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ABSTRACT

A new evaluation method of unsteadiness of theysgemerated by an effervescent atomizer
is presented. The method is based on measuremfeptessure fluctuations in the atomizer
mixing chamber. Measurements, made under diffeatarhizer operational conditions, show
the spray unsteadiness depends mainly on Gas-toekiRatio (GLR). Decrease in GLR

causes the spray to become more unsteady. Theonelesttween atomizer internal two-phase
flow pattern and the spray unsteadiness is elusidaty visualization of the internal two-

phase flow using a digital camera and the use blighed two-phase flow maps. Findings of
the new method are complemented and confronted tvéhresults obtained by the use of

spray unsteadiness evaluation method of Edwars &Ma

INTRODUCTION

The effervescent atomization technique was develape¢he late 1980s by Lefebvre and co-
workers [1]. The technology seems promising, alffioseveral operation-related issues are
known; in particular spray unsteadiness observedeurmertain operating conditions. An

unsteady spray has a negative influence mainlyombaistion applications. It leads to a



combustion noise increase, it raises the load®ttdmbustion chamber, and it can also cause

problems in the burner starting sequence.

A few investigators studied the effervescent spuagteadiness. Roesler and Lefebvre [1]
identified a transition from bubbly flow to slugofly and the associated spray unsteadiness.
They used this information to define an upper litaithe range of the investigated GLRs. In a
subsequent investigation, Whitlow and Lefebvrediidied the transition from a bubbly flow
to a slug flow in more detail. Chin and Lefebvré §®served spray unsteadiness in regimes
with a high GLR resulting from the interaction beem a liquid film and a high-velocity gas
passing down along the central axis of the atomziging chamber. Chen and Lefebvre [4]
made a more detailed analysis of this phenomendrireay derived a relation for a maximum

GLR value above which the atomizer operation besoumstable.

Unsteadiness in the slug flow was observed by Cattid Swithenbank [5]. Using a high
speed camera they documented the two-phase flomeirthe atomizer mixing chamber,
alternating from bubble-froth flow, to annular flo@iscrete bubbles in the froth flow caused
bulges followed by explosion-like ruptures in thguid jet. Confirmation of the unsteady
behaviour induced by the slug flow was also madddaielsky and Jicha who observed non-

uniform internal two-phase flow inside simple plglass effervescent atomizer [6].

Luong and Sojka [7] investigated dependence of dfiervescent spray unsteadiness on
operational conditions, spatial location, and flpltysical properties. Results indicate that the
spray unsteadiness is influenced by the GLR andigh&l mass flow rate, depending on the
properties of the liquid used in the spray, and tha fluid viscosity and surface tension can

affect the level of spray unsteadiness only when gpray is operating in the bubble or



intermittent slug regimes. The tendency to a higherel of spray unsteadiness was
substantiated by transition between bubbly and lanflow, connected with large changes of
the void fraction in the two-phase mixture and éxéstence of liquid bridges between gas
bubbles flowing through the exit orifice. Analysis different droplet size class unsteadiness
demonstrated that all droplet classes exhibit @aagteoehaviour. The largest droplets are
incapable of following the turbulent flow field mohs. Gas—phase turbulence can therefore
be eliminated as a cause of unsteadiness for tdoges. Hence they concluded that
effervescent sprays are inherently unsteady. Kinélwas found that the spray is more
unsteady at its edge, as well as at greater dosamstrdistances. This observation was
supported by Bush and Sojka [8] who studied theaemhent characteristics of effervescent
atomizer-produced sprays. They concluded that thsemed variations in the spray

entrainment number were due to different levelsrdteadiness.

With regards to the above mentioned investigatibms clear that the spray unsteadiness is
connected with the character of two-phase flowdaghe atomizer mixing chamber. Spray
tends to be unsteady in regimes where big timegdg®of void fraction in two-phase mixture
flowing through the exit orifice are detected. Th&ing of the gas and liquid is a complex
process. Inhomogeneous mixture and the resultireygmsteadiness can be observed under
lower GLRs [1, 2, 6, 7] as well as at higher GLRuea [3, 4]. Except from fluid properties
and atomizer operational condition influence, iprebably also internal construction of the
atomizer, which plays an important role. Unfort@hatno studies concerning a relation

between the spray unsteadiness and the intermalzgodesign are known [9].

An ability to quantify the spray unsteadiness ipamant for detection of an unsteady nozzle

operation as well as to enable evaluation of dffieratomizer versions during atomizer



design. Until now, several methods have been dpedldo quantify spray unsteadiness.
Edwards and Marx’s method [10] uses a comparisdheofmeasured interparticle arrival time
distribution with a theoretical distribution funati modelled as an inhomogeneous Poisson
process. This method was employed by Luong andaJ@jkand Fritsching and Heinlein [11,
12] to study the effervescent atomizer spray udstess. A planar droplet sizing technique,
based on combined measurement of Laser Inducedéeskence intensity and scattered light
intensity of spray droplets was developed and useguantify the spray unsteadiness of a
pressure swirl atomizer by Domann and Hardalupdk he spray unsteadiness is defined as
a time-dependent variation of local droplet surfacea, liquid volume fraction and droplet
SMD. The spatial distribution of the root-mean-ggudluctuation is normalized by the
corresponding local mean value and the result pteghe spray unsteadiness. An alternative
method is based on measurements of two-phase mixixgssure fluctuations inside the
atomizer mixing chamber [6]. A simplified relatitietween pressure fluctuations and liquid
flow rate fluctuations at the nozzle exit orifieused to quantify the flow unsteadiness at the
nozzle exit. The pressure oscillation based measme methods were also used by Osakabe
and Horiki [14] and other researchers studying thmlity of the gas-liquid mixture.
Whithlow and Lefebvre [2] used a variation in flustipply pressures to detect a transition

between flow patterns and the spray unsteadinetbe @ffervescent atomizer.

