hence it improves mixing. Mixture composed
of thin liquid ligaments and small air volumes at the exit orifice is a prerequisite to the good utilization
of the atomizing air to shatter liquid volumes into small droplets.

The size of aerator holes slightly influences the atomization quality as illustrated in Figure 6b. At
pressure 0.1 MPa and GLR 5 %, the ID3. decreases with the enlargement of the relative area of the
aeration hole, rn. Similar behaviour was encountered also at regimes with the pressure set to 0.1 MPa
and GLR to 2 %, and with the pressure set to 0.1 MPa and GLR to 10 %. At higher pressures between
0.3 and 0.5 MPa, the ID3> shows opposite behaviour for the whole range of GLR tested. Atomization
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pressure (pressure drop between the mixing chamber and ambient air) influences significantly discharge
velocity and fluid flow rates (see Table 3). Tiny air bubbles formed by small aeration holes have low
momentum and limited capability of penetration into liquid and work well at low flow rates while larger
bubbles mix up with the liquid more easily also at large flow rates. The design of the aerator hole
diameter hence depends on the assumed range of operation pressures. Generally, the influence of the
aerator holes diameter on the atomization performance is relatively small compared to other inspected
factors.

5.3. Mixing Chamber Size. The cross-section of the mixing chamber influences the character of two-
phase flow and pressure loss downstream of the mixing chamber. Figure 7 illustrates a possible two-
phase flow patterns in case of a horizontal flow using a modified Baker’s map for fully developed
horizontal two-phase flow with transformed coordinates. The calculation procedure for X and Y
coordinates is beyond the scope of this paper and can be found elsewhere.*4° The data in Figure 7 is
calculated for an atomizer with mixture of LHO and air as the working media at the inlet pressure of 0.2
MPa and GLR 10 % by variation of the diameter of the mixing chamber. Note that relative mixing
distance, ric, studied here, reaches values 2.5 — 16.4, as indicated in Table 1. The length from the inlet
gas holes to the exit orifice does not allow the flow to fully develop thus the applicability of the
published flow regime map is limited in this case®®. It is used here to give the idea of what happens
inside the atomizer. The two-phase flow pattern changes from bubbly-froth, in case of relative diameter

r, =d,/d, of 2.5, to slug and almost to stratified (rsc = 8). Too large rqc results in low pressure loss but

also an improper two-phase flow pattern that leads to slug flow and, in the case of horizontal flow, to
vertical separation of liquid and gas. It results in an uneven distribution of liquid into the individual
orifices of multi-hole atomizers.?® The cross section of the mixing chamber and resulting two-phase
flow pattern also influence the atomization process. Figure 6a shows the significant effect of the relative
mixing chamber diameter rqc, at low pressure, where the smallest ID3> is found for rgc of about 3 - 4. For

high pressure and GLR, the dependence of IDs2 on the chamber diameter almost disappears.
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The increase in pressure leads to shift of the operation point right and upwards, and the increase in
GLR leads to the shift left and upwards as indicated by gray arrows in the two-phase flow diagram in
Figure 7. The two-phase flow regime for operation at pressure 0.2 MPa and GLR 2 % is near plug-
bubbly transition for rqc = 3 — 4 and moves toward frothy flow with the increase in rqc or towards plug
flow with the decrease in rq¢c. Two-phase flow pattern transitions caused by the rqc variation in case of
atomizer operation at low pressure and low GLR influence a mixture at the atomizer exit more strongly

than in case of atomizer operation at high pressure and high GLR.
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Figure 7. Modified Baker’s map for horizontal two-phase flow with transformed coordinates*® showing
the marked influence of the relative mixing chamber diameter rqc, on the two-phase flow pattern for
regimes p = 0.2 MPa & GLR =2 % and p = 0.2 MPa & GLR = 10 %. The black arrow shows an
increase of rqc. Gray arrows show the influence of the atomizer inlet pressure and GLR respectively. The

atomizer is operating with LHO, do = 2.5 mm.

The distance between the last set of aeration holes and the final discharge orifice (mixing chamber
length), lc, provides the free travelling length of the two-phase mixture. Both the splitting of larger
volumes of segregated phases with homogenization of the mixture and bubble-merging are possible
depending on the conditions of the two-phase flow as indicated in our previous study.?’ The results of
Sher et al.2 show an optimum distance depending on GLR, while others?® 27 found that a large mixing

