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Area[m?]
Drag coefficient]
Droplet diameter [m]

Vortex shedding frequency [Hz]
Gravitational acceleration [m/$§]

Distance [m]

Mass [kg]

Viscosity ratio
Ohnesorge number]
PressurePd

Reynolds number]
Surface [M]
Strouhalnumber []
Temperature [K]
Breakup initiation time [s
Shear breakup timescale [s]
Time [s]

Velocity [m/s]

Introduction

We Weber Number]
Greek symbols

r Volume fraction ]

X Density ratio {]
Dynamic viscosity [kg/(s-m)]
E Density [kg/mi]

. Surface tension [N/m]
Subscripts
0 Initial
cr Crossstream
crit Critical

d Droplet
f Frontal

g Gas phase

I Liquid phase

m Mean

rel Relative

str Streamwise

Secondary atomization plays an important role in the operation of liquid injection systems

encountered in many engineering applications such &dl inurners and internal combustion engines

During secondary atomizatiofuel droplets experience large deation and subsequent breakup

due to the exertion of aerodynamic forces them. The relative velocity between the liquid droplet

and the surrounding gas is responsible for the aerodynamic fdrastend to deform the droplet

while fluid properties such as viscosity and surface tension induce forces that resist deformation. The

most important nondimensional numbersontrolling the aerodynamic droplet breakup arthe
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Weber WWe), the OhnesorgéOh) andthe ReynoldsRe numbers as well athe density (3 and viscosity

(N) ratios of the two phased]:
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Asbreakup process is not instantaneouletbreakup timescale proposed by Nicholls and Raf&jer

can be used as a convenienon-dimensionaliation parameter for understanding the tempal

development of the process

A% 2

4
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It is generally considereld] that when theOhnumber is less than 0.1 the droplet breakup is mostly
influenced by tle Wenumber. Apart fromthe vibrational moddWe<11),four major breakup regimes
are encountered based on th&'e number. Thefirst breakup mode is callebdagbreakup (11¥e<35)
owing its hameo the bag resembling shapgbat the drop takesduringits deformation. As theNe
number is further increased up to 8the multimode breakup regime is encounteraghich is @&
intermediate stage betweethe bag and sheethinning breakup modesn this regimeifferent drop
shapes are encounteredith the most dminant being thebagstamen, the dual bag and the
plume/shear During the sheethinning breakup mode (80&e<350) a liquid shees formed at the
droplet periphery which initially breaks into ligaments and eventually into small fragments. The final
breakyp mode WWe>350) is called catastrophic and is attributed to drop instabilities suétagi&gh-
Taylor (RT) and KelvilHelmholtz (K-H). These instabilities create unstable waves on the leading
surface of the dropwhichgrow in time and eventualliead tothe breakupof the droplet.
Thetest liquids used in the majority of thexistingexperimental studiesire water and ethanoland

only afew experimental work$iaveexaminedactual fuels such asieseloil, which is a widely used
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liquid in internalcombustionenginesand is also afocus of the current studyArcoumanis et al[3],
were one of the first whatudied experimentallyhe breakup of [sel dropletausing the continuous
air jet armngement They examine®e numbers ranging from 14 up to 100@dd producedgraphs
of the breakup timeas function of theNe number and droplet diameter. In addition, they provided
photographs of the breakup process and reported three breakup modes: a) bag, bXisineétg and

c) catastrophic. For the same breakup reginaeseries of workselated to Desel fuelwere reported
by the group oRR. D. Reitf4-6], examiring a wide range ofWe numbers 66-532), Renumbers 509
8088, anddensity ratios 79-700); in all cases, th®hnumber was kept below 0.069 heymeasured
the droplet deformationalong itstrajectory accompanied wittphotographs of the breakup process.
They concluded that for the examined conditiotiee Renumber does not affect the breakup process
but rather the We numberis the controlling parameter; this conclusion has provkdttthe sheet
thinning breakup regime (formerly known as shear stripping) is not ought to viscous stresses but rather
to aerodynamic force. Another group that employedi&sel fuel for their experimentavork is that of
C. S. LeF, 8]. In their experimental setup they ejext with a droplet generatofnozzle andiibrating
piezo stackmono-dispersed dropletinto a gas streamTheyinvestigated the microscopic (droplet
scale) and macroscopic (spray scale) breakup characteiistluge breakup regimes (vibrational, bag
and sheetthinning)for Wenumbers in the range of 4.3 up to 38hey generateimages of thesingle
dropletbreakup process angresented graphs dhe temporal evolution ofiroplet meanvelocity and
spatial ewlution of droplet meardiameter.

