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Abstract

The paper qualitatively describes processes during the internal flow, discharge of two-
phase mixture as well as spray formation with a particular focus on the energy transfer during
effervescent atomization of light heating oil. The near nozzle spray visualization elucidates
the liquid breakup process at different operation modes. Numerical results illustrate the forms
of energy involved in the atomization process, their values and the influence of operational
conditions on relations between the energy forms. The main part of the paper focuses on the
atomization efficiency. A simple method for estimation of the atomization efficiency of
pneumatic atomizers is proposed; surface tension energy of created droplets, obtained from
phase-Doppler anemometry data, is compared with the energy required for atomization. The
atomization efficiency of effervescent atomizers is found to be in fragments of per cents for
atomizing pressures ranging between 0.1 and 0.5 MPa, and gas-to-liquid ratios (GLRS) be-
tween 0.02 and 0.1, and it is inferior, by about one order of magnitude to the efficiency of
simple pressure and pressure-swirl atomizers for a comparable droplet size. The efficiency
declines with both the pressure and GLR with approximately logarithmic tendency.

Keywords: Twin-fluid atomization; Effervescent atomization; Atomization efficiency; Ener-
gy conversion; Two-phase flow.

Abbreviations?

Nomenclature
Roman characters

A interfacial area (m?)

a specific expansion work (-, %)

c constant in the bubbly flow

D diameter (um)

D2o surface area mean diameter (um)

D32 Sauter mean diameter (um)

D mean diameter (um)

E energy @)

e energy, represented as percentages of the total input energy, specific energy (%, -)

GLR gas—to-liquid ratio by mass (%, -)

g gravitational acceleration (m/s?)

h  specific enthalpy (J/kg)

ID integral diameter — diameter averaged through entire radial profile or cross-section
(Hm)

* Corresponding author: jedelsky@fme.vutbr.cz, tel: +420 541 143 266
2 Gas-to-liquid ratio (GLR), Homogeneous Flow Model (HFM), Light heating oil (LHO), Phase-Doppler ane-
mometry (PDA), Separated Flow Model (SFM).
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m mass (ko)

M mass flux (kg/s)

N total number of measurement positions

nj number of particles measured in position j

p pressure, gauge pressure (Pa, MPa)

q specific heat (J/kg)

R specific gas constant (J/kg-K)

r radial distance from atomizer axis (mm)

Stk Stokes number

T temperature (K)

t temperature (°C)

V  volume (m3)

v specific volume (m3/kg)

w velocity (m/s)

X, Y coordinates of two-phase flow map, X =4829-GLR.-o,™ - p"° 1*"°
Y =23-10°-m, - p, "

z height, axial distance downstream from the atomizer exit orifice (m, mm)
Greek characters

Ap differential pressure (kPa)

na atomization efficiency (%)

[ absolute (or dynamic) viscosity (N-s/m?)

p density (kg/m?)

o surface tension (N/m)
Subscripts

1 inthe atomizer mixing chamber

3 at the atomizer exit (ambient air conditions)

a surface area

B barometric

b bubble

d droplet

g atomizing gas (air)

i index number of a particle

J  index of position

k Kinetic (energy)

| atomized liquid (light heating oil)

o orifice

p pressure

1. Introduction
Effervescent atomizers, though relatively new spraying devices, have already been used in

a number of practical applications, such as combustion of heavy and waste liquids [1-4], coal-

water slurries [5, 6], in gas turbine engines [7], internal combustion engines [8], scramjet en-

gines [9], for spray drying [10], spray coating [11, 12], in process industries [13, 14], for fire
suppression [15, 16] and others. The main purpose of atomizers in all these applications is to
transform the bulk liquid into fragments or small droplets. This process consumes energy but
there are also other important energy-related effects to be considered when designing or
choosing an atomizer; e.g. transport of the liquid to a target position at the required droplet
velocity, impact and air entrainment. Other requirements, that do not demand energy directly
(such as the size distribution/uniformity of droplets, spray steadiness, dispersion of liquid to
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certain required area, transverse mixing and desired spray cone angle), are energy consuming
as well or restricts the choice to a less efficient atomizer designs. The breakup mechanism and
spray development in the effervescent atomization have been intensively studied in the past
two decades however a deeper insight into the atomization process and its energy transfer is
important for continuing advancement of the atomization performance.

Recent legislation requirements in transport industry led to dramatic increase in diesel in-
jection pressure (typically 200 — 250 MPa [17, 18]) to produce sufficiently fine sprays using
common pressure injectors. At such pressures, material strength limits are reached and fuel
pumps consume considerable portion of the engine power. Designers are therefore looking for
other atomization techniques with lower energy consumption and a potential for further drop-
let size reduction as seen in [19].

