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SUMMARY

The jet-in-crossflow (ICH fuel-injection technique is widglapplied in modern jet
enginefuel-air mixeisto provide rapid fuel atomization and mixing. Howevet) €lassicab
JICF plaesl ar ge amounts of fuel into the init.i
boundarylayer, both of which can risk flashback and faeking on the wallparticularlyfor
nextgeneration jeengines that will operate eicreasinglyhigher pressuseand temperatures.
Twin-Fluid (TF)JICF, where streams of air are-ggected with the fuel jet into the crossflow,
is being considered as a way to mitigate the Clas3idalCF6s s hort cthefFngs .
JICF is anascent fueinjection technique thas not well understoqdespecially at the high
operatingpressure®f jet-engines.This dissertation reports an experimental investigation of
TF-JICF where liquid Jef fuel was ceinjected with pressurized nitrogen into a crossflow of
air. The developetuel sprays were characterized using shadowgraphy. Théofgebssflow
momenturAflux ratios were varied frond=5-40, the ainozzles pressurérops were varied
from dP=0-150% of crossflow pressure, and the crossflow Weber numbers were varied from
We=175-1050. These operating conditions allowed us to obtain a dataset that is both
comparable with neaatmospheric studies of THCF in the literature and applicable to-jet
engines. The results show thEE-JICF can be classifiethto four sprayformationregimes
(i.e., ClassicallICF, Air-Assist JICF, Airblast JICF and Airblast SprayCrossflow),each
containinga uniqueset ofspray characteristics amadechanisms. In the Aissist regime that
spansdP 3-13%, the injected aiformed aprotective awsheah around the initial fuel jet,
which inhibited the development ofalileighTaylor waves and surfaeghearing (i.e.,
disturbances created by the crossfloghjus redueng the nearwall fuel concentrations.
Applying higher levels ofdP transitioned the sprayto the Airblast JICF regime, whetlee

intensiied fuel-air impingement and shearirggenerated new disturbances on the jet. These
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generally caused the neaall regions to become repopulated with fuel droplets (i.e., counter
productive towards mitigating flashback and wailking). WhendP was higher than100%,

the jet became completely atomized by air prior to encountering thélavpsgroducing an

AAI rbl ais@r BSpg.fBHgoesulingsprapl ume 6s penetration bec
combination of t he -flixesewhereanorebsingdP cadsed imareasiegn t u m
separation between the spialyme and testhannel wdl This reduce the neawall fuel
concentrations anid beneficial towards fuelir mixer designalthoughthe required levels of

dP for this regimes likely too high for practicaljet-engineoperation
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CHAPTER 1. INTRODUCTION

This dissertation describes investigation of a newlass ofjet-enginefuel-injection
techniquecalledthefi t wfluichjet-in-c r 0 s s f HICK As Kigirdd.1 shows, modern jet
engines have annular combustors that must support stable, efficient and clean combustion of
fuel in the smallest volume possible. The combustor volume is continuously supplied with fresh
combusti bl e mixtur earmixeysd atamaetertlyispaced arouuk nfue
combustoro6s i nl et. Whialr mixets vayetiveemamnufacudersd e s i g r
most of them incorporate a centyalocated pressurswirl atomizersurrounded by swirling
airflowsinto whichthepilot-fuelis injectedor low-power engine operatioMost of them also
feature a separate outermost annulusdbatainsa swirling airflow, whichcan be introduced
into the annulus axially, radially or boths shownn the case oFigurel.1 based oeneral
El ectricds de s(2008). Fdr gighpbveeieegimeogetatiors the maifuel is
radially injectedvia multiple orificesinto thisouterannulus where they form multiple jets in
the crossflom(CF) of swirling air whose temperatures apressures may reach &&0and
50atm respectively(Dodds 2005,Tambe et al. 2005;0ust et al. 2012, Myers et al. 2013
General Electric 20)5Subsequentlythe momentum of the crossflow redirects the fuel into
the flow direction and atomizes the fuefo fine droplets that rapidly evaporate and mix with
the air. The ratesof atomization vaporizationand mixing determine the minimurength of
the fuetair mixer. On the other hand, the spatial distribution of fuel withifinlaécombustible
mixture influences engine emissions, combustion stability and etigausttemperature
patternationln essence, combustion performaacel engine durabilitis strongly tied to the
fuel-air mixetb s p e r f The meanfue mjection technique described in Brg 1.1 is
called a jet-in-crossflow (JICF). This technique commonly chosen over otherethodsof

liquid fuel atomiztion because it caprovide fuel flow-independenatomizationquality and



rapid fuetair mixing, while requiring low fuel-nozzle pressurdrops (i.e., low pumping

requirement).

Annular Combustor Fuel-Air Mixer Fuel-Air Mixer Schematic

CF
A _@iﬂ—'_h
A CF Outer
JICF ]‘
§ﬁ; v annulus

Fuel ==

Pt GE-Aviation

[><]= swirler vanes
Figure 1.17 Left: A cut-away of an annular combustor (GE Aviation 2014. Center and
right: its fuel-air mixer, illustrated based on Hsieh et al(2008, Dodds(2005, Foust et al.
(2012 and Myers et al.(2013.

Despite its effectivenesdICF fuelinjection also raises several design concefus
example, the penetration of the JICF fuel sprayesstronglywith fuel flow-rate resulting in
flow-ratedependent fuel distribution and flame patternation. At #raestime, a shown in
Figurel.2, thee is also concern for the potential impingement of fuel droplets onto the near/far
wall of the mixer devi cradsgesmpectivelflambseta 2003) o w/ h i
which can lead to waltokingthatdgr ades t he deviceds durabili:
Figure 1.2, regions of lowvelocity such as the boundaigyer andthe JICFspray svake
wherehot fuel-air mixtures may reside could lead to flashback that damages the d@wicst
al. 2014- aproblem that is becoming increasingly pertinent as engine operating pressures and

temperatures continue to increase.
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Figure 1.271 lllustrations of f uel-wall impingement and long residencedime regions in the
fuel-air mixer at low (left) and high (ight) fuel flow-rates.

The design concerns associated with Jiigéctionspurred the recent development of
a new class of fuehjection technique called the Twuid (TF) JICF, where the liquid fuel
is coinjected with airstreams that surround it concentrically, in order to modify the evolution
of the spray pattern. The limited number ofJIEF designs and studies include the works of
Samuelsen (1995), Leong et al. (20B001), Li et al. (2006, 2009, 20Fart 1, 2010Part 2),
Fu et al. (2014), Sinha and Ravikrishna (2088) Sinha et al. (2015). A detailed review of
these works will be presented $®ection2.2. Howeverpefore proceeding further, it is worth
discussig a particular new TF-JICF fuetinjector design that is being applied to next
generation jeengines and which motivatesthis investigation This designis the latest
generation offwin Annular Premixing Swirler (TAPS) fuair mixer byGE-Aviation (Hsieh
et al.2008) As shownin Figure 1.3, it contairs a central presswgwirl atomizerfor pilot-fuel
injectionand an outer annulus for mamel injection, much like the design shown in tig
1.1 However, unlike Figre1.1, the TAPS employing FBICF features an additiahsleeve
plenum below the maifuel annulusinto whicha portion of the conbbustorinletai r (-fAassi s
a i r Bigureh3) is diverted This air is injectedinto the crossflowthrough largeadial air
nozzles At the center of eaamozzle orificeis a stemcontaining thesmallermainfuel orifice.
Variaionsof the airnozzles exist, where the air canibgctedparallel to the fuel, impirgg

on the fuebr even swirlingAs claimedin the patent b¥isieh et al. (208), the air wastended



to sheaththe fuel jetfrom the crossflown orderto assist itgpoenetration into the center of the

annulus away from the walldence, this desigwascalled thei a-4a $ si st 0 .Notabty) J I CF
because thassising air in this design iglirectly extracted from the forwarthce of the fuel

air mixer (instead obeing pumped frona separate air compressor), the presduwe @dP)

across the air nozzledsiven by the comustorinlea i r 6 s d y n awhiches typicalys s ur e
on the order of <10% of crossflow static presstitais, [ased on the latest TAPS designs

crucial to develop aanderstandingf TF-JICF characteristics and sprByrmation processes

especiallyfor operations wittair-nozzledP on the eder of10%of crossflow pressure

Air-Assist Fuel-Air Mixer Cutaway Mixer Schematic

.
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Figure 1.371 Left: A variation of the TAPS fuel-air mixer that employs TRJICF (Hsieh et
al. 2008. Right: A simplified schematic of TRJICF TAPS (compared toii @ssicatJICFO
TAPS in Figure 1.1).

As shown in theoperating parameter space in Uiig 1.4, despitethe immediate
relevance of lowdP TF-JICF to nexigeneration jeengines, most of the existing THCF
studies only focused on the domains of d§h ~w h e r 8 mambknéum and Kiréetic energy
wereveryla ge ¢ omp ar e.dlthough Leohgeet dl. (P@0D, @G@0ihvestigated TF
JICF with dP<10% thar datawere obtainedat fuel flowrratesand airto-liquid massflow
ratios ALR) that were outside of the range anticipated forABF TAPS operatiorAs a brief

background, n these studies dfigh dP and/orhigh ALR TF-JICF, researchers commonly



observedthat the injectedliquid jets undewent nearinstantaneouatomization and mixing
with the ceinjectedair. Consequently, the generated droplets exchanged their momentum with
the highvelocity air rapidly, andhe resulting spraysenetrations were found to be scaldiyje
an effective momentusfiux ratio (0 ), defined as follows

0 (air momentunflux + liquid momentunflux) / (crossflow momentufitux) (1)
The 0 penetratiorscalingwas first introduced by Leong et d2000 and subsequently
adopted by the general IHCF research community, which applied it to correlate the
trajedories of TFJICF produced bdifferentnozzledesigrs at differentoperating conditions
The0 parameter was considered to be applicable to alllTF untilarecentstudyby Sinha
et al. (2015yeportedthe absence of nearstantaneous jet atomdtion by air at lower levels
of dP and, subsequentlgeviatonsfromthe0 -scaling Their resultsuggestdthe presence
of new TRJICF regime(s) within the lowlP and ALR domain.Thesepotentialnew regimes

and the sprayormation processes thereirere nothoroughlyexplored by Sinha et al. (2015)
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Sinha, Leong: U_~60-85m/s.
Li: U=5-15m/s

Figure 1.41 Operating parameter space for TFJICF. Existing studies were all conducted
at latmwhereWes< 200, except Leong etatnalhjectorsuel{ 2000,
air relative angles varied from G90°.



Additionally, Figure 1.4 shows that the majority of-JECF investigations were carried
out at neasatmosphericgs sur es, wher e t h(expressed ;mefimbathedd s i n-
Weber numberp 'Q " Y Q7, ) were relatively weak. These conditions are known in
the ClassicalICF literature to produce spsawithcharacteristics that differ significantly from
sprays at high, jetngine operating pressur@herefore, it is likely that the reported -DFCF
results are not directly applicable to-TFCF in jetengine fuelair mixers.

In essence an important gap currently exists in the TF-JICF literature The
characteristics of THICF produced bylow air-nozzle dP, low ALR and high crossflow
pressurarenot well understood, in spite of its immediate relevanget-engine applications

To address this gathis dissertation worlvas conducted witfour objectives:

i. To experimentally characterize theTF-JICF produced by an injector that is
representative of the configurations intended feejedine application. To characterize
the TRJICF across wide ranges of-ainzzledP, fuel flow-rates and crossflow Weber
number, in order to obtain a dataset iea&omparable to the existing literature, as well
as applicable to fuedir mixers.

ii.  Toidentify the major characteristics of the-JEEF, as well as their dependencedéh
fuel flow-rate andWey. To determine whether the characterizedJIEF exhibit
d fferent regi mes of behaviour (as sugges:

iii.  To develop a qualitative understanding of theJIEF sprayformation processes that
explains the observed characteristics, trends and regimes.

iv.  To determine whether the reported findimgg F-JICF literature are applicable to our
results; i.e., to assess the generality of theJTH mechanisms proposed in the

literature.

The stated objectivewere achieved by injectindiquid JetA fuel into a specialized

high-pressure/temperature JICF téamtility usinga customTF-JICF injector device thas
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representative ofextgenerationet-engin® fuel-air mixers. Nitrogen gas (approximating air)
from highpressurecylinderswere usal to drivea large range oflP values across thair-
nozzles, allowingus to covera large portion of the parameter space iRigure 14.
Shadowgrapfimagingwas used to characterize the -DFCF spraysCharacteristics such as
t he squteredgéand certerline trajectories, spragensity distributios and initial jet
disturbancemplitudesvereextracted from the shadowgraph images and analyzed to elucidate
theTFJICFOs characteristics and mechani sms
As an overview,Chapter 2of this dissertationprovides the discussiomelevant
background knowledge dfquid ClassicalJICF, TRJICF, and THets in quiescent gas
Chapter 3describs the employed experimental setupgiagnostic tools,dataprocessing
schemes and design of experiment. Chapltén 7 cover theexperimental resultsvhere each
chapter is dedicated to an identified-JIEF regime.Finally, Chapter8 summarizeshe
developed understandingETFJICFand their implcationsonfuel-air mixer design$or next
generationet-enginesFuture research directions to further the knowledge ed[Ci~are also

proposedn Chapter 8



CHAPTER 2. BACKGROUND

2.1  Classical Jetin-Crossflow
Figure 2.1 shows four types of liquid atomizeedated to this investigation. The

simplest case on the left is a pkgn injected into quiescent gas, where the primary atomization

and mixing forces arise from the aerodynamic shearing of the liquid against the quiescent gas.

To enhance atomization anaxing, a crossflow or a elow of gas can be introduced around

the liquid jet to modify its aerodynamic interactions. These more advanced atomizers are called
jet-in-crossflow (ClassicallCF) and twirfluid jets in quiescent gas (FjEts), respectivelyin

the most complex case, as shown on the right of Figure 2.1, the crossflowféow ace both
present. The physics of such a configuration, which is called the-Fiwid JICF, is largely
unexplored. This chapter provides reviews of research cortltwtgate on ClassicdICF,

TF-JICF and THets in order to set up the necessary background for this dissertation.

| Classical-JICF 5
> ;
> :
, > :
Plain-Jet | = i TE-IICE
1 .
| 1 —p
. | ne
| TF-Jet ; *{r
t Air/Gas Flow o : it
Liquid Flow ! |

Figure 2.17 lllustrations of atomizers related to this investigation, from the physically
simplest (eft) to the most complexight) configurations.

The ClassicalICF is a canonical flow configuration that can be found in many
industrial applications and has been extensively studied to date. However, despite a Classical

JICF injectordos mechanical si mpl ndaundérlyingan d

t



fluid processes of a ClassieHICF spray are extremely complex and remain an area of active
research. Conceptual models of Classit@lF can be found in the works of Catton et al. (1968),

Schetz et al. (1980), Less and Schetz (1986), NgaydiiKaragozian (1992), Fuller et al. (2000)

and Sedarsky et al. (2010) among many others. These models are diverse and generally focus

on isolated aspects of the spray. Nonetheless, the diverse Cld#SiEaksearch areas can be

chiefly categorizedunde t he studies of i) the initial | e
formation, and ii) global spray characteristics such as spray penetration and dispersion. We

review both categories below.

2.1.1: Jet Instability, Disintegration and Dropletsimation

The liquids in ClassicallCF are typically injected at low velocities with low nozzle
pressuredrops. In the absence of the crossflow, the-l@bocity liquid would persist for
considerable distance as an intact liquid jet. However, in themre®f crossflow, the impact
and acceleration of crossflow gas around the initial jet column (as illustrated in Figure 2.2)
formahighpr essur e st agnati on =z one-pessurdzbnesontaet 6 s w
jetds | ater al aneislatssformedl on the leeward Ede where fow geparation
and recirculation occur. As Mazallon et al. (1999), Thomas and Schetz (1985), Wu et al. (1997)
and Sallam et al. (2004) reported, and as Figure 2.2 also shows, the combination of pressure
forcesf | att ens isdeton iftean éllgpse,cmhichgiows progressively wider/flatter
with distance from the injection point. At the same time, the shearing forces generated by the
acceleration of the gas ar oalossdectiorht@defpreminto s | a't

a kidneyshape. This is accompanied by the formation of a vortex pair within the jet.