The aforementioned experimental works were maifdgused orlow viscosityliquids resultingin low
Oh numbers.Regarding the experimental studies with lar@a numbers high viscous liquidsvere
employedsuch as siliconil and glycerohquarium solutionsHinzg 9] investigated the breakup afas
oil droplets exposed to an air stream féfe numbers in the range of 13 up to 40 a@hfrom 0.01 up
to 2. They concluded that the rate of diepdeformation decreases i increasingdh, while forOh>2
no breakup occugfor the examined conditions. Hanson et[al0] examined the aerodynamic breakup

of water, methyfalcohol and silicon oil drdets for We numbers in the range of 3.6 up to 23.8 aRd



numbersrangingfrom 317 up to 946. They observéuhat the air shock wave itself is not the cause of
breakup but rather the air flowstream inducedehind it, whilst alsofound that for ..>10mPa the
liquid viscosity affects the critical breakup velodityinimum velocity required for breakup) o[( v
et al.[11] usedthe shock tube techniquéo studythe breakup of water andlycerire droplets forwe
numbers from 5 up to 25 heyproposedempiricalcorrelations for the minimunWenumber required
for breakup, the breakup initiation time and the total breakup time&snction of the Laplacaumber
(La=1/OK). Hsiang and Faetf12-14] usedthe shock tube methodswell and studiedthe breakup of
various liquids in a broad range e (0.5600), Oh (<560) Re(>300)and x(>530) numbers. They
combined their results with previous studitss construct an OhWe map where the various breakup
regimes are presented-urthermore, they concludethat for Oh>1 the criticaWe number forthe
onset of breakup is roughly proportional @h while forOh>0.1 the breakup time for the examined
conditions increases witthe Ohnumber. Zhaoand coworkerspublished a series afiorks[15-17]
using the continuous aiej arrangement to investigatéhe bag and bagtamenbreakup of water,
ethanol and glycerol droplets We numbers from9.4 up to 49 andOhnumbers from 0.0018 up to
0.36.They developed theoretical modebased on the Rayleighaylor instability and propsed a
correlation for the prediction othe critical We number as function oOhnumber. In addition, they
found that the maimum dropet deformation decreasewith increasingOhnumber, whilethe mean
diameterof the fragmentancreasesFinally, i should be mentioned thathere are no experimental
data forHFO dropletwhich is also a focus of this study

With regards tonumerical modelling of breakup, there are no studilkat employ HE or Desel as
test liquids; instead,there are some worksnvestigating nordimensional numbers that resemble
viscous fluids (larg®h numbers) and 2sel engine conditions (small density ratiosyt without
referring to specific fluidand the exactombination ofnon-dimensionaparameters associated with
actual engine conditionsHan and Tryggvasdi8] studied tte breakup of impulsively accelerated
drops using dinite difference/front tracking numerical technique a 2D axisymmetric domain. They

investigatedOh numbers up tol5.8and found thatfor the examinedconditionsthe increase ofOh



numberleads tothe decrease of the rate of deformation and the alternation of the droplet shape from
forward-facing bag to oblateAalburg[19] usedthe Level Set (LS) interface tracking method to study
the deformation(but no breakuppf droplets at smalRenumbers(25-200)and density ratios (32),
while theOhnumber ranged fron®.001 up to 100Hefound that by decreasing the density ratio below
32, the criticalWenumberfor breakupincreases, while for density ratios greater thantB& breakup
outcome is independent of the density ratiQuan and Schmid20] used a finitevolume staggered
mesh methodto examine the drag force and deformation of impulsively accelerated drops. They
tested two Ohnumbers (1.12 and 2.24) farsmallrange ofWe numbers (0.440) and density ratios
(10-50) and observed that the increase ©h number results insmaller deformation and drag
coefficient. Wadhwa et al21] employeda hybrid compressiblncompressiblenumericalmethod
(liquid is modelled as aompressiblavhile gas is modelled as compressiliteytudythe deformatian

and drag of decelerating drgpnjected in a quiescentgas and found thatthey both increase with
decreasingOhnumber. Jing and X{22] simulated the deformation and breakup of liquid drops in a
gas flow using the Level Set method in a 2D axisymmetric domain. They exaifémeonbers from

2.7 up to275,0hnumbers from 0.0008 up to 0.831 ardrom 10 up to 100, and concluded that the
increase oOhnumber for the examined conditions can result in no breakk(gkesi et al[23] used a

3D VOF method to study the breakup of liquid drops in sWval{0.1-20), Re(20-200)and xnumbers
(20-80), while the Oh numbersrangedfrom 0.007 up to 1They identified5 new breakup modes
(jellyfish shear, thick rim shear, thick rivag, rim shear and mixgth the bagbreakup regimendalso
developeda new breakup mapn the ReN/ 34Yplane where the different breakup regimesvere
presented irrespectively of th&/enumber. Yang et all24, 25] used a coupled E8OF method in a 3D
domain to simulate the aerodynamic droplet breakimpthe bag and multimode breakup regimes
(We=8-70, Oh=0.0012 and x800 as well as the sheg¢hinning regime We=225 Oh<0.0% and
x200. Hey developed a theoretical model based on th& Rstability for predicting the criticdl/e
number and also found that the drag coefficient and the drop deformadi@naffected by the density

ratio even when it exceeds the value of 32paposed to the findings dkalburg[19]. Shao et al[26]
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used the3D-LS method to investigate the unsteady drag coefficients of deforming liquid dvitps
We numbers from 1 up to 10Qhnumbers from0.0007 up to 0.Jand density ratios fron.25 up to
40. They found that the unsteady drag coefficient is influenced mostly by the density ratio, while the
change ilDhnumber has a small effect.