Conversion effectiveness of the input energy into the increased surface tension energy of
the atomized liquid can be quantified by the atomization efficiency, #a, which is a property of
rather optimistic estimates by the vast community. Knowledge of the atomization efficiency is
useful for comparison of different types of atomizers and it also enables optimization of atom-
izer operation conditions for the required spray quality. Understanding the energy transfer
helps figure out the basic principles of the atomization process. Information on atomization
efficiency of different atomizers can be found in the book by Bayvel and Orzechowski [20].
The efficiency of atomization for all traditionally used atomizers is very small, namely
n, <0.1%, and any spray quality improvement demands disproportionally more energy due

to a drop in the atomization efficiency. For example, pressure atomizers that generate droplets
with a diameter of 100 um work with 7, =0.05-0.07% and, in the case of a diameter of 50

um, the efficiency drops to the order of several thousandths of a per cent. Pressure atomizers
have commonly higher atomization efficiency than pneumatic atomizers [20]. Pneumatic (ali-
as twin-fluid or two-fluid [21]) atomizers use gas to support the atomization process; different
forms of these atomizers utilize the gas energy in different ways [22, 23].

Petela [24] introduced an exergetic approach into atomization process of liquid and ap-
plied it to the pressure and airblast (pneumatic) atomization. He found the exergetic efficiency
of the pressure atomization be below 1% and decrease with the growth in the inlet pressure.
The exergetic efficiency of the airblast atomization was found dependent on the gas-to-liquid
ratio by mass (GLR) with the maximum of 0.038% for GLR = 50%; steeply declining for de-
creasing GLR and gradually declining with growing GLR.

Effervescent atomizers, as a subclass of the internally mixing twin-fluid atomizers, are
generally supposed to work with the atomization efficiency superior to their fellows, however
the statement that atomization efficiency of effervescent atomizers is substantially higher than
the efficiencies of pressure, rotary, and most types of twin-fluid atomizers [25] seems to be
too optimistic and it is in contrast with [20].

Low energy consumption of effervescent atomizers was recognised already by Chawla [5]
in slurry spraying. Several other papers [5, 22, 26, 27] deal with energy considerations of the
effervescent atomization but no systematic study was dedicated to a detailed description of the
energy conversion process of effervescent atomization, and no direct comparison of atomiza-
tion efficiency of different atomizer types was found. In this paper, we address the issue of
energy transfer processes during the internal flow, discharge and formation of an effervescent

spray.

2. Methodology

The qualitative (phenomenological) explanation of mechanisms involved in the atomiza-
tion process is based on experimental visualization of the internal two-phase flow and the
spray. Our photographic and thermographic flow visualization is supplemented with data
from a two-phase flow map published, and supported with available literature data. The ener-
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gy balance is explained generally using a simple physical equation derived from the law of
energy conservation. Quantitative values of individual energy terms are based on the test data
of a measured effervescent atomizer, and on results of spray measurement by means of phase-
Doppler anemometry (PDA).

Our team, in the long term, focuses on effervescent atomization of light heating oil (LHO)
using air as the atomizing medium. In our earlier work [1], a systematic study of 18 single-
hole, plain-orifice atomizers of type A was performed. Atomizer E34, with geometry and di-
mensions given in Fig. 1, was chosen as a good representative of that atomizer class for the
present study. The gas injection configuration of the atomizer is “outside-in”, where liquid
(LHO) enters the central tube axially and the air penetrates into the liquid through a set of
small holes. The atomizer was operated continuously under cold (non-reacting) conditions.
Atomization characteristics were studied using PDA at atomizing pressures, p1, of 0.1, 0.3 and
0.5 MPa and GLR of 2, 5 and 10%. A detailed description of the atomizer design, test results,
experimental setup and droplet size measurement can be found in [1]. The working principle
of the atomizer is shown in Fig. 2.

Infrared thermography was applied to determine the temperature field in the effervescent
spray. Infrared camera Jenoptic — VarioCam with the resolution 320 x 240 pixels and a stand-
ard lens (32° H x 25° V) monitored the spray with temperature homogeneous background at
19.7 °C from a distance of 500 mm. The temperature of LHO at the nozzle inlet was 19 °C.
The near nozzle spray structure was visualized using macro photography. The spray was illu-
minated with the use of an external flash with exposure time 1/50,000 s and documented by
digital camera CANON EOS 300D employing telephoto zoom lens CANON EF 100mm.
Several different operation regimes of the atomizer were documented.