In this paper, we have applied the Edwards and danethod and expanded the method
based on pressure fluctuation measurements to plesieffervescent atomizer. This novel
measurement method is described here; mainly thpli§ied relation between the pressure
fluctuations and the liquid flow rate fluctuatioatthe exit orifice is derived in detail and used
to quantify flow unsteadiness at the nozzle exight heating oil was atomized, using air as

the atomizing medium. Measurements were taken aweide range of liquid flow rates and



air gauge pressures. Results obtained by botheofigthods are used for comparison as well

as for evaluation of the influence of operatioraiditions on the spray unsteadiness.

EXPERIMENTAL FACILITY

Experimental equipment includes effervescent atemizold test bench with fluid supply
system, Phase/Doppler Particle Analyzer and fgcildr measurements of the pressure

fluctuations.

Atomizer Description

A simplified transparent Plexiglas version of adustrial effervescent atomizer as described
in [6] was used for experiments. Fig. 1 is an owtlof its body and a view of the installed
nozzle at the test bench. This optically accesabbeizer was mainly designed to allow an
internal two-phase flow visualization. The liquigil] enters the central orifice on top, while
the air enters by side orifices and is injected the liquid, from each side, through a set of 15
holes with the diameter of 1 mm. The internal disenef the mixing chamber is 8 mm and
the length, downstream of the last row of air holes80 mm. Both fluids form a mixture,
flow downstream and exit the atomizer through aificer to the ambient atmosphere
generating the spray. The exit orifice made of bnalste has a diameter of 2.5 mm and a
length of 0.7 mm. There is a conical junction while apical angle of 90° between the orifice

and the mixing tube.

The atomizer described and used here is based osadyn design with a long mixing
chamber. It is necessary to remark that its sgrdyghly unsteady mainly in case of low GLR

values as it will be seen later. This atomizer iegrss unfit for regular use, but it is suitable



for new measurement method application and for masen of influence of operational

conditions on the spray steadiness.

The atomizer was studied in the vertical positibthe main axis. The test bench and the fluid
supply system description can be found thereinaférysical properties of the atomized

liquid — light heating oil and the atomizing mediunair are documented in Table 1.

Ubbelohde viscometer was used to measure fluidosigc (uncertainty value 7 %), detach
method was used to measure the surface tensiobr{aimty value 5 %). The liquid index of
refraction was measured using an Abbe model G atedra meter by Carl Zeiss Jena.
Uncertainty of the refraction index value is betiesn 1 %. Physical properties of water as
reference medium are taken from literature. Theuad oil supplies are controlled separately.
Operational conditions of the twin-fluid atomizerthv given geometry can be basically
described by any two independent parameters. Thgaage pressure and GLR were chosen
in our case. Thus other values, liquid pressugeidi and air flow rates, are dependent upon
them. Since one of the goals of this study wasvestigate how spray unsteadiness depends
on atomizer operational conditions, experimentsewperformed for several air gauge
pressures and GLR values. Temperature, gauge peeasd volumetric flow rates of both

fluids were measured.

Test Bench

A schematic layout of the experimental facilitysisown in Fig. 2. It consists of a gear pump
(14) that supplies light heating oil from a mairelfuank (16) through filters (15), control
valves (9, 10) and flow meters (6) into the atomiZ®. A chiller (11) ensures constant oil

temperature and hence also its viscosity. The cessped air is delivered, either from the



central plant, or from a two stage compressordépending on the required pressure through
the air chamber (2), filters (4), control valvegeck valve (5) and flow meters (6) into the
atomizer. Spray is collected in a vessel (12) atdrned to the main supply tank by the pump
(13). The collector is connected to an oil mistasafor that keeps the spray zone free of
aerosol but does not disturb the spray. The fugihgiis equipped with a hydraulic shock
absorber placed in front of the atomizer. Pres&irand temperature (17) readings are taken
at the atomizer inlets for both the fuel and the &ihe pressure measurements are
complemented by the pressure difference measure(8gntUncertainty in fluid pressure
measurements is 2 kPa. Uncertainty of fluid presdlifference measurement is 1 kPa.
Uncertainty of the fluid temperature measuremest6.7°C. Uncertainty of the volumetric
flow rate measurements is 5 % of measured valueettainty values of the different

instruments are taken from their technical speaiiftn sheets.

Phase/Doppler Particle Analyser

Drop size, velocity, and arrival time, used for espunsteadiness evaluation according to
Edwards and Marx’s method, were measured using deafiD Phase/Doppler Particle
Analyser. Its description can be found in [15]. M@@ments were carried out at the nozzle
axis 50 mm downstream of the exit orifice for diffiet atomizer operational pressures and
GLR values. Measurements in various axial and fatisgances from the nozzle exit were
made at the gauge pressure of 0.2 MPa and GLR 2 eéxaluate the spatial distribution of
the spray unsteadiness. The measurements weretegp8atimes for each particular
operational condition or the position in the spsaythat an ensemble average of the process

could be performed. Data for 65000 particles werpiaed for each ensemble member.