length produces a small mean drop size. Our results (Figure 6d) exhibit a relatively strong correlation
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between the location of aeration holes, ric, and the mean drop size in case of small aeration area while
using a single row of aeration holes; the minimum drop size is acquired at the large mixing length. The
influence of ric reduces when the number of aeration lines is 3 (Figure 6e). Very small influence of rc
with no definite trend in the IDs> variation is shown when 5 line aerators are considered (Figure 6f). It
indicates that the two-phase mixture acquired using such a large aeration area is relatively well mixed
and it does not develop significantly during its transport to the exit orifice. The Figures 6d-f also show
that the larger the aeration area, the smaller drop size (3 line aerators have the smallest aeration area
while 5 line aerators have the largest). The large aeration area produces great gas-liquid interface and
enables good mixing which is important for efficient utilization of the atomizing air. Note that a low
number of aeration holes, at low pressure and low GLR, especially caused unsteady spray behaviour.
This phenomenon was more pronounced at large relative distances, ric. The phenomenon of effervescent
spray unsteadiness is described in more detail by Jedelsky et al.>® A comparison of results for all the
atomizers E29-E37 (Fig. 6d-f) leads to the conclusion that the best results are acquired with a great
number of aeration holes and a relative mixing chamber length, ri, of about 3.5. The final determination
of the optimum mixing chamber diameter and length depends on the required atomization quality,
pressure losses and assembly requirements.

Using Fig. 6a-f, we conclude the influence of the atomizer geometry on the spray droplet size is
reasonable. The maximum variability in D3> amongst all the atomizers tested is about 15 pm within the
whole range of operation conditions used in the tests. The largest variation is seen in case of air gauge
pressure 0.2 MPa and GLR 2 %; the variation decreases with both the pressure and GLR. It indicates
larger impact of the atomizer design on bubbly and slug internal two-phase flow patterns existing at low

pressure and low GLR than on annular and frothy patterns present at higher pressure and/or higher GLR.

6. Conclusion
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Of the three different design concepts of an effervescent atomizer identified, the A-type with “outside-
in” gas injection configuration was chosen for the development of an atomizer to spray LHO using an
industrial burner. Several important parameters of atomizer internal geometry have been specified.

The experimental part of our work focused on a study of the influence of the operation conditions and
the atomizer geometry on the drop size in the spray. The results document the variation in drop size,
represented by the Sauter mean diameter, according to the radial position in the spray. This variation
leads us to a definition of the integral value of the Sauter mean diameter if the atomization performance
is to be measured by a single parameter. The operation conditions of the atomizer are defined by the
input pressure and by GLR. The increase of GLR significantly reduces the spray drop size. An increase
of the operation pressure also leads to finer sprays, but its influence is rather weak. Four geometric
parameters have been studied experimentally: the size and number of the aerator holes, their location
and the diameter of the mixing chamber. Our evaluation of the integral Sauter mean diameter on a set of
nozzles with modified design parameters has led to several conclusions:

e The influence of the atomizer design on its performance is moderate.

e Optimum results can be acquired with the use of a mixing chamber diameter about 4 times the exit

orifice diameter

e A larger number of aeration holes with smaller diameter leads to a decrease in the drop size.

The study results in a new design procedure to determine the key geometric parameters of an atomizer
aimed at achieving sprays of minimum mean drop size for given values of liquid flow rate, air supply
pressure and GLR. The procedure enables an optimisation of all the main design parameters: the exit
orifice size, the size of the mixing chamber (internal diameter and length), and the number, size and

position of the aeration holes.
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Appendix 1: derivation of the Integral Sauter Mean Diameter.

Appendix 2: derivation of both the HFFM and SFM flow models in detail, comparison of the

calculated discharge coefficient with experimental data.

This information is available free of charge via the Internet at http://pubs.acs.org/.

Nomenclature
Aa = area of a single air injection hole (m?, mm?)
A, = area of final discharge orifice (m?, mm?)

Cq = discharge coefficient

D2o,i = surface diameter of drops measured in the measurement position i (um)

D30,i = volumetric diameter of drops measured in the measurement position i (um)

D3> = Sauter Mean Diameter (um)

da = diameter of air injection holes (mm)

dc = diameter of the mixing chamber (mm)

do = diameter of the final discharge orifice (mm)
fi = drop arrival frequency (Hz)

G = mass velocity (kg/m? s)

GLR = gas-to-liquid mass flow-rate ratio (%)

I = index number

ID32 = Integral Sauter Mean Diameter (um)

k = gas isoentropic exponent

Ic = length downstream of the last row of air holes (mm)
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lo = length the final discharge orifice (mm)

m = mass flow rate (kg/s, g/s)

nr = index of refraction

n = number of drops measured by P/DPA

N = number of aeration holes

p = pressure (Pa)

ra = relative aeration cross-section area as defined in Eq. (4)
rqac = relative mixing chamber diameter as defined in Eq. (2)
ri = radial distance in the measurement position i (mm)

rc = relative mixing distance as defined in Eq. (5)

I'n = relative area of single aeration hole as defined in Eq. (3)
V = volume (md)

v = specific volume (m%/kg)

Greek Symbols

o = gas volume fraction (void fraction) as defined in Eq. (14)

S = half-angle of the flow convergence downstream of the mixing chamber (deg)
Al = span length between the first and the last set of aeration holes (mm)

Ap = pressure differential between the mixing chamber and ambient air (Pa, MPa)
Apg = pressure differential between gas and liquid at atomizer inlet (kPa)

7z = pressure ratio as defined in Eq. (15)

i = dynamic viscosity (N s/m?)