3. Results and discussion

First, a description of the energy transfer during a general atomization process is given fol-
lowed by an explanation of the energy terms essential for pneumatic atomization. Numerical
values valid for effervescent atomization are given based on our experimental data. The pro-
cesses during the internal flow, discharge and formation of an effervescent spray are analysed
and followed by an introduction of the atomization efficiency as important characteristics of
the atomization process.

3.1. General energy considerations and energy ratios of effervescent atomization

Atomization of liquids is a complex energy conversion process accompanied with trans-
formation of energy amongst several energy types. A general energy equation for steady one-
dimensional homogeneous equilibrium flow without mass and energy accumulation at a point
inside an atomizer can be written as:

2

dq +de-+dh+ 2"+ gdz—vdp + oda =0 (1)

where q is heat transfer (e.g. heat energy input to preheat high-viscosity liquids [4] or to pre-
heat liquids for supercritical or flash-boiling atomization, etc.), e is a general symbol for any
other input energy source required for a given atomization device (e.g. electric energy for ul-
trasonic and electrostatic atomizers, mechanical power for rotary atomizers), h is the mixture
enthalpy (it changes when the mixture is heated/cooled by an external source, friction losses,
expansion cooling, evaporation/condensation of volatile liquids depending on environment
state and discharge features, when steam is used as the atomizing gas etc.), g is the gravita-
tional acceleration and the term —v-dp (a decompression of pressurized atomizing gas during
the discharge or the momentum transfer to the surrounding atmosphere accompanied by flow
deceleration) is related to the input pressure energy and it also represents the expansion work)
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and the last term characterises a variation of the surface area of the liquid. The equation is
written for a unit mass of the fluid (liquid or gas-liquid mixture).

Eq. (1) is applicable to most of the atomizer types. The potential energy term (g-dz) may
be neglected in majority of the atomization techniques. In twin-fluid atomization (airblast,
effervescent, Y-jet and others), the pressure energy is required to pump liquid and to pressur-
ize atomizing gas while the terms dqg and de are often irrelevant.

A phenomenological description of the energy transfer and methodology for evaluation of
atomization efficiency will be explained on the example of an effervescent atomizer depicted
in Figs. 1 and 2. Information required for the description is based on our work in combination
with findings of other investigators. Numerical data for estimation of the individual energy
terms are taken from [1] (for a set of atomizers studied there); particular data for atomizer E34
(Fig. 1) are used where needed. LHO is a non-evaporating/non-condensing medium and the
original surface tension energy of the bulk liquid is negligible. Adiabatic flow conditions are
considered during the internal flow, discharge and spraying.

Energy ratios of effervescent atomization are documented in Table 1 for several values of

inlet parameters, namely pressure and GLR and their combination. The individual energy
forms are represented as percentages of the total input energy, which is the sum of the energy
to pressurize the gas and to pump the liquid. The input energy of the compressed gas relative
to the total input energy, epg1, increases with GLR from 88% at GLR =0.01to 99% at
GLR =0.1. Contrary, the input energy to pump the liquid epi1, decreases at all pressures as a
function of GLR from about 11% to 1% for GLR =0.01 and 0.1, respectively. Both forms of
the input energy are partially transformed into the kinetic energy and into the surface tension
energy of the internal two-phase flow. The relative kinetic energy of the mixture inside the
mixing chamber ex1, with its maximum about 0.03% for the inlet gauge pressure p1 = 0.1 MPa
and GLR =0.01, is negligible. The same applies to the relative surface tension energy of bub-
bles/foam inside the mixing chamber, ea1, which is in fraction of a percent and decreases with
pressure.
Fundamental part of the input pressure energy (both gas and liquid) is converted into kinetic
energy of the two-phase mixture discharged. Note that although the input energy to pressurize
gas is by one order of magnitude greater than the input energy to pump the liquid, the Kinetic
energy of the gas in the discharged two-phase mixture, exgs IS, on the contrary, by two orders
lower than the kinetic energy of the discharged liquid ews. The kinetic energy of the dis-
charged two-phase mixture is then partially transferred to the momentum of the surrounding
gas [28], into expansion work when the gas expands out of the atomizer, and some part also
remains with the moving dispersed gas-droplet flow.