Figure 2.27 A depiction of a liquid jet deforming under the influence of crossflow.

As shown in Figure 2.2, the combination of presgarces and viscous shearing on the
jet also bends the jet into the crossflow direction. In the process of bending, the jet tends to
develop largescale instabilities. The superposition of these instabilities on the bending jet is
illustrated in Figure 3. These instabilities are commonly referred to as Ray€aythor (RT)
waves. They form when a light fluid (i.e., the crossflow) is accelerated at-aenorangle
against the interface of a heavier fluid (i.e., the liquid jet) (Schetz et al., 1979 @ B¥84).
Images taken by Inamura & Nagai (1993) and Mazallon et al. (1999) show that the structures
of the RTFwaves strongly depend on the intensity of the crossflow, which is commonly

expressed as the crossflow aerodynamic Weber numd@r ), as @fined below:

" 50 Bo

)

wQ

1)

where the subscripo "@enotes the crossflow, aflenotes the fuel/liquid. The variables'yY

andQ are density, velocity and fuel orifice diameter, respectively. AtWdsy, the RFwaves

begin development as large sinuous waves. However, with time, the winthearg wave

crests develop into sharp cusps that subsequently thicken into nodes, as illustrated in Figure
2.3. Meanwhile, the leewaifdcing troughs are stretchedarthe crossflow direction and grow

thinner until they are eventually pinched off due to capillary forces, thus truncating the jet. At
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highWesr,theRfwaves 6 wavel ength becomes small er, ar

in the windwarde d g e 0 smaygivel teeset an overall varicose/beaded appearance.
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Figure 2.37 A depicture of Rayleigh-Taylor (RT) waves and jet pinchoff.

As the studies of Sherman and Schetz (1971), Schetz et al., (1979), Thomas and Schetz
(1985), Becker and Hassa (2002) &allam et al. (2004) found, the truncation of the jet due
to pinchoff as described above usually happens only once every few wavelengths when a
particularly deep wave trough is encountered. Thus, the jufigirocess usually cause large
clusters of liquil, multiple wavelengths long, to be detached from the jet and shed into the
crossflow, as illustrated in Figure 2.3. These clusters generated HmaiR pinchoffs will
continue to disintegrate into increasingly smaller clusters and droplets, which yereenain
closely located to each other as they are convected along the crossflow. The plume of highly
concentrated clusters and droplets originating frorawRWe pinchoffs is referred to as the
Asp-cayeo.

Inamura et al. (1993) and Sallam et al. (208idserved that RWaves travel along the
jet at near the liquid injection velocity when the jet has not been bent by more than 20
However, when the jet is bent more thad,4e RFwaves tr avel at cl ose
velocity due to convection ke crossflow. While being convected, the-Rdves continue to

grow in amplitudes and wavelengths. The amplitude groatdwas observed by Inamura and

11



Nagai (1997) and Wu et al. (1997) to be particularly high when the jet is undergoing its highest
rate d bending by the crossflow. On the other hand, the work of Ng et al. (2008) provides an
analytical model for the growthof Rfaves. They proposed Q@ hat t he
grow exponentially in timet) with a temporal growthate—; i.e.,

N Q )
In the original study of RT instabilities, where fluid acceleration occurs due to buoyancy forces,

the growthrate was derived as:
- Q05 3)
where g is the gravitational acceleratioQ ¢“7_ is the wave number and is the

wavelengtho k

is the Atwood number, where subscriptandL denote the heavier

and lighter fluids. Ng et al. (2008) modifiedto mo d e | WavEesHy mtrodriding
surface tension (which has the effect of setting a preferred wave number for RT growth (Sharp
1984)), replacingg by aerodynamic drag forces and assuming 'thdt " . The new

expression for growtnate is giveras:

~
Q

- (4)

whereb i s the jetods drag coef fi ciraeiddeperflentoBquat i
wave numbek. Next, Ng et al. (2008) proposed that the t GvsavefKare dominated by the
wavelength having the maximum growthat e. To find this kwmjveleng

they calculated thke-derivative of— and set it to zero, where:

—  n (5)
¢o  Solihm ©
C— 6 —oQR (7)
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where_ is the primary RTwave® wav el e ® gstah empigcal cconstant. This
derivation agreed reasonably well wiMa z al | on et al . (1999) 6s

correlation:
— PROQYZY (8)

Equations (4) ah (7) show that crossflow velocity and density have dominant roles in
RT-wave formation. On the other hand, the liquid velocity does not seem to affect the temporal
growthrate (although, given a constant temporal gresatie, the spatial growdrate of RF
waves will be lower when the liquid velocity is higher). Though the expressions above suggest
a single preferred wavelength for Rvaves, experimental studies have observed that RT
waves on JICF are, in fact, broadband, consisting of a wide range obewgtis. Becker and
Hassa (2002) proposed that the observed unsteadiness of RT wavelengths may be connected to
the unsteadiness in the crossflow, especially inthectédsa n ne | 6dayehboundar y

In addition to RFwaves, a second type of instability isrfeed on the jet surface when
w'Q is high, with wavefronts that are aligned perpendicular to the crossflow anv&7s.

These instabilities are superimposed upon themMaVes, as illustrated in Figure 2.4, and are
commonly called KevirHelmholtz (KH) waves, acceleration wave or shear instabilities by
Adelberg (1968), Mashayek et al. (2008), Sedarsky et al. (2010) and Behzad et al. (2015, 2016).
The KHwaves are developed through shearing between the crossflow gas and the liquid jet.
They have wavelenigs that are typically on the order of 10% of the liquid jet diamsntea]ler

thanthe Rwav es 6 wav el-wavestrdval arouddshe Kedphery of the jet their
amplitudes grow, resulting in the development of liquid sheets that stretch and break into

|l igaments on the |jetods | atrengesatidues$oithd &seleratrh er e
of crossflow around the jet. Each ligament then stretches and thins until it is pinched off by
capillary forces, forming small droplets that are readily entrained into the crossflow, as shown

on the bottom right of Figure 2.. This mode of di sisntre gpmpatnigon
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Asurdmeer i ngdiesinfishgeati ondo by I ngebo (1985)

al. (1999) and Sallam et al. (2004).

KH-waves
RT wave-crest Cluster

Figure 2.47 An illustration of Kevin -Helmholtz (KH) waves andsurface shearstripping.

Earlier studies (e.g., Sallam et al., 2004) proposed that-strggyed droplets originate
from the viscous boundatgyer that develop around the jet, causing the droplet sizes to be
consequently proportional to the boundtayer thickness. More recent studies (e.g., Behzad
et al., 2016) support an inviscid interpretation, where droplets are generated byiticuikét
surface corrugations t hat grow and di sinte
aerodynamic pressure f@s In either case, the sheared droplets are smaller than both the
l iquid jetds diameter and -cord élenckytioep haeetlesss | n t
momentum and are rapidly entrained into the crossflow (Ingebo ,1981, 1985). Consequently,
dropletsproduced by shesastripping primarily occupy the neavall wakeregion of the JICF
sprayplume (in contrast to the sprapre droplet clusters that penetrate far into the crossflow).

Ingebo (1981, 1985) also observed that sls&goping is generally merintense at the

crests of the underlying RWaves. As shown on the right of Figure 2.4, this is likely because
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the wavecrest has a larger diameter than the trough, which causes the crossflow around the
crest to locally accelerate to higher velocitiesnthiaat around the trough, thus resulting in

stronger shearing. The noemiform sheaistripping intensities between the wave crests and

troughs produce trains/waves of high droplets nurdbernsi t i es i n the | ei
illustrated on the left of Figur2.4). The droplets trains are particularly evident at highe

when shearing is more intense. They can be observed in many experimental images, including
those in Wu et al. (1997) and Sallam et al. (2004).

As discussed above, the Classigal C §péagplume consists of two zones (i.e., the
spraycore and the wake) having droplets of significantly different sizes, number densities and
formation mechanisms. However, as the sypiayne continue to travel downstream, large
dropl ets wi ldaruyn/dteerrgtoi afirsye cborneakupso i nto inc
critical size is reached where the droplets
crossflowbs disruptive aerodynamic forces.
following expression of critical Weber number; e.g., by Hanson et al. (1963), Wu et al. (1994),
Madabhushi (2003) and Marmottant and Villermaux (2004):

o0 "o i ¢

»nQ

p (9)

where ™Y is the timevarying relative velocity between a droplet and its immediate
surrounding gas, ard is the droplet diameter. Importantly, the critical droplet size at a
downstream location where the droplet has attained the crossflow velocjfyr(i.e ) will
necessarily be | arger than fYhe "Yi.Menteismhe j et 0 ¢
large droplets that have yet to be broken up in the initial spray may remain intact indefinitely.

The breakup mechanisms describedvabare all driven by aerodynamic forces with
capillary forces often responsible for the final droplets piokh But in addition to

aerodynamic forces, Wu et al. (1997), Ahn et al. (2006) and Reichel et al. (2007) have reported
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that inertial forces fromiduid turbulence can significantly influence the jet breakup. As
illustrated in Figure 2.5, the presence of turbulent eddies diverts liquid momentum away from
the injection direction and destabilizes the liquid surface. The diverted momentum contributes
to the sum of disruptive forces acting against the surface tension, thus encouraging breakup to

occur at lower levels of aerodynamic forces.

Figure25TEf f ect of | iquid turbulence on the |et(
We have shown that |jet breakup is driven

forces (and under certain circumstances by liquid turbulence), which is commonly expressed

in terms of the crossflow Weber number. Next, we will expand upon the discussid @ s

effects on JICF behavior. We begin by looking at the possible regimes of JICF breakup, which

have been extensively researched by Mazallon et al. (1999) and Sallam et al. (2004), among

others. The instantaneous images of laminar jets undergo@adup in crossflows having

widely differentw’Q can be found in Sallam et al. (2004). They showed that the injected

liquid jet remained intact and laminar in the photographed domain in the absence of crossflow

(.e.,0Q M. At Q o, large RFwaves formed on the jet. Large liquid nodes were

formed at the waverests, while the waviEoughs were accelerated downstream and stretched

out, giving the jet an overall sinusoidal appearance. Capillary forces caused the jet to pinch off

atte troughs. This was namedwnQ h g thd wavdraugh® br e a

were inflated by the crossflow into bags. TI

thinned until they ruptured, releasing small droplets into the crossflowthidker rims of the
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bags al so underwent breakup into | arger dr oy
At 0 Q o 11 aerodynamic shearing was strong enough to formwedes, and a
combination of bagpreakup and surfaeghearing occurred, prodacig t he A mul t i mode
regime. As theo Q continued toincrease,theRTaves 6 wavelengths cont i
along with a decrease of the bag and ligament dimensionsguftil ¢ ¢ when the jet
appeared to disintegrate directly into detisy droplets. This is commonly referred to as the
Ashleaeakupo regi me, whiQe lg m tLybarskye e blIAgvanted gi n s
Fluids Dynamics The sheabreakup regime is the most regime for-gegine operating
conditions (whereéo' Q  1500-3000).

Whether the liquid jet in the shear breakup regime is entirely disintegrated via surface
shearing or a combination of surfasigearing and R-@riven jet pinckoff remains a subject of
study. The latter concept is supported by Sherman andzS@8atl) and Becker and Hassa
(2002), and was illustrated in Figure 2.4. It is likely to be the more accurate description of the
jet breakup process since it is more consistent with the common observation of intermittent
clustershedding and dropletsains at highWey. Finally, it should also be noted that although

spray breakup regimes are usually correlated with , the liquidto-crossflow momentum
flux ratio @ ” Y ¥ 'Y ) have also been found by numerous researchers to affeet the |

breakup (Kush and Schetz 1973, Mazallon et al. 1998, Wu et al. 1998, Rachner et al. 2002 and
Gopala et al. 2010). High®&erandJ both lead to the formation of smaller and more regularly
sized ligaments and droplets.

In general, JICF sprays have paligpersed droplet size distributions. In particular, the
spraycore and sprawa ke ds dropl et Ssizes are remar kabl
underlying droplef or mati on processes. The | arge vari a
advantageous tet-engine fuelair mixer operation because the larger droplets will penetrate

further than the smaller droplets owing to their larger inertia per drag area, anckrgae
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Consequently, the sprayods di sper sfpeaatrations wi de
thus forming a more uniform fuelir mixture ratio. Because droplets in a JICF are formed
through aerodynamic forces, the mean droplet sizes are found to be dependeanfQupon
Specifically, Nejad and Schetz (1971), Nejad and Sche88jhd Stenzler (2006) found that
lower surface tension, higher crossflow velocity and higher crossflow density (i.e., factors that
influenceWey) are all capable of independently causing a decrease in droplets sizes.

It is worth emphasizing that althgl all ClassicalICF operating aWWe>200 are
lumped into the shedoreakup regime, the spray behavior and droplet sizes vary significantly
with Wes within this regime. As shown in Figure 2.6 by Lubarsky et al. (2010), droplet sizes
in the spray will catinue to decrease with increasgs beyondWe=200. However, these
effects diminish with increasingves. For example, abové/e=800, the droplet sizes are
essentially constant. Notably, Figure 2.6 also shows that thewpgay e 6 s mean dr opl
are always very small and quite insensitivé\ter. On the other hand, thesprayor e s me an

droplet sizes are much larger, especially at IoWey.
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Figure 2.67 A plot of the effects of We;s on mean droplets sizes and sizaistributions.
Source: Lubarsky et al. (2010).

The majority of reported JICF studies were conducted atate@yspheric pressures

(<5atm) due to the difficulty in developing a higiressure facility. Hence, the availablatal
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is generally limited toNes 250. In contrast, jeéngine fuelair mixers typically operate at
We=15003000. As shown in Figure 2.7 (which are instantaneous images of ClaH€IEal
obtained during this dissertation work), the spray&/at=350 andVe=1050 developed very
differently, in spite of the fact that both cases were well in the direakup regime and have

the sameJ. The We=1050 JICF had significantly finer droplets (as inferred from its
Anebul ous/ foggy o0 app esaggestng rmore inkensd sudacedskeearmge r
These differences will have large performance implications orefuehixer operation. Thus,
care should be exercised in applying observations or conclusions-pfésaure experiments

to jetengine fuelinjectordesigns.

We, =350 _ We,=1050

Figure 2.71 Photos showing the effects aNa:f on spray structures in the sheatbreakup
regime, with identical fuekto-crossflow momentumflux ratio J.

2.1.2 Spray Penetration and Dispersion

The penetration and dispersion of the jet and sphaye into the crossflow is another
very important aspect of JICF. It is, in fact, arguably the most reported characteristic of JICF
as it pertains to the control of fuel placement within the mixer ambustor. It is important
to understand that the evolution of droplets trajectories throughout the JICFphpraeyis
fairly complex, and a JICF spraynstsimply a conical jet/spray that is bent into the crossflow
direction. A detailed discussion of sgrstructures and velocHields for liquidJICF can be

found in Thomas and Schetz (1985), while thosegmeous]ICF can be found in Fric and
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Roshko (1994), Smith and Mungal (1998) and Wilde (2014). Figure 2.8 shows a qualitative
understanding of droets trajectories in liquidICF. The illustration shows that, as previously
discussed, the spray plume can be separated into the densely populatedrgpaayg sparsely

populated wake region. Droplets in these regions have different origins and, fferendi

sizes and trajectories. The small er wake dro
lateral surfaces and are rapidly entrained into the crossflow. Thus, they have nearly horizontal
trajectories that originate from the entire span efitiitial jet/spray. On the other hand, the
sprayc or eds | arge droplets have much higher pc¢
spraycore droplets penetrate very far, and their trajectories are always found on the windward

side of the spray. Notaglthe penetration of these droplets are further aided by thespray e 6 s
high droplets density, where the droplets al

from crossflow entrainment.

Figure 2.87 A conceptual illustration of droplets trajectories in a ClassicalICF.

