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Abstract

The present paper provides an experimental study and optimization of multi-hole effervescent atomizers for
industrial burners using oil-based fossil, bio- or waste fuels with prospects of emission reduction. Several multi-
hole nozzles were designed based on our previous work. We probed the spray quality by Phase-Doppler
anemometry. 3-D plots of Sauter mean diameter and mean droplet velocity demonstrate their spatial distribution
within the spray. The effect of geometrical and operational factors on the spray is discussed. Droplet size—
velocity correlations as well as the size and velocity distributions are presented, and differences are found against
other investigations. A spray macrostructure is photographically observed and spray cone angles of the multi-
hole nozzles are analysed. An internal two-phase flow is estimated using the Baker’s map for horizontal two-
phase flow. Our previous two-phase flow visualizations suggested a liquid—gas gravitational separation when the
multi-hole atomizer operated horizontally. This issue is addressed here; the results of spray heterogeneity
measurements document that fuel flow rates through individual exit holes differ significantly. This difference
spans between 0 and 70% depending on the nozzle design and flow regime. Effervescent sprays are unsteady

under some operating conditions; spray unsteadiness was detected at low pressure and low gas-to-liquid-ratios.
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Abbreviations: Gas-to-Liquid-Ratio (GLR), Light Heating Qil (LHO), Spray Cone Angle (SCA), Spray Cone
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1. Introduction

Effervescent atomizers are more and more frequent in various engineering applications where the liquid is to
be fragmented into droplets; they show a potential for combustion applications. Combustion efficiency and
exhaust gas emissions strongly relate to the spray quality and liquid distribution in the combustion chamber.
Effervescent atomizers allow for low exhaust gas emissions due to the atomizing air present in the spray core.
Their major advantages stem from low sensitivity to the rheological properties of sprayed liquid and the wide
range of liquid flow rates where these atomizers provide a good atomization. Effervescent atomizers could work
well even with less-refined or viscous fuels such as today preferred liquid wastes, by-products in chemical
processes or fuels from renewable resources [1] (e.g. raw vegetable oils [2] and cottonseed oil methyl esters [3]).
Furthermore, the effervescent atomizers have a larger orifice than conventional atomizers, which alleviates
clogging problems and facilitates atomizer fabrication [4].

Fuel pumps of today’s engines with pressure injectors consume a considerable portion of the engine power,
so designers are looking for advanced atomization technologies with low energy consumption and reduced
droplet size [5]. Effervescent nozzles produce a fine spray at low injection pressure so this twin-fluid technology
suits for new combustion applications, such as advanced gas turbines concepts [6]. The liquid distribution and
SCA (Spray Cone Angle) in the fuel sprays, studied in [7] and [8-11] respectively, belong to the important
atomizer parameters that must be harmonised with the combustor requirements.

Chen and Lefebvre [8] examined the SCAs produced by a plain-orifice effervescent atomizer. Their results
show a parabolic behaviour of the SCA with the GLR (Gas-to-Liquid-Ratio) change; increase in SCA for low
GLR up to a maximum at GLR about 6-9%, depending on the pressure, and then a decrease in SCA with
continuing GLR increase. They showed substantially wider SCAs of the effervescent sprays than those produced
by plain-orifice pressure atomizers. Whitlow and Lefebvre [7] in the effervescent spray of water—air mixture
found effective SCAs ~23° for operation in the bubbly flow regime with GLR = 1.2% and 16° in annular flow
regime with GLR = 12%. Wade et al. [9] studied the SCA in the range of GLR from 0.015 to 0.32 and injection
pressure from 12 to 33 MPa. They found the SCA increasing with an increase in GLR and injection pressure.
Sovani et al. [11] investigated an effervescent spray in high ambient density environments for different injection

pressures, atomizing GLR, and ambient pressures. They found the SCHA (Spray Cone Half-Angle) between 5.8
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and 11.5° over the entire range of independent parameters studied, and its linear increase with increasing
injection pressure or GLR at all ambient pressures. We [13] studied liquid concentration based half-angles of the
effervescent spray; the SCHA varies with operating conditions between 7.9° and 12.2°. GLR causes the SCHA
narrowing while the inlet pressure has an indistinctive effect. Sovani et al. [10] investigated the influence of exit
orifice diameter, aerator pore size, atomizing GLR, and injection pressure on the SCHA. Their data show that the
SCHA ranges from 7 to 11°, regardless of all the parameters mentioned. Gong and Fu [12] measured several
configurations of a swirling gas-liquid atomizer. They found the SCHA (between 22° and 45°) strongly
dependent on the nozzle geometry.

These reported works document that the SCA in a plain-orifice effervescent sprays vary with inlet pressure
and with GLR. The SCA typically ranges between 14 and 24°; it is significantly lower than the SCA ine. g.
pressure-swirl sprays and namely the value required in most of the conventional burners [12]. It leads us to focus
on a multi-hole arrangement of the final discharge orifices.