The kinetic energy of the discharged two-phase mixture, i.e. spray, namely its liquid and
gaseous parts, is calculated according to Egs. (2) and (3) for the data acquired from PDA
measurements of atomizer E34 [1] in the axial distance of 100 mm from the exit orifice. The
remaining Kinetic energy at this distance is already very low. The relative energy of the flow-
ing gas exgs is only 0.05% of the total input energy at p1 = 0.5 MPa and GLR = 10%. It in-
creases with GLR and with the inlet pressure. The relative energy of moving droplets exs
shows the opposite tendency with its maximum values in units of per cents at low pressures
and low GLRs. Only a small fraction of the total input energy is transferred to the increase of
the droplet surface area, which is the parameter that describes the atomization process quality.
The relative surface tension energy of droplets (ea3s = 7a = atomization efficiency, addressed in
section 3.4.) depends on pressure and GLR, and has a maximum of 0.14% for p1 = 0.1 MPa
and GLR = 1%. Larger part of the input energy goes to expansion work of the gas, as, which
is about 20 — 30%, depending on the inlet pressure. Most of the input energy ends up convert-
ed to turbulent internal/external flow and mixing of the viscous two-phase fluid, shear and



frictional losses on passage walls, losses during choked discharge, and momentum transferred
to the surrounding atmosphere.

The kinetic energy of the discharged mixture can be estimated separately for the gas and
liquid phase using the PDA data. The gas kinetic energy per mass unit is:

Eigs 05 <
€ig3 = == 1+l/GLR Z er 20j 2)

m

where rj is the radial distance from atomizer axis and wg; is the mean gas velocity at position j.
Constant gas density, axially symmetrical spray and equidistant sampling distance 4rj = rj - rj-

1 are supposed. The gas velocity is calculated as w; = ideij , using values of the individ-
j i=l

ual droplet velocity wgi as an estimate of the gas velocity; only droplets with Stokes number

Stk << 1 (that can be assumed to perfectly follow the flow field) are included. The kinetic en-

ergy of liquid (droplets) per unit mass is:

nj N

E N j nj
€us = kl3_1+GLRZr‘ZD§W§” >r>.Df ©)

m j=1 i=1 j=1 i=1

where Dj; is the diameter of individual droplet i at position j, and wgij is its velocity.

3.2. Fluid mixing and internal two-phase transport

The atomization process starts with introducing gas into the liquid inside the mixing
chamber. The interaction between the gas and liquid differs depending on GLR and, moder-
ately, also on the inlet pressure as seen in the Baker’s map for the vertical flow [29] (Fig. 3).
The mixing chamber is not long enough to allow the flow to fully develop, however the map
can give an insight into the flow character. Qualitatively different mixtures form at low GLR
and at high GLR [30]. A bubbly flow, present at low GLR, changes to slug, churn, annular
and finally to the dispersed flow with GLR increase. A flow regime significantly influences
the breakup process and resulting spray.

At low GLR, the gas enters the liquid at low velocity. The slowly flowing liquid acts on
the penetrating gas and when the drag force overcomes the surface tension, o, the gas bulk is
teared off forming a bubble. The bubble size depends on surface tension, fluid densities and
their velocities [30, 31]. The entry gas velocity is governed by the size of the aeration holes
and operation conditions. The liquid velocity prior to mixing depends on the ratio of cross-
sections of the mixing channel and exit orifice, and on the operation conditions. It is also the
geometric arrangement of the aerator that influences the two-phase formation. The bubbles
can agglomerate or breakup during the flow [30], though Huang et al. [32] observed a rela-
tively steady bubbly flow with only few bubbles coalescing. Their chaotic - turbulent motion
towards the exit orifice promotes mixture homogeneity, however gas-liquid separation can
appear for horizontal flows [33]. The bubbles shape depends on their size. Small bubbles tend
to reach spherical shape while larger bubbles elongate and warp due to pressure fluctuations
in the turbulent flow. The bubbly flow can develop only if:

pgl =c pgl + pB
P P RT

GLR<c (4)

where pg1 and pi are gas and liquid densities, respectively, pq1 is the gas gauge pressure up-
stream the exit orifice, R is the specific gas constant and T is the temperature of the mixture.
The constant ¢ depends on the structure of the bubbly flow. A mixture containing spherical
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monodisperse bubbles uniformly arranged in a simple cubic pattern results in ¢c= 7z/(6—7r).

