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City University of London, Northampton Square EC1V OHB, United Kingdom

Abstract

A droplet exposed to a higépeed gadlow is subject to a rapid and violent fragmentatjadominated
by a widespread mist of multiscale structurdsat introducesignificant complexities in numerical
studies The present work focusem capturingall stageof the aerodynamic breakup of a watie
droplet imposed byhree different intensity shock wavewith Mach numbers of 1.21, 1.4énd 2.64
under the sheainduced entrainmentregime The numerical investigation is conductedthin a
physically consistenand computationally efficienmultiscale framework) pe]v P - I35 2 AflGid
model with dynamic local topology detectio@verall, thebreakup ofthe deformingdroplet and the
subsequentdispersion of the producednist show goodagreementwith available experimeiat
studiesin the literature. The major features and physical mechanismd@akup,including the
incident shockvave dynamics and the vortices developmeank discussedand verified against the
experimensand the theoryWhile the experimentalisualizationgnside the dense mistre restricted
by the capabilitiesof the diagnostic methodshe multiscalewo-fluid approach providemsight into
the mist dynamics andhe distribution of the secondary dropletsunder different posshock
conditions

Keywords:droplet aerobreakupshock wavesecondary droplets, twdéluid model,multiscale model

I. INTRODUCTION

The aerodynamic breakupf a liquid droplet imposedby a passingshock waves a fundamental
problem witha wide spectrum of engineering interestangng from fuel injectionin both internal
combustion[1], [2], [3], [4] and rocket enginef5], [6] to erosion damage in supersonic fligh#, [8].
Different classificationsfor the droplet breakup regimeare reported in the literatureand defined
based orkey dimensionlesparameters namely the Webernumber (We) at free-streamconditions
and the Ohnesorge numbé®h)for the liquid droplet asfollows:

9AL eu(;ﬁ@é 1DL .
é G

with do the initial droplet diameter,e SZ «u CE ( S ve]}lv gIhd pdsEheddgasdensity, y
the posshockgasvelocityU, 2 o]« ] v« | &€ liquid dynamic viscosity.

a

The five classicbreakup modesknown asvibrational, bag, bagndstamen(or multimode) sheet
stripping(or sheetthinning)and catastrophic regimare summarized ia WeOh regime major low
Ohnesorge numbers (Oh <<ih)the early review studies of Hinzg], Pilchand Erdman[10], and
Faeth et al[11]. Recently,Stefanitsiset al.[12], [13], [14] provided improvedbreakup modek for
diesel drglets within the bag, bagndstamen and sheetstripping regimesand identified an
additional breakupmode,termed “shuttlecock which isobservedduringthe aerodynamic breakup
of droplet clusters at low Mach number®n the other handTheofanous et a[15] reclassified the
classicdroplet breakup modesinto two principal regimes based on the governing interfacial
instabilities namely the Rayleighraylor piercingRTP) and theshearinduced entrainment (SIE)
regime introducing a broad and unified classificationfor both Newtonian and nofNewtonian
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droplets ndependentof the liquid viscosityand elasticity Specifically,te RTP regimeoncerns a
moderate doplet fragmentation, driverby a gradualflattening of the deforming dropleand a
subsequent penetration dafs acceleratingmassby one or more unstablRayleighTaylorwaves On
the contrary the SIE regimdescribes a chaotitagmentation, é&fined bythe prompt shearstripping
from the droplet equatorand followed by an extendedentrainmentof a multiscale mistDominant
mechanismsthat induce the droplet breakup are the KelvifHelmholtz instabilities the capillary
forces and the turbulent mixing as describedby Theofanoug16]. For low viscosity liquids with
Ohnesorge numbers Oh<<1, the onset of the SIE regiasablishedor Weber numbersabovel(®,
while the transitionzonebetween the RTP and SIE reginsesursfor moderate Weber numberi
the rangeof 107 t10°,

Early experimental investigations of the SIE regime are focused on shadowgraphy experiments of
water droplets, in a first attempt to depict and explain the stripping mechantsmel[17] examined

the fragmertation ofalarge (2.7mm diameter) and a small (1mm diameter) water dropleimposed

by three different shock wave of Mach numbers1.3, 1.5 and 1.7in order to demonstratethe
influence ofthe sizes ofain droplets on high-speed rairerosiondamage Additionally,Nichollsand
Rangef18] consideed incident shakwaves with Mach numbers up to 3amdinvestigated the role

of various parameters in the droplet aerobreakup evolution, sudchadroplet diameterthe breakup
time, the relativevelocitybetween the droplet and the gas streaand the liquidto-gas density ratio.
Even though the macroscopic features aérdbreakup are revealedin both experimental
studies[17], [18], namely the liquid stripping from the droplet surfaceand the production of an
extended mistthe shadowgraphy method imposes limitations in displaying details of the internal
structure of the dense water cloudlternatively pulsed laser holographic interferometiyproposed

in the experiments of Wierzband Takayamdl19] and Yoshidand Takayamd20] and provides more
clear and measurable visualizationd the shockdroplet interaction the structure of the
disintegrating dropletand theformation of a wake region behind the dropletder moderate Weber
numbersaround 16 and Mach numberbetween 1.3 and..56.

In aurrent research great emphasis is put omunderstandingthe breakup mechanissof liquid
droplets other than waterdroplets,of both Newtonian and nofNewtonian nature asshown in the
works ofTheofanousand Li[21], Theofanous et a[22], [23] and Mitkinand Theofanoug24]. Using
laserinduced forescence (LIF$jgnificantflow features are elucidatedithin a vast range of Weber
andOhnesorge numbey includingthe initial KelvirHelmholtz waves on the coherent droplet surface
andthe developmentof different scales inside the densnmist at later stages ofieradbreakup In the
case of elastic liquidg, is observed thathe SIEegimeis notsubject b capillary forcesinstead,the
breakupinitiates with the ruptures of extending liquid films and filamenitat significantly higher
Weber numbersreferred to as sheainduced entrainment with ruptures (SIERurthermore recent
studies in theiterature investigate theeffect ofthe postshockflow on theinitiation and evolution of
the aerobreakup Wang et al[25] examinal the effect of the gas stream conditions on the
macroscopidoreakup patternand the final dispersionof the produced secondargtructuresfor a
constant Weber number at 1100 amdriedpostshock flowMach numbersn the range 00.3t1.19,
Specificallythe mist penetration and the fragment sizehow a dependencyn the gasstream
conditionsand, thus,a narrower misof lessuniform fragmentss observedt the advanced stages
aerobreakupunder supersonic poshock conditiongFinally Hébert et al. [26] presened experiments
for significantly high Mach numbebgtween 4.2 and 4.&nd Weber numbers above 18nddefined
the three stagesand characteristic timesf the breakup mechanisnn supersonic poshockflow,
namely, the dropletdeformation, theextendedfragmentation and the formation of a filamerfrom
the remaining liquid mass.



89  An importantbut still little-investigatedfeature of theshearinduced breakupmechanismconcerrs
90 the dynamics of the dense apalydisperseanist, which is formingand disintegratings a result of the
91 droplet fragmentation.Bven with state-of-the-art laboratory apparatus availahlehe access to
92 information aboutthe dimensions of theroducedstructureswithin the mistremainschallenging.
93 Theattemptsto obtaindropletsize distributiongrom high-quality experimentaldatavisualizatiosin
94  the upto-date literature employed byHsiangand Faeth[27], [28], [29], VillermauX30], and Xuet
95 al. [31], are restrictedto cases with moderate breakup, falling in the transition zone between the RTP
96 and SIE regineeRecent gperimental studies of the SIE regime, sastihe worlsof Theofanous[16],
97 Theofanous et a[22], andWang et al[25], provide a&horoughinvestigation of thedlominant physical
98 mechanismghat influence the development of the dispersed midowever, a quantification of the
99 obtainedfragmentsizes inside the mist is not available.