To the bestof our knowledge, the current studi the first numerical workthat investigaes the
aerodynamic breakup d¢iIFO dropletsinderrepresentativeconditionsfor Dieselengines {Ve, Oh, Re,
and X3. However, the droplet evaporatioand heating arenot taken into account ashey will be
investigated in future researckan indication about theisignificanceon the process ipresentedin
Appendix Ausing a 0D modellhe examined noximensionalparametersare presentedn Figurel
along withthoseof the aforementioned numerical studieepictedonthe OhWeandReN/ ¥planes;
both planes are required for the complete description of the physical parametergephesentative
conditions forenginedueledwith light Diesel andHFQare presentedn the same figure as welinore
detailsregarding the determination of thengine conditiongan befound in sectior®. Although some
previous numerical studies haegaminedWeandOhnumbers correspondintp conditionsof engines
fueled with HFQthere are no studiematching exactlythe setof the non-dimensional numbersWe,
Oh Reand 3 required tocharacterzethe full range of conditiongealised the presentwork aims to

fill thisgap in knowledge

10000 1000 . .
catastrophic Diesel HFO A @ Current simulations
HFO =<swaslt™x X
1000 ----------------.j\.- .......... 100 L4 % A Han and Tryggvason
A
shear +H+ X X e < Quan and Schmidt
100 Oa a A o 10 -g_="+ Diesel
multimode A a b3 On oW I 0 Wadhwa et al.
we bag * el EaZ - - g -~ o, x X
10 - a [=4 [=] - X Ji
oscilatory deformation /o = - |:|‘Ai Jing and Xu
non oscilatory deformati 0.1 3 = Kekesi et al.
1 - = N . Fi 5
< +Yang et al.
01 0.01 4
0.0001 0.01 1 100 1 100 10000 1000000
Oh Re

Figurel. Examinecarametersof currentand previous numerical studigzresentedin a)the Oh-We planeand

b) the ReN/ ¥plane



In the following sections initially the computational setup and the cases examined are presented,
followed by the model validation against published experimental data for Diesel fuel. Subsequently, a
parametric study is performed for ttehnumber and thedensity ratio and their effect on the breakup

mode and on various parameters such as the droplet deformation, surface area, drag coefficient and
breakup initiation time is discussed. Finally, the most important conclusions are summarized in the last

sectio.

2 Computational setup and examined cases

The numerical model solvebe NavierStokes equations coupled with the Volume of Fluid (VOF)
methodologyof Hirt and Nichols (198127] for capturing the interface between liquid and gdhe
surface tension forces are included in the momentum equaltiprising the Continuum Surfa8tress
(CSS) model by Lafaurie et(@994)[28]. The CFD simulations are carried aging thecommercial

CFD tool ANSYS FLUENT[29J6with the inclusionof various user defined functions (UDRsjedfor

the integrationof the adaptivelocal gid refinementtechnique[30] andthe adaptive timestepscheme

for the implicit VOF solveiThe CFD model has been developed and validated in previous works for
numerous applications including the free fallaofiroplet in Malgarinos et al (201%30], the droplet
impingement on a flat wall in Malgarinos et al. (20181], the collision of droplet withparticle in
Malgarinoset al. [32-34], the aerodynamic droplet breakup in conditions of high density ratios in
Strotos et al (2015, 201635-38] and the static droplet evaporatioin Strotos et al. (201637-39]. In

the present study the model validation is extended to the cases of Diesel fuel droplets and the model
results are compared against the experimental data @omanis et al[3], Liu and Reitj4] and Lee

and Reit5]; the latter work is additionally referring to high pressure conditions which resemble those
exhibited inDieselengines

The computational domainsand boundary conditions are presented in Figure 2 for the 2D

axisymmetric approachs well aghe 3D approach (thglanecorrespondingo the 2D simulations



also shown)The 3D approach (in relevance to the 2D omgrt from being able to capture the 3D
flow structures,is also able to capture the droplet motion and deformation along the cgissam
direction (Xaxis in the 3D domain)-his secondary motion is only present in the experimentsiof

and Reit44] and Lee and Reifs] and its significance is discussed in a subsequent section. In order to
decrease the computational cost orthe half of the droplet is simulate@pplying symmetry boundary
conditions similar t¢36]. The griccomprisesf rectangular/hexahedron cellshe base grid resolution

is 3cells per radius ¢pR and 6 levels of refinement (or 5 for the 3D case) are sequentially applied in
order to achieve the desired resolution of 192cpR (6¢c#R).Systematic runs with 48, 96, 192 and
384cpRhave shownthat the resolution of 96¢pR is adequate as the mean drop velauity
deformation change less than 1% when a finer grid is useligure2c the levels of refinement are
shownaround the liquidgas interface. Ae refinement algorithm identifies the cells of the interface
(those with aVOF isovalue of 0.5) and thealculates thalistance of all computational cells from the
interface. Starting with the first refinement level (tire last for coarsening) and continuing with the
rest, the cells are refined/coarsened based on the aforementioned distance and the desired thickness
of each refinement level This procedure is performed every-20 timesteps so as the interface lies

always in the densest grid region
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Figure2. Computational domain of a) 2D axisymmetric and b) 3D sitiaunis.c) Levels of locakfinement

around the liquidgas interface

Therepresentativeengineconditions forlight Dieseland HFOfuelled enginesare listed inTablel in
which the effect of cylinder pressure and temperature is reflected in the gas propettiesiata of
Tablel areused to draw the engine conditions Figurel. Forthe light Dieseffuelled engnesthe
droplet diameters and velocities alEsed onthe publication off21], while the liquid propertiesare
calculated fom [40] for Ti=32X. For the HF@elled engineshe droplet velocities aralsobased on
[21], while liquid propertiesvere taken from[41] for Ti=353KIn both engine types the operating/e
numbers range from O(1) up to O(1000), whereas @enumbers are significantly greater HFO

fuelledengines owed to theilgh viscosity of heavy fuel oil.