Multi-hole effervescent atomizers are rarely studied, and their spray characteristics are not sufficiently
resolved. Whitlow et al. [7, 14] tested an effervescent atomizer with multi-hole and annular orifices. They
concluded that the performance characteristics of multi-hole atomizers were essentially the same as those of
single-hole atomizers for the same length/diameter ratio of the final orifice. Li et al. [15] found no effect of the
discharge orifices number on the mean drop size. Multi-hole effervescent atomizers were investigated by Dutta
et al. [16] with no comparison of their atomizer with a similar single-orifice atomizer. Moore [17] characterized
multi-hole nozzles with four different geometries and found differences in their performance. Barreras et al. [18]
characterized multi-hole industrial twin-fluid atomizers with the aim to replace the Y-jet nozzles. Sovani et al.
[19] stated that with non-homogeneous two-phase flow inside a multi-hole atomizer the sprays produced by
individual holes exhibit different characteristics.

Based on the previous works we aimed to test and optimize a multi-hole effervescent atomizer, applicable to
industrial burners, which generates a stable spray in large turn-down ratio, with small Sauter mean diameter, D3y,
at low fuel pressures and with low GLR. This atomizer is intended to spray an LHO (Light Heating Qil) or waste
liquid fuels using air as an atomizing gas. It will be applied to a range of high power industrial burners (up to
40 MW) replacing a multi-hole Y-jet atomizer originally used. This experimental research is a follow-up to the
study conducted previously on single-hole effervescent atomizers with wide geometrical variations of the
atomizer [20]. Based on this study, a multi-hole atomizer was designed in several geometrical modifications. In

this paper, the main spray characteristics of these modifications are compared and analysed for a range of inlet
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pressures (0.2-1.0 MPa) and atomizing GLRs (3-10%). The internal two-phase flow is estimated with the
Baker’s two-phase flow map using the measured flow characteristics. Two major combustion-related issues are

addressed: spray heterogeneity and spray unsteadiness.

2. Experimental setup

The experimental data included in this work were acquired by cold testing of a set of multi-hole effervescent
atomizers in the Spray laboratory at Brno University of Technology. The atomizers were operated on a cold test
bench with fluid supply system that is documented in [20]. Following paragraphs describe the atomizer design

and the equipment used for spray measurement.

2.1. Atomizer description and operation

Spraying of waste liquids and slurries requires large flow cross-sections to prevent clogging due to possibly
contained solid particles. We, therefore, amongst several versions of the effervescent atomizers, chose the
“outside-in” gas injection configuration (referred as the type A in [20]). Based on our previous findings acquired
on a set of single-hole atomizers [20] and tests of several multi-hole atomizers (E1-E7, unpublished results), we
designed seven new multi-hole atomizers, EB—E14. The atomizers E8 and E9 use a concept shown in Fig. 1, top.
The liquid (LHO) enters the aerator from the left-hand side. The atomising air enters the aerating tube through a
set of holes and interacts with the liquid. Physical properties of LHO at room temperature are as follows:
o1 =0.0297 kg/s?, pr =874 kg/m®, g4 =0.0185 kg/(m-s). The internal diameter of the mixing chamber, d., is
16 mm. A conical shaft (insert) is placed inside the chamber; thus formed annular slot for the flowing mixture
gradually enlarges from 1 mm at the position of the first row of aerator holes to the full cross-section. There are
168 holes of 1.2 mm in diameter arranged in 21 lines; eight holes in each line are turned by 45° against the holes
in the neighbour line. The last hole line ends up in the axial position of the shaft tip. The nozzle exit part contains
six orifices; each with a diameter of do = 2.2 mm. The axes of the individual orifices form a full angle, «, of 60°
for the atomizer E8 and 90° for the atomizer E9.

The atomizer E10 has d. = 10 mm and no insert inside the chamber. This atomizer features only the first line
of six aerator holes, inclined at an angle of 60° relative to the main atomizer axis in the flow direction, and the
last line of four aerator holes that are arranged tangentially (shown in the section A—A). The six orifices in the

nozzle tip with d, = 2.2 mm are arranged to form a full angle of « = 60°.
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Fig. 1. Schematic layouts of the designed atomizers.
116
117 Four more atomizers were derived from the atomizer E10. A modification E11 does not feature the last line
118  of four aerator holes while in E12 the last four aerator holes are radially arranged (the same way as in E8 and E9,
119  see the section B-B). Atomizers E13 and E14 contain a swirling part inside the aerator. The swirler in E13 has a
120  form of the five-blade propeller with the axial length of 5 mm. Its distance of 7.5 mm from the nozzle head is
121  fixed using a mandrel of 4 mm in diameter, which is screwed into the nozzle tip. The blade inclination is 55°

122 relative to the atomizer axis, and their outer diameter is flush with the inner aerator wall. The version E14
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features a 30 mm long helical swirler with outer diameter mating with the inner aerator diameter. This swirler,

with a helix of 46 mm/rev, is located just ahead the first row of aeration holes.