100 A key characteristic athe droplet aerobreakupunderthe SIE regimis thebroad range of spatial and
101 tempord scales involvéy which introducesadditional difficultiesin the accurate capturing of the
102 overall droplet deformation and fragmentationwith the available numerical methodsTwo
103 dimensional Bnulations aresuggestedin the literature as a good compromise between the
104 assumption of a fully symmetric droplet fragmentation and the prohibitomputational cost of a
105 full-scale analysisSpecificallythe planar breakup of a cylindrical water columis a commonly
106 adoptedsimplified problem to study the shoékposed breakup and the sheatripping mechanism.
107 In thefirst numericalstudy of the entireshearinduced breakup proces§hen[32] simulated the
108 aerdbreakup ofawater columnafter the impactwith two different shock wavewith Mach numbers
109 1.3 and 1.47usingthe five-equation modelof Saureland Abgrall[33]. The simulations capture the
110 macrcscalephenomena of the droplet deformation ardisplacementnd showgood agreement with
111 the experimental observations of Igand Takayamd34]; however, the utilized diffuse interface
112 approach imposglimitations regarding the sharpness of the coherent droplet interfe&gienilarly,
113  with the use @ the diffuse fiveequation model ofAllaireet al.[35], Mengand Coloniug36] provided
114  simulationsfor the water column aerobreakup within a broader range of condiiwith shack wave
115 Mach numbers between 1.18 and 2f6r the first time the developmentof a recirculation region
116 behind the deforming dropletvas investigated Sembian et al[37] conductednew experiments and
117  simulations withthe volume offluid (VOF) methodor the early stages of thehockwater column
118 interactionfor shock wave Mach numbels75 and 2.4details ofthe shockwavemotion arecaptured
119 bythe VOF method and resolution of 44@ellsper diametr. Yangand Peng[38] examinedhe effect
120 of viscosityon the deformation of the liquid column usingan adaptve meshrefinement (AMR)
121 method for higher spatial resolution More recently,Kaiser et al[39] performed highresolution
122  simulationswith adaptive mesh refinemerfor the benchmark casef Mach number 1.47%reviously
123 simulated byChen[32], Mengand Coloniug36], and Yangnd Peng[38], with an emphasis put on
124  the more accurate prediction of the shoakave dynamics, observed in the experiments of kd
125 Takayamd40], [41]. Overall, the twedimensional simulations of thehearinduced droplet breakup
126 in the literaturefocus on the capturing of the early stages of breakup andstieeck wave dynamics,
127  without investigating the later stag®f fragmentationand mist development.

128 Considering the high computational cost of a -gdale analysis the limitation of the ordinary
129 numerical methods to accurately modall different-scaled structuresemairs the main source of
130 deviation between the simulation results and the experimental observatiénsongthe reported
131 three-dimensional simulations ithe literature to date, Mengand Coloniug42] utilized an interface
132 captuing methodand a moderate mesh resolution of 100 cells per original droplet diameter
133 capture the macroscopic droplet deformation aadhieval good agreement with the experimental
134  resultsof Theofanous et a[22] for a shock waveMach number 1.47 angostshock flowWeber
135 number 780. Additionally, a Fourier analysigas performed to interpret the mechanisms of the
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136 observed surface instabilitiemnd the subsequent ligament breakupu et al[43] conductedboth
137 axisymmetric and thre€limensional simulations to examinte aerobreakup medtanism under
138 supersonic conditionsand identified significant details of the liquid stripping and the vortices
139 development at the early stages of aerobreakuip.an attempt to investigate water dispersion,
140 Stefanitsis et a[44] proposed a coupled VOF/Lagrangian approach to simulate the coherent droplet
141 and the produced droplets cloud, respectivelfhe obtained results predicthe detachment of
142  microscale droplets from the coherent droplet peripheryas depicted inthe experimental
143 visualizationsof Theofanous et aJ22] with, however, a lack of physicahput for the sizes of the
144  producedLagrangian particleRecently, an improve&ulerian/ Lagrangian modelas proposed by
145 Kaiser et al[45] that allows apreset number of Lagrangiarparticlesto detachfrom the droplet
146  surfaceand, later, evolve in sizefollowing the gas stream flow.

147 More sophisticatedstudies in the literature, including thélirect numerical simulations (DNS)
148 performed by Chang et al46], demonstrate the developed Kelvidelmholtz instabilities on the
149 coherent droplet surface for glycerol droplet impacted by a shock wave of Mach numbers 1.2 and
150 2.67.Additionally the DNSstudy of Hebert et al. [26] reveals the characterististagesand breakup

151 timesofthe aerobreakugprocess for avater droplet under supersonic conditiomgth a shock wave
152 Mach number equal to 4.24The olined resultsaccurately capture the incident shock wave
153 propagation and the subsequent bow shock formation, as observed iexperimentsconductedby

154 the same authorsHowever, @spite the efficiency in computational resourcdmth DNSstudies

155 mainly focus on the edfy-stage dynamics and avoid investigating the dimensions of the secondary
156 structures inside the dense water misthich is captured as @etached butcontinuous filamenin

157 the simulationsby Hébert et al. [26] without anyinternal structures.

158 At the same timethorough interpretations of all thetages of aerobreakuim the current literature

159 concernonly studies withmoderate Weber numbers in the transition zone between the RTP and SIE
160 regimes, namely with Weber numbers in the range dft? t10®. SpecificallyDorschner et al47]

161 presented acomprehensive analysis dlie ligamentformation and disintegratiorfor the case of a

162  water droplet expsed to a shock wave of Mach number 1.3 arglibsequent poghock flow with

163  Weber number 470The conducted simulationgjsing a multicomponent model with interface
164  capturing and a moderate spatial resolutionldfO cells per diameteaccuratelypredictthe recurrent

165 breakup mechanisnof the produced ligaments consistence with the experimentabservations

166  Additionally,in the studiesof Jalaabnd Mehravaran[48] and Jain et al[49] a thoroughquantitative

167 analysis of the fragments developntaés demonstrated, along with information for the number of the
168 fragmentsproduced and secondary dropletsize distributions However, both numerical studies
169 investigate flows withNVeber numbers belovt(® and, thus, concern the development of a relatively
170 light mist of distinguishable largesicaled fragmentsA summary of the key numerical studies of
171 droplet aerobreakup in thditerature to date, the utilized numerical methods, tke examined

172  conditions and the experimental works used for validatiorpresentedin Tablel. Overall, additional

173 quantitative research is required to reveal all macroscopic and microscopic mechanisms at the later
174  stages of breakupnd provideinsightinto the dense mist developmeninder the SIE regime.

175 Followingthe limitations and challenges of tteemmonly adoptechumerical methodologiefor the
176 simulation ofdroplet aerobreakupthere is a gap in thditerature to date concerning a detailed
177  analysis of the dispersed mist development under the SIE reginesto the dominance of multiscale
178  structures and thesignificant computational cost of a fidtale analysiShe present sidy proposes
179 the multiscale twafluid approach as previously developedy Nykteri et al[50] and outlined in
180 Sdion ILA, in order toinvestigate themultiscalefeatures of droplet aerobreakup with a viable
181 computational cost.The multiscaletwo-fluid approachemploys asharp interface methodor the
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182 deforming droplet interface and physically consistent sghd scale modahg for theproduced mist,
183 usingnumerical model$or the dominant sulgrid scale mechanismmeviously validate@dnd utilized
184 inthe literature for similar multiscale flowand conditiong50], [51]. The proposednultiscale two
185 fluid approachis now utilizedin the dropletaerobreakup problenandis found to predict accurately
186 both the earlystage breakup mechanisnand the laterstage dispersionf the produced fragments
187 imposed by three differenshock wave with Mach numbersl.21, 1.46and 2.64 as presented in
188  Sectionlll and compared with the experimental observations of Theofarj@Gsand Theofanous et
189 al.[22]. Theinteresting aspect of the present simulation the thorough quantitative analysis of the
190 droplet fragmentation ad the produced mist dynamicsSpecifically,during the early mist
191 development two strippingmechanisms are identified and investigated consistence with the
192 experimental visualizationsAdditionally, the differences in the early and later mist development
193  under subsonic and supersonic psisbck conditions are demonstrated and a physical inmetagion
194 is provided with respect to the evolution of the gas stream flow. Finallgharacterization of the
195 droplets[population inside the dense mist is obtainedd analyzed based on thmeodeled subgrid
196 scale phenomenthat govern themist dynamicsvithin the SIE regime.
197 Tablel Summary of thé&keynumerical studies of droplet aerobreakup in the-tgpdate literature.
Year Authors Numerical Model Simulation Ms We Experimens
2008 Chen[32] Fve-equation mode[33] 2Dplanar 13 3.7x 10 Igraand Takayamd34]
(diffuse interface method) 1.47 74x 10G
2012 JalaabndMehravaran48] AMRVOFmMethod DNS - 38-400 BremondandVillermaw [52]
Cao et al[53]
2013 Chang et al46] MusSiCsolver DNS 1.2 5.2x 108 Theofanoug16]
(high-order/AMR method) 2.67 54x 10
2015  Jain et al[49] AMR VOF method 3D - 20-120 own
2015 MengandColoniug36] five-equation mode[35] 2D planar 1.18-2.50 940-1.9x 10 Igraand Takayamd40], [34]
(diffuse interface method)
2016 Sembiaret al.[37] VOF method 2D planar 1.75 9.5x 1¢ Oown
2.4 3.8x 10
2018 Liuetal[43] Fve-equation mode[35] 2Dplanar3D 12118 1< We <1C° Sembian et a[37]
(antidiffusionmethod) (postshock M)
2018 MengandColoniug42] Fve-equation mode[35] 3D 1.47 780 Theofanous et a[22]
(interfacecapturingmethod)
2019 YangandPeng[38] AMRsharpinterfacemethod 2D planar 1.47 7.4 %108 Igraand Takayamd41]
2020 Dorschner et al[47] Multicomponent model 3D 1.3 470 own
with interface capturing
2020 Hébert et al.[26] Eulefan solver 2Daxisymmetric/  4.24 1.2x16 Oown
DNS
2020 Kaiser et al[39] AMRIevelset method 2D planar 1.47 74x 106 Igraand Takayamd40], [41]
2021 Kaiser et alf45] Eulerian/Lagrangian method 2D planar 1.47 7.4x10 Igraand Takayamd41]
2021 Stefanitsis et a[44] VOF/Lagrangiamethod 2D planar 1.47 7.4x10 Igraand Takayamd40]
3D 1.24 780 Theofanous et a[22]
198
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II. NUMERICAL MODHELING
A. Numericalmethod and governingequations