To simplify their analyses, researchers typically study JICF trajectories by use of
statisticallyaveragedrajectories. Wu et al. (1997) performed an analysis based on momentum
conservation to predict the average trajectdrg jet in crossflow. The analysis was performed
for a segment of a liquid jet instead of droplets or clusters of droplets. Buoyancy forces were

neglected. The jet s éY)anddrag dosfficierddn) evéragaasumed n v e |
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to be consint throughout the analysis. Using these assumptions, they derived the following

expression for the jet segment 6sQ)rajectory

- - — —— k8, U™ — (10)

Equation (10) by Wu et al. (1997) related the penetration of the jet to the momentum
flux ratio (J). In many following works, the expression was generalized to describe the
trajectory of the entire spray plume. To improve the fitting of experimental tdathe
expression, the constants and powers in the expression were often relaxed to allow for
deviations from the original anal ysi sd6 assu

trajectory is as follows:
— 8, P "Q— (11)

where the spray penetrations at-allocations are proportional to some powerJdhat is
typically close tad 0.5 (Chen et al. 1993, Hojnacki 1972, Yates 1972, Geery and Margetts
1969 and Wotel 19910 — isashapef uncti on t hat describes the

take on the form of a power law function (Hojnacki 1972), a logarithmic function (Yates 1972)
or a function with three exponentials that accounts for the liquid column, ligaments and droplets
regions of the spray (Chen 1993).

Notably, Equation (11) can only be used to correlate the trajectories of sprays at a
constant crossflow operating conditions. It is generally observed (Leong et al. 2001, Eslamian
et al. 2014 and the sources cited thereint h a't the spraybs penetr a
relationship withWey. This can be attributed to high#&fed s ef f ect s i n decre
si zes, which reduces the dropletsd penetrat

Hassa (2002) atsfound that Equation (11) tends to oyeedict spray penetrations at high
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Wey, because the intact jet which Equation (11) models only persists for a very short time at
high Wet. The highWes JICF is also very welatomized into fine droplets, whichde their
penetration velocity very rapidly, in violat
velocity is timeinvariant. The report by Becker and Hassa (2002) delved deeper into the
devel opment of an al t er ndactleratiantimmen ard agceuntsdfovh er e
in penetration prediction.

Finally, It I's necessary to remark that
idealized scenario where the liquid segment only interacted aerodynamically with a uniform
crossflow. In tle research of JICF for wdilm cooling applications (Thompson et al. 2015
and Liang and Kang 2012), JICF of very l@ware known to develop sprapres that are
attached to the lowawall due to spraywvall interactions. The walhttachment fundamentally
changes the floviield and dispersion pattern of the spgayme. Hence, the wadlttached
JICF is not selsimilar with walldetached JICF, and a purelybased penetration scaling
cannot strictly be applied simultaneously to both classes of JICF. Atatymtengine
operating conditions and| the spray plumes can be located very close to the Jaatrand
potentially become attached. Thus, we need to exercise care in identifying and analyzing wall

attached/detached sprays.

2.2  Twin-Fluid Jet-in-Crossflow

As discussed in Chapter 1, Twhiuid Jetin-Crossflow (TFJICF) injectors have
recently gained the attention of designers and researchers for their potential application in jet
engine combustors (Samuelsen 1995, Leong et al. 2000 JEB)P001IJEGTR, Hsieh et al.
2008, Fu et al. 2014, Sinha and Ravikrishna 2013 and Sinha et al. 2005EHRas also been
considered for noengine usages like railway frictiesurfactant spragoating (Li et al. 2006,

2010Part 1, 2010Part 2). This section reews the TRIICF injector designs and operating
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conditions that have been investigated thus far, and the understandings]i&FTBpray
formation processes that have been developed. It will provide the background for the discussion
of our investigation, wich spans thdPandALRdomains reported in the literature and beyond.

For the brevity of discussion, we will henceforth refer to thefwin u i -thjg@cted @irsimply

~

as fAairo, while the crossflow air will only

2.2.1 Summary of TFJICF Injector Designs and Operating Conditions

The earliest design of a jehgine combustor incorporating -OFCF, which was called
the Lean Burn Injector (LBI) (see Figure 2.9), was patented by Samuelsen (1995).
Subsequently, the first stuay this injector was published by Leong et al. (2000, 20PR,
2001 JEGTB. Notable designs and studies that have since followed include the Internally
Staged Combustor by Fu et al. (2014) (see Figure 2.10), thkHCH-for Trapped Vortex
Combustors by &ha et al. (2013, 2015) (see Figure 2.11), and the TAPSiiuglixer by
Hsieh et al. (2008) (see Figure 1.3). As shc
had a centralhsupported shaft with concentric sleeves that delivered fuel and air fioethe
air mixer device. At the end of the shaft, the fuel sleeve had eegplled orifices that injected
fuel jets radially into the air sleevé, wher
angle. T-atomized®r eh eltin§ fuekrich naixtuce exitdd @ia mukideu
large orifices on the air sleeve into the main annulus. There, a swirling crossflow continued to
mix the fuel down to the desired equivalence ratio. The final mixture burned in a region
anchored by the swiringfowdés vortex breakdown bubble. A
a Anquarl o accelerated the flow | ocaddlopg t o pr
(dP) of the air nozzles were below 10% of the crossflow static pressuredAtdue matche
the typical levels of pressutrop across combustor domes/entrances, such that the injected air
can be driven by said pressutop without any additional compressor device. However,
despite having lowdP and, consequently, low air velocities, the foefice diameter in the
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LBI was reported to be 0.8mwhile the fuelair orifice diameter was 2.2@n(Leong et al.
2001), which resulted in the amozzle having a projected area 43 times larger than the fuel
orifice area. Consequently, the LBI operatethwiery high aitto-fuel massflow ratios ALR)

of up to 9.4. In their report, Leong et al. (2QTEGTP claimed that the air was intended to
promote both liquid fuel atomization and penetration, especially at lowrficevconditions.

The resulting fineatomization enhances fueaporization, allowing more rapid mixing and
leaner combustion with lower NOx production. They referred to their flow configuration as
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Figure 2.97 A schematic of the Lean Burn Injector (eft) and a zoomeedn view of the
injector (right). Source: Samuelsen (1995), Leong et al. (2000) and Leong et al. (2001).
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Figure 2.107 Top: A schematic of the Internally-Staged Combustor.Bottom: A zoomed
in view of a single TFJICF injector unit. Source: Fu et al. (2014).
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Figure 2.117 Left: A schematic of a typical Trapped Vortex Combustor with TRIJICF
injector. Right: A depiction of the airblast atomizer used by Sinha et al. (2012015).
Source: Spraying Systems Co.

Fu et al . ( 2Sded Coinbustdr,rseed-igune2l10, gonsisted of a central
pilot-f u e | i njector surrounded by a fAmain annul
orifices. The mairfuel was injectedttrtugh r ecessed cavities (fAat
front of the annulus. The walls of the cavit
that preatomized the fuel jets before they entered the annulus. Additional air was introduced

along thewalls of the annulus to sheath the wall from impingement by fuel. Figure 2.10

indicates that the atomization air in this design was also driven by the prdssigcross the
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combustor liner. Their ain 0 z zdP wvas @eported to be ~3.16% of the cramsflpressure.

The air injected into the atomization tube and along the wall accounted for 12.4% of the total
combustor air flow. The employe&¥dlRat the point of injection and the effects of air on spray
formation were not reported.

The Trapped Vortex Cohustor (see Figure 2.11) is a novel combustor design where a
vortex ring of recirculating flow trapped within a toroidal cavity was used to stabilize the flame.
This combustor is typically compact and, consequently, has short flow residence times. Thus,
amethod of very rapid fuedtomization and mixing is required. The recent studies by Sinha
and Ravikrishna (2013) and Sinha et al. (2015) investigatedIJF as a candidate fuel
injection technique for Trapped Vortex Combustors. Their effort was in angaase, where
the TRJICF was studied using a commercially available Spraying Systems Co. SU11 airblast
nozzle (see Figure 2.11) mounted onto an atmospheric crossflowhéestel (i.e.,non
combustor operating conditions). This nozzle allowed the fuglaanto impinge and mix
internally in a cavity before being released into the crossflowspsag, thus allowing more
rapid mixing than ClassicallCF. The aknozzle area of the SU11 atomizer was on the order
of the fuel orifice area and, thusl . Rwastypically less than 0.3. However, large-aozzledP
on the order of 250% of crossflow pressure was supplied to creat up to sonic relative velocities
between the fuel and air, thus producing intense shearing and interactions.

Finally, a notable nopropusion-related investigation of TTBICF was conducted by
Li et al. (2006, 201®art 1, 2010Part 2). They investigated to use of a modified commercial
airblast atomizer for spraying water and viscoelastic liquids from a moving train onto railway
trackstonmdi fy thegtrpinbs thiaskcase, the crossfl
(5-15m/9 and was much slower than typical fael r mi x er 6 s-8om/g.oTkexr f | o ws
atomizer nozzle had a central liquid orifice with an area ofrit#7and an axal airblast ring

orifice with an area of 4.56nt. The nozzle was operated witRlevels of up to 60% crossflow
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pressure andLRin the range of 2.5, which resulted in rapid liquid atomization and large
spray penetrations. Their nozzle was distinct ftbose employed by Leong et al., Sinha et al.
(2013, 2015) and Fu et al. (2014) in that the liquid and air were injected parallel instead of
impinging, and fuehir interactions occurred outside of the nozzle.

The TRJICF operating parameterdR and ALR) employed in the investigations of
Leong et al., Li et al. and Sinha et al. have been summarized in Figure 1.4. In addition, a more
detailed summary of their test conditions will be presented in Section 3.5, where they are

compared against our design of experiment and choice of test conditions.

2.2.2 The Effects of HigldP and HighALR AirInjection on the JICF Sprays

Figure 2.12 shows the tirreveraged images taken by Leong et al. (2000, 2@ of
sprayformation in the ClassicallCF operating mae with constant fuel flowate and different
crossflow pressures. These images show that in the absence of airblast, the injected liquid fuel
formed an intact liquid jet atatm which then persisted for multiple jet diameters before being
disintegratedrad deflected into the crossflow. The jet breakup length was considerably shorter
and the deflection more severe when pressure was raisathigi.8., higherWey) while the
fuel flow-rate was kept constant (i.e., low®y thus placing the spray plumeryeclose to the
testchannel wall. At &tm, the liquid jet was almost instantaneously atomized and the
generated spragore attached to the wall. Because the fuel ftate (instead of momentum
flux ratio, J) was fixed between the three ClassidilF, itis difficult to determine whether

the decreased penetration was due to Iaveerd/or higheWey.
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Figure 2.127 The effect of crossflow pressure on a ClassicdlCF spray. Source: Leong
et al. (2001 JPP).

Figure 2.13 from Leong et al. (2001PP) describes the effect of airblast upon the
sprays shown in Figure 2.12 WhedRwof 1% was applied to the JICF, the penetrations of the
sprays at the same fuel flenate as in Figure 2.12 were all enhanced, and tbegrd sprays
separated from the teshannel wall. However, intact initial liquid jets were observed in spite
of the presence of atomizing airblast. WhetPaf 2% was applied to the amozzle at 13atm
test pressures, the injected fuel fileadipga n d e d O
Leong et al. (2000, 2003PP) to conclude that the fuel had become fully atomized and
dispersed within the interior of the nozzle cavity. They referred to this phenomenon ef quasi
i nstantaneous atatnomiaza toino naos, t/fimpm tloeniptivavass di st
shearatomization that requires a longer tiseale for wavealevelopment. Notably, the
resulting spray plumes dP=2% also had significantly higher penetrations compared to those
at dP=1%. On the other hand, the jet appeared to remgact at atm and dP=2%, while
experiencing little penetration enhancement by the air. The absence of jatomptation at

S5atmwas not explained. Finally, @dPof 3%, al |l t he jadtosniwerde fafnu
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Anodul ed of | i g ustrdam sideroihee chozzdenwhichhwas attribwted to the

splashing of prompatomized fuel onto the nozzle wall.
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Figure 2.13i The effects of crossflow pressure and airblastP on the JICF sprays. Source:
Leong et al. (2001JPP).
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In addition to imagingbased studies, Leong et al. (2000) also employed Phase Doppler
Interferometry to characterizethe ABIl CF6s dropl et size distribu
low or zerodPt he dropletsdé Sauter Me an Di ameter
downstream of the rzale, indicating continuous droplet breags by secondary atomization
due to the crossflowds aer odyadPtheSMD remained es. O
spatially constant, indicating that the airblast had atomized the fuel into droplets wih siz
smaller than or equal to the critical diameters.

Subsequently, Leong et al. (2000, 20@P) identified the following three sulegimes
withidl 6R8: HdP sulbrégiene Wheres the jet remains intact but experiences
penetration enhancement by, ai) the middP subregime where the jet is promptomized,
and iii) the highdP subregime where a liquid nodule forms on the leeward edge of the nozzle.

As the ABJICF transitioned from a lowP to a highdP subr e gi me , the spray
sectional liguid distributions transitioned from circular to elliptical to, in certain cases, kidney

shape. They attributed the formation of the kideskgped crossection to the entrainment of

small wellatomized droplets into the couratating vortex pair (CVP)déw structure formed

by the interaction of the airblast air with crossflow (e.g., see the discussion on CVP by Smith

& Mungal 1998). The kidneghaped spray crosection is usually not present in a liquid
ClassicalJICF (e.g., see Wu et al. 1998) and ismmgue feature of higP TF-JICF.

Figure 2.14 shows instantaneous inveitgdnsity shadowgraph images of -TFCF
sprays formed by the injection of water at varying flates, ainozzledP and crossflow
velocities, provi ded by Sinha et al . (2015
atmospheric pressure and temperature Veag-200 (i.e., on the lower borderline of the shear
breakup regime). The first row of images shows the depeadehespray penetrations on
crossflow velocity at fixed liquid and air flovates. As expected, higher crossflow velocities

reduced the momentun!| ux r ati os gfoheraenddaractredsaes i he s
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Notably, the first row of images wassalcaptured aALR=0.1 (here denoted as gasliquid
flow-r at e GLRD) i, owli ch was on the | owé&Foperatidg of Si
conditions (i.e., close to ClassieHCF). At this operating condition, large discrete droplets
can be obgeed throughout the entire spray as a result of theitau

The second row in Figure 2.14 shows the dependence of spray characteridti¢s on
whereWes and liquid flowrate were fixed. At the lowestLR the sprayplume was observed
to bifurcate intdwo branches. The upper branch consisted of large droplets with approximately
the same sizes as in the first row of images. The lower branch consisted of much smaller
droplets that had a nebulous/foggy appearance, which was previously seen only inl€lassica
JICF operating at very higes (e.g., see Figure 2.6). The bifurcation of the syplayne was
attributed to the presence of bimodal droplet size distribution, where smaller droplets have
significantly less penetration inertia per drag area. Sinha @Gdl5) further proposed that the
bifurcation and bimodal droplsizes indicated the presence of two distinct atomization
processes that only occur when tA&R is insufficiently high; i.e., (i) partial prompt
atomization of t harblastptodusing emall deopletgardr(ii) goomigation b y
of the remaining jet by crossflow producing large droplets. This form edITF breakup
process i s per haps s i mdPFoperatioh wherkthednitigl ligeidjeta |l . (
remained intaicfor multiple jet diameters, even though Leong et al. (2000) did not observe

bifurcation (e.g., see Figure 2.13).
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Figure 2.141 Instantaneous images of watemjection at different liquid flow -rates, ALR

and U¢r. Source: Sinha et al. (2015).

As the ALR increased, the penetration of the upper branch in Figure 2.14 appeared

relatively wunaffected,

wher eas

t

h e

ower

merged with the upper branch. At the same time, increddifjalso depopulated the upper

branch, redistributing the liquid towards the lower branch; i.e., increasingly large portion of

the jet became airblastomized. When the upper branch disappeared entirely, the liquid was

considered to be fully promyattomizedby air. Sinha et al. (2015) referred to the bifurcation

phase as airblast jet-crossflow (ABJICF), suggesting the presence of an intact jet that
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produced the upper branch. Whereas, the fully preatghized phase was referred to as
airblast sprayin-crossflow (AB-SICF). Notably, Figure 2.14 also shows that the onset of
bifurcation and the transition from ABICF to ABSICF are not perfectly described by the
nontdimensional paramet&LR E.g., images (b) and (d) have the sakh®& but obviously
belong todifferent regimes. Instead, the spray in image (d) was atomized more intensely due
to the presence of highabsoluteair flow-rate.