Table 1 Operating conditions and RMS value of the fluctuating pressure inside the mixing chamber.

atomizer ES8, E9 E8 E9 E10, E12 E10 E12

Pg GLR A Q Prms Prums 4 Q Prms Prums
(MPa) (%) (kPa) (ml-st (kPa) (kPa) (kPa) (ml-s?) (kPa) (kPa)
0.2 3 -25 144 2.35 3.10 17 118 2.49 1.13
0.2 5 -13 110 2.23 1.65 41 84 157 1.61
0.2 10 -4 71 221 3.03 74 49 1.50 221
0.6 3 -78 299 1.40 1.83 -7 274 0.76 0.86
0.6 5 -48 236 131 0.87 36 204 0.87 0.89
0.6 10 -16 156 0.83 0.53 113 128 0.98 111
1.0 3 -151 438 0.57 0.58 -33 395 0.73 0.88
1.0 5 -91 340 0.71 0.97 32 301 0.95 0.56
1.0 10 -45 232 0.68 0.52 157 189 0.57 0.90

Atomizers inside burners have to ensure a fine spray in the operation range from minimum to maximum fuel
flow rates, Qi. A design turn-down ratio for our atomizers was set to 1:5. Some other parameters were to be fixed
at the beginning to allow the atomizer sizing. We were limited by the maximum available supply pressures of air
and liquid of 1 MPa. Based on our previous tests [20], we chose the minimum fluid supply pressure of 0.2 MPa
and set the GLR range between 3% and 10%. These pressure and GLR limits should guarantee the expected
turn-down ratio as well as a stable and fine spray under low atomizing air consumption. The GLR range of 3—
10% was found useful for atomizers inside burners [20], and similar or higher GLRs of effervescent atomizers
are frequently used for combustion and other applications [7, 14, 15, 21, 22].

The maximum liquid flow rate is obtained at py = 1.0 MPa and GLR =3% and the minimum flow rate at
Py = 0.2 MPa, GLR = 10%. Knowing the liquid and gas physical properties and the required maximum liquid
flow rate (0.35 kg/s) at corresponding py and GLR, we were able to estimate the cross-section of exit orifice
holes according to the procedure given in [20], Appendix 2. We chose six exit orifices, as a compromise, to

allow a uniform fuel distribution inside the burner with a minimum interference between jets. Then we found the
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exit orifice diameter d, = 2.2 mm. The other main atomizer parameters to set were as follows: diameter (da),
number (ng), direction and placement of air injection holes, length (Ic) and diameter (dc) of the mixing chamber.
The parametric study of single-hole effervescent atomizers [20] found the optimum ratio (where the lowest D3,
was achieved) between the mixing chamber and the exit orifice diameter rq = dc/do = 4 and a reasonable increase
in D3, for smaller ratios. The corresponding optimum of the ratio between the areas of the mixing chamber and
exit orifices was rac = Ad/A; = 16. The area ratio controls the internal flow character while the diameter ratio
affects the primary breakup conditions. We, for the multi-hole atomizers, chose a smaller rac of 8.8 (rq¢c = 7.3 for
atomizers E8, E9 with d. =16 mm) and 3.4 (roc =4.5 for E10-E14 with d. =10 mm) to roughly keep the
diameter ratio and namely to suppress an expected vertical liquid—gas gravitational separation in the case of the
horizontal operation of the atomizers (discussed below in Section 3.4).

We set the relative aeration area ra = na-Aa/A, of atomizers E8 and E9 according to [20] to ra=8.3. We
reduced it for the other atomizers to 0.5 (E10, E12-E14) and even to 0.3 (E11) to promote the gas—liquid mixing
due to increased air injection velocity. The diameter of air injection holes was set to da=1.2 mm for easy
fabrication. Their direction can enhance the mixing process if the air is injected at high velocity (it applies for
E10-E14 namely at high GLR). We, therefore, tangentially oriented the second air-hole set in the atomizers E10,
E13 and E14 in contrast with E12, where these were drilled radially. We used a small value of the relative
chamber length, r¢=1/d. = 1.9 (E8, E9) and 1.8 (E10-E14) to suppress the gravitational separation. Another
way of the internal flow modification is an application of inserts; atomizers E8 and E9 use a conical insert that
provides a uniform pressure drop along the air-injection length and allows the air to gradually penetrate into the
liquid. On the other hand, the atomizers E13 and E14 use screw-like inserts to swirl the liquid (E13) and to swirl
the mixture (E14).

The global SCA produced by multi-hole atomizers depends on the expansion of the mixture discharged from
an individual exit hole and namely on the exit nozzle angle «. We use two atomizers with the same internal
geometry, which differ only in the exit nozzle angle, ¢, to study the effect of & on SCA: E8 with & =60° and E9
with 90°. All the atomizers are provided with a socket at the nozzle tip for internal pressure sensing and an
eventual insert fixation.