The Grtwo-fluid model with dynamic local topology detectiaeported by the present authorg$s0],

is utlized for the droplet aerobreakup simulation§he previously developed multiscale tfioid
approach consistsef a broad and numerically stable caselependentmultiscaleframework and,

thus, no modifications were required for th@esentsimulations.Therefae, the individual features

of the proposed method allow for physically consistent and numerically stalieestigaton ofthe
multiscale aspest of droplet aerabreakup within the multiscale framework Specifically,the
implemented compressible twefluid approach introduced by Ishiiand Mishima[54], provides
remarkableadvantags, due to the consideration of compressibility and slip velocity effects; both flow
phenomena are reponsible for inducing the droplet breakup mechanism under the SIE regime.
Additionally, he incorporation of the Gl u} oU AZ] Z A « ]Jv]3] 00C %} %o}
Borghi[55], contributes to acomputationally efficient fulscale analysis, since it providemdding
solutions for the microscale droplets and the underlying gsub scalephenomena inside the
widespread mist.

A fundamental feature of the multiscale frameworks the topological detection of different flow
regimes based on advanced nethe-fly criteria As a result,the most appropriate modding
formulationsare applied in eah flow region remainingin coherence with the local mesh resolution.
Particularlyin segregated flow regions, which are present on the interface of the deforming but still
coherent dropletthe interface is fullyesolved using the VQdharp interfacanethod[56], [57]. On

the contrary, irside the dispersed water mist with structures smaller than thedbgrid size the
methodologyappliesa diffuse interface approach andcorporatesan additional transport equation

for the interface surface area densityd58] in order to model theunresolved subgrid scale
phenomena.

The multiscaléwo-fluid approachhas beerimplementedin OpenFOANwith further developments

on the twoPhaseEulerFoam solver, an available compresdilillg Eulerian implicit pressudeased
solver, in order to incorporateall the additional features of the multiscale framework, namehe
interface sharpening methodhe transport equation for the interface surface area dens@the
subgrid scale mode|sand the switching mechanisms between the two formulations of the numerical
model In principle, themultiscale twefluid approactconsists of the same set of governing atjans
under both formulations, namelythe sharp and the diffuse interface approach, with specific source
terms to be activated and deactivated depending on the currently operating formulation of the solver,
as it is described below.

1. Two-Fluidmodelgoverring equations

Thevolume averaged conservation equations governing the balance of mass, momentum and energy
for each phase kre

6 EGeR&QI LT, 1)
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where My, represents the forces acting on the dispersed phase and depends on local topology; the
surface tension forcgs9] is implemented under the sharp interface regime, while the aerodynamic
drag forcg[60]is implemented under the diffuse interface regime, d&monstrates the heat transfer
between theliquid and gaseouphasesirrespectively of the flow regioriMore details regarding the
closure of thanterfacialinteractionsource ternsare presented irthe Appendix

2. Gl D} toansportequations

The transpatrequation for the liquid volume fraction in a compressible tplase flow is

’!—f;" E@®=Q | ERaaid@®@=s F 5 Qi 7L 5 - F—*pll%zE @@ F ks F Razfda, (4)

x

A Z @opo dlistinguistes between the twodifferent interface approaches by taking eithigae 0 or 1

value under a diffuse or sharp interface formulation, respectively. Interface sharpness is imposed with
the MULE$61] algorithm in OpenFOARIwhich introduces an artificial compression ternequation

(4). Additional modifications in the governing equations for coupling the VOF method with the two
fluid framework are presented in detail ithe previous work of the author§s0]. Finally asdiscussed

in the works ol/allet et al[62] and Andreini et al[51], the term 44 accounts for the liquidlispersion
induced by turbulent velocity fluctuations, which are important in dispersed flows and smaller scales.

The transport equation for the liquid gas interface surface area der@8] is described as

LA

’!—:EQIRFQ;L:sF@éaédm E %a1—— @ F—Ah (5)

where the simultaneous existence of liquid and gas on the interface implies the presence of a
minimum interface surface area density, suchfs N E K, s asshown by Chesnel et 463]. The

term Rgrepresents the interface surface area diffusion due to turbulent velocity fluctuatiass
derived by Andreini et al[51]. The sulgrid scale (SGSource term namely the term 5L

%ai— @ Fo—A accountsfor all physical mechanisms which are responsible for local interface
formationand fall below the computational mesh resolutidetails regarding the closure tie SGS
sourceterm are presented irthe Appendix

Knowing the interface surface area densittye diameter ofa dropletinside the dispersed mistais
calculatedasthe equivalentdiameter of a spherical particle whidtas the same volume to surface
area ratio as the examined computational ¢ptioposedby Chesnel et aJ63]:

@L :@:S?Q(;’ (6)
where r representghe liquid volume fractionands $Z §}5 o o]<u] P e« JvsS E( U CE(
calculated irequation (5).

3. Flowtopolagy detectionalgorithm

Theimplementedflow topology déection algorithmidentifiesinstantaneous topological changes in
flow regimes, evaluasthe most appropriate numerical treatment for local interfacaad allows for

a flexibleand stabletwo-way switching betweerthe sharp and diffuse interface approachdhe
topologicalswitching criteria are describad detail inthe previouswork of theauthors[50].



274 B. Problemdefinition and simulation setup

275 The droplet aerobreakups examined for a watdéike droplet with an initial diameter of 1.9nm,
276 namely, a tributyl phosphate (TBPJroplet with density (E A dKgém? and dynamic viscosity
277 ... A0 ?iWy|similar to waterproperties, buta very low surface tensionf ¢« AiXiNdm. The
278 numerical simulationsre conductedfor three different shock waveshat impact the droplet and
279  correspondo asubsonic, transonj@and supersonipostshockgas streamThe simulation results are
280 comparedwith the experimental observations dheofanoug16] and Theofanous et gl22] for the
281 sameaerobreakuprasesThethree examined cases comprehensivetyerthe range othe available
282  experimentalconditions for low viscosity liquids within the SIE regimthe literature as depicted in
283 the regimes map if22]; the onset ofthe SIE regime is defined fafeber numbers greater thah0®
284 and demonstraks a moderate sheamduced aerobreakupwhile the most intense and violent
285 fragmentation is observed for significantly higher Weber numberabove 10° and supersonic
286  postshock flowconditions

287 Table Il summarizesthe Mach numbes of the propagating shock waves, the pskbck flow
288 conditions and the Weber and Reynolds numbetslculated for thegasproperties atpostshock
289  conditions. Thepostshockgas stream propertieare alsoused for thenondimensionalizatiorof the
290 flow fields, asshown inMengand Coloniug42], in order toobtain a direct comparison between the
291 different cases.