Tablel: Representativeonditions forlight Desel andHFOfuelled compression ignitioangines based on21,

40, 41].

E e gE e 4 UQ

; Do[ m]
[kg/m? [kg/(s'm)] [kg/m® [kg/(s-m)] [N/m] [m/s]
Light Diesel 323 816 0.0021 1540 3.74.610° 0.027 10100 10-100
HFO 353 954 0.0537 1330 3.74.610° 0.026 10100 50-125

T K]




The conditions of thesimulated cases arpresented inTable2. The fuel properties considered are
based on published experimental dafd, 41], while the ambient gas properties range from
atmospheric(P=1bar andT=28BK)up to those encountered in Diesel engines (Pe30-100bar and
T,=780-1100K. Casesl-4 for Diesel droplets are used for model validatithey do not represent
engine conditions and the numerical results arecompared againsthe experimental dataof
Arcoumanis et a[3], Liu and Reitd] and Lee and Reifs]. TheexaminedWenumbeisin these cases
rangefrom 14 up to264, covering awide range of breakup regimewhile the density ratio changes
from 695 (P=1bar)down to 79(P=9.2baj. TheOhnumberin casesl-4 is lower than 0.040its effect

on the phenomenon is considered to be insignificftjt Cases5-18 correspond to theparametric
studiesof this work for thecase oDiesel andHFOdroplets all cases with HF@orrespond to engine
conditionsexceptfor cases 14 and 15The examinedNe numbersrange from 14 up to 254he Oh
numbersfrom 0.011 to1.525 and the density ratio from 30 t816. All cases are simulated in a 2D
axisymmetric domain with the exception of case 2, which is also simulated in a 3D computational
domain The Reynolds number in the simulations ranges from 4&5Z @i which is less than the critical
Reynolds numberRe.=2*1C) for the transition to turbulent flow in flow around solid sphefdg].
Moreover, the simulation can be regarded as DNS (Direct Numerical Simulation), since the cell size at
the interface region is up td times smaller than the Kolmogorov length scale®ftJ*Do)Y*), while

the timestep is up t20 times smaller than the corresponding turbulence timescal@’Do Ug®)*?).

This consideration is common in previous numerical studies on droplet breakup with high Reynolds

numbers[22, 24, 43, 44].

Table2: Operating conditions for the examinedses

Predicted Examined Relevant
CaseFuel Do[.m] P[barfWe Re Oh , ,
Breakup regimeparameter experiment
1 Diesel2400 1 14 15400.011 695 Bag [3]
2 Diesel 198 1 54 864 0.038 695 Multi-bag Weat low Oh [4]
3  Diesel198 1 254 1867 0.038 695 Sheetthinning [4]
4 Diesel184 9.2 264 57610.039 79 Sheetthinning — Low x [5]
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5 Diesel 2324
6 HFO 125
7 HFO 50

8 Diesel 195
9 HFO 125
10 HFO 50

11 Diesel195
12 HFO 125
13 HFO 50

14 HFO 125
15 HFO 50

16 HFO 125
17 HFO 125
18 HFO 125

30
30
30
30
30
30
30
30

100
100

100

14
14
14
54
54
54

2362 0.011 72
667 0.965 72
422 1.52572
1343 0.038 72
13100.965 72
828 1.525 72

254 2912 0.038 72
254 2841 0.965 72
254 1797 1.525 72
769 0.965 816 Bag
486 1.525 816 Bag

54
54
14
54

830 0.965 30
1630 0.965 30

Bag
Deformation
Deformation
Sheetthinning
Deformation
Deformation
Sheetthinning
Sheetthinning
Sheetthinning

Deformation
Deformation

254 3536 0.965 30 Sheetthinning

— OhatWe=14

— Ohat We=54

High xat
We=54

Low xat
Oh=0.96

— Ohat We=254-

3 Results and discussion

3.1 Model validation (Diesel droplets)

3.1.1 Bagbreakupregime(We=14)

The results from the simulation of case 1 are compaagdinstthe experimental data fronthe
publication ofArcoumanis et al3]. Figure3illustrates the temporal evolution of droplet shafésing
the VOF isevalue of 0.3 andthe predicted deformation in the two axe¥he dropet deforms into an
oblate shape up to the time afpproximatelyl.4ts,, as it grows ithe streamwisedirectionandthins
in the crossstreamone. Then, thebagstarts to formup tot=1.75ts, whilethroughout this period the
deformation increases in both directionsvdhtually thebag breaks into smadifagmentsat t=1.85tsy,.
The evolution of droplet shapandthe droplet deformationare correctly predicted by thenodelup
to the time of breakup initiationThe main difference between ttsgmulation and the experimenies
on the prediction ofthe breakupinitiation time, which is equal td..85shin the simulation compared
to 2.93hin the experiment.Nonethelessthe predicted breakup time df.85snis located within the

proposedboundaries gively Pilch and Erdmgd5] and Dai and Faet46] (seeFigurel2 later in this

section)
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Figure3. Temporal evolutiorof a) droplet shapeandb) deformation for the simulation of case(¥e=14)and

the experiment ofArcoumanis et al3].