We performed detailed tests for all combinations of pg (0.2, 0.6 and 1.0 MPa) and GLR (of 3, 5 and 10%).
The operating conditions together with the difference between the inlet air and fuel pressures (4y = pg - pi) of
atomizers E8, E9, E10, and E12 are documented in Table 1. The flow rates and pressure differences are referred

to jointly for E8/E9 and E10/E12 as the atomizer E9 operated with the same flow rates as E8, and the atomizers
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E12-E14 operated with flow rates corresponding to E10. We, during preliminary tests, found the atomizer E11
unable to cover the designed GLR range, so we excluded it from further testing. The quantity prms refers to the

spray unsteadiness, and it is described later on in Section 3.5.

2.2. Phase-Doppler Anemometer

Size and velocity of droplets in the spray were measured using a commercial PDA (Phase-Doppler
Anemometer) by Dantec Dynamics A/S (Skovlunde, Denmark). This 1D system was equipped with an Ar—lon*
laser with maximum total beam power of 300 mW and beam waste diameter of 0.82 mm. The spectral line
514.5 nm of the CW-laser beam with power up to 90 mW and horizontal polarization was split into two parallel
beams 60 mm distant, using a transmitting optics 58N10. The focal length of both the transmitting and receiving
lenses was 500 mm, which resulted in a half-intersection angle of 3.43° between the transmitted beams. The
beam crossing formed a small measurement volume where the droplets were detected. The frequency of one of
the beams was shifted by 40 MHz. This configuration led to a fringe separation of 4.3 um. First-order refracted
light was collected using a Dantec 57X10 receiving optics equipped with three photo-detectors at an elevation
angle of +£0.68°. The receiving probe was positioned at the scattering angle of 69°. A micrometer screw in the
receiver optics was typically set to 0 mm, which enabled us to measure the droplet size up to 350 um. A Dantec
58N50 signal processor was set to measure the velocity within a range of -25.8 to 128.9 m-s* at 36 MHz

bandwidth. The measured diameters D; and axial velocities v; of individual droplets were used for estimation of
Sauter mean diameter D, = Zi":l Df/zin:l D/ and mean axial velocity v, = zin:lvi /n in discrete spray

positions.

3. Results and discussion

A spray quality of single-hole effervescent atomizers and early results for the multi-hole atomizers in
comparison with Y-jet atomizers were presented in previous works [20, 23]. Here we describe the results for
multi-hole atomizers E8-E14. The greatest attention is paid to the atomizer E10, which was chosen as a

representative of this set.

3.1. Spray cone angle
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Figs. 2 and 3 photographically document the spray macrostructure of atomizers E8 and E9 that share the
same internal geometry and differ only in the exit nozzle angle, o, which is 60° for E8 and 90° for E9. The «
angle determines the flow direction of the discharged mixture and thus controls the global SCA created by all the
streams. The global SCA is an essential parameter for multi-hole atomizers. We estimated the SCA using the

spray images at an axial distance of 200 mm from the atomizer exit.

pressure
0.2 MPa

0.6 MPa

1 MPa

Fig. 2: Spray photography with reported SCAs, atomizer ES8.

The six spray jets issuing from the atomizer E8 form a spray cone that visually appears to be relatively
consistent and homogeneous. At low pressure and low GLR, the spray streams follow the direction of exit orifice
axes, and with an increase in the fluid pressure and/or GLR, the streams tend to incline to the main atomizer axis
(an effect of “balling up* or “wrapping”). The visual SCA is 63.2° at pg = 0.2 MPa and GLR = 3% (see Fig. 2). It
reduces moderately with GLR increase and more significantly with the pressure, i.e. SCA = 48.3° at p; = 1 MPa

and GLR = 10%. This value is even smaller than the angle formed amongst the axes of the individual orifices, «,
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of 60°. These results together with the “wrapped” shape of the spray envelope at high pressures suggest for
Coanda effect causing the convergence of individual jets. Also the tendency of the jets to follow the direction of
the axially oriented internal flow could have an effect. The merging jets could cause enhanced droplet
coalescence and droplet size increase. The “balling up* effect with GLR increase (followed by the liquid flow
rate decrease) is in line with burner requirements as narrower sprays burn well when the power requirement (fuel
consumption) is low. On the other hand, the effect of the pressure, followed by flow rate increase, is rather

inappropriate.

GLR

3% 5% 10%

pressure
0.2 MPa

0.6 MPa

1 MPa

Fig. 3: Spray photography with reported SCAs, atomizer E9.

The spray jets generated by the atomizer E9 form a wider cone that is less homogeneous than in the previous
case as the jets are too distant to merge. The atomizer E9 shows almost no effect of the operating conditions on

SCA, which spans between 88.3 and 89.2° within the studied range of operating conditions (see Fig. 3).
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The SCAs formed by atomizers E10 and E12 (whose « agrees with that of E8) show the same character and
similar values as the SCA provided by E8, with only a subtle effect of the atomizer internal arrangement. Table 1
reports the turn-down ratio about 1:6 and 1:8 for atomizers E8, E9 and E10, E12 respectively. So, all the

atomizers meet the designed flow range requirements.