In addition, through the application of Particle Tracking Velocimetry to their spray
images, Sinha et al. (2015) found tttet low ALR, the accelerations of droplets into the
crossflow direction were inversely proportional to their sizes. Hence, larger droplets penetrate
farther. However, at higALR, no definite relationships between droplets size, velocity and
acceleratiortan be identified. They proposed that the lack of relationship atiBlvas due
to the formation of a counteotating vortex pair in the injected air, which can entrain and
disrupt small droplets (as first suggested in the earlier study of Leong, 2000)

Lastly, we di s cusPartl2010rRatt?2) iaVestigaton f PROICF6 , 201
for railway applications. They did not investigate the differences in spray behaviors between
Classical and TBICF. Instead, they only reported results from casegevthe airblast was in
operation and air velocities were approximately two orders of magnitude higher than liquid
injection velocities. As a result of the high air velocities, they observed that air momentum
flux always dominated for spre@rmation proess: higher aito-crossflow momentunfiux
ratios resulted in higher spray penetrations and lower spray disperygpenetration ratios.
Different liquid flow-rates had negligible effects on spray penetration and dispersion. Notably,
they also observed dh in the neafield where the spray had not been deflected into the
crossflow the decay of droplets velocities along the maximelocity trajectory §) scaled

with s?, just like a plaifet. On the other hand, in the {féeld where the spray had been
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deflected, the velocities decayed at a rates®t, typical of relativevelocity decayrates in

bluff-body wakes.

2.2.3 Modeling of the AirblasgICF/SICF Mechanism

As discussed in Section 2.1, the trajectories of a ClasHIC& spray is of primary

interest to designers and researchers. Thus, there is interest in understanding and modeling a

TFRJ I CF6s trajectories. As d HIKE s ;ftuended laylihe v e ,
properties of liquid, crossflovand air. Thus, the classicalgefined liquid-to-crossflow
momenturAflux ratio (J) is inadequate for correlating 3IHCF penetrations. To address this
gap, Leong et al. (2000, 200PP, 2001JEGTP developed the first trajectory correlation
modelforTRJ | CF (-bIr CRA)B, wh i cenadbpted bylotlier researchesde.g.,

Li et al. and Sinha et al.). The development of this new trajectory correlation model was based
on the works of Edelman et al. (1971), Salzman and Schwartz (1978) and Han and Chung
(1992) in the field of solid partielladen gaseou3ICF, which Leong et al. (2000) proposed to

be phenomenologically similar to ABCF.

Edelman et al. (1971) investigated the penetration and dispersion of gasegusy(CO
and air) jets laden with ‘1 & boron particles and-%& ‘ & graphie particles in vitiated
crossflows. The carrier gas jets had particle loading ratios/¢ ) of 0.30.7. Film
photography was used to visualize the distribution of the particles in the JICF, while a
traversing thermocouple was used to acquire stammtemperature profiles across different
planes of the flow. The location of the carrier gas was identified by the location of lower
temperatures relative to the vitiated crossflow. They found that the experimenéabured
trajectories of the parties and gas were almost identical (i.e., no pargeke bifurcation).

Salzman and Schwartz (1978) characterized alddeh gaseou3ICF and introduced
the use oftotal jet-to-crossflow momenturfiux ratio (0 ) as a parameter for scaling the

multiphase] et 6 s penetrati ons. I n their derivat.
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the dust particles were always uniformly distributed in the carrier gas, which was reasonable
given Edel man et al. (1971)0s etéw!| pmwfilleo ¢iutr y h
was always uniform (i.e., velocities and momenta only varied along the axis of jet propagation).
Using these assumptions, the following equation for the pafltidled en gaso tr aj e
derived:

— Oy — (12)

where,

. Yoo ¢
d k,Q ”_QQo TQQo (13)

Q is the injector diameted; is a characteristic lengtcale,and the subscrigét denotes an
average jet propertyx is the jet penetration direction azds the crossflow direction. This
expression can be recast into a more familiar form for JICF by combining the two equations,

rearranging and defining a nely: based orUet:

- — = b= = — (14)

— 0, — —_— — k 6, — Vel
Tt T

000 (15)

where,0 was reported to be 0.33, resulting in an ovekaléxponent of 0.335 (which is close

to the values of exponent in typical ClassidlF empirical correlations); i.e.,

8

— 6, — gB oy (16)

QQo
The primary difference between Equation [ 16

ClassicalJICF lies in the termd , defined based on the average jet velocity §, which still

needs to be expressed in terms of the carrier gas amdepfoiv-rates. Salzman and Schwartz
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(1978) provided the following expression for based on the conservation of gas and particle
momenta under the assumption of no pargzs velocityslip:

Y et Y Y (17)
where]  —, the volumeratio of particle to total jet.

Salzman and Schwartz (1978) found that the above correlation model successfully
correlated the trajectories of diatlen gaseoudICF. I.e., the twgphase jet can be effectively
treated as a single homogeneous fluid with a-tate weighted average momentdion ratio.
However, they did not investigate extreme cases where the homogkndassumption may
break down; e.g., the cases where the pagiate very large or present in very high quantities.

Han and Chung (1992) conducted a numerical study of paldidén gaseoudICF
using highfidelity momenturmconservation equations where presdoree, buoyancy force,
entrainment of ambient crossi into the jet plume, shearing between the jet and crossflow,
and the interactions between the carrier gas and the particles were all accounted for. They found
that at the same injection and crossflow velocities, the trajectories of the particles aand carr
gas bifurcated when the particles were large. Additionally, when the particles were large, they
penetrated much further into the crossflow than smaller particles at identical test conditions.
Furthermore, the penetrations of gas in padiaten gasessJICF far exceeded the
penetrations ofgasinagasnl y JI CF at i1 denti cal condi ti on:
particles, the dense particles also had the effect of protecting the gas against stripping by
crossflow. Their results perhapsagree t h Si nha et al . 6s (2015) ok
that large and small droplets/particles will bifurcate in a sgéis/twinfluid JICF.

Leong et al. (2001) applied the analysis approach us8dlkynan and Schwar{z978)
and assumed that drogeh TRJICF are uniformly distributed within the injected airblast air
with negligible velocityslip. Then, by applying conservation of droplets and air momenta, they

obtained the following expredlwion for the sp
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"0 Y "0 Y "0'Y (18)
where themxsuttecoti s ffihe mi x& u risgdhe totalareazofjtte pr o p
nozzle that injects the fuelr mixture,0 is the airnozzle area within the injector and is
the centralfueb r i f i c@ 0 swasadefiaeal as the combined are@of and0 . The ne
slip assumption requires the liquid jet to be completely preatgrnized and dispersed within
the nozzé cavity in order to be satisfied. Furthermore, the conservation of momenta assumed
no dissipation due to turbulent interactions between fuel, air and crossflow, as well as
negligible energy contribution to overcoming liquid surface tension during atoomzat
An effective momentunflux ratio was subsequently defined (in the same manner as

Jiet) based on Equation (18), resulting in the following:

" o e 0B olbi0d oY
R oy 0o ¢ § patro

(19)

Using the parametér |, the following correlation for describing the trajectory of theJIEF

was derived:
. Op
— w U — (20)

This correlation was further modified by Leong et al. (2001) as follows to account for the effect

of elevated pressures:

— & Qg — — (21)

where,0 is a reference pressure. It should be noted that whileréssurecorrection term
was convenient for engineering applications, it is not based upon fundamental physical
considerations.

Leong et al. (2001) attempted to fit Equation (21) to theirt AB CF 6 s wancdh d war d
leewardedge trajectories. The scding and pressureorrection term performed reasonably

wel | in correlating their e X p er redge rwhesel dat
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significant deviations consistently occurred, suggesting that some of the assumptions employed
in derivingb  did not adequately describe the physics of the problem. The limited amount of
curvefitted data reported by Leong et al. (2001) makes it difficult to determine the conditions
and causes of deviations fram . As a sidenote, Leong et al. (2000) addserved that at a
fixed air nozzledP, the airstreams penetrated further into the crossflow in the presence of fuel
injection; i . e., the fuel droplets and air
agreement with the resultsldan and Chung (199.

Li et al. (2010Part 1) also reported a good fit of Equation (20) to their experimental
data, even though the presentation format in their report made it difficult for readers to judge
the goodness of fit or which conditions/spatial regions of theeyspere most likely to deviate
from the fit. As discussed ear-bifureationat®wnha e
dP and a reduction in spray penetration when thepéaretrating spragore droplets became
redistributed into the lower airbladtoplets branch. However, the processed spray trajectories
were reported as being in good fit with the correlation model. We could not explain the

discrepancy between their images and fitted trajectories based on reported information.

2.2.4 Sumnary of the TFJICF Review

In summary, the statef-the-art knowledge of TRICF is limited to the domains of
highdP and/orALR In these domains, the air promotes the atomization and penetration of the
liquid jet. Theb  correlation model, adapted from the research of patticlen gaseoudICF,
is widely adopted by the FTHCF research community with good success. However, it is
evident that under conditions where large droplets are produced or when droplets are densely
packed (e.g., in the initial spray or at loW andALRconditions),th&y model 6s wunder |
assumptions may not be applicable, which may have led to some reported deviations between

the correlation expression and experimental data. Finallyeatresport by Sinha et al. (2015)
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notes the absence of complete promfgt o mi zati on by the dRand at i
ALR accompanied by spray bifurcation. This suggests that at the vedlandALRdomain
(i.e., our domain of interest), the bié@tion may worsen and new regime(s) ofJIEF with

unexplored behaviors may exist.

2.3 Twin-Fluid Jets in Quiescent Gas

As described in the previous section,-JIEF is a recent area of study with a limited
knowledgebase. On the other hand, extensive knowledge exists regarding the atomization of
twin-fluid jets (TFjets) in quiescentgas, which can provide useful insightga TFJICF

behaviors. This section reviews the aspects efei$-that are relevant to THCF.

2.3.1 Regimes and Spray Structures

Similar to JICF, THets undergo different regimes of breakup depending upon the
surrounding higlks p e ed g a s 0 gasliquid selativg velacityd i.e.the gas Weber
number, defined as:

»'Q Y Q7F, (22)
where,” is the gas densityY Y Y, Q is the liquid oifice diameter, ang
is the liquid surface tension. Figure 2.15 from Leong et al. (2000) (which was expanded upon
Farago and Chigier (1992)6s original diagram
under different regimes. At loWesero, the liquid undergoes Rayleigtype breakup where
large droplets with diameters on the order off &are formed through Rayleigh
instability/capillary jetpinching. At higheWesero in the membrangype regime, the liquid jet
experiences sinuous instabilityg(i. lateral whipping motions). The resulting laterahented

liquid strand is impinged upon by the atomizing gas and inflated into a bag/membrane that

subsequently ruptures and releases smal/l dr
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membrane preaks up via Rayleigh instability into meditsized droplets. WhellVesero is

further increased into the fibéype regime, very fine ligaments and droplets are sheared
directly from the liquid surface (much like the shbasakup regime in JICF). The shiea

gradually erodes the liquid jet until it is entirely consumed. Breakups in these first three regimes
depend upon wave instabilities in the entire liquid jet and/or the jet surface. When the relative
velocity and/or impingement angle between gas apuadiis very high, the liquid jet undergoes

Apr camtpdmi zati ondo where It IS di sintegrated
development. Recall from Section 2.2 that pro@ipimization was proposed to be the
dominant mode of atomization in higl® andor ALR TF-JICF, where the resulting rapid
atomization and exchange of ftel momenta allow the developdgi trajectorycorrelation

to be applicable.

. ICEASSICKL 5 PROMPT
-~ \
+ REQUIRES TIME TO ATOMIZE '« IMMEDIATE BREAKUP UPON INJECTION
wave instability |+ INDEPENDENT OF INJECTOR ORIFICE
o~ ™A jigament i DIMENSION, LIQUID VISCOSITY
é\\\a \'\—v/'ﬁ\ breakup 4 droplet
o . gt { + DETERMINED BY:
" / . '
i ¢ ' - high We - angle of air
' / impingement
,,/
| RAYLEIGH-TYPE MEMBRANE-TYPE FIBER-TYPE !
BREAKUP BREAKUP ' BREAKUP
' FUEL
FUEL l
-~ _——AIR
«r

Figure 2.151 Illustrations of TF -jet atomization in different regimes. (Leong et al. 2000).

Similar to ClassicalICF, liquid turbulence also affects the atomization ofj&ib.

Hence, the liquid Reynolds numb&'Q ” "YQT ) is often employed in the mapping of
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TF-jet atomization regimes, in addition Wdeer. Table 2.1 summarizes thesbkup regimes

of TFjets and their corresponding rangé/dé&eroandRe. The table shows the further division

of

each

regi me i

nt o

submodes

accordi

ng to C

contained representative photographs of spray strudturesch of these regimes/submodes.

Their photographs showed that in the regular Rayleigh submode &Véaws, periodic jet

pinching caused by varicose instability produced a steady train of large droplets. In the helical

Rayleigh submode at high#fe.«o, the jet developed finer corkscrdike disturbances. In the

Subsequ-art sfimmatric

Rayl eigho

r e gcalmeinuous h e

en

instabilities. And, whenNeero is further increased into the membrane/bag regime, the co

injected @s inflated the sinuous jet into bags that stretched and ruptured, which produced

significantly smaller droplets. Finally, at the highest rang&Vefero was the fiber regime,

which was further divided by Chigier and Reitz (1995) into the pulsating armd-guisating

submodes. In the former submode, the jet disintegrated in a steady fashion by surface shear

atomization (i.e., the development and phach f

of

fifibrouso

l i gament

submode the jet shedded off large clusters of liquidotert pulses, thus producing a more

unsteady and widelglispersed spray.

Table 2.11 Classification of twin-fluid jet atomization regimes and submodes, based on
Chigier and Reitz (1995).

Regime Submode | Domain
Axisymmetric | Regular | Wewer=0-10
Rayleigh Helical Re=20-20000
Non-Axisymmetric Rayleigh | Wesere=10-20
R&=60-10000
Membrane/Bag Wesere=20-80
R&=100020000
Fiber Pulsating | Wewere=80-1000
R&=200020000
Super Wesere=100-1000
pulsating | Re=100-3000
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The classification of Thets atomization regimes and their mapping parameters vary
slightly between researchers. A very informative regimap by Lasheras and Hopfinger (2000)
employed the mapping parameterdRef (which is proportional to fuel velocitygnd a Weber
number based on ttabdsolutegas velocity, defined as follows:

»'Q Y Q7 (23)
In their map, an increase Re and Weyas caused by increasing liquid and gas velocities,
respectively, can individually lead to higher regimes of atomization. However, they found that
when the absolute liquid and gas velocities match (i.e., minimum relative velocity), the liquid
gas shearing approaches a minimum and the annular gas catosdtgath the liquid against
an otherwise larger shearing with the quiescent ambient gas. This can causgetite dFop
into a less intense regime of atomization. Thegfesathing effect was also raised in Lefebvre
(1992) 06s r e-webbaitk amtlar gdsnjettionw(whether coaxial, impinging or
swirling) can be used to reduce relative velocities between the liquid and the surrounding
guiescent gas. The effect of -aineathing is potentially critical to our understanding of TF
JICF, particularly m the lowdP domain. This is because in the domaind®:0-10% (i.e.,
typical dP available to the fuehi r mi weza@as ea)r the airds vel oc
order of the | i g walsodeingsghificantly Voedrtiban the grossf owhd sl e
velocity.

Notabl vy, Table 2.1 and Lasheras and Hopf
influence of atomizer geometry on atomization regimes. This is chiefly due to the difficulty in
fully understanding and reducing the fundamental physics ahfamte variety of TFjet

atomizers down to a single cohesive regimap.