292  Tablell Shock wave and pastiock conditions for theonducteddroplet aerobreakup simulations.

case Ms ps[Pa] Ts[K] EHkg/m?¥ us[m/s] We Re

1 1.21 156187 340.4 1.6 110.87 1.6x16 1.6x10
2 1.46 235094 388 2.11 224.97 7 x 16 3.7x10
3 2.64 807006 683.9 4.11 654.9 1.23x10 iXo ?

293 The droplet aerobreakup simulations are performed in atwo-dimensional (2D) axisymmetric
294  geometry with one cell thickness the azimuthallirection, usingtwo computational meshswith a

295 resolution of 100and 200cells per original droplet diametearound the area ofinterest. The

296 computational domain is sufficiently large to avaidnphysical reflections on the Ibders and

297 Neumann boundary conditionare applied for all the computed flow fieldsThe simulations are
298 initiated with the shock wave beingne diameter away from theenterof the droplet.Details of the
299 initial configuration and the computational mesh are illustrated in Figure 1.

300 DNS studies in the literatufd3], [46] utilized a computational mesh of more than 1000 cells per
301 diameter to solve the viscoumundary layer and predict the KelWitelmholtz instabilities. However,

302 due to the significant computational cost, these DNS studies are restricted to the demonstration of
303 the earlystage instabilities on the coherent droplet surface and do not examineldter-stage

304 fragmentation and mist development, which is the main objective of the current simulations. On the
305 contrary, the utilized spatial resolution of 100 and 200 cells per original diameter is commonly selected
306 in the literature, for instance in the simulations of [26], [42], [44], [47], and is prova to capture

307 accurately the macroscopic deformation of the coherent droplet surfaddle the investigation of

308 the KelvinHelmholtz instabilities remains out of scojpethe present study.

309 The two characteristic scales thdetermine the onset of thedroplet aerobreakup under the SIE
310 regime are the characteristic viscous velooyL— { Hsr’* | Cand the characteristic capillary

311 velocity Q, L §x: r&tl Qas defined by Theofano(i$6]. The viscous velocity is relatéolthe
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unresolveKelvinHelmholtz instabilities inside the viscous boundary layer, while the capittdogity

balances the stripping actions of the developed wake ondtaplet surface and thesurface tension
force that restrains the liquid detachment. With respect to ttiearacteristic scalesf turbulence, the

Kolmogorov velocity scale is around ~fhis in subsonicase 1 and itisesto ~1 m/s in supersonic
case 3. At the same time, tisecondary dropletproduced inside the mist havdiametersin the range
of 001t19 .m, while the Kolmogorov length scaieof the order of ~06 .m inthe three examined
cases.Theaefore, turbulence effe are becoming moresignificantunder supersonic poshock
conditions and are responsible for the breakup of teallestscaled droplets.

In the present simulatiog) the flow turbulences considered using Large Eddy Simulations (LES) with
the implementation ofthe oneequation SGS model of Lahé#]. However, he utilized 2D
axisymmetric geomey with one cell thickness in the azimuthdirection imposes limitations
regarding the accurate capturing of the turbulent staterhich correspond to fully three-
dimensionally (3D) developed phenomendpecifically, the simulation is initialized without turbulence

in the flow field and thus, the instantaneous velocity field is 2D. Therefore, in the absence of
developed turbulence or a developed turbulent boundary layer at the initial conditions, the LES
approximation can be applied in the present geometry of one cell thickness in the azimuthal direction
without significant limitationsAdditionally, Stefanitsis et a[65] depicted that the assumption of a
symmetrical flow fieldaround the deforming dropletinder the influence of turbulencand vortex
sheddingdoes not affect the shape of the coherent droplet; howevecan have an influence on the
trajectory and the breakup time of the fragmentdence, thepresent axisymmetric geometryan
adequately predict the coherent dropletdeformation and fragmentatiorwith minor limitations
regarding the produced fragmesfmotion due tothe absence of thestochastic character dd fully
developed turbulent field At the same time, key numerical studies in the
literature [26], [36], [42], [43], [39] exclude the consideration of turbulence effects, without a
limitation in capturing the dominant macroscopic phenomeafahe aerobreakup evolutionwhile

DNS studief26], [46] do notreport any significant differencer previously unrevealed mechanism

in the flow field due to the resolved turbulencEmsequently despite thediscussedimitations, the
utilized 2D axisymmetric geometry with one cell thickness in the azimuthal direction is an acceptable
compromise betweern adequate turbulencenodel and a viable computational cost.

Regarding thenaumericalsimulation setip, the spatial discretization used is based on seeorukr
accuratediscretization schemes. Time stepping is performed adaptively during the simulation to
respect the selected limit for the convective CourtifriedrichsLewy (CHLcondition of 02. Finally,

the thermodynamic closure of the system is achieved by implementing the stiffened gas equation of
state, proposed byvings et al[66], for the liquid phase and the ideal gas equation of the state for the
gaseous phase, which can perform adequately even under supersonghpoktonditions, as shown

in Hebert et al.[26].

Ill. RESULTSAND DISCUSSON

The numerical investigations ahe droplet aerdreaky using the proposed multiscale twituid
approachare presentedfor the three cases offablell in Fgures2-4, respectivelyand compared with
the corresponding experimental observationf Theofanougl16] and Theofanous et gR2].
Followingthe pass of the shoclwave,the smadl-scaleinterfacialinstabilities on the droplet surface
and the pressure differensdbetween theupstreamand dowrstreamside of the droplet impose
gradual deformation of the initif sphericabroplet into a flattened shapeTrhedeformingcoherent
dropletinterfaceis captured using the VOF methaddillustrated with red isnesin Fgures2(i), 3(i),
and 4(i). Ascan be observedor the three simulated cases, he macroscopic deformation of the
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coherent droplet interface shows a good qualitative agreement with the experimental results
following satisfactorilythe spanwise expansion and tHiattening of the baclside of the droplet.

At the same timethe largescaledroplet deformation is followed byn extendedfragmentation
which initiates due to liquid stripping from the droplet surface andesults in the formation of a
dispersedmist of microscalestructures.The produced mist is simulatedthin the diffuse interface
formulation of the multiscaleframework whilenumerical modelsre introducedor consideration of
the unresolved subrid scale phenomen&pecifically, dring theearly stage®f aerobreakupliquid
stripping is observed initially from tteroplet equator and later from the badide of the droplet with
the two streamscolliding into a primary streanand fornming a widespread mistas shownn Fgures
2(i), 3(i), and 4(i) andpreviouslydiscussedn the study of Liu et a[43]. Themain stripping mechanism
which is responsible for the production of tipgimary streamis enhancedby the growing vortices
formedon the backside of thedroplet; the vortices inteact with the droplet surface anehhancethe
existingmist with additionalfragments as illustratedn Figures 2(iv), 3(ivand 4(iv).Even though the
nearstagnation region remainselatively flat, as observedin the experimentalvisualizationsof
Theofanoug16] and Theofanous et gR22], a secondary stream of fragmentsdstached from the
front side of the dropletUnlike the main stripping mechanismhichis dominatedoy thelocalflow
vorticity, the secondary stripping mechanismaisting on the higfpressure side of the droplet and is
driven by theinterfacial instabilities on the droplet surfacte strong shearand the aerodynamic
conditionsaround the dropletAs a resultthe producedsecondary streans more pronounce with
an increase of the incident shock wave Mach numhbsmbserved in Figure 4(&ncethe supersonic
postshock conditions imposkigher local pressure and gas stream vdiesiand, thus, amplify the
aerodynamic forces on the frorgide of the dropletFinally,the primary and secondary streams of
fragmentsmerge following thefree-stream gasflow andthe aerodynamicforce imposed by the
upstream and downstream pressure differencasd create a dense miktyer apund the deforming
droplet in consistence with the experimental observatiods the late stages ofragmentation,
secondanstructurescontinue to detach from the surface tie elongatedout still coherent body of
the deformed droplet, while thepenetration anddispersion of the produced mist dominate the
breakup mechanism.