Pressure Fluctuation Measurements

Small quartz pressure sensor Kistler 601A for meagudynamic and quasistatic pressures
has been used to measure fluctuations of the peedsside the mixing chamber. Its
frequency response is flat up to 50 kHz and therabtfrequency is 160 kHz, linearity is
better than 1 %. The sensor was connected to tikengnchannel in position 10 mm
upstream from the exit orifice. The all-pass sigwalks digitised using NI DAQ PCI-4451
device after an application of an antialising fitton with the cut-off frequency of 2.35 kHz.

Number of 2° signal values sampled with frequency of 5 kHz wem®rded to PC.

Two-Phase Flow Visualization

Qualitative description of the mixing process awd-phase flow patterns inside the atomizer
are based on records performed by a high-speedraaaned a digital camera. Instantaneous
images, presented here, were acquired with Olympasiedia 3000 camera, using the
internal flash with an exposure time 1/50 000 s Tdcal distance to the atomizer was 250
mm with the camera inclined at an angle of 20° ftbenormal to the atomizer larger side to
eliminate reflections. A high-speed video sequewes achieved using Redlake MotionPro

PCI camera. Detailed description can be found n [6

ATOMIZER INTERNAL TWO-PHASE FLOW

As described above, the mixing process and twoeplflasy behaviour inside the atomizer
mixing chamber has a direct impact on the spragdétess. Description of effervescent
atomizer internal two-phase flow is usually madenbgans of published maps for a fully
developed two-phase flow [3, 5, 16 - 18]. Anothessbility is a direct two-phase flow

visualization by high-speed cameras. It providegualitative characterization of two-phase



flow patterns and an insight into mixing process §5 16, 19]. A velocity field inside the
mixing chamber can be determined by PIV based mndsthé PDA technique can be
employed to describe bubble diameter distributionl aelocity [20]. Optic, acoustic or
electric properties of the mixing fluids are usedcharacterize bubble distribution, size and
void fraction [16]. In this section we document hredicted two-phase flow patterns using
modified Baker’'s map. Instantaneous images ofritexmal atomizer two-phase flow acquired

from a digital camera are used to document reahia&r behaviour.

Two-Phase Flow Maps

The two-phase flow regimes for fully developed flawported in literature are often
correlated empirically using parameters based giows combinations of fluid flow rates,

fluid physical properties and pipe dimensions [2b}. For known (measured) gas and liquid

volumetric flow rates\/g andV, and the corresponding densitjgsandp,, the gas and liquid

mass fluxegn,, m per channel cross-sectional areare:

o p, IV
m, = gA 2 (1)
. v
m :p'_A' (2)

The frequently used Gas-to-Liquid mass ratio, Gieads:

M, i /
GLR:.—g:_—g:—g (3)



From many published two-phase flow maps [21 - 26]aloose modified Baker's map for
vertical downward two-phase flow with transformedorinates [22] (see Fig. 3). The

coordinates in the map are:

m
X =k 02 =k, [GLRIA (4)
m
- mg
Y_kyT (5)

whereky andk, are constants needed for conversion from Imp&yatem to S| system. The

other parameters read:
p 1/2
A= (_9 E&] (6)
2 1/3
o
y=Tu| 1 [EP_} ™)
JI /'Iw IOI

It is clear that for constant fluid physical profes (given in tab. 1) the value of thée
coordinate depends on the GLR and on the gas pee@§sohanges the gas dengiy. TheY
coordinate depends on the gas mass flux and themasure. The influence of the gas
pressure and the gas mass flux (or GLR) can beessed by the direction of the position
change in the two-phase flow map. If we assume:

=3 ®)

m=m



then we obtain the influence of the gas pressurghenanglep of the position change

measured from th¥ axis (skipping constants):

o] _0Y/op, _ -05m, Op** _ rmy a1 my ©)
P 0X/op, O05m 0N Cp"? M p, P,

and the gas mass flux influence is

_dY/om, p;/z me

t = = =-_3 10
rasls, oX/om, -2mPCpY>  2p, (10)

The gas pressure increase, while keeping gas masgdhstant, means an incrementXof
coordinate and a reasonable decremeM @dordinate, see Fig. 3. The gas pressure increase,
while keeping GLR constant, means an incremeniti ¥ andY coordinates. The gas mass
flux increase (or GLR increase) while pressureeigticonstant, gives rise to a decremerX of
coordinate and an incrementYtoordinate. It leads to a specific distributiorttoé atomizer
operational points when GLR and air gauge presgme It is displayed in Fig. 4 and later in

section ,Results”.

Specific Two-Phase Flow Patterns

The Baker's map with transformed coordinates foredical parallel fully developed flow
published in [22] and presented on Fig. 4 showsftirdow GLR values (0.3 % < GLR < 15
%, while py = 0.4 MPa) the two-phase flow pattern should bbb — froth, for very low

GLR values (GLR < 0.3 %) it should be nearly pligM. With a GLR increase the pattern

should change to annular (15 % < GLR < 35 %) amithéu to dispersed flow (GLR > 35 %).



A decrease of pressure (keeping GLR = 10 %) leads ghift from bubble — froth to slug —
plug flow, but for the pressure range 0.1 - 0.5 MRad in our experiment, the position
change in the chart is not as significant as i @d<5LR change in range of 0.7-80 % during

the experiment.