3.1.2 Multimode breakupregime (We=54)

The droplet shapes for caseath the intermediateWe number of54 are presented irFigure4. This
includes the predicted droplet shapes f@)the 2D axisymmetriqb) the 3D simudtions (XZ plane),
aswell asthe correspondingexperimenal photosof Liu and Reiti] in (c) Up to the time of 1.&nthe
droplet deforms into an oblate shape similar to cas¢bhg breakup)followed by the growth ofa
toroidal bagat the periphery of the dropather thanat the centre as in cask (We=14) This breakup
mode pertains to the multibag (multimode) breakup regime instead of the bag reported in the
experiment as shown ifriguredc: the drop takes an oblate shape (droplet no. 3 in image i), followed
by the formation of the bag (droplet no. 4 in image i) and the subsequent breakup into small fragments
(droplet no.4 in image iilNeverthelessthe predicted multimoe breakupis in accordance with the
breakup regions in th©hWe map ofHsiang and Faetfi2] (Figurel) for the examinedWe and Oh
numbers.In order to further investigate if this discrepanisyought to 3D phenomenand also to
assess the effect of crostream droplet motioncorresponding8D simulationdiave been conducted
andpresented irFiguredb. The 3D simulations reveabuite similar behaviowwith the 2D onesapart
from apredicted slightly later breakup initiation timé.8ts»compared to 1.6&nin the 2Dsimulation

and aslight tilting of the droplet The latter is ought to the declination of the relative drggs velocity

from the vertical directior(Figure4b) and it is not affecting the general model performanéemore
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representative view of the 3D simulation is presentedrigure5 showing the formation of two bags

instead of the torus predicted by the 2D simulations.

Figured. Temporal evolution of droplet shape for the 2D axisymmetriciswulation of case AWe=54) b)the

3D simulatiorof case 2andc) the eyperiment of Liu and Reit{4].

Figure5. Temporal evolution of droplet shageom the 3D simulation of case @Ve=54)

Regarding the quantitative comparison between the simulation of case 2 and the experimient of

and Reit44] the graph of the deformation as function of the distance travelémhgthe crossstream
13



direction is given irFigure6. The deformation increases gradually with the distance travelled, as

depicted both in the simulations and the experiment.

3.5 4
¢ Exp. Liuand Reitz

3 1 ——we=543D
25 -

DerfDo
N

15 4

05 -

0 2 4 6 8 10
Ler/Do

Figure6. Dropletdeformation for the simulation of case(¥Ve=54)and the experiment of Liu and Rej# as

function of the distance travelled in the cresgeam direction.

For the examined conditions of caséRe=864) vortex sheddingbehind the dropletshould normally
be present for spherical droplets this is observed fenumbersin the range 400 up to 3.56° [42)].
The frequencyBof the vortex detachment is generally expressed through the Strouhal nuntBr (
B&, 074 gs@ Which is equal to 0.2 fagolid sphereg42] and 0.13 for solid disKg7] based orthe Re
number of thesimulation Thisphenomenoncan be captured only in the 3D simulations ahi is
evident from the streamlines of the relative velocity figid-igure7, wherealternating vortices detach
from the droplet surface in theymmetry plane (X-2). Accordingto Sakamoto and Hani[#8] the
vorticesin solid spherewith Re>480are detached periodically from point at the wake of the drdpt
that rotatesaroundan axis lirough the centre of the spheréchenbach49] states that thee are four
detachment pointsat the wake of the dropn a helical fomation and definesthe vortex shedding
period as the time between two consecutivdetachments.Due to the adoption othe symmetry
boundary condition asymmetricallyforming vortices cannot be captured with the current setup
Nevertheless, maindication of he vortex sheddingeriodcan beestimatedto be equal tothe halftime
betweenthe separation oftwo consecutive vorticeg the X-Z plane(at t=0.7%s, and t=1.1,). This

period results in a Strouhal number equal to 0.19, which is a value slightly less than the value of solid
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spheres It should be noted that although the symmetry boundary condition is not suitable for

predicting the3Dgas flow structuret$ effecton the liquid phasaleformation is minimal.

(a) t/t.4=0.6 (b) t/t.,=0.9

(c)t/t4=1.3 (d) t/t;=1.6

Figure?. Vortex sheddingn the 3D simulation focase 2at varioustime instancegstreamlinescolouredwith

velocity magnitude)

3.1.3 Sheet-thinning breakupregime (We=254 and 264)

Turning now to the cases subjected to shé&@hning breakupmnode, the temporal evolution of droplet
shape or cases 3 and4, as well ashe correspondingexperimental photographsf Liu and Reitg4]

and Lee and Reifs] are illustrated inFigure8. Thesecases have similae numbers (254 compared

to 264) but different density ratie (695 compared to 79)The sheethinning breakup modes
predicted for the two cases are in agreement with the correspondixigerimental dataThe drop
initially deforms into a diskke shape (this is a common feature for all breakup modes), followed by
the formation of a thin liquid sheet at the periphery of the drop. This liquid sheet forms ligaments

which are eventually detached from the didepduring the breakup process, as observed in both the
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numerical predictions as well as the experimental images (droplet no. 3). The breakup time is lower in

the case withx=79 compared to the one with=695, equal to 018, against 0.9&nrespectively.