The dimensions of the produced dropleitsside the dense misire obtained in coherence with the
evolution of the interface surface area, considering tuemde, droplet collisioandcoalescenceand
secondary breakup effectsithin the multiscale frameworkThe largest secondary dropletsith a
maximumdiameter of 19... are detected close to the coherent droplahdon averagearound the
dropletequator and thedropletflattenedbackside as illustrated in Figures 2(iii), 3(idnd 4(iii). Thus,
based on the liquid stripping mechanism, the largesgttured secondary droplets are detached from
the coherent droplet under the influence of the main pging mechanism and are embedded in the
primary stream of fragmentddditionally, in the supersonic caser8Figure 4(iii), significantly large
droplets close to the maximum diameter amsoobserved on the droplet fronside during the later
stages offagmentationwhen the secondary stripping mechanism contributiorthe overall droplet
aerobreakup is remarkabl@he maximum diameteis correlated withthe localmeshresolutionfor a
meshof 100 cells pemitial diameterand, thus, thesizelimit for structuresthat canbe resolved with
the VOF methodDetails about thaupper limit of thesubgrid diameterswith respect to thdocalgrid
resolutionare presented irthe Appendix In the reviewstudy ofPilchand Erdman[10], the largest
fragmentsdetachedfrom the dropletequationare approximately one to two orders of magnitude
smaller than the original droplet, whigkin agreemenwith the newly detachedragment captured

by the multiscale twefluid approachAt the same time, themallest surid scale dropletsbserved
downstreamhave diameters in the range 6f01t0.1 ...uU A]3Z}u3 3Z vpu @pose au}
lower diameterlimit. Thesemicroscale droplets i@ visible as a cloud but cannot be quantified in the
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experimentand, thus, there is no experimental input for the snest droplet sizesHowever, the
significant exteh of the secondarydroplets[interactions inside the dense mist cajustify the
production ofthe detected smadist sizes, while the exclusion of vaporization effects from the
performed simulationscan be related with thepossible longerterm presence of the smallest
secondary droplets inside the dense mBuring the edier stages of aerobreakuphé¢ smalscale
secondary dropletsvith diametersbelow 1 ... are mostly observeddownstreamat the edges of the
forming mist Later, these arérapped irside the extended mist thatontinuously increases in volume
andrecirculates behind the deforming droplet.

Adriving mechanisrfor the aerodynamically imposed breakapd characteristic feature of the water
dispersion evolutioris the recirculation of the producesecondarydroplets within the water mist. As
depicted inFgures2(iv), 3(iv), and 4(iv) and discussed the simulations of Mengnd Coloniug42],

the interaction of two counterrotating vortices is the key mechanism for the formation of a dominant
wake recirculation region behind the deforming droplet. In the course of fragmentation, more
secondaryorticeswith varying lenth scales and spatial arrangemenform in thewakebetween the
convex frontside and the flattened backide of the coherent droplet and are responsible for its
deforming shapeFocusing on the effect of the propagating shock wave on the dynamics of the
produced water mist, an increased Mactumber results in a poshock flow with an extended
streamwise but relatively limited spanwise recirculation zdrhind the droplet as illustrated in
FHgures2(iv), 3(iv),and 4(iv). The freestreamgasvelocity shows simildsehaviorirrespectively of the
Mach number with maximum values up to 1.5 times the initial pbstk velocityobservedin the
region above the droplet equat@nd extendingdownstream alonghe negative vorticityside of the
primary wake. At the same time, the secondary droplets that are subject to a vortical flow show
maximum and minimum velocity values in alidimetrical positions along thprimary recirculation
region independent of thenderlyingdroplet sizesAshighlightedin Figures 2(iv), 3(ivand 4(iv), he
maximum velocity valueare observedor the secondary droplets located alotite upper and lower
side of the primary wakewhile the minimum velocity valueare found abovehe droplet backside

and downstream on the right side of the primary wak®llowing the dominance of the vortical
mechanisnover time, the maximum velogitvalues amonghe secondary dropletgradually increase,
until they reach or even slightlyexceedthe gas steamvelocity valuesat the initial posshock
conditions, namely 110.87 224.9, and 6%.9 m/s, for cases 1, 2and 3, respectively. While the
minimum velocity values in the droplet§recirculation regionapproach zerothe newly detached
fragments from the backide of the droplet do not remain stagnant. Nevertheless, they are embedded
in the primary stream of fragments that is continuously enhanced gmgkrned bythe developed
flow vorticity.

Focusing on the eaHstage deformation in Figurg the droplet surface isolines, obtained from the
experimental results in the work of Theofanous e{22], are compared against the numerical isolines
for two different mesh resolutions of 100 and@6ells per initial droplet diameter. The droplet surface
deformation is adequately predicted by the conducted simulations and mmpr deviations from
the experimental isolines are observed on the tip of the flattened Isiaé of the droplet, where the
numerical method already detects detached fragmerats dejcted in Figures -2. Additionally, the
good agreement between the simulation resuligith the utilization of a coarse and a fine
computational mesh demonstrates that a moderate mesh resolutibhO0 cells per initial diameter
is sufficient to resolve the largecale droplet deformationlThe sharpness of the numericalutionis
examined in Figure,®btaining the droplet surface isolinesdm different values of the liquid volume
fractionand consideringnore advancedroplet deformation As illustrated in Figure 6, tlteherent
droplet interface remainsufficiently sharp even ate late stages of aerobreakufsone minor
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differencesare observel on the uppertip of the deformed droplet intefaceand thedetached large
scale secondary droplets.

The intensity of the incident shock wave imposes the occurringsposk flow conditions and is crucial

for the droplet deformation and the consequent water dispersion. In shbsonic case, shown in
Fgure 7(a), when the shock wave with Mach number 1.21 impacts the stagnant droplet, the local
pressure increases at approximatelpars. At the same timethe incident shock wave continues to
propagate downstreananda reflected shock wave is establishmdthe front side of the dropleand
initiates its upstream propagation. The developeadstshock flow conditions are characterized by
moderate pressure difference around the droplet and maximum local Mach number \atlabsut
0.45.The transonic case &fgure 7(b) shows similabehavior however, the slower propagation of
the reflected shock wave and the highéscal Mach numbers lead to a more widespread
fragmentation On the contrary, in the supersonic caséigtire 7(c)the strong shock waweith Mach
number 2.64 resultsn a significantincrease of the local pressure at ®&rs after impact The
subsequenteflected shock wave stabilizes close to the droplet as a detached bow shock. As a result,
the flow conditions around the droplet remain seggonicwith maximum local Mach number values
above 2that impose a significantly faster and more violent droplet fragmentation, which appears as
a very dense and extensive dispersed rdsivnstream,also observed in the experiments ldébert

et al.[26] for similar Weber numbets

The widespread water dispersion in the form of a dense mist is the major fragmentation pattern under
the SIE regime. An insight into the dimensions of the produced secondary droplets within the mist is
presented inFgure 8, depicting the volume concentration of different droplet classes over the total
volume of the dispersed region, as captured by the numerical model for the three icadsell. A
significant advantage of the conducted numerical simulations is the consiolerat every fluid
structure that forms as part of the flow development without extilhg small sizesthus providing
JV(}EuU 8]}v (}E <]1 «  /pixél résblutidn..ofl the camera utilizk in the reported
experiments andlustrated ingray in FHgure8. The first secondary droplets produced in all three cases
are small structures, with more than 60% of the diametarghe total volumebeing below 1... uV
these droplets aréormingdue tothe initial liquid stripping from the droplet equatoasobserved in

the experiments at thevery early stages of aerobreakughortly after the largescale fragmentation

is established when droplets with diameters above .5u & § Z (€BhHarerit droplet
sufaceand, thus, an additional class of larger dropletslored in gay, is included in the distributions

of Hgure8at 42, 20, and7.1 ...fer the cases 1,,2nd 3, respectively

Considering theevolution of the population okecondary dropletover time larger droplet sizes
above 1.m become more significant ithe population with increasing Mach number, as observed in
Figure8 for cases 2 and Ihae aretwo crucialparameters thatnfluence the secondary droplefs
distribution tfirst, the sizes of thenewly detachedfragments from the coherent droplet surfaead,
second the subgrid scaledroplet interactionsinside the existing dispersedmist. Specifically,an
increase of the incident shock wave Mach numbaposes aviolent droplet fragmentationwith
extended liquid stpping from the droplet surfacdue to sevae aerodynamic conditions around the
droplet and the dominance of the secondary stripping mechanigs.a resultlargescale droplets
continue to fragment from the coherent droplet surface and enhance the secondary droplets
populationeven duringadvancedstages of the aerobreakup process, depicted in the distributions
of Figure &i) and 8(iiiffor the class ofhe largestdroplets w]$Z ] u 8§ E» SA v fandsr id...
alsoillustratedin Figures 3 and #br the indicated time instances