2.3.2 Atomization Process in the Fiber Regime

In our investigation of TRICF at elevated temperatures and pressi\ies,s were

typically in excess of 100 (except at the lowaB}, which would result in sheatomization
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in the fiber regime. To further understand the underlying mechanism ¢étTéhear
atomization, we will discuss LaslhgeidgasTFand Ho
jets, where they focused on undargling and modeling the development of vortical shear

| ayers bet ween the | iquidyearnd) ,ateosmi waktli oms
atomi zation gas and gluagsceht améienstgdyg
earlier investigations dfo and Au (1985), Villermaux (1994) and Rehab et al. (1997) on the
growths of shealayers and the erosions of jet potentiates in gagjas and liquidiquid TF-

jets (e.qg., as illustrated in Figure 2.16).

— Entrainment

xp1 Outer potential cone length

Outer mixing layer

Inner mixing layer

) L

xp1  Inner potential cone length
Figure 2.167 Development of the vorticalshearlayers and potential cores in a caxial
TF-jet. Source: Rehab et al. (1997).

Lasheras and Hopfinger (2000) found that the winery e r 0 sate gvasdigherhat
larger gago-liquid velocity-ratio (), which consequently causes more rapid erosiothe
central |iquid jet, causing t her. Qndhecdostrag,ot ent
the outed ayer 6s growt h mwahey also theng that dirsaale voridal
structures developed along the indegyer, while the owdr-layer developed largescale vortical
structures. The finescale structures were responsible for surface sitearization along the
liquid jet, while the largescale caused gross pinroff/truncation of the jet. This is perhaps
similar to ClassicallCF where largescale RFwaves cause jet pinabif, while smallerscale
KH-waves only cause surface shatomization. In contrast to Lasheras and Hopfinger
(2000) 6s model , Rehab et al . ( 19 9 #gydrss mo d e

development ird two phases: (i) an initial phase where grovétes were governed by slow
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molecular diffusion (in the case of singlaase systems) and (ii) a subsequent rgpaavth
phase where the growtlates were governed by vortex mixing processes. The-kheag
growthrates are linear in both phases.

In TR et s research, the evolution of the ¢
modeled based on the conservation of mass, where the mass flux of injection is balanced by
the mass flux of liquid entrainment frothe core into the inner sheayer. Following Lasheras
and Hopfinger (2000)06s analysi s, assuming a
entrainment and, consequently, a conical liquid potential core, the mass conservation can be

expresseas:

o 7 o ~ “ ,Q n ,gf .
oY (0] Y TQ Uc TQY (24)

where,6 is the liquid orifice are&Q is the orifice diametery is the injection velocity, and
0 is the conical surface area of the jet potential osith corelength0. Y is the
Aentrainment velocityodo or the average f 1l ux
shearlayer. At highWesero, the surface tension force of the liquid was proposed to be negligible
and the entrainment velocity wanodeled assuming that the stripping process was driven by
the dynamic pressure of the gasod6s turbulent/
Y 0" 0 (25)
where,0 is the turbulent (r.m.syelocity of gas in the inner shelayer.0 is a constant of
proportionality found to be & v” and” are liquid and gas densities, respectively. The
turbulent gas velocity was reported as being correlated to liggas relative velocity:
6 m™XY 7Y (26)

Combining the equations above, the following was obtained:

- = p — (27)
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where,0 k 7 YT Y is the gago-liquid momentursflux ratio. Consequently, the liquid
cor e 6s famrgle ) candbe definad by the liquid orifice diameter and liquid core length:
O AL g%ﬂ (28)

The droplets shearingocess typically imparts the generated droplets with high kinetic
ener gi es, ejecting them radially away from 't
stability analysis predicted a droplets ejection angle () of 45 ontopofthe ent r al | et
cone angle—, while Raynal (1997) experimentally measured angles closé.te-50 was
generally found to be insensitive M, while— depended directly okl, such that total spray
angle — —) decreases aBl increases. Villermaux (1998) proposed a
simple model for— , supposing that this angle was formed by the vector addition of the
jet surfacenormal liquid entrainment velocityY) and the surfaeparallel vortex convemn

velocity (Y):

6 AL =2 (29)
(V]

For two fluid streams that may have different densities and velocities, Lasheras and Hopfinger

(2000), Bernal and Roshko (1986) and Dim@tgk986) all found the convection velocity to

be correlated to:
Y —— (30)

Equation (29) expresses the spemgle assuming monosize droplets. However, in
many TFjetsthe droplet sizes are polydispersed. In such cases, the larger droplets are usually
found on the outer edges of the spray, because (i) they can be ejected further out from the
atomizing gas layer due to higher inertias, (ii) once out of the atomizinthggsemain intact
indefinitely because the quiescent surrounding gas provides low levels of shearing (Bachalo et

al.). In contrast, the smaller droplets generally have narrower dispersion angles.
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The average size of droplets generated by 4eTks conmected to the inndr ay er 6 s
vortex lengths c al es, which predominantly depend upo
A variety of droplets size correlation models have been proposed by researchers of TF jets,
which are comprehensively reviewed by Lefeb{1980). In general, higher liqughs relative
velocity and higheALR both lead to finer atomization. Larger liqeadt contact/interaction
areas (e.g., by pming the liquid into a thin sheet instead of a thick jet) were found to
increase the effiency of energy transfer from the air to the liquid, thus resulting in finer
atomization at fixed relative velocity add R ALRwithin the range of 1.0 were found to be
ideal for TRjet operations. Outside of this range, the liquid either becomes oarsmized
due to insufficient air or the excess air becomes wasted as the liquid cannot be more finely
atomized. Rizk and Lefebvre (1983) conducted a study of eight different TF atomizers (of the
jet and prefilming types) and found the dependencies dbed above to be true for all eight

atomizers; i.e., these dependencies are likely applicable to mgstsTF

2.3.3 Onset of the RecirculatieRegime/PrompAtomization

As discussed in Section 2.2, existing understandings elICTF were exclusively
developed for higldP and/orALRdomains, where the jets underwent profaemization and
rapid mixing with the blasting air. These understanding may be untrue for ttPlandALR
AA-JICF domain where the air is weak compared to the liquid and crosgwauch, it is
worth discussing briefly what governs the onset of preatptization. Leong et al. (2000)
and Lefebvre (1992Atom. & Sprays1992JEGTB both proposed that promptomization is
likely to occur when a liquid jet is surrounded by an ammgées stream having high velocity
and/or impingement angle. Lefebvre further proposed that if a liquid jet is completely prompt
atomized, the resulting mean droplets size can be determined by balancing the available gas
kinetic energy against the surfa@nsion energy of the generated droplets. However, to the
best of our knowledge, there is currently no widely accepted model that correlaiasetus
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promptatomization to liquid/gas properties, operating conditions and injector geometry. In
particular,no model exists to describe the transition between therdgeme and the complete
promptatomization of the jet; i.e., the domain of-jgt where it is likely that only a portion of

the jet is prompttomized while the remaining jet breaks up via slowaverelated
mechanisms.

The closest analysis we found that potentially describes the onset of prompt
atomization comes from Villermaux et al. (1994), Hopfinger and Lasheras (1996) and Rehab
et al . (199 7) 6-sxial TRjete B thesg \mdts,itheynobsereetl thectroincation
of the central jet and the development of a recirculation bubble when the annular jet was
injected with high velocities and/or swirl numbers, as shown in Figures 2.17 and 2.18. The
recirculation bubble dissipated the axi@mentum of the central jet and caused rapid mixing
between the central jet and its surrounding fluid. Although no direct connection was drawn,
t his fAr erceigrichueldatwaosn char act er i-atomizatiom Irebime. s i mi |
Thus, we interprethem to be the same phenomenon, and thus the model developed to predict

the onset of the recirculatieregime can likely be used to predict promapdmization.

Figure 2.171 A photo of the truncated centraljet and recirculation bubble‘that developed
at high annular-jet flow-rate. Adapted from: Rehab et al. (1997).
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under the influence of highswirl annular gas. Arrow: truncation of the jet. Source:
Hopfinger and Lasheras (1996).

To predict the onset of the recirculati;egime, Villermaux (1998) proposed that the
recirculation forms when the dynamic pressures of tha goi a | annul ar jetods
equal or exceed the bulk dynamic pressure of the ceetral |

"0 " (31)
Using this simple criterion, Villermaux (1998) predicted the onset of the recirculatyome
atd o ywhile Lasheras and Hopfinger (2000) reported recirculaggimeatd

At the point when the gasdé turbulent dyr

dynamic pressure, the fArecirculation bubbleo
that truncates the jet (i . eurbulentfidanaiogpressre®d i n
increases further, a second stagnation plane
The static pressure at Stag. 2 is equaled to

the bulk liquid dynamic pressure. Thensequent pressudeop from Stag. 2 to Stag. 1 drives

the recirculating bacKow, forming the 3D recirculation bubble. Downstream of Stag. 2, the

inner and outer shedalyers merge and fluid is ejected axially into the ambient environment.
Critically, in these analyses, the relative size and massréw of the two streams

were not considered. This is potentially prec

respect to the central jetbds diampéeeds beoau
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energy to be fully dissipated before it can atomize and truncate the central jet, lverBat

In addition, the analysis above is for-apial TRj et s onl y. The effect C
impingement angle was not considered even thoughpitactically very important. We can

intuitive expect impinging THets to transition into the recirculation/prorrgdbmization

regime more readily than exial TRjets, because the impinging component of the annular
jetds bul k dy n acycntriputedostise truneatiow of thé cerdral jet; i.e., as
modified from Equation (31), promyattomization for impinging THets can potentially be

described by:

” 'Y F] ” (’) ” ‘Y (32)

where™Y i's the component of the gasodés velocit

2.3.4 Summary of THets and Their Similarities to THCF

In this section, we reviewed the essentials offiik in quiescent gas. Like Classical
JICF, TFjets exhibit different atomization regimes, which are predominantly governed by the
annul ar gas | et 6s Wekgfibeetype breakup regime vefie lireplets arg h
shearstripped by gas directly from the liquid jet is of primary interest to us, because our TF
JICF investigation was conducted at high pressure (i.e.,WghThus, an extensive review
of liquid-gas shealayer development and liquiehtrainment processes in the fiber regime was
provided. The effective liquid entrainment velocitye), which is related to the turbulent
dynamic pressure of the shdamy er 6 s gas, is the dominant pa
formation process in thiggime.

The promptatomization regime where the liquid jet is instantaneously disintegrated
and mixed with the annul ar | e-0lCGFsstudyalhisis s al s
because most of the existing -IFCF literatures reported promatomizaion in their tests,

whereupon thelest Spray penetration scaling parameter can be applied. We expect prompt
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atomization to be absent in the loW andALRTF-JICF domains. Unfortunately, a model that
predicts the onset of the prorgabmization regime isat available in literature. Nonetheless,
concepts and expressions from the phenomeno
potentially be applied.

Although many ofthe TH# et 6 s physics reviewedlJiGFbove m
many areas also estiwhere they are phenomenologically different. For example, in many of
our test points, the airoés vel ocid,thefastewer e h
air would normally have encouraged the atomization of the central liquid jet.Vdowe a
TF-JICF, the air may, in fact, be weaker at atomization compared to the large amounts of
crossflow air that impinge perpendicularly on the liquid jet. Hence, the presence of air may
deflect the crossflow away from the liquid jet afislcourageatomization. Thus, we should be

careful about drawing parallels betweenjéfFand TFJICF.
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CHAPTER 3. EXPERIMENTAL METHODOLOGY

3.1 JICF Test-Facility

Figures 3.1 and 3.2 show the higiressure antigh-temperature tedtcility that was
devel oped t o p edd€Rexperimentsiatscontitiores shat situlaledregine
fuelkai r mi xer 6 s o per a-adility gas @ doubl€hamberodesgn, wherethes t e s
hot, pressurized, crossfloair that enters at the tdeft and settles within a large air plenum
before being accelerated into a small, tislled rectangular testection where the JICF spray
is produced. A thickvalled outer chamber supplied with cold pressurized cooling moguds
the inner teskection. Both the cooling air and fual mixture exits the facility from the bottom
where they are combusted in an afterrtackr ner b
Instrumentations and sensors are installed througheufacility (see Figure 3.2) to monitor

the test conditions in real time.

“Optical tube”
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—1 | T
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=== NG
Afterlén‘urner tl l' J
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==z NG Fxhauslt valve a
R controls cross-flow
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Figure 3.17 A schematic of the JICF tesffacility.
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Figure 3.21 A photo f the JICF testfacility.
During an experiment, the maximum pressure and temperature of the sapptiad
reach 72fsia (49atm) and 1000F (538°C) , respectively. The air i
centralaifs y st e m v i anmaianZeterGstainlgssbeBl pifge shown on the left of Figure
3.1. 1t then pasmiadameehpressedrdp oréice and 8 distripuzed by 4
a small hopliemumal i mtsd dfeour pi pes mmavwichng t he
are shown in more details in Figure 3.3. These pipes introduce the hepréggure air into
t he mai n t-diareter (Le0smpag-plehem via tour entrpoints that are positioned

orthogonally around the apl e nu moé s circumfeponneg s6 Thay bdou
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designed so that the momenta of the supplied air jets cancel each other in order to maximize
the uniformty of the flow downstream.

Asshownonthetepi ght of Figure 3.1 and immmore d
di ameter fAoptical tubeo with a window mounte
air-plenum, thus providing a boroscopiciopt al access t o t hezakimci | ity
(This window is wused to support other diagno
Two layers of flowstraightening meshes are installed in the air plenum to homogenize the
airflow. The ypper mesh (see Figure 3.4) has 15% average open area andrafaon holes
distribution, where the holes are spaced more sparsely directly below the ajpa@ntsyto
block/attenuate any large air jetting velocities. The lower mesh has 30% operosigadby

axisymmetrically distributed holes to maximize downstream flow uniformity.

+. Side-plenum '

- Pressure-drop
. orifice * 27 Pipe

% - 4 x1” pipes
Figure 3.37 A photo of air-redistribution system in fabrication stage.
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Air-Plenum Cutaway Upper Mesh (15% transparency) Lower Mesh (30% transparency)

=]
I"Of) cal Tube” y Side plenum

o~y

Figure3.5 provides an expanded view of Figure 3.1. It describes thechaenel and
testsection downstream of the air plenum. At the downstream end of the cylindrpkdraum,
the hot, highpressure air enters a rectangular iactesnnel via a circulato-rectangular
transitionpiece. The initial section of the innehannel has crossectional dimensions of
2. 451 1. 70 anm(A6phot-<RaticdpBessire/temperature probe is installed at the mid
poi nt of this section, wtoe and dyhamie préssuesvaies t e n
continuously measured during tests. The fl ow
these measurements.

Atthe end of the initial section, the flow is accelerated again across an aerodynamically
shaped contractiomit o t he fi nal rm 2 5lelc.t -atnsgéud thir 8 MG Sevel e
the JICF spray is investigated. -laybrithgknesscel er
and flow nonuniformity. Crossflow velocity in the tesiection is calculated from the dawn

upstream velocity and the contraction ratio by use of a mass conservation equation.
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Figure 3.57 A schematic of the innerchannel and testsection.

Figure 3.6 shows that quartz windows are installed on three of the testt i onés s
while theinjector is mounted on the fourth side. The -w=ttion and windows are sized to
allow spraycharacterization in the spatial domainzsfi=0-86 andx/d=0-63. Notably, the
guartz wi ndows narteick and tapnotvithsténd the full .pr@ssofehe
crossflow. Instead, the high pressure is supported by thewfilt&d outer chamber, which
contains relatively quiescent cooling air (~30pat almost the same pressure as the crossflow.

The thin testsection walls and windows simply separatettbecrossflow from the cooling air.
Optical access through the out ennmthchraumber i s
guartz windows.