3.2. Droplet characteristics

Measurements of diameter and velocity of individual droplets using the PDA with traversing in multiple
planes was made to gain a better insight into the spatial spray structure. A collector and a deflector of spray were
installed here to enable the measurements of the spray issuing from one single exit orifice. For this purpose, the
atomizers were installed with the axis of this orifice positioned vertically downward. The coordinate system is
shown in Fig. 4, on the left. Its origin is located at the exit of the measured orifice. The measurements were made
in several planes with grid-point separation of 5x5 mm. The configuration of individual planes was as follows:
XY for Z =100, 150, 200 mm, XZ for Y =0 mm and YZ for X =0 mm. The number of measured droplets in
each point was limited to 20,000 or by the measurement duration of 30 s, depending on which event occurred
first. The points with fewer than 200 samples were excluded from the following analysis. The axial span of the
measurement space was limited from the top side to 75 mm due to the near-nozzle spray that was too dense for
optical measurements.

Characteristic spatial distributions of Sauter mean diameter, D3z, and axial component of the mean velocity,
Vm, in the spray from the individual exit orifice are documented in Fig. 4, in the middle and on the right,
respectively. The single-jet spray is relatively symmetrical, according to the centreline of the measured nozzle.
The lowest D3y, about 30 um, appears near the centreline. D3, slightly increases downstream the spray. It could
result from droplet interactions and coalescence as the effervescent sprays are highly turbulent [24]. The highest
velocities are found in the nozzle centreline, with the maximum value of vy, = 40 m-s* at the axial distance from
the orifice Z =75 mm (Fig. 4, on the right). The velocity decays with axial distance as the jet widens and also
gradually decreases with radial distance due to the momentum exchange with still surrounding environment. The
observed spray structure and character of spatial variation of droplet size and velocity (also resolved below in
Fig. 6) are very similar to those of single-hole atomizers studied previously [20]. This similarity of the individual
jets from multi-hole atomizer with the single-hole spray was already pointed out by Sovani et al. [10]. They

studied a six-hole effervescent diesel injector and stated that single-hole and multi-hole sprays are quite similar,
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Fig. 4: A schematic view of the inclined atomizer for single-orifice measurement and the Cartesian measurement coordinates
(left), Ds2 (middle) and v (right) in the spray from a single orifice of the multi-hole atomizer E10: pg = 0.6 MPa, GLR = 0.05.
257
258 The input pressure energy of the gas and liquid is converted into Kinetic energy of the discharged two-phase

259 mixture. The gas, inside a rather heterogeneous mixture, is discharged at high velocity compared to the liquid.
260  The liquid fragments accelerate, deform and break up due to drag forces. Small liquid volumes reach greater
261  velocity than large filaments oriented mostly parallel to the flow. The expanding gas decelerates with the
262 distance from the exit orifice. The formed droplets keep the momentum of the parent liquid fragments, so at
263 large distances from the orifice, large droplets are faster than the surrounding air while the velocity of the
264  smallest droplets corresponds to the air velocity [24]. The size-dependent momentum exchange between the two
265  fluids causes a specific and spatially variable correlation between the size and axial velocity of droplets (Fig. 5),
266  where a positive or negative size-velocity correlation appears, depending on radial and axial distances from the
267  nozzle exit. The size—velocity correlation in the axial distance of 152 mm is distinguishable but weak, regardless
268  of the radial position. These and our further results [26], showing that the size-velocity correlation is

269 insignificant regardless of pressure and GLR, are in good agreement with [24]. It is an important finding for the
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combustion applications where the character of the gas-liquid velocity field affects the mixing and flame

processes.

velocity [m-s-]

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Droplet diameter [um] Droplet diameter [um]

Fig. 5: Diameter—axial velocity correlation, the atomizer E10: pg = 0.6 MPa, GLR = 0.05; left: position (0, 0, 152), right:

position (30, 0, 152). The solid line represents a flowing average per 256 droplets.

The spray at the nozzle axis contains mainly droplets sized bellow 100 um, which results in D3, of 38.3 um.
The spray in the radial position of 30 mm from the nozzle axis features a wider size spectrum; some droplets are
even above 350 um, which is the maximum value measured by PDA in the present setup. In this position,
D3, = 74.4 um. Such size distributions correspond to findings in [25].