The bubbly flow regime for the most effective geometrical configuration of monodisperse
bubbles shows ¢=2.85 or for polydisperse bubbles ¢ =4.6 according Lefebvre [22]. The
bubbly flow limits calculated for the last ¢ value fit the best with experimental results of
Huang et al. [32]. The use of LHO physical properties (from Table 1, footnote f) and air at
room temperature in Eq. (4) leads to GLR < 6.2 pg: [%, MPa]. Note that for fully developed
flow of pure liquids, the bubbly flow conditions are fulfilled if the void fraction is lower than
about 10% [34]; the void fraction for real bubbly flow observed in [32] and predicted by Eg.
(4) for ¢ =4.6 (polydisperse bubbles) is much greater than 10%, which suggests the flow
cannot develop fully. Larger and more numerous bubbles form as the amount of gas increases.
The bubbles can eventually reach the size of the channel diameter. Such slug flow, character-
ised with intermittent discharge of dominant fraction of one phase, causes an undesired fluc-
tuating spray [33]. Further increase in the gas amount leads to an increase in the flow velocity;
the mixture is frothy or churn and it is more homogeneous than in the previous case. Continu-
ing in the increase in the gas fraction, the flow becomes annular, i.e. all liquid flows on the
channel wall while gas occupies the central area of the channel. The fast flowing gas acts up-
on the slowly flowing liquid, waving its surface and eventually also forming droplets. The
interfacial area A increases with GLR for bubbly flow, with the bubble surface tension ener-
gy per unit mass of the mixture, m:

E, oA 60 GLR

— 5)
m m p.D (GLR+1) ®)

€ =

where the average bubble size is equal to the surface area mean diameter of the bubbles:
D, = D,,,. The situation is more complicated for slug and churn flows, and for the annular

flow this area reduces with GLR because of a simple cylindrical interface between the gas and
liquid.

The mixing process is, in the simplest case of equal inlet temperatures of the gas and lig-
uid, practically isothermal. The inlet gas gauge pressure, pg1, differs from the liquid gauge
pressure, pi1, only to allow the gas to flow through aeration holes; the pressure difference
Ap1 = pgr - piz is typically in kPa order [33]. The energy associated with the pressure differ-
ence transforms into heat due to friction losses and into surface tension energy of the mixture.
A small pressure difference along the mixing channel is needed to overcome wall friction and
resistance at the turbulent motion of the two-phase mixture. These effects consume only a
small fraction of the input energy. However, the mixture formation is very important for the
resulting spray quality; the size of produced droplets is proportional to the square root of the
initial thickness or diameter of the ligaments from which they were formed [35].

3.3. Two-phase discharge and liquid breakup

The mixture accelerates due to cross-section reduction (Bernoulli principle) which leads to
bubble elongation [26, 36] and expansion controlled by the pressure drop (Fig. 2). It causes
further increase in interfacial surface; liquid membranes, filaments and ligaments are formed
[37]. This phase corresponds well to the film formation in the case of prefilming atomizers or
pressure-swirl atomizers although it is managed differently. Gas bubbles expand and finally
explode [9, 38] causing ligament thinning and disruption. The gas flows with greater velocity
than the liquid (choked flow if critical pressure ratio achieved [1]) and acts on the liquid liga-
ments in a similar way as in the case of airblast prefilming atomization. This velocity slip re-
sults in the acceleration of the liquid mass followed with subsequent transformation of the
bulk liquid into shreds and ligaments, and with a surface wave formation, which enhances the



atomization process. The gas-liquid interaction influences the liquid instability in the near-
nozzle region. The drag between both phases causes a small decrease in the air velocity [39].

At very low GLR, about 0.1%, and low pressure 0.01 MPa, the liquid forms a continuous
film as well as ligaments at the nozzle exit (Fig. 4). The thin ligaments disintegrate due to sur-
face tension and wrap into droplets. The primary breakup takes place over a distance of sever-
al nozzle diameters. Increasing GLR promotes disintegration of the liquid volumes and short-
ens the breakup distance. At GLR > 2%, no compact liquid volume is observed; the two-
phase mass already in the vicinity of the exit orifice contains a cloud of small particles too
optically dense to look through, however we assume that also at higher GLR a liquid core also
exists at higher GLR at the nozzle exit as documented by ballistic imaging [38]. The atomiza-
tion process, in the case of annular or dispersed internal two-phase flow, relies on the aerody-
namic shear force.

The gas-liquid mixture is spatially homogeneous only in the case of low GLR, where bub-
bly flow forms. A relatively constant mean droplet size within the radial profile is seen in this
case [40, 41]. As for the slug and annular regime, the mixture is more heterogeneous [42]. In
this case, the gas occupies mainly the inner part of the flow channel whereas the liquid is at-
tached to the channel walls due to adhesive forces. This uneven gas distribution means that
the gas pressure energy is concentrated near the exit orifice centreline where it enhances the
breakup process while the atomization out of the centreline suffers from the lack of the gas
leading to larger droplets [36]. Radial profile of droplet size with a distinct minimum near the
spray centreline and maximums at the spray borders, as observed in [1, 43], results from this
phenomena.