It is important to highlight that published two-gieaflow maps and also the Baker’'s map with
transformed coordinates used here are construotefiiify developed flow. The two-phase
mixture formed inside the effervescent atomizervésathe nozzle shortly after the
intermixture and real two-phase flow patterns cdaffed from the patterns predicted by
published two-phase flow maps [18, 19]. Resultsadivo-phase flow visualization using
digital camera show different two-phase flow patteacquired under the atomizer operation
with p; = 0.4 MPa and variable GLR of 0.5, 3, 14 and 8ZT¥%e predicted two-phase flow
patterns are marked up in Fig. 4. Actual imagetheftwo-phase flow can be seen in Fig. 5

for GLR 0.5, 3, 14 and 82%. Below we comment theepbations.

GLR = 0.5 %, (Fig. 5a): Air penetrates into theuldjthrough a set of small holes from both
sides with a low velocity, bubbles “slide” alongetvall, and the air from the downstream
holes increases the volume of the bubbles. The tvasg mixture is non-homogenous in the
longitudinal direction and this could be a reasonthe spray unsteadiness. The observed

flow pattern is bubble-froth, in agreement with BE& map.

GLR = 3.0%, (Fig. 5b): The air penetrates into fgaitl faster than in the previous case. The
two-phase flow pattern can be described as bulbbth;fthe mixture downstream the air
holes is also composed of large volumes of sepatadses. The Baker's map also indicates

bubble-froth regime.



GLR = 14%, (Fig. 5c): The two-phase mixture is miooenogeneous than in the previous two

cases. The observed flow pattern is froth-annutar Baker's map shows annular pattern.

GLR = 82%, (Fig. 5d): The air enters into the mixifge in small bubbles in almost
perpendicular direction towards the tube axis. Taeid travels partly as an annular film on
the walls of the tube and partly is distributedtie air which is passing down along the
central axis of the tube. The two-phase flow isamteloping or changing downstream of the

air holes. In accordance with the Baker's map kb pattern should be dispersed.

Our observations of the internal two-phase flowvslto processes, which lead to a variable
void fraction in the nozzle exit and could cause spray unsteadiness: too large volumes of
separated phases (gas bubbles, liquid volumes)tiarel unsteady two-phase flow where
fluctuating pattern of the two-phase flow along ttentral axis of the mixing tube can be

seen. Both phenomena were observed mainly at loR.GL

For more detailed information on vertical and hontal two-phase flow inside the

effervescent atomizer using high-speed camera mitdlccamera see [6].

SPRAY AND TWO-PHASE FLOW UNSTEADINESS MEASUREMENTS

Development of Two-Phase Flow Unsteadiness Measurem  ent Method

A stable spray is from macroscopic point of vievargtterized by constant liquid and gas

flow rates at the exit orifice, invariable sprayneoangle and other spray properties. Spray



unsteadiness level according to [13] is definedaasatio of root-mean-square of the

fluctuating component of the liquid flow rath,’ and the mean liquid flow ratel | ;

U=M//M, (11)

While measurement of the mean liquid flow rateasye the measurement of the fluctuating
part of the liquid flow rate at the exit orifice @n the spray needs special sensors or
techniques like the combined PLIF-PIV system. Ouwsteadiness evaluation method employs
the measurement of pressure fluctuations insideatbmnizer mixing chamber instead of the
measurement of the liquid flow rate fluctuating gmment. Calculation of the unsteadiness by
Eq. (11), using pressure fluctuations, is developeldw. We will mark it as a “two-phase
flow unsteadiness” to distinguish it from the sprasteadiness measured by other methods

directly in the spray.

The liquid and the gas enter into the atomizer ngxthamber of a volum¥. Their mass
flow rate is considered to be constant. The fluidsmf two-phase mixture flowing
downstream to the exit orifice. Two-phase flow eattaccording to operational conditions
(pressure, GLR) can be bubbly, froth, churn, skigd), annular or dispersed [1, 6, 9, 16 -
18], see section “Specific two-phase flow patterngid fraction of the mixture passing the
exit orifice fluctuates. It influences the volumetflow rate through the exit orifice and
thereby also the pressure inside the mixing chambetual pressure inside the atomizer

mixing chamber can be decomposed to a time-averalge p and a fluctuating component

p=p+p (12)



Let's assume low pressure fluctuations so tipgat> p'. Also liquid and gas flow rates

through the exit orificeM can be separated to a time-average valueand a fluctuating

componentM ' :
M|2:M|2+M|'2 (13)
Mgz_ .g2+M;;2 (14)

where subscript 2 refers to the atomizer exit.&tomizer operational conditions specified by

an average pressui@ and an average liquid flow rat‘s'ﬂ|2 the actual gas flow rate is:

. = ( f)alv'lg — 1 OM
Mg =My + M, =M, W =My, + M, W (15)
: f2 ITJYI\TIIZ

The value [aMg/aMIJW =k, is given by specific atomizer operational condigio Its

calculation is based on the knowledge of the r@fabetween liquid and gas flow rates for a
given pressure inside the mixing chamber. This fonctan be easily calculated for a two-

phase flow discharge according to the theory o&ssipd phases or the theory of non-flashing
homogeneous choked flow [26]. Total volume of th&ing chamber is filled with the liquid

and the gasV =V, +V,. An actual flow rate of the liquid entering thexmig chamber is
equal to the average flow rate and it is also etjutiie average flow rate of the liquid exiting

the mixing chamberM,, =M,, =M,,. Similarly for the gasM o I\ng = I\Wgz. An actual

mass of the gas and mass of the liquid inside tlkangichamber:



Mg = My =M, + [(M, — M, oot = M - [ Mg, ot = M, —k, [M], (et (16)

M, = [dM, =M, +[(M,, - M, )t = M, - [ M, Cot (17)

If we assume that there is no evaporation of tipeidi inside the two-phase mixture and that

temperatures of both fluids are eqii@l=T, =T then we can describe the processes inside

the chamber using the ideal gas law:

M, (R, (T (M, —k, [M/, @) R, T

v,  v- (M, jlvllzmlt)pI (18)

p:

As can be seen in Fig. 6 the fluctuations of tiyeitl volumetric flow rate are about 5 % of
the fluctuations of the gas volumetric flow rate fowide range of the atomizer operational
conditions and it will be neglected in further adétions. The isentropic exponent of the two-

phase mixture depends on the mixture quality GLR value [26]:

y= [x@: + 1 x J/[x@: + 1 x) J (19)
where
=(1+Y/GLR)™ (20)

For common operational conditions this exponentlsse to 1 (eg. for GLR 10 % is

y =1.015, see Fig. 7) so that the processes are assuntbdrisal. Then:



—k, M, )R, T R, Tk, [ M, (et
M, P V_IW|/:0|

(21)

The second term in the Eq.(21) represents theufltticly component of the pressure inside the

mixing chamberp’. Using Egs. (11) and (21) gives:

Uzl\i|2:_'V_M|/:0| [d_pj 22)
M, MR, TIk,\ d

The term(dp’/dti means rms value of the derivative of pressurdaudhtons by time and it is

calculated using measured pressure fluctuatipi(s . ValuesV, Ry and p; are constants.

Values M, , I\W,, T depend on atomizer operational conditions and rieede measured.

Valueky is calculated according to the theory of non-flaglhomogeneous choked flow [26].

Now we have developed the relation for the two-pHbemv unsteadiness calculation based on
the knowledge of the pressure fluctuations insige mixing chamber and several other

values.

Spray Unsteadiness Measurement Method

Edwards and Marx [10] developed a theoretical fraoré& for analysis of the time-based
multipoint statistics of sprays. Based on this wibnk possible to distinguish between steady
and unsteady sprays by using the interparticleartimet. Steady sprays according to [10]

are defined as those whose interparticle arrivaé tdistribution obey inhomogeneous Poisson



statistics. Unsteady sprays are those whose imterpaarrival time distribution does not
obey inhomogeneous Poisson statistics. An exaniplesieady behaviour could be a droplet
clustering that occurs e.g. due to liquid jet fragmation mechanism. The formalism of
determining if a spray is steady can be summaaellows:

o Assumption that the spray is steady and calculadiothe interparticle arrival time

distribution function,

0 measurement of the interparticle arrival timestf@ spray in question and

o forming of the corresponding distribution functimomparison of the two functions.
Short description of the evaluation is made hefenafor a comprehensive description of the
entire calculation procedure see [7, 10]. The darpamtal interparticle time distribution
hexp(j) is determined from several realizations that asemble averaged. Edwards and Marx

[10] show that:

(23)

Wherert; is the interparticle time gap H(z) is the number of events that fall within tjib
interparticle time gap is the total number of interparticle events, éagis the width of the
jth interparticle time gap and is determined by thiference betweern; and 71 T
corresponds to a particular time gap between twtcpes which is calculated by taking the
difference between two particles’ arrival time la¢ fprobe volumeH(s) is found by keeping
track of the number of times when an interpartictee gap event falls betweenandt;.;. For
calculating the experimental distribution the iptaticle time has to be divided into bins with
a certain width. The binning which is done in a a@yic way was derived by Luong and

Sojka [7]. As shown in [11, 27, 28] there are salsources of errors influencing the number



of droplets measured in PDA measurements. To rethusanfluence the final binning was

arranged into bins with a constant width accordmdl1]: A7 =7,.,/Q. To exclude a bias

effect [11, 27] by two or more particles comingtla same time into the probe volume the
interparticle histograms were calculated startihgame minimum interparticle arrival time.
Effervescent sprays are inherently unsteady [7] thedunsteadiness goes over all diameter
classes. For that reasbny(t)) is evaluated for all the diameter classes togetbatrary to
separated evaluation of individual diameter classesle in [7, 10]. The ideal spray is
modelled, according to [10], as a marked, inhomeges Poisson process. The finite

theoretical interparticle time distribution is then

_ {2l —7)rexpl-£7)
hy (r) = &, —1+exd-¢7)

(24)

where { = N/t; . If the theoretical and the experimental interiplgttime distributions are

found, their comparison can be made. As a measuwileseness of the observed values to the

corresponding expected values the random varjghecalculated:

Q . .
Y= N )

The smallery® value, the better is the agreement between thevkriata and the proposed

model. By other words thg value represents the spray unsteadiness level.

RESULTS AND DISCUSSION



In the following two subchapters, experimental hessof the unsteadiness of the two-phase

flow at the nozzle exit and the unsteadiness otgiray will be discussed.

Two-Phase Flow Unsteadiness

The two-phase flow unsteadiness evaluation methestribed above was applied to the
model effervescent atomizer. The measurements made for a range of pressures inside the
mixing chamber 0.1 - 0.5 MPa with a step of 0.1 MiRaays for several GLR values. The

two-phase flow unsteadiness level was calculatedrding to Eq. (22).