The effect of GLR and fluid inlet pressure on the droplet size and velocity is shown in Fig. 6. The smallest
droplets appear at the spray centre where D3, ranges between 30 and 40 um and larger droplets occur at the spray
edges. The radial size profiles flatten with the increasing axial distance. It could result from the lower energy of
the expanding gas on the spray periphery, which causes worse atomization. A higher air pressure and/or higher
GLR lead to much flatter profiles. The profiles, varying in such a way, correspond to our previous results for
single-hole atomizers [20]. Similar results were presented in [27], but in [24] and [28] a negligible dependence of
D3, on radial distance from the nozzle axis was found and in [27] even inverse profiles were presented. A
possible explanation for such discrepancies could stem from a different internal configuration of these atomizers.
An increased air pressure and GLR cause a higher discharge velocity that results in elevated velocity profiles

(Fig. 6, on the right) and a reduced droplet size (Fig. 6, on the left) downstream.
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Fig. 6: The dependence of D3z (left) and mean axial velocity (right) on pg and GLR for atomizer E10, position Y = 0 mm,

Z =152 mm. An approximation of the measured velocity data for pg = 0.6 MPa and GLR = 5% according to Eq. (1) is

included.

An average (temporally mean) droplet velocity shows a bell-shaped radial profile. A formula for the velocity

profile [24]:

Vi (X) = Vi gy S2CN* 6 - X) (2)
agrees well with our results for of ¢=4.1-10* at SCHA < 11° (it corresponds to radial distance of 30 mm at the
axial position of 152 mm from the exit orifice) as documented in Fig. 6 for p; = 0.6 MPa and GLR = 5%.

The measured particle velocity distribution (Fig. 7) is well approximated by the log-normal statistical
distribution. This distribution is almost symmetrical close to the nozzle axis while at larger radial distances —
where lower droplet velocities occur — it is highly asymmetrical. The particle size distribution in the nozzle axis
can be described by the Rosin-Rammler distribution with R-R exponent ar = 2.06. The R-R mean droplet
diameter Dg = 25 um agrees with [7]. Moreover, the log-normal distribution with standard geometric deviation
sg = 0.58 pm* and geometric mean drop diameter Dng = 21.5 pm gives a good correlation. The Rosin—Rammler

and log-normal distributions are defined as follows:

f(D)= @

1 1 =
—————exp-|—-(InD-InD,,)?
J2zD-s, {Zss ?
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Fig. 7: Particle velocity distribution (left), particle size distribution (right), atomizer E10: pg = 0.6 MPa, GLR = 0.05,

position Y =0 mm, Z = 152 mm, various X-axis positions.

At larger radial distances, large droplets occur together with the small ones, and the distribution changes into
bimodal. The second peak corresponds to the drop size of 100 um. Such a bimodality or multimodality in drop
size distributions were already observed in other twin-fluid sprays [29, 30].

Fig. 8 compares D3, in the position (0, 0, 152) for atomizers E8, E9, E10, and E12. The curves are shifted by
-10 um and -20 um for py of 0.6 MPa and 1.0 MPa, respectively to avoid a line-crossing and to improve the
visibility. D3, reduces with increasing GLR and pq for all the atomizers and all the pressures. However, there are
differences in the line slopes amongst the atomizers. E8 (and E9) provide a lower D3, at 0.2 and 1.0 MPa than
E10 (and E12), but higher D3, at 0.6 MPa. The differences amongst the atomizers are smaller than +3 um in the
entire measurement range. It means that differences in the total cross-section area of aerator holes and different
two-phase flow conditions do not affect D3, significantly. The atomizer E8 provides almost the same D3, values
as E9; we, therefore, can conclude that the angle of the axis of nozzle exit orifice has no effect on the spray
quality. A comparison between E10 and E12 indicates no significant influence of the tangential air entry into the

aerator.

3.3. Two-phase flow parameters and conditions

A mixing process and formation of two-phase flow inside the effervescent atomizers are important steps to

the atomization. Their understanding is a prerequisite for a well-working atomizer. Few works deal with the



326 influence of operating and design parameters on the two-phase flow patterns and the consequent relation to the

327  spray quality and stability [21, 22, 31-34].
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Fig. 8: Influence of pg and GLR on Dsz, position X =Y = 0 mm, Z = 152 mm.
329
330 In this paper, we present the internal two-phase flow using the Baker’s map for horizontal two-phase flow,

331 published in [35] and available in [36]. The atomizers E8 and E9 have the same operating conditions and also the
332 differences between E10 and E12 are negligible so that only the two-phase flow regimes for E8 and E10 are
333  discussed here. These atomizers were designed to operate close to the bubbly flow regime. The results in Baker’s

334 map (see Fig. 9) follow from the values documented in Table 1; the Baker’s map coordinates are as follows:

335

336 X=G -yandY=G,/4, (4,5)
337

338  where

339
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Fig. 9: Fields of operating regimes of atomizers E8 and E10 for combinations of air
pressure 0.2, 0.6, 1.0 MPa and GLR 3, 5 and 10%.
346

347 Physical properties of water and air as reference fluids are as follows: ow =0.072 kg/s?, pw= 1000 kg/m?,
348  14,=0.001 kg/(m-s), pa = 1.23 kg/m® (standard density). Both the pressure and GLR influence the flow pattern as
349 indicated in Fig. 9 by the arrows. This influence results in different coordinates of the nine operation points of
350  each atomizer in the Baker’s map. According to the simple tube model [35], the only one geometrical parameter
351 affecting the flow regime is the cross-sectional area of the mixing chamber. A larger cross-sectional area of E8
352 (E9) shifts the two-phase flow regime closer to the slug flow than it is observed for E10 (E12-E14).