Figure8. Temporalevolution of droplet shapéor a) case We=254,%695 and the experiment oLiu and

Reitz[4] and b) case qWe=264,x79 and the experiment oLee and Reit[s].

The crossstream deformationas function of the distanciavelled in the crosstream directionfor
case IWe=254)and thecorrespondingexperimentl dataof Liu and Reitg4] are shown inFigure9.
It is observedhat the deformation increases wittihe distancesimilar tocase 2while there isalsoa

verygood agreement between the simulation atite experiment.
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Figure9. Dropletdeformation for the simulation of case @Ve=254)and the experiment of Liu and Rej#] as

function of the distance travelled in the cresgeam direction.

3.1.4 Overallassessmenbf the effect of We number

In this section, the overall effect of th@/e number for all thefour validation casess addressed.
Starting with the temporal evolution of therossstream droplet deformation this is presented in
Figure 10. It is observed that the ta of deformation increasewith the Wenumberin agreement with

the experimentof [7] and thenumerical studies dfl8] and[20].
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Figure 10. Temporal variation of the crossgream deformatiorfor all validation cases

The next parameter that is investigated is then-dimensional droplet velocitWy/(Ugo-Ug) whichis
presentedin Figurell along with the experimental results @¥ai andFaeth[46] (We=15-150 and
¥680-850). As seen, the dimensionless character of droplet velocity is confirmed for all cases

examined. Onlyhe case withx79shows a small deviation from the experimental data probably due
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to the small density ratio compared to the large density ra@amined in the experiments; thke

numbers between those cases, differ also a lot.

Figurell. Nondimensional droplet velocity as functioof modified time forall validationcasesand the

experiment of Dai and Fae.

Regarding the nodimensional breakup initiation time, this is presentegFigurel2|as a function of

the Wenumber along with the correlations suggested by Pilch and Er and Dai and Fae.
The breakup initiation time decreases with increasiiig number and the predicted breakup times
are located within the proposed experimental boundaries; the WWe&number cases (bag and i
bag) seem to be closer to the correlation of Dai and Fﬁ] whereas the highVe number cases

(sheetthinning) are closer to the correlation of Pilch and Erdrﬁ.

Figurel2. Predicted beakup initiation time agunction of We number forvalidationcases along with the

experimental correlations of Pilch and Erd and Dai and Fae.
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3.2 Parametric studyiFOand Diesedroplets)

Following model validation against experimental data for Diesel fuelptimericalmodel is utilized
to investigate the aerodynamic breakop HFQ(Oh=0.96 and 1.53nd Diesel dropleté€Oh<0.04)for
density ratiosrepresentativeof Dieselengines ( 30 and 72), aswell asat atmosphericconditions
(x816. In the following sectionsinitially the temporal evolution of droplet shapéor various
combinations ofWe, Oh and x numbers is presented followed by details about the droplet
deformation, drag coefficient and breakup initiation timEhe main distinction between Diesel and
HFO, in terms of properties, can be reelected to the rang@®bfnumbers characterizing their

deformation. For that reason, the following subsecsaefer to the effect oDhon them.

3.2.1 Effect ofOhand xnumbersonthe breakup mode
Startingwith alow density ratioof 72, the effect ofincreasingOhnumberon the dropletdeformation

is highlighted for threeNe numbers (14, 54 and 2%4The temporal evolution of droplet shape for

these conditions is presented|Figurel3] ForWe numbersof 14 (cases &) and 54(cases 8.0)the

increase ofOhnumber fromless thar0.04to 0.96and further to 1.53leadsto the changeof the bag
breakupmode for low Ohto a nonbreakuposcillatorydeformationfor higherOhnumbers ForWe

number of14, this transition isin accordance with théoundaries proposed biisiang and Fae

Figure 1f), while for We=54 a bag breakupmode should havebeen predicted instead of the

deformation Neverthelessthe boundaries between the different breakup modesHigurela have

been developedfor high density ratios(>580), while in the current simulations the density ratio is
equal to 72.Such differences are furtheliscussed ithe nextparagraphwhere theeffect of density

ratio on the breakup mode is investigatedlirning now to the examination aases withWe number

equal to254 (cases 1113), it is observedn|Figurel3fthat the increase oOhnumber does not affect

the breakup modewhich remainsheet-thinningfor all the examine@®hnumbers, in agreement with

Hsiang and Fae. The temporal evolution of droplethapefor the Ohnumber of 1.53hows that
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before theonset ofbreakup a portion of the liquid mass is concentrated at ¢katre of the drofdet

similar to the bagstamen breakup mod, probably due to the high viscosity of HFO

Figurel3. Temporal evolution of droplet shape ftiiree We numbers and thre®©hnumbers(x72).