The intensity in the momentum transfer between the gas and liquid inside the exit hole can
be estimated by comparing real discharge characteristics with predictions by analytical mod-
els of two-phase discharge. This comparison was made for a set of 26 single-hole effervescent
atomizers with “outside-in” gas injection operating with LHO at pressures ranging between
0.1 and 1 MPa, and GLR between 0.01 and 1 [1]; the real discharge coefficient was found to
be just in the middle of two extreme cases of gas-liquid discharge (1) without slip between the
gas and liquid phases (Homogeneous Flow Model = HFM) and (2) with maximum slip be-
tween the phases (Separated Flow Model = SFM) irrespective of the pressure and GLR.

The velocity slip between the gas and liquid phase, which is very small for bubbly flow
and large for annular flow inside the mixing chamber, increases in the constricted exit orifice.
The gas accelerates and reaches the highest speed in the smallest cross-section for non-choked
conditions or near behind it for choked conditions. The momentum transfer between gas and
liquid accelerates the liquid; small liquid fragments reach greater velocity than large filaments
oriented mostly parallel to the flow. The expanding gas decelerates with the distance from the
exit orifice. The formed droplets keep the momentum of the parent liquid fragments, so in
large distances from the orifice, large droplets are faster than the surrounding air while the
velocity of small droplets, decelerated due to drag force, corresponds to the air velocity. Mix-
ing with the surrounding air also decelerates the spray. The discharge process thus leads to an
interesting spatially variable velocity distribution of the gas and liquid, where positive or neg-
ative correlation between the velocity and the droplet size appears, depending on radial and
axial distances from the nozzle exit. Even a non-monotonous tendency can appear as seen in
Fig. 5. The trajectory of large particles follows well the direction given during discharge. The
motion of small particles is dictated by the turbulent gas flow which leads to their dispersion
and enhances transversal mixing [44]. It results in a twin-peak size distribution in large radial
distances, as seen in [45], and also contributes to droplet collisions and coalescence.

The interfacial area of droplets, As, increases with GLR in the bubbly flow regime, with the
bubble surface tension energy per unit mass of the mixture, m:



o _Eu_0A_ 60 1
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(6)

where the average droplet size is equal to the surface area mean diameter of the droplets:
D, = D,,, . For a ratio between the surface tension energy of final droplets and surface tension
energy of the bubbles in the internal flow using Eg. (5) and Eq. (6) we obtain:
€as _ Py Db20 1 ~ p91+ Ps
e, p D, GLR GLR

ergy increases during external processes. It is in the order of magnitude of 10 for GLR = 0.01.

Expansion cooling during discharge causes the temperature of the liquid to drop down; but
several centigrades only (Fig. 6). It is due to a high specific heat capacity of the liquid com-
pared to that of the gas. A very fast discharge, however, does not allow for intense heat trans-
fer and cooling of the liquid by the expanding gas. Note that the infrared camera performs a
“temperature averaging” over the spray thickness so it gives an approximate image of the
temperature distribution. The lowest temperature is achieved near the nozzle exit with conse-
quent temperature relaxation as the surface temperature propagates through the droplet vol-
ume.

. This ratio denotes how many times the surface tension en-

3.4. Atomization efficiency

The atomization efficiency is given by the ratio of the surface tension energy of droplets in
the spray, Eas, to the total energy E: required to produce the spray, 7, =E,,/E,. The term Ey
in twin-fluid atomization is the sum of the energy introduced by the pressurized gas, Eg1, and
the energy of the supplied liquid, Ei1 [5, 19, 26]. The isothermal compression energy (the min-
imum necessary compression energy) needed to pressurize the gas mass mg from the atmos-
pheric pressure pg to the pressure pg1 + ps in front of the nozzle reads:

m Py + P Py + P
Egl :_g'(pg1+ pB)'In[Mj:Vgl'(pgl-l_ pB)’In(Mj (7)
gl pB pB

where pg1 and Vg1 are the density and the volume of the pressurized gas, respectively. The po-
tential energy of the supplied liquid reads:

E,= p|1'm|/p| =PV (8)
Using Egs. (7) and (8) and defining the equation for GLR as:
GLR = m, /m| = (Vgl 'Pgl)/(v| 'P|) ©)
we can write:
E, =E,+E,; =V, | p, +GLR- 2 (p,, + ps ) |n[%ﬂ . (10)
g1 B