353 We designed a simplified, transparent atomizer to observe the internal two-phase flow with a high-speed

354  video camera; the results for vertically and horizontally positioned atomizer were presented in [31, 37]. Arbitrary
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images of the flow structure of the vertically and horizontally placed atomizer can be seen in Fig. 10. The main
conclusion in [37] was that the observed two-phase flow patterns were not always in good agreement with the
patterns predicted by maps published for the fully developed two-phase flow. The forces that affect the flow
regime are namely as follows: gravitational, inertial, viscous and surface tension. The elevation of mixing
chamber does not have a large impact on the flow pattern, but in the case of the horizontal gas-liquid co-flow, a
vertical liquid separation can appear under some operating conditions. The separation should be considered when
multi-hole atomizers are mounted in a burner horizontally, where it can induce a non-homogenous spray from
individual exit orifices. These conclusions were supported by a flame observation in the combustion chamber
during our tests with atomizer E9; a heterogeneous flame, namely at low pg, indicated a non-uniform GLR
distribution caused by the vertical separation of the fluids. The observations in [31] also indicated that a

fluctuating mixture at low GLR could result in an unsteady spray.

<= Fow direction
—~—— g -

. s
-

Vertical flow

Fig. 10: Visualization of two-phase flow in the vertically and horizontally positioned mixing channel of a transparent

effervescent atomizer by a digital camera, with air gauge pressure of 0.1 MPa, GLR = 6.5%.

3.4. Spray homogeneity

Based on these findings, a distribution of fuel volumetric flow rate into individual exit orifices was measured.
The atomizer was run in a horizontal position with a special collector that enabled measuring of fuel volumetric
flow rate, Qi, through the individual exit orifices without a significant influence on the atomizer operation. The
fuel flow rates through the uppermost and the lowermost orifices were measured. We define the non-uniformity

of fuel distribution as follows:

2( Ib_QIt)
kj =——=——, 8
Qp +Q ®
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where the subscript b belongs to the lower orifice and the subscript t to the upper one. The results for atomizers
E9, E10, and E12 are documented in Fig. 11. The non-uniformity is much higher for E9 than for E10 and E12.
We deduce that a smaller area of the air holes, which lead to a higher air injection velocity, improves the mixing
of the gas with liquid and prevents the gravitational gas-liquid separation. The differences between the atomizers
E10 and E12 are not significant, so the tangential orientation of the air input to the mixing chamber (E10) is not
sufficient to affect the non-uniformity. The operation at low pressure, where lower fluid velocities inside the
mixing chamber are achieved, always causes an increase in the k.. Moreover, at lower pressure, the two-phase

flow regime stands closer to a slug and stratified regimes in Baker’s map (Fig. 9).
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Fig. 11: Non-uniformity of fuel distribution at exit orifices of the multi-hole effervescent atomizers.

We applied a swirling insert inside the mixing chamber to further suppress the ki. The helical swirler,
located just before the first row of aeration holes, (E14) was intended to rotate the liquid prior to the mixing with
the air. We noticed no significant improvement in k; compared to E10 (the E14 results are not shown in Fig. 9 to
avoid line overlying). The atomizer E13 with swirler placed close to the exit orifice performed with k; = 0-0.03,
so the mixture homogenization shortly before the atomizer exit helps to significantly and sufficiently reduce the

fuel non-uniformity.
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The results presented in Fig. 11, when combined with the relation between the liquid and gas flow rates at
given pressure in Table 1, can be used to estimate the actual GLR within the individual orifices. The GLR non-
uniformity, keir, defined according to Eq. (8), where GLR replaces Q,, reaches similar values as the non-
uniformity in fuel distribution. For example, the atomizer E9 works with kgir =1.1 at pg=0.2 MPa and
GLR = 3%. The observed liquid non-uniformity agrees with [19] where different characteristics of the sprays
produced by the individual holes were found out. The difference in GLR into the top and bottom discharge
orifices a) has a direct consequence for combustion applications: the top — lean mixture and the bottom — rich
mixture, and b) causes corresponding variations in droplet sizes and velocities according to the local GLR
values. In combustion applications such as in gas turbines, non-uniform spray patterns result in poor fuel-air
mixing, which lowers a combustion efficiency and increases emitted pollutants [6]. As a result of the
gravitational gas-liquid separation, it would not be possible to optimize a burner with such an atomizer for low
exhaust gas emissions as the bottom part would give a long and smoking flame while the top part would produce

a short, fast burning and hot flame.