1 = liquid/water dynamic viscosity ratio

p = density (kg/mq)

o = surface tension (N/m)
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o’ = liquid/water surface tension ratio

Subscripts

1 = in the atomizer mixing chamber

2 = at the atomizer exit (ambient air conditions)
a=air

g = atomizing gas, usually air

I = measurement position

| = atomized liquid

W = water
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Tables

Table 1. Dimensions of Tested Atomizers

Ic Al de da N la N Fdc M
At.2
(mm) (mm) (mm) (mm) () & O ) O
E21 90 30 5.5 0.7 60 470 0.017 22 164
E22 85 30 5.5 1.0 30 480 0.033 22 155
E23 85 25 5.5 1.3 18 487 0.056 2.2 155
E24 90 25 5.5 1.5 13 468 0.077 22 164
E25 85 30 55 10 30 480 0.033 22 155
E26 85 30 8.0 1.0 30 480 0.033 32 106
E27 85 25 11.0 1.0 30 480 0.033 44 7.7
E28 85 40 140 1.0 30 480 0.033 56 6.1
E29 75 0 140 1.0 8 1.28 0.125 5.6 5.4
E30 55 0 140 1.0 8 128 0125 56 39
E31 35 0 140 1.0 8 128 0.125 56 25
E32 65 10 140 1.0 24 384 0042 56 46
E33 50 10 140 1.0 24 384 0042 56 3.6
E34 35 10 140 1.0 24 384 0042 56 25
E35 65 20 140 1.0 40 640 0.025 56 4.6
E36 45 20 140 1.0 40 640 0.025 56 3.2
E37 35 20 140 1.0 40 6.40 0.025 56 25
E38 35 40 140 1.0 80 12.80 0.013 56 25
a Atomizer label
Table 2. Physical Properties of Fluids at Room Temperature
Fluid i A
(kg/m-s)  (kg/s?) () (kg/m?)
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LHO 0.0185 0.0297 1.488 874
Air 1.82x10° - 1.001 1.23°
Water?2  0.0010 0.0727 1.333 1000
a reference medium
b normal conditions
Table 3. Operation Conditions of Tested Atomizers
ap
0.1 0.3 0.3 0.3 0.5
(MPa)
GLR
5 2 5 10 5
(%)
A Apgl Mg m Apgl Mg m Apgl Mg m Apgl Mg m Apgl Mg mi
| (kPa) (als) (9ls) | (kPa) (/) (0fs) | (kPa) (als) (als) | (kPa) (afs) (afs) | (kPa) (als) (als)
E21 46 082 16.0| 92 093 455 | 71 157 314 | 50 209 211 | 99 227 451
E22 53 083 164 | 11.1 091 457 | 75 156 315 | 34 212 21.0| 108 227 450
E23 45 082 167 | 94 093 463 | 71 157 314 | 50 210 212 | 101 224 456
E24 53 084 16.7| 105 089 460 | 7.8 157 317 | 55 212 212 | 9.8 226 456
E25 51 083 165 | 105 0.92 460 | 6.6 157 315 | 42 211 212 | 106 226 454
E26 20 079 157 | 79 095 471 | 47 158 318 | 20 214 216 | 63 230 46.2
E27 24 085 167 | 53 094 464 | 28 158 31.7 | 15 213 214 | 45 225 453
E28 21 088 173 | 55 096 479 | 34 161 324 | 21 218 219 | 44 220 443
E29 09 084 165| 59 094 474 | 14 160 317 | -3.3 218 217 | 14 227 457
E30 08 086 168 | 65 095 464 | 1.7 155 316 | -29 211 213 | 26 222 451
E31 16 083 161 | 86 093 464 | 21 155 316 | -1.7 212 213 | 27 220 444
E32 15 085 168 | 6.9 093 474 | 25 158 323 | -1.4 214 212 | 35 228 462
E33 14 084 167 | 71 093 475 | 27 159 320 | -1.4 213 213 | 33 228 458
E34 08 085 166 | 73 093 472 | 23 159 320 | -1.7 214 214 | 31 228 456
E35 22 087 175 | 86 094 464 | 41 160 320 | 3.0 217 216 | 6.4 223 457
E36 20 088 174 | 85 095 467 | 48 160 319 | 21 215 216 | 6.4 224 454

31



E37 2.9 0.88 17.6 84 095 47.0 6.9 160 320 | 4.0 215 218 8.3 2.25 458
E38 3.1 0.84 16.6 94 095 46.8 6.5 159 318 | 4.2 216 218 8.3 227 449

a Atomizer label
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