Downstream of the testection, the cooling air and the crossflow combine into a single
flow-path. The coolingairs pr essur e psg(~-tnbEtmt aboeeée ahe~2r o:
pressure to avoid the ingestion of the flaglen crossflow into the outer chamber. Finally, the
formed mixture consi sti ng o far mue erteosuhtafe r 6 a i |
section of the facility (see Figure 3.1) where a remetelytrolled valve modulatdash e f | owé s
vel ocity. Due to the valveds | mwvalvedbgpassc apac
pipes are installed to obtain the desired fiates. At the fial section of the JICF tefcility,
the fuetair mixture is burned in a naturghasfired afterburner to prevent the escape of

unburned fuel i-gtatko t he | abds exhaust
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Test-Section Back-View

Test-Section Side-View
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|

Pline

Spraywell

Instrum. —_
Fuel —_
Pcf port
Injector-to- ‘ Crossflow

channel joint

Figure 3.617 Photos of the testsection with the installed injector.

2D particle image velocimetry was used to characterize the steady state crossflow
properties within the testection in the absence of fiigjection. Figure 3.7 shows the
measurements were conducted over the centdtQ) xzplane and four lateral planeypecial
attention was paid to the velocity profiles at locations where thehesinel wall is uneven;
e.g., near the injection orifice and the injedimchannel joint (see Figure 3.6). The measured
average longitudinal velocitietl{ avg are plottedn Figure 3.8 for three measurement locations
(as labeled in Figure 3.7). It shows that throughout thestsedion volume, the crossflow
velocities outside of the boundalgyers were effectively uniform. While the measurements
did not resolve the velogitprofiles of the boundarlayers, they were sufficient to determine
that the boundariayer thickness was up to 2an (or 5df) on the injectoimounting wall.
Notably, the velocity profiles were not significantly affected by unevenness on tichaestel
wall. Figure 3.9 shows the crossflow turbulence intensities (i.e., root mean square of

longitudinal velocity fluctuations) throughout the tssttion. Turbulence intensities were
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highest in the boundatfgyers and were uniform across the freestream reganng a

magnitude of ~2.5%.
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Figure 3.71 Planes of PIV measurements.
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Figure 3.87 Average longitudinal velocity profiles within the testsection.
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Figure 3.97 Turbulent-intensity profiles within the test-section.

3.2  The Injector and Fuel-Supply System

This section describes the injector hardware, thedueli f i ce6s f |l ow char e
the overall fuelsupply system. Photos of the installed injector are shown in Figure 3.5, while
Figure 3.10 showsatthise IiTrhackside qorérs fofir benection
ports: the aksupply port, the fuel bypass/eflibw port that was plugged and unused, the-fuel
supply port, and the instrumentation port used to measure injector/fuel temperature close to the
fuel-orifice. A slender homontal plenum is located within the top part of the injector,
connecting to the fuel bypass and faapply ports at each end. The mpidint of the plenum
branches off into a straight injection bore that leads to a circulaofiiiele having the diameter

of 0.506nm( e. g . , see Figure 3.11). The fuel I nj €
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pl enum i s r ound e dtpo-diametel ratio lis e-4.4b The feebifice id recesset h

into a Aspraywell 0 cawimbangadepttadf1.2fnas a di amet e
A benchtop test setup was developed and used to determine the hydraulic performance

ofthecustomade I njectordos fuel orifice, and to c

in the absence of crossflow. Figure 3.12 showd#veloped benelop setup. The fuedupply

port of the injector wa ssupplpsystemconssihgafahighhe | a

pressure pump and an accumulator. A pneumatiealiyated fuel valve with closddop

control regulated the fuelIne é6s supply pressure, whi ch was

transducers. A turbine flome t er measur ed t h eratdthaewadsedvoo | u me

determine the fuel mass flemate by assuming that the Jetlensity equaled  793.%g/n?.

A shadwgraph imaging setup was employed to visualize the characteristics of the resulting

X
Air plenum
Fuel bore P
2 / Fuel plenum
i
( '\‘ (i 1 H
_f:uel bypass Instrumentation Fuel-supply

port port port

fuel jet/spray.

Air-supply port

\

AIIES f l i i Spraywell
|
| |

Air injection bores
Figure 3.1071 Top: A cut-away view of injector.Bottont Zoomed-in view of the spraywell
and nozzles.
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Strut 4

Figure 3.111 Left: A view of the fuel orifice. Right: Multiple views of the air-nozzles and
supporting struts.

Source
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¥
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ol P Sensor Turbine P Sensor
; L :  (0-200psia)  Flow-meter (0-1000psia)
1&5(

Pneumatic
| Fuel Regulator Fuel Pump and

Accumulator

DAQ System

-
Figure 3.121 A description of the fuelorifice flow-characterization setup.

Figures 3.13 and 3.14 show the hydraulic performance of theffifieke, obtained in

the benckop tests. Tie mass flowrates of the orifice varied linearly with the squavet of

its pressure r o p , i n agreement with the standard

principles:
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whereod j is the fuelorifice discharge coefficienfsi s t he or i & iischeéass ar e a,
fowr ate. The orificebs average; di@sw@Bhanmgse coef

ared dashed line in Figure 3.14), while the instantaneous discharge coefficients ranged between

0.65-0.8, with the peak value occurringR&~10,000, where:

‘?’\41
yo %o @)
o
7 GQ
Y — 3
” (9(2 ( )
and’ p® p 1 & fiis the kinematic viscosity of J&. The0 j peak is customarily

attributed to the transition from laminar to turbulent flow. As shown in Figue @/flich has
been adapted from the work of Lichtarowicz et al. (1965), injection bores with larger-length
to-diameter ratios tend to result in transitions at higbar On the other hand, smoegiaiged
injection bore entrance will also result in highensiion Re.. The transition point for sharp
edged bores are typically in tRe=500010,000 range (Lichtarowicz et al., 1965), while those
for smoothedged bores are typicalRe=600,0001,000,000 range (Furuichi et al., 2014). The

transition point for ar injector (/d~4.4) is closer to that of a shagpged bore. This may be

duetothecubipr of i l e of the i njectords bore entranc
15.0
Q ~
()]
s st
& 100 ‘.‘
§ o
-
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: 58
8 A‘T
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Figure 3.131 The dependence of fuel mass flosate upon the fuel nozzle presse-drop.
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Figure 3.141 The dependence of fuebrifice discharge coefficients on Reynolds number.
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Figure 3.1571 Discharge coefficient for noncavitating sharp-edge orifice, showing the
dependence of typical flow transition points on injector borel/d ratios. Source:
Lichtarowicz (1965).

Figure 3.16 shows a series of instantaneous shadowgraph images of the fuel jets
generated by this injector at various floates. The mass flowates, fuel velocityRe; and
aerodynamic Weber numbeb Q ” YQ7, ,where, T8t p P & is Jet
A6 s s-tensibrnd areegiven on top of each image, and the breakup regimes corresponding
to each image are listed at the bottom. These regimes are named according to the regime
classificatimn schemes employed by Reitz (1978), Lin and Reitz (1998), Haenlein (1931) and

Chigier (1993)or plainjets in quiescent gas.
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Figure 3.1671 Images of fuel jet structures at different flowrrates.

Figure 3.16 shows that the jets developed disturbandasgeir amplitudes (i.e., more
intense atomization) at higher injection velocities. The more intense disturbances produced
finer droplets and ligaments. At the lowest floate the jet remained intact for approximately
15mm (30df) before capillary forces auised the jet to develop Rayleigh/varicose/e
instability. The Rayleigh instability eventually resulted in jet pioéfthat produced a uniform
train of large discrete droplets with diameters ofi~2As the flowrate increased to the 2.6
3.2g9/s range, sinuous waveft wind-induced instabilities developed on the jet due to the
aerodynamic interaction of fuel with the ambient air. The sinuous wave regime exhibited more
vigorous and irregular breakups that generated both large and small droplets. As-tlageflow

furtherincreased, the jet transitioned into the chaotic breakiyifd-induced regime, where
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strong aerodynamic shearing caused both ligaments/draigising and gross jet breakups

that gave the overall spray a edfiowmtedi@&4saot i co

the jet transitioned into the atomization regime, where rapid disintegration was achieved

without observable devel opment Awavyo/sinuou
Figure 3.17 shows the observed breakup regimes plotted dReftws-Weyas regime

map cted from Chigier (1993). The sinuous, chaotic and atomization regimes of our data

mat ched Chigier (1993)0s results very well

higher Rey than anticipated, but remained in an acceptable range. Based ons#reedb

regi mes and discharge coefficients,-oriice have

is representative of a typical plaamifice with sharpedged bore.
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Figure 3.177 Breakup regimes of jets from the current injector (circles) plotted on the
Res and Weregime map adapted from Chigier (1993).
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Finally, Figure 3.18 describes the fiselpply system developed for the -TFCF
experiments. The fuel is first pyrad from an external supply into two highessure holding
tanks. When the tanks are full, the external supply is shut off and the system is pressurized with
nitrogen. The pressurized fuel is then delivered to the injector with itsritewegulated by a
stepper moteca ct uat ed needle valve (fAilnjection Con
flow-meter measures the fuel flenates, while a pressure transducer and thermocouple
connected to the injectords i1nstregureand ati on
temperature, respectively. The measured ftate and pressure allow the fielr i f i ce 6's
discharge coefficient to be monitored in real time to help identify the occurrence of injector
clogging. When fuel is not being injected, nitrogen gas is tespdrge the lines and the injector
to prevent fuekoking due to the hot crossflow. Several cheakes are installed along the
line to avoid fuel backlow during testsection pressure transients. Solenoid valves are
installed very close to the injectdevice to allow rapid fuel ctaff when necessary. Notably,
this gaspressurized fuesupply system has been chosen over a pdnven system because it

is able to supply the injector with a practically steady fuel flow rate.
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Figure 3.181 A schematicof the fuelsupply system.

33 The | nj e-SupplySystemAi r

This chapter de s-oazaleb, thar flawltlearagtenigtios,andohe ®Fs  a i r
JI CF exper i meapply systemvAs shownlin Fegure 3.11, the -fudice is
surrounded by four sldgiype airnozzles, which span nearly the entire circumference of the
spraywell 6s side wall, separated only by thi
0.238 to 0.448m most likely because of the limited precision lod additive manufacturing
technique used to fabricate the injector. The average height of thezaies is 0.39%m
resulting in a total ainozzles area of 1.&61%, which equals 8.26 times that of the foeifice
area. During operation, pressurizediaisupplied to the injector via the air supply port (see
Fig. 3.10), which is connected to a horizontal sleglemum that is concentric with the fuel
plenum. Four channels branch off from the plenum and lead to the fewnzaies. These
channels are @nted at approximately 4%ith respect to the fuel orifice axis; i.e., the supplied

air streams are designed to impinge upon the fuel jet at an angle. Based on the air and fuel

66



nozzlesd relative orientati onspecedthbelacatedt i ons
at0.14mb el ow t he spraywell 6s | i p-cllannelavall), ef fect i
As was done with the fualrifice,theatn oz z1 es 6 f |l ow per for manc
using the benclop setup shown in Figure 3.19. Theiain t hi s setup was sup|
125sia (8.5atm) central air supply system. A gas presswgulator was used to manually
control the pressure within the @upply line. A turbine floametermeasured the volumetric
flow-rate of the air while a pssuretransducer and thermocouple measured air pressure and
temperature in the supply I|ine, respmaetivel.y
could then be determined using the perfect gas equation. Thecar z | e s 6 pdPessur e
was defired as the pressure difference between the supply line pressure and the ambient room
pressure (atm). During the characterization of the -amzzles, the fuebrifice was also

supplied with fuel of varying flowates to identify any potential coupling beemethe air and

fuel nozz|l esd6 performance.
P Sensor

(0-60psia) iTo DAQ Air Pressure Regulator

- 125psi
EED Air Source
I
\! f‘ﬁ;
= | "“(ﬂ P B Se—
h"l(-.ni Thermocouple

PSensor  Turbine P Sensor
(0-200psia) Flow-meter (0-1000psia)
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I Interface ||Interface | | Interface

Pneumatic

Fuel Pump
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and

Regulator
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Figure 3.191 Description of the air-nozzles characterization setup.
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Figure 3.20 show the results from the betmpmairn o z z1 es char acteri za
mass flowrates varied asasquareo ot of t he -chirozpEd eardd ptrlees salir red
The presence of fuel injection did not significantly affect this ftate trend, and the average
discharge coefficient of the amozzles i 0.39. Although this value is appreciably
lower than those typically exhibited by plaonifices, it may be reasonable for our thin slot

type nozzles with rough surfaces amnplex internal flowpaths (i.e., large viscous losses).
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Figure 3.207 The dependence of massflowat e of air wupon-diofhe noz:
and air density.

Figure 3.21 shows the setup that is being employed to supply air to the injector during
the TF-JICF experiments. This setup has been developed to accommodate a very large range
of air-nozzlesdP ranging from 0% up to (and exceeding) 150% of the crossflow pressure,
which spans almost the entirety of the-JIEF parameter space shown in Figure Sifice a
suitable source of highressure air is not available, an alternative approach is used where the
system is supplied by highressure nitrogen gas cylinders. Nitrogen gas is a close
approximation of air, having only 3.35% lower density than aigia¢n temperature and
pressure. The small density difference is not expected to cause any significant difference to the
TFJ I CF6s behaviors. For the convenience of d

injected nitrogen gas as fAairo.
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Figure 3.21 shows that the flenate of air is controlled by two valves to achieve the

desired large aiflow turn-down ratio. A pneumaticalgctuated valve with closddop

control (ATescom Pressur e

R e -gates aarps the majority s

of ourdPrange. When this valve reaches its minimum controllable-flae at aroundP=5%,

the control of lower air flow rates is achieved by the secondary rermiatyolled needle

us

valve (AManual Regul at ouceddndtheimeeupk ar¢ isstaleedin pr e s

this airsupply system: one to support the determination edlemsity/mass flowate close to

the turbine flowmeter, and another to measure thenao z zdPa a8 d

immediately prior to injectin.
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Ctrl Air
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the airos

0-2000psig regulator

[ L.

Channel Manual Regulator ~ Tescom Pressure
Regulator
+
Tescom ER3000

Controller

Inj.

Turbine Flowmeter

Filter

Air-Assist
N2

—

Figure 3.211 A schemati c of-supplysystermj ect or 6s ai r

Finally, theaftn oz z| es® operation dur

ing tests

t

three modes: (i) the loldP mode where air flowate is below the turbine flomet er 6 s

measurableange, (ii) the subcritical orifice mode where the injected air is ideally expanded to
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crossflow pressurePg), and (iii) the chokeanode where the flow is sonic at the point of

injection. The following operating parameters were used for each of thess wfoaperation:

Low-dP Mode:

The airflow rate is determined as follows using the measuredaarlesdP and the
discharge coefficient found from the bertop calibration:

a 6r 6 ¢ QO (4)
where, the aidensity is determined through a perfges equation:

" 06 i 0601 )

Yo %o ¢ wyy Yo

Solving Eqn. [2] assumes () 0 due to ideal expansion, and (ii) isentropic

pressurgemperature relation:

. loc P
e ©)

. . 6*"9 r w %
Y Yo S Y i o0
60

where,[ P8 i s ni tr o gkeatd wticandiYecii s i the airds st
temperature as measured inside the inject

velocity of the injected air is determined as follows:

- A e
Y oo e 7
" o Qi 7
The combination of ,”Y ,0 and”Y completely specify the states of the

injected air.

Subcritical Mode:

I n the subcritical mmatde@,)isméasureddirechydytiheo!| u me
turbine flowmeter and convéed into the mass flowate. The conversion uses an air

density value( ) calculated using the perfect gaguation, based on the pressure
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and temperature measured near the turbine-flosvt er (e. g. , see NP _«
AT _ oo ( AsHEgurs 8.210respentively). Due to subsonic velocities, the air is
assumed to expand ideally to crossflow

temperature, density and velocity are determined in the same manner as for the Low

dP Mode by use of Equians (5}(7).