For theWe number of 54the breakup of HFO droplets further investigatedunder atmospheric

conditions(cases 14 and 15 witk816) in order to examine the effect of density ratm the breakup

mode. In

Figurel4

the temporal evolution of droplet shape is presented @i=0.96andtwo density

ratiosof 72 (case 9and816 (case 14)It isobservedthat the single change in density ratio from 72 to

816 resulted in the change of the breakup mode from deformatiomtdti-bag. This is in accordance

with the findings of Aalbur, who stated that thecritical We number increases with decreasing

density ratia Although Aalbur found that the change of the criticAVe number is significant

when the density ratio is below 32, the examirebsesare very close to the boundaries of the breakup

regime and this can affect the breakup mode.
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Figurel4. Temporal evolution of droplet shager We=54,0h=0.96 and two density ratiogases 9 and 14)

3.2.2 Effect ofOhnumber ondroplet deformation, liquid surface areaand drag coefficient
Turning now to thequantitative effect ofOh number on thebreakup processits effect on the
parameters ofdroplet deformation drag coefficienaind liquid surface arei investigatedthe latter

of which is a quantity that playan important role in combustion systems and it is difficulttie

measured experimentalljFigurel5| presens the temporal evolution othe dropletdeformationfor

three Ohnumbers (0.038, 0.96 and 1.58)dtwo We- xcombinations, i.€a) 54-694 (cases 2, 14 and
15)and(b) 254-72 (cases 1413). The streawise (Dsy) and crossstream(Dc;) deformations follow the
same trend as in previous cases, i.e. the streamwlisirmation initially decreasesiue to drop
flattening, followed by an increasewed to the formation of the bag or sheewhile the crosstream

oneincreases during the whole duration of the process. The increa@hntimberresultsin a lower

deformation rate, in accordance with ttexperiments ovﬂ and the numerical studies , ,

21



Figurel5. Temporalevolutionof both main axigleformation(Dcr, Dst) for three Ohnumbers anda) We=54 and
»694(cases 2, 14 and 15ndb) We=254 andx72(cases 1413). The solid lines correspond to the cress

stream deformation and the dashed on&sthe streamwiseone.

The temporal evolution ofthe liquid surface aredor the same conditionss presented ifFigurel6

Initially an almost linear increasd the dimensionless liquid surfa@eais predicted duringhe drop

flattening, followed bya steep increasewed to the formation of the bagror the igherWenumber

cases as depicted Figurel6p a smootlerincreaserate is observedasaliquid sheet is formethstead

of abag Generally, the liquid surface area increases several times by the onset of br&iklar to
the rate of drop deformation, the increase rate of liquid surface area also decreases with increasing

Ohnumber.

Figurel6. Temporalevolution of liquid surface area fothree Ohnumbers and ajVe=54 and»694(cases 2,

14 and 15)andb) We=254 andx72(cases 1113).

Another parametethat can be usefuih spray code$ollowingLagrangian approachés simulatethe
spray evolutionis the & } %o dra§[coefficient(); this can becalculatedwith the aid of the droplet

momentum equation:

@ . SO . .76 . .
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The left hand side of is therate ofdroplet momentumchange and the right hand side is the drag
force exerted on itthe effect ofall other forces that act on the droplétirtual mass, Basset and other

forces)have beerincorporated in the drag coefficiensimilar to previous numerical studi

26||44]. Byrearranging equatiand using thexpressions for droplet massand relative velocity

Ure, as well as the definition of density ra’(leq), we get the final expression f@ in e

v, 7P #yr;
w4 @R @)

Ty F7.:P;®

%:B L

The drag coefficient changes in time as the droplas relative velocity decreases and the droplet

shape changes from spherical to a digk. The temporal variation of thdrag coefficient ipresented

in|Figurel7jfor three cases 2, 14 andl5) with We=54, »694and Ohnumbers0.038, 0.96 and 1.53

In all cases th&y at the beginning of the simulation reaches very high valoegd to the highly

unstable flow field during this perigdollowed bya steep decrease similar to the findingg 2:1"23 .

During the rest of thgorocess the drag coefficient increases steadily due to létagxceleration up to
the point of breakup initiationywhere it decreases abrupths alsdound in|[23]. Moreover, from the
same figure it is observed thatsahe Oh number is increasedhe drag coefficient decreasgin
agreement with the findings . Given thatthe breakup mode is the sanfer all cases (bag
breakup)and thatthe rate ofdeformation is highefor lower Ohnumbesrs, the cases with smalledh
numbersdeform faster into oblate shapes (didike); theseshapes resultin higher acceletions and

drag coefficients.
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Figurel7. Temporalevolution ofdrag coefficient focases 2, 14 and 15 (vario@finumbers)

The parametric studyfoOh numberrevealsthat the less viscoutuels (e.g. Diesedver HFO in this
study) promote the breakup process as the rate of deformation, liquid surface area and drag coefficient

are larger than those of the viscous fuels (e.g. HFO).