Two different atomizer operational modes were dosoted in detail:

o regime with highly unsteady flow, at pressure 0.Ravand GLR = 1.6 %;

0 regime with fairly steady flow, at pressure 0.4 VP&l GLR = 14.4 %.
Instant fluctuation of liquid flow rate normalizéxy the mean liquid flow rate was found out
using Eq. (22) where instead of rms value of thesgure derivative by timm) the
actual valuedp’/dt was used. The normalized value of the liquid flate fluctuation for the
two different atomizer operational conditions idmented in Fig. 8. Fig. 9 shows a spectral
representation of these signals. The fluctuatisassaen mainly in frequency range up to 800
Hz, with a maximum about 200 Hz. It indicates theqtiency range where increased
combustion noise of burner can be expected. Naaw@listic radiation of turbulent premixed
flames is broadband, with frequencies frafkD0 Hz to over 20 kHz. Typically noise levels
peak in the low frequency range of 200 — 1000 H¥.[There is potential danger of back

coupling between the natural and spray induceddlanise radiation.



Results acquired in the range of operating presdie- 0.5 MPa inside the mixing chamber
and a wide range of oil flow rates presented in BEi@ show a significant influence of the
atomizer operational conditions on the two-phasee finsteadiness. Fig. 11 documents that
the unsteadiness depends virtually only on GLR; itifeience of the pressure itself is
negligible. The unsteadiness is below 0.09 for Ghigher than 6 %, and then, with
decreasing GLR, it begins to increase. At GLRs 3 lawer the unsteadiness is very high

and it is also visually observed.

As discussed earlier in the chapter “Specific tvinage flow Patterns” the two-phase flow
tends to be inhomogeneous with the GLR decreagedtécumented at regimes with GLR 0.5
% and 3 % in Figs. 5a, 5b. If the mixing chambeodsupied by large volumes of separated
phases then also the resulting mixture flowing ulfo the exit orifice is inhomogeneous.

Varying instant GLR or even existence of liquiddges at the exit cross section leads to
varying amount of energy of the compressed atomiain with respect to the amount of the
atomized liquid. Then the discharged mixture cdasi$ larger liquid ligaments followed by

discharge of the air with low concentration of sieratiroplets. As a result also velocity of the
mixture at the exit cross section varies. Thisl§nenplicates an unsteady spray and forms a

droplet clusters. Our results are consistent wittihgs in [1, 2, 7].

Investigations of Lefebvre et al. described in 4B,document spray unsteadiness at higher
GLR values in case of the annular flow. In thespeps authors observed that most of the
liquid flows along the inner wall of the mixing ander and most of the air flows in the core.
At this operating condition the central air voidcbmes so large that it blocks the whole
cross-sectional area of the mixing chamber andigued can no longer flow. Eventually the

liquid pressure builds up to such an extent thidrges the air void out through the discharge



orifice. The two-phase flow is then re-establishetich causes the air void to reappear and
block the mixing chamber again. As the liquid slagsl air voids alternately pass through the
orifice, the atomizer operation becomes unstalrleour case the atomizer operated in the
annular flow never shown this behaviour. We belithat this unequal behaviour of different
effervescent atomizers results from differencesthie atomizer designs and/or from the

influence of the fluid feeding system.

Now we will try to compare the two-phase flow ur&tmess with other parameters
representing the physical processes inside theizéonThe two-phase flow at the nozzle exit

is characterised by a discharge coefficiegnt

(26)

Unlike single-fluid atomizers the exit orifice cesection of the twin-fluid effervescent
atomizers is filled in by the liquid and by the galsases. For a range of the operational
conditions of the atomizer used in our experiméetdischarge coefficient is driven mainly
by the GLR as it is seen on Fig. 12. An increaséhefGLR at a given air gauge pressure
leads to an increase of the gas flow rate and ekhfge of the exit orifice resulting in a
decrease of liquid flow rate and thus a decreasbkeoflischarge coefficient. This dependency
is typical for effervescent atomizers and is docot@é in other papers [4, 30]. Hence there is
also a good correlation between the discharge icaaft and the two-phase flow unsteadiness
displayed in Fig. 13. Similarly a good agreememt ba found for Froude number (Fig. 14),

which is in our case proportional to the squard¢ cdadhe GLR:



Fr=—m (27)

where vy, is the two-phase mixture velocity the gravitational acceleration and the
characteristic length of the mixing chamber. Bytcast the two-phase flow unsteadiness does

not show a significant correlation with Weber numieg. 15):

2
oo L Ve B,

gc Hj-I (28)

whereg. is the dimensional constant apg the mixture density.

The two-phase flow unsteadiness is also compartdregimes of two-phase flow inside the
atomizer mixing chamber. The modified Baker's map the vertical two-phase flow [22]
presented in Fig. 16 shows the two-phase flow pateshich should appear in the nozzle in
case of the fully developed flow. The level of thesteadiness is specified by a gray scale,
where higher unsteadiness is depicted by a dankeateg The influence of the operational
pressure and the GLR on the predicted two-phase flatitern is described in chapter “Two-
phase flow map” and graphically presented in Fi@8pendence of the unsteadiness on the
two-phase flow patterns is unambiguous. The unsgiead is significant mainly in case of the
predicted bubbly flow close to the plug flow. Withcreasing GLR the two-phase flow
pattern should change to frothy and later on tcatteular regime, where the unsteadiness has
low values. Our observation based on use of higledgamera [6] shows that in case of low
GLR the flow inside the mixing chamber is charased by large volumes of separated

phases. It is also documented in Fig. 5 that shmeegsrds from the digital camera. We



conclude that the nonhomogeneous mixture leads tmateady mixture behaviour resulting

in unsteady liquid discharge.