Choked Mode:

A critical airnozzles baclpressured{’*) exi sts bel ow which the

will become chokedd’ is defined as follows:

00 0 g —="9¢f § Qb S-T0° (8)
When0 0°, the airnozzles operate in the chocked mode. The massriteof air

continues to be determined in the same manner as in the Subcritical Mode. However,
the temperature and pressure of the injected air are determined assuming an injection

Mach rumber of 1 (i.e., no supersonic expansion), in which case:

o o ~ r Gec P P
Y Yir P J—c 9
r -
§) 0 P Mc_p MG¢ P (20)

From here t he i njedetérmioged feom Edquationd3 andthdky c an
air velocity from Equation (7). Notably, the bulk air velocity will be lower than sonic
speed because t he f |-layerisisubsonid lee., theoddfeardnees 6 b c
between the bulk air velocity andetideals oni ¢ vel ocity is rela

discharge coefficient.
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3.4  Optical Diagnostics System

Figure 3.22 shows a schematic of the shadowgiaplging setup used to characterize
the TRJICF sprays in our experiments. The setup employs a skQtlus FO531SB
monochrome, lowspeed camera (Aegis Electronic Group, 2016) fitted with a Mitkéor
55mm /2.8 Al-s primelens (Rockwell, 2012) to image the spray from the -sida (i.e.,
imaging thexzp | ane) . This camer aod 200xant it ig iestalieét®o ol ut i
capture the spray in the space mtt 0-38, providing a resolution of approximately
p & ¢ I w T X PThe captured images are stored in a 12bit lossless raw format to
maximize their intensity bitlepth and quality. In somests, a second FOculus FO531TB
camera (Net: New Electronic Technology, 2011) with the same lens is used to simultaneously
image the spray from the toew (i.e., imaging thgzplane).

The laser employed in this setup is a Photonics Industries -BS208iodepumped
pulsed Nd:YAG laser (Photonics Industries, 2016) that is operated fif Harnonic to emit
532nm light. The laser is triggered to pulse atH2Qusing its own internal clock, while its
trigger signal is connected to the cameras to synctedheir exposure gating to the laser pulse.
Because the c¢amer as 0Hznhewonlyheapturefan ianage onae eseryi s 1
other laser pulse. This Nd:YAG laser system has been specified by Photonics Industries to have
an average power o¥/8 a pule-width of <35sand a pulse diameter of @@when operated
in the 3 harmonic (356m) at 1(kHz Laser power when operating at 582and 3MHz was
not separately measured as it is not critical to the shadowgregging technique.

As shown in Figures 3.22.23, the emitted laser light is focused by a simple lens onto
one end of a fibeoptic cable, which is then threaded through thefteatc i | i t y6s out er
vessel wall. The other end of the filbmgstic cable illuminates the laser onto a liglffusing
plate positioned parallel to the innertese ct i onds wialdlowco At dii hit eg

pyrromethene 567 fluorophor dye dissolved in kpghity vacuum oil is placed between the
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testsection and the diffusing plate. This dye is excited by 88amlaser light and fluoresces

in the yellow spectrum (54992nm). The fluorescence forms the bddht for the
shadowgraphimaging. The use of a dye filteell for backlighting (instead of direct laser light)
improves the image quality, because theoffescence is spatially incoherent and does not
produce laser lighinterference specklingatterns. A speckifree image is essential for
observing fine spray structures and dropl8ample images from this setup and the -data

reduction schemes are dissed at length in Section 3.6.

Test-section Fuel + air
TF-JICF Spray

Test-section windows
Light-diffusing plate

FOculus Camera + Lens
(synced to laser, 15Hz)

Fluorescent filter

Optical fiber
from Nd:YAG
laser

532nm Laser
(15Hz)

Outer pressure vessel

Outer windows
Figure 3.221 A crosssectional cutaway of the tesfacility, shown along the shadowgraph
imaging setup.

Light-diffuser

Fiber-optic

Figure 3.231 Photos of the laser focused on the fibesptic (left) and the fiber-optic
illuminating the light-diffusing plate mounted next to the tessection ¢ight).
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3.5 TestMatrix

This section describes the experimental-teatrix that was designed to achieve the
i nvestigationds objectives that are #e scuss:
employed experimental setup is a complex facility with many degrees of freedom. Table. 3.1
provides a |i€onbfolcrPaiamét éirTecdstt hat are
controlled during a test to fully specify these degrees of freedomleVgbme of these
parameters (e.g., crossflow pressure and temperature) are directly measured by installed
sensors, others (e.g),are calculated bythedagac qui si ti on system based
readouts. In addition to the TeSontrol Parametsr physical and nedimensional parameters
that are commonly used to describe JICF andet$-are also employed in the tesatrix
design and to describe the results. These parameters are defined as follows in Table 3.2.

Table 3.3 shows the three dimesrsl testmatrix developed for this investigation. The
parameters ofWey, J and%dP are varied in this teghatrix in order to study the THCF at
different fuel flowrates, air flowrates and crossflow conditions. In this matrix, the crossflow
velocity Uc) is fixed at ~7@n/sto maintain a constant flow residence time within the- test
section. This velocity value is typically encountered irejagine fuelair mixer devices. Also,
the crossflow temperature is fixed"a p v 1@, which is high enough to prevent water
condensation on the test chamber windows, but low enough tofliebivaporization to an
amount that would not impact the interpretation of the atomization processes (e.g., as shown in

the vaporization estimates in Appendix A). Notably, holdivigconstant has the additional

benefit of makingY independent oWey for a given%dP, while only”  varies.

74



Table 3.17 A list of Test-Control Parameters.

) Test-Control Parameters
Crossflowcontrol | 0 (atm) Crossflow pressure.

Y (°C) Crossflow temperature.

Y (m/s Crossflow velocity.
Fuelcontrol 0 — Fuekto-crossflow momentunrflux ratio.
Air-control PbQ0 — pmmb |Percentage anozzles pressurérop.

Table 3.21 A list of Physical Parameters.

Physical Parameters
Crossflowrelated | ”  (kg/n?) Crossflow density.
Crossflow Weber number.

wQ —

Fuel/airrelated | 7Y (m/9 Bulk fuel velocity based on the
measured volumetric flowate
and fuelorifice area. See Chaptg
3.2.

Y (m/9 Bulk air injection velocity See
Chapter 3.3 derivations and
assumptions.

" (kg/nP) Air density just after injection.
o0 Y — Air-to-fuel mass flowratio.

. Air Weber number
wQ

Air-to-crossflow momenturfiux
ratio.

Effective momentunflux ratio.
Where 0 0 0 s the
spraywell area.

0 -

Table. 3.31 The developed testmatrix.

Parameter Values
Y Xpum
Y xx afi
wQ 175, 350, 1050
0 10,20 formQ p X L

5,20,40fomQ ocuTt
5,20,25fomwQ pTmUT
P'QU 0, 3, 5, 13, 25, 50, 75, 100, 150

As discussed in Chapter 1, the majority of-JIEF researches to date have been
performed at neaatmospheric conditions, which generally resultedvif ¢ T.Tin the

absence of aimjection, these JICF sprays would lie on the borderline of the-sl@@ization
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regime, which is not representative of-JEEF behaviors at engine operating conditions where
®w'Q  10003000. In order to obtain data under conditions in literandkn jet-engines, our
testmatrix spans a Weber number rangeod® 175, 350 and 1050. These variations in
Waey are achieved by varying and, thus! . Selection of the abow®'Q values is based
on Lubarsky et al. (-2OF (kg Fgsire 2.6), nvdich shpws thatra C 11 a
typical s BaatgrMean Diantefers (SMD) are generally very sensittséxo
only in the loww Q domain, and that sensitivity diminishes at highe® . With these
considerations in mind, the lowastQ in this investigation is chosen to be 1#5;alue used
in reported TRIICF studies (i.e., at near atmospheric operating conditions). On the other hand,
the highestoQ i s chosen to be 1050, which is expec:
observed in typical jetngine withw'Q of 1000-3000. The middle point is chosen to be
w'Q o v,Twhich is comfortably within the sheatomization regime and anticipated to
produce droplets SMD that are approximately halfway between the two extremes. These set
points were expected to allow theemnination ofw’Q 6 s i nf | wXQOkF behaviors. TF
Table 3.3 shows the rangesiafovered in this study generally spib to 40. Notably,
identicalranges o6 s i s not axth due to umdoesrate timitatibnk of the
fuel-suppl system. Therefore]J=20 is used as the commdnvalue across all crossflow
conditions. This) value represents the typical fuel floate encountered near the cruise to full
engine power conditions. On the other hand, the Idwalues in the range of B0 are typically
encountered at neddle power settingJ6 s -bOfare phenomenologically interesting based
on past operating experience with this injector, because they produgeihatrating sprays
that are attached to thestehannel wall, which (as noted in Chapter 1) can adversely affect
engine durability. Consequently, studying-JIEF in the range 08=5-10 allows us to
determine whether ainjection can be used to improve adverse fuel distribution patterns.

Finally, the J=25-40 range represents fuel flenates in excess of typical full engine power
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setting. The sprays at thesé s wi | | have very high -wabnetr at

interactions) and very low crossflewduced disturbances; i.e., they may resptmadiir
injection differently than thd=5-10 sprays.

Finally, airnozzles pressusérop levels oPodP= 0, 3, 5, 13, 25, 50, 75, 100 and 150
were studied in this investigation. These values range from the Cladi§i¢ato the choked
nozzle conditions thiadan be found iairblastatomizers, potentially allowing the full spectrum
of TF-JICF regimes/behaviors to be observed. Notablydth¢estpoints are more closely
clustered in the lowedP domain, which is the domain of our primary interest. The higRer
domain had sparser points, as increasingly Oigis expected to have diminishing effects on
sprayformation.

Figure 3.24 compares the ranged®find airto-fuel mass flow ratiod 0 ‘¥ & 7a )
covered in this investigation and in the stgdi¢ Leong et al. (2000, 20QPP, 2001JEGTB,
Sinha et al. (2013, 2015) and Li et al. (2006, 2009, Zxr01, 2010Part 2)- which represent
the bulk of TFJICF literature. In Figure 3.24 and the plots that follow, not all of the plotted
parameters weneported in the literature; besstimates were made where necessary based on
reported information. Furthermore, many of the plottedgesits from Leong et al. (2000,
2001JPP, 2001JEGTB and Sinha et al. (2013, 2015) were carried out on differesttons
and fluids. Thus, their experimental data for a single set of injector and fluid were actually
more limited than Figure 3.24 suggests. Evidently, the ountest r dP raiige exceeds the
full ranges of Leong et al. (2000, 200RP, 2001JEGTB andLi et al. (2006, 2009, 201Part
1, 2010Part 2), while missing the topmostP values studied Sinha et al. (2013, 2015).
Although our tesmatrix exceeds Li et al. (2006, 2009, 2(H&xt 1, 2010Part 2) and Leong
et al. (2000, 2003PP, 2001JEGTP @Rranges, we could not match thaitRrange, because
they employed nozzles with large-#&irfuel area ratio, operated at very low fuel floates.

The effects of varying aito-fuel nozzle area ratio was not explored during this investigation.
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Most importatly, Figure 3.24 shows the current tesatrix is developed to cover the lower

left corner of thelP-vs-ALR parameter space in more details than other researchers.

TF-JICF Parameter Space: %dP vs. ALR
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Figure 3.247 Comparison of %dP and air-to-fuel mass flow ratio &4 % O + AP
ranges between the current tesiatrix and literature.

Figure 3.25 compares the ranges oftaifuel velocityratio @ Yk Y TY) andALR
covered by the current investigation with those in the literat(iRes an important parameter
that controlghe intensity of shear atomization in twinid jets, as reviewed in Section 2.3.
Low air velocities that are close to the fuel velocities (MR, 1) can serve to sheath and
protect the liquid from shearing against ambient gas/crossflow, while higlvetazities (i.e.,
VR>>1) enhance shearing. THCF in the existing literature were all studied/&>>1, where
the air was observed to strongly disrupt the liquid jets. In contrast, ounatsk contains test
points that range frolWR 1 to VR>>1. Thk increases the likelihood of observing different
types of fuelair interactions, from fuel jgbrotecting to jesshearing, which may subsequently
give rise to different TRICF sprayformation behaviors/regimes. It should be noted, however,

that the currettestma t r i x 6 ¥Rdoes nofyaveratfe full ranges studied by Leong et al.
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(2000, 2001JPP, 2001JEGTB, Li et al. (2006, 2009, 201Rart 1, 2010Part 2) and Sinha et

al. (2013, 2015), due to our higher fumjection velocities.

TF-JICF Parameter Space: VR vs. ALR
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Figure 3.257 Comparison of air-to-fuel velocity-ratio (qr =|I_< T+ A and ALR ranges
between the current testmatrix and literature.

Figure 3.26 is a plot of the eaintsroeat i nv
w'Q versusw'Q map. The ploserves to compare the atomizing potential of @iiY )
versus the atomizing potential of the crossflow g ) at each tegpoint. As described earlier,
by design our teshat ro X dsange f ar e xc ew@ sangeshreatettot er at |
simulate jetengine operating conditions. On the other handgo@ range covers most of
the |literatureds r@® gvalyes ey Sioha etal (Z0D3r2015)hvenicth i g h e
isduetotheirain oz z| e 6 s e dPtamdeimveldcitfes. Iniesggdnce, our crossflow has
atomizing potentials that are generally far greater than those in literature, while our injected air
has up to the same level of atomizing potential as those in literature.

Figure 3.26 also highlights an impant distinction between THCF and THets in
guiescent gas. Whereas in the latter the surrounding gas fediverole in atomizing the

liquid, in the former the crossflow is classically the driving force behind atomization. Thus,
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whereas the cjected air can easily enhance atomization in a quiescent environment, it has

to compete with the crossflow in JHCF. l.e., the air is not expected to enhance atomization

i f its Weber number i s nopr essiegmtidf iccraaod s fhli agwno
this principle, a line oo 'Q ®'Q has been drawn across Fig. 3.26. Below this line, the
atomization process is likely driven by the crossflow, while above this line they are likely
drivenbytheair. TheTB | CF | i t eppirts atggereei@lly above this line, suggesting

that their fAairblastdso atomizing power domi
points straddle this line, which increases the likelihood that we observe a transition in the
dominant driver of atomizeon from the crossflow to the air.

Il n summary, t h i -matrix hag beernt devglaped t@ ao\@rsmodt ef she
existing |iteratureds domains in order to st
case. At the same time, the testrixalso extends to the leadP andALRdomain, where there
is currently a general lack of data and where the-gereration jee n g i n eas énixefsu e |
will operate. Based onthetasta t r i x O satiovaedWelwer numyber ranges, we expect to

obtain reslis with remarkably different TBICF behaviors than those reported in literatures.

TF-JICF Parameter Space: We,,_,-, VS. We:f

100000
O Leong
10000 A .
(m
‘ A Sinha
n &
1000 e
. [E— ® Tan: We_=175
5 5= ————— o
g g e Tan: We =350
9
100 5 % Tan: We =1050
L]
We,;,=We Line
10 . ,
Leong, Sinha and Tan’s tests
all include We,;,=0 Classical-JICF.
. | | | |
0 200 400 600 800 1000 1200

We
of
Figure 3.267 Comparison of; g - gnd 77 gL granges between the current testmatrix
and literature.
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3.6 Image PostProcessing
3.6.1 Raw Images antinageCorrection

This section describes the pgsbcessing and interpretation of the acquired
shadowgraph spray images. A set of 100 images was obtained at each test condition to form a
statistically representative set. One such image is shown orittbERegure 3.27. It shows the
shadowgraph backlight intensity across this image isumiform. To correct for the nen
uniformity and the noizero image black level, each raw image was subtracted by its darkest
value (i.e., the black wall at the bottoam)d then divided by a white fléield (WFF) image
similar to the one shown in Figure 3.28. The WFF image was acquired without fuel injection
and, thus, captures the profile of the background light and lens vignette. Dividing by the WFF
yi el ds aagdwith uaifarm backgnound intensity, as shown on the right of Figure 3.27.
Notably, the raw images contained a dark strip near the bottom of thehaestel wall. This
strip was due to a wi ndow-edge and blocked/ldualedhe d o n
spray image behind it. The effect cannot be entirely corrected by WFF, evident from the bright
strip near the wall on the right image in Figure 3.27. Thus, small droplets/dilute spray behind
this strip cannot be clearly identified, while higbntras features such as the initial jet still

can.