3.2.3 Effect ofOhnumber on thebreakup initiation time

This section investigates the effect@hnumberon the time required for the initiation of breakun

all examined cases the increasedifnumber resulted in an increase of the breakup initiation time (or
evenceasedbreakup)in agreement with the experimental study birahara and Kawahasm. In
Strotos et al the breakup initiation time was correlated as a functioWd¥d andRenumbers (valid
for low Oh and high xnumbers), while later Stefanitsis et ﬁ proposed a correction factor to
account also for changes in the density ratiased on the results of the present parametric stud
an additional correction factor is proposed which accounts also for the eff€ofimber, apart from
those ofWe, Reand X the resulting equation is : This termwas inspired by the correlations of
"of( v cab(d Pilch and Erdmad5| and is extrated following a besfitting procedurefor

the conditions of cases presentéd Table2|and two additionalcasegwith Oh=0.2 andOh=3 which

are not presented in the current work)l'he predicted term has threamegeneralformasin' o[( Vv

etal.[11]} i.e.(1+A-OR), with A and B constants
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The predicted breakup initiation times from equaare shown ifFigurel8jalongwith the actual

times calculated from the simulationgor the whole range oéxaminedconditions in this papeand
the publicationsof [29] (Diese), [38] (n-heptane and (n-decane) In addition, the lines for +20
deviationare also presented. lalmostall cases the predicted breakup initiation times from equation

Iie within a maximum deviation of 28 from the corresponding ones of the simulations.

Figurel8. Breakup initiation time as predicted by (data points)and the simulationgstraight lines)

4 Conclusions

The present studynvestigatesnumericallythe aerodynamic breakup dbiesel andheavy fuel oil
dropletsunderliquid to air density ratiosangingfrom 30upto 816. The results of theumericaimodel
are comparedagainstpublished experimental data fori@elfuel in conditions corresponding We
numbers from 14 up to 264wo density raties (79 and 695) andlow Ohnumbers(<0.04). It is proved
that the model is capable of predictimgth satisfactoryaccuracythe breakup modes in three breakup
regimes i.e.a) bag, b) multimode and c) sheinning.In addition, thetemporal evolution of droplet
deformationand non-dimensional velocitarein agreement with the experimentalata. The increase
of We number resulted iranincrease also in the rate of deformation of the droplethe predicted

breakup initiation times lie within the limits proposed Biich and ErdmaES, and Dai and Fae,
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with the lower We numbers (bag and muibag regimes) being closer to the correlation of Dai and
Faeth, whereas for the higheWe numbers (sheethinning) the correlation of Pilch and Erdman
is more accuratel-urthermore, the 3D simulatiore droplet breakugndicate the appearance of
vortex sheddingimultaneously witlthe breakup proceswith aroughlyestimatedfrequencyslightly
less tharthe onefor a flow aroundsolidspheres

A parametric studyvith Diesel andHFO dropletsnvestigatingthe effect of Ohnumber and density
ratio on the breakup proceshas been alsperformed Thechange of operating fuel fromi€sel to
HFO resulted in much high&hnumbers(along with the change in diamet#ne Ohincreasel from
0.04 to 0.96 and 1.53while theWe numbers were kept constar({iL4, 54 and 254)Two outof the
three breakupmodeswere altered into oscillatory deformatiomwithout breakup while the sheet
thinning regime remaininchangedFurthermore, it was observed thahanging thedensity ratio from
72 to 816 resulted in the alternation of the breakup moflem deformation to bag teakup In
addition, the increase oOhnumberresulted in a decrease the rate of deformation)iquid surface
area and drag coefficiemheaning that the breakup processhimdered when usingigh viscous feis
such as HF@n the other hand, the breakup initiation tinecreased with the increase @hnumber
and a correctionin the equationfor the prediction of breakup initiation time proposed to account

for this effect
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Appendix A.Indication of the effect of heating and evaporation on the breakup of HFO droplets

In the conditions of cases® a gas temperature in the rangé 680-1100K is assumed in order to
resemble the conditions exhibited in Diesel engines. In these high temperatures evaporation and
heating of the droplet takes place, which is not accounted for in the current model and will be
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implemented in future workdNevertheless, an indication about the effect of heating and evaporation
processes on the breakup can be assessed utilihin@D model for the heating and evaporation of
droplets undergoing breakup as proposed in Strotos ﬁl It should be noted that this model was
originally developed for the evaporation of volatile low viscosity fuels at atmospheric pressure. Its use
in the currentwork, without any modification, for high pressure conditions and low volatility fuel (HFO)
actsas an indication for the effect of heating and evaporafidreproperties of HFO have been taken

in their majority fromlﬂ, while for the thermal conductivity and the heat capacity the properties of

n-hexadecane were usgq81||52| since they resemble those of HFhetemporalevolution of droplet

surfaceis calculated based on thata from thecurrent simulations and not the proposed correlations

of .

The 0D evaporation model is utilized to predict the evaporated mass and the droplet temperature at
the time equal tots; the actual time of breakup cannot be used instead most examined cases
experience only deformation and not breakup. For all cases the evaporated masgupdis less

than 10%% of the initial droplet mass and therefore it can be considered negligible; this is attributed
to the very low vapour pressure of HFO (in the order of a Rain the initial fuel temperature of

353K). The increment of droplet temperatu¢d k) at t= tsn is presented for all cases with HFO as

function of theWe number inFigureAl| It is seen that the temperature rise increases with the gas

temperatureand decreases with th&/enumber and the droplet diameter. This temperature increase
affects the properties of the fuel and is important especially for the viscosity and surface tension, which
alter the We and Oh numbers. The percentage differereéom their initial values at t= tsn are
estimatedfor these parametersfor the surface tensiorthey arefound lesghan 1%for all cases with

HFQ while for the viscositythey reachvaluesas high ad7%
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FigureAl. Dropletmeantemperature increase dt= tsnas function of theNVe number due to the effect of

heating (HFO).
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