3.5. Spray unsteadiness

The unsteady spray was observed under some operating conditions of the single-hole effervescent atomizer
[13, 31]. We developed a method for unsteadiness estimation based on measurements of pressure inside the
mixing chamber. A small quartz pressure sensor Kistler 601A for measuring dynamic and quasistatic pressures
sensed the pressure fluctuations inside the mixing chamber using a small pipe connected to the chamber at the
nozzle tip (the tube with the sensor can be seen in Fig. 2). A RMS value of band pass pressure signal, prwms,
serves as an unsteadiness measure; a detailed description of the method is given in [37]. The results for atomizers
E8-E12 are presented in Table 1. Values of prms higher than 2 kPa suggest for an unsteady spray. All the
atomizers tend to be unsteady at low pressure when operating close to the slug flow regime, as it is seen in
Fig. 9. Such behaviour of the internal flow, when stable operation at annular flow regime changed into unstable
at slug regime, was described by Stdhle et al. [38]. No systematic differences amongst the unsteadiness of

nozzles E8 to E12 appear based on the data in Table 1.

4, Conclusions
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We designed and tested several multi-hole effervescent atomizers. The PDA results show that the
morphology of spray from the individual orifices is very similar to that of our single-hole nozzles. D3, profiles of
these atomizers are inversely bell-shaped with the minimum placed to the nozzle axis, in agreement with some
researchers. The size-velocity correlation in the individual spray positions is insignificant. A particle size
distribution in the nozzle axis can be approximated with the Rosin—-Rammler distribution. At a larger radial
distance, also large droplets occur and the distribution changes from uni- to bi-modal. GLR and inlet pressure
effects also correspond to our findings published earlier and to the results related to the single-hole nozzles of
other authors. The internal geometry (inserts, mixing chamber size, and aeration arrangement) affects the internal
two-phase flow, but the effect on the droplet size is not significant.

A photographical spray observation was used to describe the spray macrostructure and to estimate the SCAs
of the multi-hole effervescent nozzles. The atomizers with a narrow angle amongst the exit orifices showed the
SCA reduction in dependence on the pressure and GLR increase while the atomizer with a wide exit orifice
angle performed with constant SCA.

A horizontal operation of multi-hole effervescent atomizers leads to the gravitational gas-liquid separation
with a difference between the lowermost and uppermost orifices of 0-70% depending on the nozzle design and
flow regime. The reduction of aeration area, close location of the aeration holes to the atomizer exit and mixture
homogenization can suppress the non-uniformity of liquid distribution.

A tendency to spray unsteadiness at lower pressure and GLR, which are probably related to a shift from the
bubbly flow to the slug flow, was evidenced and can be prevented by a choice of the appropriate operating
conditions and a careful atomizer design.

Our findings show that the internal geometry of multi-hole effervescent atomizer significantly affects the
spray characteristics with consequences in the combustion applications. The results are important for the
atomizer design and optimization of the burner to improve combustion efficiency and reduce exhaust gas

emissions.

Nomenclature

A cross-sectional area (mm2)
D droplet diameter (um)
d diameter (an atomizer circular dimension, specified by a subscript) (mm)

Ds, Sauter Mean Diameter (um)
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Dng geometric mean droplet diameter used in Eq. (2)
Dr mean droplet diameter used in Eq. (3)
G mass flux

GLR Gas-to-Liquid mass flow-rate Ratio

ki non-uniformity of fuel distribution as defined in Eq. (8)
| an atomizer length dimension, specified by a subscript
p gauge pressure

Prvs spray unsteadiness

Q volumetric flow rate
r a dimension ratio, specified by a subscript
Sg standard geometric deviation used in Eq. (2)

SCA Spray Cone Angle

SCHA  Spray Cone Half-Angle

v velocity

X,Y,Z Cartesian coordinates (Z = axial distance)

X relative radial distance, x = X/Z

Greek characters

a full angle amongst the axes of the individual orifices

oRr exponent in the Rosin—-Rammler distribution

A span length

Ay difference between the inlet air and fuel pressures, A, = pg - pi
i dynamic viscosity

p density

o liquid/gas surface tension

S parameter used in Eq. (1)

Subscripts

a air, aeration

b bottom (orifice)

(Lm)
(1m)
(kg2
(%, -)
(%, -)
(mm)
(MPa)
(kPa)
(ml-s?)
)
(um)
(deg)
(deg)
(m-s?)
(mm)

)

(deg)

)

(mm)

(kPa)
(kg-m-s)
(kg/m?)
(kg/s?)

)
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c mixing chamber
g atomizing gas (air)

| atomized liquid (light heating oil, LHO)

m mean value

max maximum value

0 the final discharge orifice
t top (orifice)

w water

Abbreviations:

LHO Light Heating Oil
PDA Phase-Doppler Anemometer
RMS Root-Mean-Square
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