Spray Unsteadiness

A representative interparticle time distributionshbeen plotted as a function of the
interparticle arrival time in Fig. 17 to illustratthe comparison between measured and
theoretical results. As shown, shorter interpagtitine gaps occur more frequently than the
theoretical model based on inhomogeneous Poissmess predicts. This indicates a droplet
clustering typical for effervescent sprays [7, ID¢écomposition into several size classes was
made for pressure 0.2 MPa and GLR 2.6 %. Resulfsign 18 document that all classes
behave similarly. Analysis based on the calculattbrdrop Stokes number shows that the
smallest drops should follow the gas-phase turlm@ldeading to their clustering and hence to
possible unsteady behaviour while the biggest drsipsuld not [31]. The contradiction
between the assumption and the results led LuodgSajka [7] to a conclusion that the
unsteadiness is not driven by the gas-phase turbellbut by the atomization process itself.
Influence of the position in the spray on t{fevalue is documented in Fig. 19. We can see
that the spray behaves differently in differentaaxiistances from the exit orifice and also in
different radial positions in the spray. Generdhg y* value is relatively low close to the
nozzle axis and it increases with increasing radistances. The highegt values are seen at
the edge of the spray. The results off the nozzie ae in good agreement with those found
in [7, 11, 12]. The increase in the unsteadiness tlee nozzle axis with increasing axial

distance observed in [7, 11] was not seen in aulte

Dependence of the unsteadiness on atomizer opmahtamnditions is investigated at the

nozzle axis 50 mm downstream from the exit oriicel is seen in Fig. 20. The measurement



was made at the same time and under the same iopatatonditions as the measurement of
the two-phase flow unsteadiness described above.sphay unsteadiness is also compared
with regimes of two-phase flow inside the atomimering chamber. Fig. 21 shows that the
highesty? values (here we remind that higher valueg’ahean lower agreement between the
theoretical and the experimental interparticle tidigributions and it implies more unsteady
spray) are observed in regimes with higltoordinate values and loW coordinate values,
where the mixture should be in bubbly or almogtlug regime, while in annular or dispersed
flow the values of® are lower. This is in good agreement with resattguired by the two-
phase flow unsteadiness measurement method alistows that there is a close coupling
between internal two-phase flow behaviour and fgraysunsteadiness in case of low GLRs.
An increase of? values near the transition between the annulatteétothy two-phase flow
regimes can be observed. No such local maximunheftwo-phase flow unsteadiness was
observed on results shown in figures 11 and 16s™& can conclude that this singularity

rises in the forming spray after the two-phase orxtischarge.

CONCLUSIONS

An evaluation method of two-phase flow unsteadinegssed on a simplified relationship
between pressure fluctuations inside the atomizednm chamber and liquid flow rate
fluctuations at the exit orifice was developed. Thethod gives one value, which represents
an overall absolute value of the two-phase flomtesdiness for given atomizer operational
conditions. Results acquired with a simple effeces$ atomizer show that the nozzle
unsteadiness appears if GLR decreases to a vala€®ofand lower, when the internal two-

phase flow transits from frothy to bubbly and tetmlbe inhomogeneous.



Method of Edwards and Marx also applied here cordiconclusions of Luong and Sojka [7]
that all drop size classes are unsteady. Also therdindings concerning the dependence of
the spray unsteadiness on the position in the sprayin a good agreement with results
published in [7, 11, 12]. Both methods — Edward®&rx and our newly developed method -
give similar results in case of low GLRs, wherehbthie spray and the two-phase flow
unsteadiness increase. It shows a close couplitvgeba internal two-phase flow behaviour
and the spray unsteadiness. The local maximum exfsgiray unsteadiness found near the
transition between the annular and the frothy twage flow regime was not evident in the
two-phase flow unsteadiness results, hence we edadhat this singularity appears after the

two-phase mixture discharges during the spray ftona

Results shown here were acquired with a simpleaffeent atomizer. This atomizer gives a
highly unsteady spray under the low GLR. Althoulglb atomizer seems useless for a regular
operation, it is suitable for evaluation of a newasurement method and for the assessment
of the influence of operational conditions on thpray steadiness. Our ongoing research
shows a strong effect of the atomizer internalgtesin the spray steadiness and capability to

obtain steady spray also in case of low GLR.