Transformation of bulk liquid into fine droplets is associated with enormous increase of sur-
face area. The area of the droplet system after fragmentation of bulk liquid with volume V)

will be A, =6-V,/ID,, . The diameter 1D (so called Integral surface area mean diameter) is

a virtual diameter which all droplets in the spray would have if their number and total surface
area agreed with the ones found in the actual spray. It can be estimated using PDA data as



1/2
N nj N
ID,, =(Z erDij?/z rjnj} , where nj is the number of particles measured in the radial
j=L =l j=1

distance rj. The corresponding increase in the surface tension energy (neglecting the original
surface tension energy of bulk liquid) reads E,; = A,-c [46]. The atomization efficiency is
thus:

n, = iaa _ 6-V, ';/IDzo _ 6-0/1D, . . (11)

1 1 p|l+G|—R'/I)Ol'(pg1+ pB)|n[pglpB]

ot Ps

The efficiency of effervescent atomization, shown in Fig. 7 left, for varying inlet pressure and
GLR, is less than 0.5% for the studied range of operation regimes. As suggested by the log-
log scale of the plot, there is approximately an inverse logarithmic tendency of the #a with
GLR, and a similar trend was also found for pressure. In many applications, such as for ex-
ample mass and heat transfer, fuel combustion or catalysis, the Sauter mean diameter, D3, is
of higher importance than the surface area diameter, D2o. The atomization efficiency is for
several atomizer types plotted against D3z, in Fig. 7 right. The increase in the pressure and
GLR promotes the atomization hence reducing Dz, as well as D2o. However the atomization
efficiency drops down which means the input gas and liquid energies are utilized less effec-
tively. Note that a similar behaviour was found for the airblast atomizers [27], and explained
by increased gas-liquid separation which reduces the fraction of gas that participates on the
breakup process. Our findings prove the Lefebvre’s suggestions to operate effervescent atom-
izers at the bubbly flow regime in order to lower the gas consumption.

Fig. 7 right shows that the efficiency #a for effervescent atomizers is lower than the effi-
ciency 7a for pressure atomizers which is in accordance with [20]. It also follows from Fig. 7
left when extrapolating to GLR — 0 (purely pressure atomizers). It disagrees with the state-
ment about superior #a of an effervescent injector compared to a conventional pressure injec-
tor in [19]. This discrepancy could be, however, caused by very different operation conditions
in our and that case; an effervescent atomizer operated at the inlet pressure in the order of
100 kPa was compared with pressure atomizers at 1 MPa in our case, and an effervescent in-
jector operated at the injection pressure 12.2 — 28.9 MPa was compared with a pressure injec-
tor at 150 MPa in the work [19]. The atomization efficiency of effervescent atomizers gener-
ally decreases when smaller droplets are required (fig. 7 right); atomization at elevated pres-
sures and low GLRs produces a spray of the same quality more effectively than the atomiza-
tion at the inverse combination of pressure and GLR. Note that the requirement of small drop-
lets in pressure atomization, which is related to the atomization pressure growth, also leads to
a drop in atomization efficiency, consistently with [24].

Fig. 8 documents the ratio of the inlet pressure of pressure atomization to the inlet pres-
sure of effervescent atomization required for the same input energy. It was calculated using
Eqg. (10) which was applied to both atomization techniques. The ratio strongly varies with
GLR with negligible effect of pressure when pi/GLR < 700 [MPa, %]. For greater p1/GLR,
the input energy of the liquid for effervescent atomization reaches the same magnitude as the
input energy of the compressed gas, and the pressure ratio drops down with an increase in in-
let pressure, approaching asymptotically unity for pi/GLR > 10°. Considering the efficiency
of effervescent atomization to be about 10 times lower compared to pressure atomization (an
estimation made from Fig. 7 right for comparable flow rates), we can see from Fig. 8 that the
inlet pressures for the effervescent atomization are about 10 times lower than the inlet pres-
sures for the pressure atomization for the same droplet size at GLR = 10% and p; <1 MPa
(typical operation conditions of our low-pressure effervescent nozzles).
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Regardless of the worse efficiency of the effervescent atomization compared to the pres-
sure one, its main advantage can be seen in the possibility to acquire the spray of the same
quality at much lower pressure. A larger clear area of the exit orifice of the effervescent atom-
izers protects them from clogging and makes them especially useful for waste liquids. Moreo-
ver, they generate droplets of given size with higher efficiency than the other types of twin-
fluid atomizers, and particularly the airblast ones [47].

4. Summary and conclusions

This work considers effervescent atomization as an energy conversion process which
starts with gas injection into the liquid, and results in a fully developed spray. Mechanisms
involved in the two-phase mixture formation during the internal flow, discharge and spray
formation were qualitatively described based on authors' experimental results and available
literature data.