Following tle production of the new fragmenighe sulgrid scale droplet interactiorare responsible
for the further evolution of thesecondary droplet sizes inside tispersed mistTherequiredsubgrid
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496 scalemodding is performed within the multiscale frameworlusingthe transport equationfor the
497 interface surface argaequation (5) the mechanisms that determinthe local interface formatio,
498 namely, turbulent mixing droplet collisionand coalescenceand secondary breakupffects are
499 modeed asindividualsource termsSgs A positive contribution of theSGSourceterm corresponds
500 to anincreaseof the local interface surface aresnd physicallycorrelates with theevolution of the
501 underlyingsubgrid scale dropletsnto smallerdiameters, while a negative SGS source teatue
502 describes a decrease of the local interfasarface area due to thereationof subgrid scale droplets
503 with largerdiameters The secondary breakup mechanigan only resultin the further breakup of
504 the existing secondary droplets inside the nast, thus, has only a positive contribution the SGS
505 source termDetails regarding the calculation of the SGS source term are preserttesl Appendix

506 Figure Yepresentsthe volumeconcentration of thehree subgrid scale mechanisms that contribute
507 positivelyto the local interface surface area productiandthe creationof smallerscaled droplets
508 namely the flow turbulencedroplet collision and secondary breakup effecwver the total volume
509 of the dispersed regigras calculatedin equation (5)for the three examinedcases.n casel, the
510 subgrid scale turbulence and collision effeatsntribute to the production ofthe local interface
511 surface area by above 90%Ireadyat the early stages of aerobreakuwhile thesecondary breakup
512 effects,governed by the relative velocity between the liquid and gaseous phasesbaentunder
513 the subsonic posthock conditionsOverall, thepredominantpattern is the furtherdecreaseof the
514  secondarydroplets[sizesinside the dispersed mist, which is also refleciedhe dropletpopulation
515 in Figure 8(i)highlightingan increase and dominance of the smallest scales over #destribution
516 of uniformly smal-scaled fragments is alstemonstrated in the experimestof Wang et al[25] at
517  subsonic posthockflows. In case 2 shown inFigure 9(ii)the creation ofsmallerscaled droplets
518 driven bythe local turbulence and collisiomemains dominantfor the mist evolution witha minor
519 decrease compared to case Additionally,the secondary breakumechanismis not completely
520 absent andhas a small contributionin the mist dynamics.Therefore, the slightly reduced
521 concentrationof the classof dropletswith the smallest diameterbelow 1 ... uasdepictedin the
522 distributionin Figure8(ii), is acombination of theenhancement othe largerscaled newragments
523 underthe transonic posthock conditionand thesmalldecreasef the subgrid scalenterface surface
524  areaproduction

525 Finally, case 3, presented in Figure 9(@8&monstrates the significant influence of the supersonic
526  postshock conditions on the sghid scale mechanismSpecifically, even though thw turbulence
527 maintains a major positive contributioto the production of smallescaled dropletsthe collisbn
528 effects are remarkably reduceoly coalescenceéhat becomes significant after the early stages of
529 aerobreakupevenbeforethe width of the deforming droplet is decreased by 10Phecoalescence
530 of the secondary dropletenhances the droplet population with largecaled dropletand explains
531 thedecreasd concentration of the droplet class with the smallest diametetsservedapproximately
532 after 10 ... » Higure 8(iii)Asillustrated in Figure 10, coalesceneffects arepresentin the region of
533 the main stripping mechanism, namelglose to the droplet equator and the badhde of the
534 deforming droplet During the evolution of aerobreakuphé coalescence region expands, driven by
535 the increasindocalflow vorticity. Similarly,in the study of Wang et gl25], the presence of larger
536 fragmentsamong thedominant micraropletsis observed at the advanced stages of aerobreakup
537 under supersoit posshock conditionsAs discussedh [25] and in agreement with the present
538 sulgrid scale analysis, these naniform fragmentscoalesce into larger secondary droplets
539 imposedbythe local flowconditionsand thelimited spanwise spreadn the produced densenist. At
540 the same timethe secondary breakughows aconsiderable and gradually increasing contribution
541  the mist evolution over timeas depicted ifrigure 9(iii) Thesecondary breakumechanisms mainly
542  established on the droplet frorgide shown in Figure 1@yherethe secondary stripping mechanism
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dominates andhe relative velocitybetween the newlydetacheddroplets and the supersonic gas flow
locally exceeds the value of 260s. However the secondary breakupf sulgrid scale dropletss not
contributing significantlyto the increase of the population of the smallest droplets, siitéavolves

on averagethe breakup oflargescaled droplets with diameters above 2. uasdemonstratedin
Figure 1(or the time instances that correspond to a decrease for the width of the deforming droplet
by 104 253/ and 50%

Lastly, he volume concentration of the water mister the total volume of the water phase is reduced
by approximately 10% in case@mpared tahe lower Mach number cases 1 anéb2 the same width
deformation, as shown irHgure 8(iii). At the early stages of aerobreakuphe limited mist
concentrationis relatedwith the postponed breakup initiation, also observed in the experiments of
Wang et al[25] at supersonigostshockconditions.However at the later stages of aerobreakuhe
stripping mechanisnbecomes more significant under the influence of both the main and the
secondary stripping mechanisntigpicted in Figure 6 in comparison with cases 1 ghéa@lingto an
extended and violent stpping from thecoherentdroplet surface On the contraryduring the later
stages of the aerobreakup procegbe mist dynamicsgovernedby the modeded subgrid scale
mechanisms, play a major roile the evolution of the dispersed midn particular, ashighlighted in
Figure 9(iii) and discussed previously, thmarkable coalescence effeatssultin the destruction of

the local interface surface aremd, thus,act against thdurther expansiorof the existing mistAt the
same time,the violent fragmentation under the supersonic pa$tock conditionsalong with the
increasing flow vorticitypbehind the deforming droplet imposthe mist into a rapid downstream
penetration Therefore,the expansion of the dispersed mist the spanwise directiois restricted
compared to the cases with lower Mach numberg tothe severe gas stream conditioriskewise

in the experiments of Wang et dR5] a significantly narrower mist expansionis observed at
supersonic conditiongn conclusionthe supersonic poshockconditionsimposethe development of

a relatively reduced mist witkhe significant presence dargerscaled dropletauntil the advanced
stages of aerobreakup

Figurel Initial configuration and information regarding the computational mesh for the simulation of droplet aerobreakup.
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Figure?2 Droplet aerobreakup in case 1. @pmparison between the experimentakualizationof Theofanous et a[22]
(t*=0.20, 0.38)andTheofanoug16] (t*=0.53) the simulation result®f the deforming coherent dropletéd isdine for water
volume fraction value 0)5and the produced water midlyellow isosurface for water volume fraction valadigher than
109). (ii) 3D reconstructed resultgiii) Dimensions of the secondary droplets inside the m(isf) Air and water velocity
magnitudestop) and wrticity streams(bottom).
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Figure3 Droplet aerobreakup in case 2. (i) Comparison between the experimeisizdlizations offheofanous et al[22]
(t*=0.23) andTheofanoug16] (t*=0.29,0.43) the simulation results of the deforming coherent dropletd isdine for water
volume fraction value 0)5and the produced water mist (yellow isorface for water volume fraction valadigher than
109%). (ii) 3Dreconstructed results(iii) Dimensions of the secondary droplets inside the n{ig) Air and water velocity
magnitudes (top) and vorticity streams (bottom).
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Figure4 Droplet aerobreakup in case 3. (i) Comparison between the experimeistadlizations ofTheofanous et a[22]
(t*=0.18, 0.29) and heofanoug16] (t*=0.52), the simulation results ahe deforming coherent droplet (red ifne for water
volume fraction value 0)5and the produced water mist (yellow isorface for water volume fraction valadigher than
109). (ii) 3D reconstructed resultgiii) Dimensions of the secondadyoplets inside the mist(iv) Air and water velocity
magnitudes (top) and vorticity streams (bottom).
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590

591
592 Figure5 Coherentdroplet isolines. Comparison between the experimental isolwieEheofanous et a[22] (blackdashed
593 line) andthe simulation isoling for volume fraction valu®.5 usinga computationalmeshwith 100 (red solidline) and 200

594 (blue solid linexells perinitial droplet diameter. The arrows point to the small deviatiobgtween the experimental and
595  simulation isolines.
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Figure6 Coherent droplet isolinefor different water volume fraction valuessing a computational mesh with 100 cells per
initial dropletdiameter. Poducedwater mistisosurfacefor water volume fraction values higher thand@ray). Comparison
betweencases 1, 2and 3at time instanceghat correspond toa decrease fothe width of the deforming droplet by 2,
25% and 50%The arrows point to the smatleviationsin interface sharpness with differerblume fraction values
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601

602 Figure 7Gas stream conditions during the droplet aerobreakup, whildnk&ent shock wave lies at the same distance from
603  the center of the droplet. Pressure field and produced water mist evolution (top). Numerical schlieren images and Mach
604  number isolines (bottom).