Advantages of both methods - Edwards & Marx andrawly developed method that uses
pressure fluctuations - are apparent from the pliagetext. The method based on the
interparticle arrival time provides information altdhe unsteadiness at a given point in the
spray, so that spatial changes of the spray unsesslcan be studied. The method is non
intrusive but some limitations given by the meamast system used [11, 27, 28] should be
taken into account. The method based on presaugtifition measurements gives an overall

information about the unsteadiness for particutzzzie operational condions. It is simple but



applicable only with atomizers where an internab{phase flow is formed and only the

unsteadiness induced by the two-phase flow candssuned.
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NOMENCLATURE
a discharge orifice cross-sectional ared, m
A mixing channel cross-sectional are&, m

c specific heat capacity, J/kg K

Cq discharge coefficient

Fr Froude number

g gravitational acceleration, m/s

Oc dimensional constant

GLR gas-to-liquid ratio by mass

H(t) number of events that fall within thid interparticle time gap, 1/s
hep  experimental interparticle time distribution, 1/s
hin theoretical interparticle time distribution, 1/s
Kg relation between gas and liquid flow rate

ks, ky constants

L mixing chamber length, m



M mass, kg

m  mass flux, kg/ms"

M  mass flow rate, kg/s

n refraction index

N total number of interparticle events
pressure, Pa

Q number of interparticle bins
specific gas constant, J/kg K

SMD Sauter Mean Diametgim

t time, s

T temperature, K

tr total measurement time, s

U two-phase flow unsteadiness

% velocity, m/s

Y, volume, nf

Vv volumetric flow rate, m3/s

We  Weber number

X mixture quality

X, Y coordinates of two-phase flow map

Greek Symbols

B angle of position change in two-phase flow mag, ra

% Isoentropic exponent of the two-phase mixture

Aty width of thejth interparticle time, s



4 intensity function, 1/s

A dimensionless argument of the two-phase flow
M dynamic viscosity, N s/m

p density, kg/m

o surface tension, N/m

T interparticle arrival time, s

W dimensionless argument of the two-phase flow

¥ Chi-square value
Subscripts

1 at the atomizer inlet
2 at the atomizer exit
a air

g atomizing gas

] index number
I atomized liquid

m two-phase mixture

p at constant pressure
Vv at constant volume
w watter

Superscripts

()  fluctuating value

() root-mean-squared fluctuating value



-

)

time-averaged mean value
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Table 1 Physical Properties of Fluids at ApproxeshaRoom Temperature.



Table 1 Physical Properties of Fluids at ApproxehaRoom Temperature.

o n P
Fluid
N/m - kg/n?
Light Heating Oil 0.0297 1.488 874
Air (normal conditions) 1.000 1.23
Water (reference medium) 0.0727 1.333 1000
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Fig. 1 Plexiglass atomizer model and its body.

Fig. 2 Schematic layout of experimental facility.

Fig. 3 Modified Baker's map for vertical downwatdio-phase flow with transformed
coordinates according to [22] with marked influerafeoperational conditions on the two-
phase flow regimes. Arrows show direction of regiomange while the appropriate values
increase. AB-SP: line defining transition betweebHlle and plug or annular and slug pattern,
A-BF: transition between annular and bubble-fro#titgrn, A-D: transition between annular

and dispersed pattern.

Fig. 4 Predicted two-phase flow patterns for ammbperation at air gauge presspye 0.4

MPa and varying GLR = 0.5 — 82%.
Fig. 5 Visualization of two-phase flow inside ata@ar mixing chamber by digital camera.
Operational pressug = 0.4 MPa, a) GLR = 0.5%, b) GLR = 3.0%, c) GLR4%, d) GLR

= 82%.

Fig. 6 Gas and liquid flow-rate change comparmfdw rate value at mean GLR = 0, =

0.2MPa.

Fig. 7 Influence of GLR on isentropic exponentha two-phase mixture.



Fig. 8a Fluctuations of liquid flow rate normalkizéy mean flow rate apy = 0.2MPa,
GLR=1.6%. Unsteady atomizer behaviour.
Fig. 8b Fluctuations of liquid flow rate normalizdoy mean flow rate apy = 0.4MPa,

GLR=14.4%. Steady atomizer behaviour.

Fig. 9a Frequency spectrum of fluctuations ofiligilow rate normalized by mean flow rate

atpy = 0.2MPa, GLR=1.6%. Unsteady atomizer behaviour.

Fig. 9b Frequency spectrum of fluctuations of iigfiow rate normalized by mean flow rate

atpy = 0.4MPa, GLR=14.4%. Steady atomizer behaviour.

Fig. 10 Dependence of the two-phase flow unsteadiron the oil flow rate at different air

gauge pressure.

Fig. 11 Dependence of the two-phase flow unsteadiron the GLR at different air gauge

pressure.

Fig. 12 Dependence of the discharge coefficiertherGLR at different air gauge pressure.

Fig. 13 Dependence of the two-phase flow unstesdiron the discharge coefficient at

different air gauge pressure.

Fig. 14 Dependence of the two-phase flow unstesdion the Froude number at different air

gauge pressure.



Fig. 15 Dependence of the two-phase flow unstesdion the Weber number at different air

gauge pressure.

Fig. 16 Two-phase flow unsteadiness with respecatbmizer internal two-phase flow

patterns.

Fig. 17 Comparison of experimentally acquired drabretical interparticle time distribution.
pg = 0.1 MPa, GLR = 5.2 %, measured in position 50downstream the exit orifice at the

nozzle axis.

Fig. 18 Unsteadiness of different drop size clagse= 0.2 MPa, GLR = 2.6 %, measured in

position 100mm downstream the exit orifice at tbezle axis.

Fig. 19 Chi-square values at different spray pms#,py = 0.2 MPa, GLR = 2.6%.

Fig. 20 Spray unsteadiness for different atomiaperational conditions. Measured in

position 50mm downstream of the exit orifice at tloezle axis.

Fig. 21 Chi-square values 50 mm downstream thé @xfice with respect to atomizer

internal two-phase flow patterns.
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