The estimation of the energy balance for effervescent atomization shows that the gas-
liquid surface formation process during internal mixing as well as discharge consumes a mi-
nor part of the input energy. Most of the input energy is spent on the expansion work of the
discharged gas, the air entrainment process and losses related to the two-phase flow and the
discharge. The atomization efficiency is in the order of tenths of percent for inlet pressures
range 0.1 -1 MPa and GLR 0.2 - 10%. It depends on operation conditions of the atomizer
and declines with the increase in GLR and with the increase in the inlet pressure. It was found
out to be always lower than the efficiency of pressure atomizers for comparable conditions.

A future work could focus on comparison of diverse twin-fluid atomizer types. We assume
that differences in their internal design affects the breakup mechanism and consequently the
atomization efficiency.
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Table

Table 1 Energy balance for effervescent atomization, atomizer E34 (Fig. 1) operated with
LHO" and air.

P1 GLR epq? em?® ea® €a1 © e ews?  easd  as®

MPa - % % % % % % % %
0.1 001 884 116 0.030 0.0111 - - - 30.5
0.1 002 939 6.1 0.031 0,0117 0.012 1.229 0.249 32.0
0.1 005 974 26 0.027 - 0.026 0.509 0.116 32.3
0.1 0.1 98.7 1.3 0.021 - 0.033 0.222 0.059 31.2
0.3 001 884 116 0.015 0.0028 - - - 30.2
0.3 002 939 6.1 0.012 0.0029 0.035 1.025 0.121 31.8
0.3 005 974 26 0.009 - 0.040 0.381 0.057 32.0
0.3 0.1 98.7 1.3 0.006 0.035 0.185 0.032 31.0

0.5 001 884 116 0.009 0.0012 - - - 25.9
0.5 002 939 6.1 0.007 0.0013 0.041 0.854 0.088 27.3
0.5 005 974 26 0.004 0,0013 0.048 0.374 0.048 275

0.5 0.1 98.7 13 0.003 - 0.052 0.194 0.028 26.6
a based on the data measured, and calculated according Egs. (7-10)
b calculated using a discharge model proposed in [1]
¢ calculated for bubbly flow using Eq. (5), bubble diameter Dp: = 3.5 mm (average value from [9, 48, 49])
d based on PDA results in spray, calculated according Egs. (2, 3, 11)
e calculated for isothermal expansion, energy transfer to the liquid and surrounded air is not taken into account
f physical properties of LHO: density pi = 874 kg/m?, liquid/gas surface tension ¢ = 0.0297 kg/s?
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Figure captions
Fig. 1. Effervescent atomizer with main dimensions. All dimensions are in millimetres.

Fig. 2. Schematic layout of an effervescent atomizer with nomenclature and illustration of the
mixing/atomization processes. Not to scale.

Fig. 3. Modified Baker’s map for vertical downward two-phase flow with transformed coor-
dinates according to [21] with marked influence of operational conditions on the two-phase
flow regime. Arrows show direction of regime change while the appropriate values increase.
AB-SP: line defining transition between bubble and plug or annular and slug pattern, A-BF:
annular/bubble-froth pattern transition, A-D: annular/dispersed pattern transition. The results
are calculated for air/LHO mixture.

Fig. 4. Spray structure of an effervescent atomizer at varying inlet pressure and GLR.

Fig. 5. Size—velocity correlation, p1 = 0.3 MPa, GLR = 2%, radial distance r =0 mm, axial
distance z = 100 mm from exit orifice.

Fig. 6. Thermographic snapshot of the effervescent spray with the Celsius scale,
p1 = 0.3 MPa, GLR = 10%.

Fig. 7. (left) Atomization efficiency of effervescent atomizer at various operation pressure and
GLR. (right) Atomization efficiency of different atomizer types with regard to produced ID3>:
e — effervescent atomizer with orifice diameter Do = 2.5 mm, operated with LHO/air; PS -
pressure-swirl atomizer with Do = 2.8 mm, LHO; PD - simplex atomizer with Do = 0.4 mm,
LHO; P1 — new design of pressure-swirl atomizer with Do, = 0.36 mm, Kerosene; P2 — old de-
sign of pressure-swirl atomizer with Do = 0.36 mm, Kerosene [50].

Fig. 8. Ratio of atomization pressures, atomization of LHO wusing air, ps =98 kPa,

ty = t3 = 20 °C, air considered as an ideal gas. The abscissa indicates an inlet pressure of the
pressure atomization.
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