605

606

607 Figure8 Volume concentratiorof the secondarydroplets with diameters between 5 and 19...u ayRp@®and5...u ~ o
608 and lower than 1...u ~C oo0}A -« tgtAl v@us& of thedispersed regionThe volumeconcentrationof the dispersed
609 regionover the total volume of the water phasse plotted in red The green vertical lineorrespond toa decreaseor the
610  width of the deforming droplet by 198, 25% and 50%.
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Figure 9Volume concentratiorof the sulgrid scale mechanismsiamelyturbulence droplet collision,and secondary
breakup,that contribute positivelyto the local interface surface argaoductionand the creation of smallescaled droplets
over the total volume of the dispersed regiofihe green vertical lines correspond to a deceeésr the width of the
deforming droplet by 1%, 234 and 50%.

Figure 10Droplet aerobreakup in case 3 at time instances that correspond to a decrease for the width of the deforming
droplet by 184 25% and 50%Regiomsin the dispersednistwhere thedroplet coalescencéurple)and secondary breakup
(red)are presentitop). Dimensions of the secondary droplets inside the iffisttom).

IV. CONCLUSON

The aerodynamic breakup of a wali&e droplet under the SIE regime, imposedtbyee different

shock wavesvith Mach numbersl.21, 1.46 and 2.64 has been investigated using the proposed
multiscale twofluid approach. The@resentnumerical study providethe opportunity to verify the
physical mechanisms of aerobreakup and scrutinize aspects of the process that were not evident in
the experimental visualizationsf Theofanougl6] and Theofanous et dR2], using a physically
consistent methodology witha viable computational cost. Specifically, the deformatioh tioe
coherent droplet interfacewas fully resolved bythe local mesh resolutiorusing theVOFsharp
interface method, while te producedmist of secondary fragment@as modéded underthe diffuse
interfaceapproachwith consideration of sugrid scale phenomenanamelyturbulent mixing, droplet
collision and coalescence, and secondary breakup effects.

Duringthe earlystagemist development, two stripping mechanismwere identified to act on the
coherent droplet surface. Thmain stripping mechanism is responsible for the formation of the
primary stream of fragments, detached from the droplet equator anddtaplet flattened backside
while the secondary stripping mechanism is presenttloa droplet front side and becomes more
significantat supersonic posthock conditionsThe largest detached fragmentgere observed on
average on the locations of thdocal liquid strippingand, subsequently, thdragmentsizes evolve
inside the mist, fdbwing the gas stream flowevolution The posshock flow conditions and the
development of a dominant recirculation region behind tteformingdroplet play amajor role in the
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formation and expansion of the produced migt asupersonic posthockflow, the dispersed mist
appeasrelatively narrowey due tosevere aerodynamic conditions thegtablisha rapid downstream
penetration

Details for thesecondarydroplets[population and the evolution of the droplets sizes inside the mist
were obtained andanalyzed bas# on the modded sulgrid scale phenomena and the local flow
development At supersonic posthock conditions the coalescence and secondary breakup
mechanisns become morepronounced Additionally, thedroplet size distributioris enhancedvith
larger-scaled droplets even at the latestages of aerobreakupAs a result the limited mist
concentration under supersaic postshock conditions is an outcome of therestricted spanwise
expansion of the produced mist and the enhancementhsf sulgrid scale interfacelestruction
mechanismsnsidethe mist.

Future researclof DNS simulationsvhich include the investigation of the produced fragmentsan
provide a valuableguantitative validation for the present droplepopulation. Additionally, three-
dimensionalsimulations using the proposed multiscatevo-fluid approach could be appropriate to
reveal moredetailsand mechanisms of the mist dynamasd to considerthe significance ofhree-
dimensional phenomena, such asbulenceand vortexsheddingjn the droplet aerobreakup
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APPENDIX: VALIDITY OF CLOSURE MODELS AND NUMERICAL METHOD LIMITATIONS

Modeling imitationsmayarise in the developed numerical method due to th&oduction ofclosure
relationsfor the sourcetermsin the governing equatios) the sulgrid scale modkéng, the switching
criteriawithin the multiscale frameworkandthe absence of guantitativevalidation brthe produced
mist. The validity of the utilized models and the imposed assumptions is discussed belmidering
specificallythe presentsimulations of droplet aerobreakup anddlexamined flow conditions

1) The closure of the interfacial interaction termahich appear in Naviegbtokes equations after the
imposed averaging procedure and consider the mass, momentum, and energy exchange phenomena
between the interactingphases is an inherent modding requirement of the twefluid model
formulation. In the present simulatio the applied closure relations are consistent with the examined
flow conditions asdiscussed below

X In continuity equatior(1), the interfacial mas source termwhichmodelsthe mass transfer due
to phasechange phenomenanamely cavitation and vaporizatigns neglected

o Cavitation playsa minor roleat the early stages of aerobreakup the examinedcases
Specifically, @ depicted in Figurél, in cases 1 and 2 the shock wave propagagenlves
smoothly downstream without any significant decrease in the local pressns@e the
droplet, which can be relatedo the development of cavitation region€@n thecontrary, in
the supersonic case 3, the strong shock wave with Mach number 2.64 nesaisncrease of
the local pressure at 3bars after impact. At 1.5...« §Z % E}% P 3]vP «Z} | A A
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droplet is reflected normal to the droplet outer surfae&d an expansion wave is created
Whenthe shockwave reaches thbacksideof the droplet it partially reflects backwargand
alow-pressure regiolis formedat 2.5 ... Similarly, theexperimentabbservationof Sembian
et al.[37] depict the creation of cavitation bubblesd thesubsequentdecrease of the low
pressure region in the aerobreakup of a water column under supersonic condibespite
the cavitation development, an early fragmentatjanitiating from the backside of the
droplet due to cavitation bubblegcollapse is not observed in the simulation resyltthe
experimental visualizations of Theofanous et[22] also confirm the absence of any
distinguishable surface oscillations or breakup on the lsd& of the droplet that can be
related tosignificantcavitationeffects

Since the early stages of the droplet aerobreakup evolution are not driven by cavitation and
the minor cavitation region has no macroscopic effect on the droplet fragmentation under the
examined conditions, a model for nucleation and subsequent growtheo€avitating bubbles

has not been implemented in the numerical framework. Instead, in the supersonic case 3, a
very small volume fraction of aif the order of 10°, which corresponds to a typical nucleation
volume fraction[67], is introduced in the initial droplet volume fraction. Under this
assumption, the small gaseous volumes inside the droplet will expand after the significant
pressure drop, producing expansion similar to those that would occur with cavitation; with
the sulsequent pressure increase, the gaseous volume gradually collapidesugh any
condensation and the pressure overshoot effects due to complete apltapse (which is

not the case with the gas content) are not considered.

0 Vaporization modéhg isnegkected sincehe localliquid temperature does not increase more
than 10 K during the shock wav@npact on the droplet in the examined case#iowever,
vaporization effectanbe responsible fothe extended water dispersioabservedat the
later stages of aerobreakupnder the supersonic posthock conditios of case3; thus
vaporizationcould be considered in future researaf aerobreakup imposed bigigh Mach
numbershock waves

o0 Other mass exchange contributions with an effectioterface formation are considered in
the transport equation for the] vs & ( *UCE( Cequation (HC G

In momentumequation(2), the interfacial momentum source term accounts for the aerodynamic
drag force, which dominates among the other interfacial forces acting between the dispersed
droplets and the freestream gas flow during the aerobreakup processe do the severe
aerodynamic conditions imposed by the upstream and downstream pressure differences. The
aerodynamic drag force is defined a§, L—Z%zéu 6% Q #xaaangthe calculated drag
coefficient G [60] is validatedor a vast range of Reynolds numbers and hierg defined based

on the local flow properties. The reference area of the droplgdpé is calculated based on the

o} o ]vs E( U CE( E ve]3C GX dZ A o} ]3Ce(ertormedE
simulations, sincgood agreement between the simulation and experimental results is observed
with respect to the overall aerobreakup evolution and the liquid penetration; thus, the relative
velocity u can be precisely extracted from the twilwid model.

In energy equatioli3), the interfacial energy source term is mdetvia a standard heat transfer
law [68] for the calculated temperature fields of the liquid and gaseous phases. In the present
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simulations, the observed temperature differences between the liquid and gaseous phases on
interfacial regions can localtgach the absolute value of 36in subsonic case 1, almostiQ@n
transonic case ,2and can even exceed the absolute value of BO the bow shock region in
supersonic case 3. Therefore, the mbdg of thermal effectdecomes crucial for the accura
capturing of aerobreakup under high Mach numbers.

Figure 11 Compressibility effects at the early stages of aerobreakup, nantlety incident shock wave downstream
propagation, the reflected shock wave in the free gas streand the transnitted shock wave into the liquid droplet.
Pressure field (top) and numerical schlieren images (bottom).

2) A fundamental principle of the multiscatevo-fluid approach isthe sulpyrid scale modéhg of
HVE *}oA (0}A «SEP SPE » A] 3Z SE Ve%}ES <«pu 3]}v (JE §Z
equation (5) The physical mechanisms, which are responsible for the interface production and
destruction and which fall below thelocal mesh resolution, e consideredn equation (5)as the
subgrid scale source terms& Specifically, the contributions of turbulent flow stretching and
wrinkling, along with the sulrid scale droplet interactions, involving droplet collisiorand
coalescence, and secondaboyeakup effects, aréaken into accounwith the appropriate closure
relations, summarized in Tabli. TheSGS modelare a function of the characteristic timescaly k w
and the critical interface surface area densityy @t an equilibrium state between interface
production and destructionThe modding assumptionsand the validityof the SGSmodels are
discussed below.

X The turlulenceterm utilizesthe Kolmogorov timscale The accurateclosure of the critical Weber
number Hsp{58], which expresses the balance between the liquid kinetic energy and the
liquid surface energy at equilibrium stategquiresa casedependentcalibration using DNS
results. However, considering thsignificantcompuational cost, a viable compromissto set
the critical Weber number value equal to 1, even thoughatyresultin aminor underestimation
of the effect of turbulence on interface formatipasshownin the DNSstudy of Duret et al[69]
for the primary atomization of gaubsonicspray.
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X Thecolision and coalescence model is based on the particle collision tfgkyThe major
assumption concernhe characteristic velocity of collision between the colliding dropletsich
is described as a function of the turbulent kinetic eneagyl has beemused insubsonidiquid
spray atomizatiorsimulations[58], [70]. Due tothe lack of any sufficient information regarding
the sulgrid scale particles and since collision is mainly turbulence driven, the proposed model is
acceptable in the present simulations.

X The secondary breakup model basedon the model of Pilctand Erdman[10], developedfor
Weber numbers up to H0The secondary breakup effects are driven by the mean relative phase
velocity[58], which is available within thevo-fluid model formulation; thughe relative velocity
is directly obtained from the numerical model without the need of further modgassumptions.

Tablelll Closure relations for the SGS terms in equation (5) related to interface surface area poduratidestruction.

SGS mechanism sGs 5
turbulence G x5? x gbhg . 0 S
- ———— with 9 As:5d sat equilibrium
Y D Ravi Fread- sateq
collisionandcoalescence S © 05?7 o . S:EB;“U”
T T— with @ L @—%4,,
-8 G "o >—

xcritical We for coalescenced ASspls St

.. 8 5?7 x b
xrelevant We for collision:9 Ay 5 Blgis“

secondary breakup xéy—2k:s F Uk;

89 AY;

B9AT;

4 1®
ol o

e e with 9AY; L stisEsayyllPé; stfor Oh <<l
. N L0y xi97 x5
with 9 Aj L—é

3) The dynamic switching from a sharp to a diffuse interface approach and vice versa, following the
implemented criteria in the flow topology detection algorithm, is bounded by the local mesh
resolution. In other words, the characteristic dimensitrat est@ablishes the resolution capabilities of
the multiscale framework and determines which flow structures will be fully resolved and which will
be modded as subrid scale phenomenas an external usedefined parameterSpecificallyin the
present aerobrakup simulationsthe meshresolutionof 100 cells per initial diameteausesdroplets
with diameters greater thanl9 ... to beresolvedwith the sharp interface approach, whitee finer
mesh of 200 cells per initial diametaitows for more dropletsvith a minimumdiameterof 9.5 ... o
be captured by the local mesh resolutiddowever even though the upper limit for theecondary
E}% 0 Se[ ] u Iedmvithin}he diffuse mist is tierent for the coarse and the finmesh,the
droplets with diameters in the range of &89 ...uU AZ] Z @& by the Sne@esh resolution,
are notexcluded in the coarse meghedictions As shown in Figure 1t the region where the fine
mesh detecs meshresolvable fragmentsetached either from the droplet baclside or the droplet
equator, the coarse medhlentifiesthe largest-scala secondary droplets within the diffuse mist.

Thisswitching mechanisroperates well with moderate meslesolutions in multiscale flows like the
droplet aerobreakup problenin which thesizes of thenitial coherent droplet and théirstly formed
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fragments have a difference of approximately two orders of magnitude. However, in flow fields with
structures covering the complete range betweenmicroscalesto millimeter size, the switching
mechanisms should be improdePart ofthe ongoingresearch is the coupling of an adaptive mesh
refinement algorithm with the sharp interface formulation in order &mcurately capture the
intermediate-scalal structures that arepart of the sharp interfaceformulation, and the original
moderate mesh is ingficient to resolve.

Overall,the mesh dependency of the switching criteria does not imply a rdegplendent numerical
solutionin the aerobreakup simulationg\ mesh independence investigatios shown in Figuré3,
comparing the development of théispersed region over time for the three examined casiefable

I, using a computational mesh of 100 and 200 cells per initial diameter. For consistency between the
two mesh resolutions, the coarser simulation of 100 cells per diameter includes dropl&®b ... u U
which corresponds to the local mesh resolution atiais, the upper limit for the dispersed region
resolution with the finer mesh. In cases 1 ande?y good agreement between the different mesh
resolutions is observed, while in case 3 a samliation of about 10% is noticeable at the early stages

of aerobreakup. Considering that any small deviation is enhanced by microscale droplets belawl

it is safe to conclude that the proposed numerical method is independent of the computational mesh.

4) A guantitative validatiorfor the mist dynamicsand the sizes of thanderlyingsecondarydroplets

is restricted by the visualization capabilities inside the dense mistln the experiments of
Theofanoug16] and Theofanous et d22], the utilized u E & <}opusS]}v }(doés.not %]/ o
allow forthe quantification of smaller droplet sizes, whiateillustrated asa dilutecloudof undefined

and shapelesstructures.Thus, theextractionof any informationregarding thedroplet sizes inside

the dense mist is ndeasiblein the available experimental visualizatiods} S Z *S }(SZ pSZ}E-]|
knowledge size distributiondor the produced fragmentsfter the droplet aerobreakure available

in the literature to date, but only in experimental studies of moderate droplet fragntation
caseq27], [28], [29], [30], [31]in the transition zone between the RTP and SIE regiméhese cases

the fragmentsform asa part of adistinguishabldiquid trace behind the deforming droplend notas

individual smalktructures inside adenseand hazy cloud thus the visualizationof the underying
structuresis significantlynore pronouncedanda quantitative analysis of the produced fragments is
achievablewith the use ofadvanced visu&ation techniques.

Figure 12Demonstration of theupper limitfor the secondary E } %o diagnefers modeled within the diffuse mist, using

computationalmeshwith a resolution of 100 and 200 cells per original diameléustrated in blue are the secondary
dropletsinside the mistcapturedwith both meshresolutions. llustratedin red are the droplets that arenodéded inside the
mist with the coarse mesh but are res@d by the mesh resolutionvith the fine mesh shown inside the green boxh&
arrows point to areas where the coarse mesh detdégments due to the unresolved interface sharpness.
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819

820 Figurel3 Volume concentration of the dispersed region over the total volume of the water phasenfi@sh resolution of
821 100 (redsolidline) and 200 (blusolidline) cells per initial droplet diameter. The green vertical lines correspoadéarease
822  for the width of the deforming droplet by 28 29% and 50%.
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