J=40, dP=25%, We =350

Figure 3.271 i Ra weit) (and n c dght) iestantamebas infage the THICF.
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Figure 3.281 The white-flat-field image used to correct Figure 3.27.

Figure 3.29 shows an image of the gridded tattomtt was used to calibrate the scale
and orientation of the spray i margselgionwhssi ng t
determined to be 73.96X/mn+0.86% (or 13.52 4t esufficient to visualize the majority of
the anticipated droplet si2e€On the other hand, camera alignment was made to image the
spray over a domain afd a -4.5-38 (exact value varied by teday), which covers the general
domain of interest for je¢ngine fuelai r mi xer s. The imaged scal e
straght to within the coarseness of the printing (i.e.px3 suggesting the absence of
significant pircushion/barrel distortion. Furthermore, the horizontalness of the imaged
injector and tessection wall (e.g., bottom of Figure 3.28) was used to asaé¢hiat the camera
was rotationally aligned with the teshannel to within 0.18 Finally, the determined image
size scale was also cressecked against the diameter of the imaged spraywell (which has

known physical di mensioace) to confirm the sc
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Figure 3.291 An image of the gridded target used for scale calibration and alignment.

At this point, it is worth discussing the interpretation of pixel intensities in the
shadowgraph images. Shadowgraphy is adiligight imaging technique whee pixel is
bright when the backght propagates to the camera sensor unattenuated. If a droplet (having
a different index of refractiom{ f rom its surrounding gas) i s
light is refracted and scattered away from its o@adjipropagation direction, and the camera
sensor records a lower pixel brightness. As discussed by Goldstein and Kuehn (1996), the
amount of lightattenuation in a shadowgraph setup is proportional to the second spatial
derivative ofn. For a droplet where is discontinuous across the gagiid interface, the
process of lightittenuation can be modeled using the theory ofddettering (if the droplet
is spherical). Figure 3.30 contai,sisulafed ot s o
using the MiePlot software by Laven P. (2016). The top plot shows that the incident light is
redirected in all direction during Migcattering; however, the peak scattering intensity is
directed forward towards the camera. Up to 90% of thelemtilight can be found scattered
within 5° of its original propagation path. Furthermore, Figure 3.30 shows that when a droplet
is large compared to the wavelength of incident light, the scattering efficiehcy (

. A1 ,where, s the scattering crossection and is the droplet radius) asymptotes to
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a constant value. This means the amount of light attenuated by a single droplet becomes directly
related to its projected area. In our experiment, the droplets diameters are expemge to

from 10150° ¢( based on Figure 2.6), which are mu
wavelength of 54%92nm Therefore, the degree of light attenuation in our shadowgraph
images can be considered to be positively related to the number of attgreiagnts (i.e.,

dropl ets) between the backlight and the <c¢ame
area. Under such a circumstance, numerous JICF researchers (e.g., Li et al. 2010 and Eslamian
et al. 2014) have suggested that the scatteongt{enuation) intensity can be interpreted as a
measure of summed droplet projected area in the path of light propagation, which is treated as

a qualitative measure of liquid mass concentration. We will employ this interpretation for our
shadowgraph dat®n the smaller side of theI60 drange, 0  may vary up to 2.2, which

could introduce a 10% error into the interpretation of summed projected area based on constant

O . However, given the oscillatory values ©f versus droplets diaeter, and the
established understanding that a JICF is polydispersed in droplets sizese#neeraged

is likely much closer to 2 even near thée 1@range.
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Figure 3.301 Top: Polar plot of 549 m light intensity versus scattering angle ér 5H O
and 15(H O droplets of water in air (150°C, 5atm). Bottom: Scattering efficiency of 54&m
light versus the diameter of a water droplet in air. Simulated using MiePlot v4.6 by Laven
P. (2016).

Figure 3.31 shows the ligistattering effect of liquid fuel in our JICF images. The
right image is cropped from the downstream region where the spray is dilute and composed of
mostly nearspherical droplets. The Miscattering theory results in Figure @.lkkely applies
well in this region and, thus, the amount of light attenuation represents the droplets projected

areas in the light of sight. In contrast, near the injéa(see the left of Figure 3.31) where the

liquid is highly nonspherical and hagery corrugated/complex surfaces, the faattering
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theory does not apply. Instead, we see that the incident light is typically almost completely
attenuated whenever a corrugated liquid structure is present in thaf-Bight. As such,
images of the inial-jet region capture the intermittency of liquid structure at a given location,
instead of t he -olsigltgprojedtédsarea Althoogh ot shawnie Figure 3.31,
the neatwall wakeregion of the spray typically consists of small rgiainercal droplets even

close to the initiaJet and, thus, more closely resembles the downstream region optically. Given
the optical properties of JICF in a shadowgraph setup, theestimns below describe how the

acquired images are pgstocessed to extragnportant spray characteristics.

[CE-

Figure 3.31i Instantaneous image showing neacomplete lightattenuation by the initial

j et 6s cor r udeft)t and parsal liglit aranemisgion by downstream near
spherical droplets (ight). Inset Zoomed-in, contrast-enhanced image of droplets,
showing higher light transmission near the center of the droplets.
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J=40, dP=150%, We =350

Figure 3.321 An image of a TRJICF under high-dP airblast. The initial region of the
spray has high droplets numberdensity and appears completely black on the image (i.e.,
appearing like a solid jet).

3.6.2 OuterEdge and Centerline Trajectories

As discussed in Section 2.1, an important characteristic of a JICF is its average
trajectory in thexzplane. Three types of trajectories are commonly defined by researchers from
shadowgraph and Miscattering images of JICF: (i) the out#ige trajectoryhat captures the
average path taken by the largest droplets with the highest penetration inertia, (ii) the inner
edge trajectory that captures the path of the smallest droplets, and (iii) the centerline trajectory,
which is often defined as the locus odximum droplets flux and interpreted as the trajectory
of the spraycore. Only the outeedge and centerline trajectories were determined in this
investigation, because the infege is not weltlefined at highWes due to the large
population of surfaceheared droplets that occupy the nsal region.

Tan et al. (2016) summarizes the numerous techniques for extracting spray trajectories
from images. The selection of an optimal technique for a given image tyli/gigaificantly
influences the accuracy and repeatibility of the results. In this investigation, the instantaneous
images were first binarized into spregntaining versus background regions. Subsequently,
the outermost spragontaining pixels along therossflow ) direction were traced to obtain
the instantaneous outedges, which were then averaged to obtain the averageeoiger

trajectory. Binarizationd performed using the Otsu method (Greensted, 2015 and Shahangian
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et al., 2012), which assum#sat the intensity distribution of the image is bimodal (i.e., dark
droplets versus bright background) as shown in Figure 3.33. A threshold value for binarization
is then automatically determined, generally close to the trough of the bimodal distribhgon.

Otsu method was used in this study primarily due to its robustness and automation, which help
to produce very repeatable results.
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|

130000 | -,:,-
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110000 I n
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—10000500
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Dilute Spray
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Figure 3.331 An intensity histogram for the instantaneous image in Figure 3.27.

To determine the centerline trajectaf a TRJICF, the complete set of images at the
given test condition were averaged to produce a single image similar to that shown in Figure
3.34. Similar Partd) LandtEsllanisan 2e0tl1 0al . 6s (201
the shadowgraphlie-scattering intensity is proportional to the total projected area of droplets
in the lineof-sight since the droplets are larger than the incident wavelength. The summed
surface area is subsequently interpreted as a qualitative representation ofopletsd
concentration. Using this assumption, we define the spray centerline as the locus of lowest
pixel intensities along the crossflow) direction, as shown by the red line in Figure 3.34.
Notably, while the centerline may not be wadifined aroundhe point of injection where the
initial jet is nearly vertical, it does not otherwise affect the interpretation of global spray

behaviors.
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Figure 3.341 An example of the centerline trajectory determined from an average spray
image.

3.6.3 CrossSectional LightAttenuation Profiles

In our investigation, it was often insufficient to analyze theJIEF solely based on
the outeredges and centerlines, because the effects ahjeation can constitute subtle
modifications to the droplets stributions (especially near the wall), which are not well
described by the out@&dge or centerline trajectories. To describe these effects, we employed
a new paramet er c adattbneadionl)hde, fAddeefgirneeed oas |tihgeh ti

intensily (Ishadoy ON the average spray image, as follows:

)

o Oavoe: gl
b o p s hom ¢ R BTP (11)

As previously discussed, in the downstream region and the wake region where liquid is present
in nearspherical droplets that range from-180" d&in diameter, and where the spray is
sufficiently dilute thatthe baeck i ght 1 s not compl et &lValuecat t enu a
be interpreted as a measure of total droplets projected area in efud-diight, which is
gualitatively representative of droplets concentration.

The variation inN across a verticalx] crosssectional slice of the spray can then be
plotted for a givere/d location; e.g., az/d=15 (see dotted line) as shown in Figure 3.35.
Although true droplets concentration cannot be determined from shadowgraph images and

is not a conserved quantity,profiles such as Figure 3.35 provides a qualitative description of

89



the droplets distribubin that is capable of elucidating important sgi@ynation physics. For
example, the peak Mthat is the centerline and the gradual reduction in droplets concentrations
around the wake region and ougglge are all captured in this plot. More compled eostly

tools for quantifying the droplets distribution (such as Phase Doppler Particle Analyzer,
guantitative planar laseénduced fluorescence or phosphor thermometry) can be employed in

future works to build on the results of this investigation.
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Figure 3.3517 The crosssectional lightattenuation profile (right) based on an average
spray image (eft).
3.6.4 Profile Thickness of the Initial et 6 s \AAdged war d

In a Classicall | CF, the devel opment of the spray
significantly tied to the disturbances (e.g.,-Rihd KHwaves) that develop along the initial
jet. Thus, it is important to analyze how the injected air affects thesebdist#s; e.g., does
the air promote or inhibit the existing disturbances, and can the air introduce its own disruptions
to the fuel? In most cases, the different types and structures of instabilities on the initial jet are
fairly apparent (e.g., see thernmated fluid structures on the left of Figure 3.36), and useful

gualitative conclusions can be drawn from an analysis of a sequence of instantaneous spray

images. However, in some cases it is necessary to quantitatively comparaghi¢udeof
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disruptians/disturbances at different operating conditions and locations. For this purpose, we
define t he me aalgemprefilethickngssM) ndwar d

As the right of Figure 3.36 and the left of Figure 3.37 show, when the instantaneous
spray images are aaged and the degree of lighttenuation {l) across a horizontal slice is
plotted, the center of the initial jet appears as a plateau hgirfig0 0 %, because f uel
always present in the intact jet and the backlight is almost completely attenili#tediane.
At the windward locations where unsteady waves, corrugated structures or droplets (in the case
of very highdP) are found,N drops below 100% because these structures are intermittent.
Under certain conditions where tletirei nt act spetl afielt aplsgaedue t

disturbances such as Riaves N of the flapping intact jet will also drop below 100%. Finally,

in the background where fuel is never presiat0 %. Ther ef ore, we interyg
these disturbances/structuresasibn g appr oxi mately equal to the
0O 90% on t-hdgwi aofiwahd jet, which we)called

The thresholds of 10 and 90% were ocewgsl oyed
defined basedn the windwaree d ge 6 s f eat ur es o +dgy of thdjetisau s e
typically shrouded behind dense surfateared droplets. The definition@fis ideologically
similar to the definitions of wake or bounddayer thickness, where the cont@fii99% of the
freestream velocity is commondasoagnslatbtheo def
definition of shear/mixindayer thickness of twiiluid jets employed by Villermaux (1998),
where the mixing ayer 6s edge i s ndevhiemed tdhe time ti ata
concentration fraction drops below 100%.

Since the disruptions on the jet typically vary with locatimnyaries as a function of
distance X/d) from the testhannel wall. The right of Figure 3.37 shows an examiptliees
plotted against/d:.. The resulting curve elucidates the amplitude and spatial gratelof the

windwardedge disruptions.
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4=20, dP=25%, We =350

x/d=1

- —— —

Figure 3.3671 Instantaneous (eft) and average (ight) zoomedin views of Figure 3.27.
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Figure 3.371 Left: The initial-j] e t 6 sattehuatmprh grofile acrossx/di=1. Right: The
windward -edge profile thickness as a function of distance from the walk/dk).

Figure 3.38 demonstratéesb s accur acy i n measuriedgg t he
disruptions. The left column shows instantaneous raw images of the jet/spray superimposed
with two curves that bound the average region of space containing the detected wigdigeard
disruptions (i.e.the width between the red and teal curves )s The center column shows the
detected edges of the instantaneous jet/spray (using Otsu binarization followed by Scebel edge
detection) superimposed with the same curves. Finally, the last column shaetdatison of
all edges detected from the 100 frames captured at each test point, which represents the full
range of motion/unsteadiness that the injected fuel exhibit on the windward side. The top row

shows a lowd and lowdP condition where the disturbaes were dominated by largeale
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RayleighTaylor waves, while the center row shows a mediuamd mediurdP condition
where smaliscale KelvinHelmholtz corrugatedtructures can be seen. The last row shows a
very highdP condition where the injected fuis likely already converted into a spray at the
point where it left the spraywell.

From Figure 3.38, it is evident that the curves accurately bound the regions of space
where al most all of the jet/ sprayo6wuredonst ead)
can accurately capture the amplitude of laaged smaliscale structures. The interpretation of
0 has to be modified when the air creates a layer of fiatdynized fuel on the windward side
at highdP. In this case) does not measuretheet 6 s sur face disturbanc
of space containing atomizes droplets (i.e., similar to the definition of-spdily or mixing
layer thickness in twifluid jets). The interpretation @f is further complicated at very high
dPwhen thdanjected fuel is atomized into a very dense spray (e.g., the last row in Figure 3.38),
where the entire opaque region to the right of the teal curve is interpreted as a solid/undisturbed
jet despite actually being a spray. Our discussiorns af the esults chapters are provided

together with analysis of raw images to ensure the interpretatibni®fcorrect.
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We =350, J=5, dP=0%

5
z/d;
We =350, J=20, dP=25%

10 0

0 Z/df 5 10 0 z/de z/de

Figure 3.381 The determinedfront and bounds of space containi
disruptions, superimposed on instantaneous raw imagedeft), instantaneous edges
(centel and the collection of all detected edges from captured framesght).
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CHAPTER 4. OVERVIEW OF THE | NVESTI GA"~

This chapter first presents the results from the tests employigduel injection into
the crossflow (i.e., the ClassiedICF) to show that the investigated injector produces JICF
sprays whose characteristics agree with results reported in the literature. More crucially, these
data provide a set of reference spray badravagainst which the THCF can be compared.
Subsequently, this chapter provides a Helrel overview of the THICF test results from
across the full operating ranged=0-150%. From these results we will identify a spectrum
of new TRJICF trends ashregimes, some of which differ from those reported by Leong et al.
(2000, 2001JPP, 2001JEGTB, Li et al. (2006, 201®art 1, 2010Part 2) and Sinha et al.
(2013, 2015).
4.1  Characteristics of ClassicalJICF

Figure 4.1 shows instantaneous images ofQlassicalJICF obtained for ranges df
andWe;s while Figure 4.2 shows their corresponding averaged images. These images have the
same grayscalmapping so their intensities are directly comparable. They show tiaP@t
andWe=350 the spraplume condined two distinct zones: (i) a dens@lypulated spragore
containing droplets that may be quite large and (ii) a dilutewalinwake with mostly small,
barely resolvable droplets. These two zones were formed through different atomization
mechanisms, sadescribed in Subection 2.1.2 and Figure 2.8. The cresstional light
attenuationl) profiles of the ClassicallCF are shown in Figure 4.3. As discussed in Section
3.6,Nis an approximate representation of droplets concentration in thefigight, especially
at downstream regions (e.g/d=15 and 25) where the spray is dilute and weNeloped.
Figure 4.3 shows that thi=20 spraycore had very higN that gradually decreased with the
distancez/d as the spragore expanded and mixed with gressflow. On the upper (windward)
side, theN values decreased A 0 wh er e t h-edgecprrbe fpung. Orothetlower
(wake) side, th&l values generally decreased less rapidly with distance and never raicBed
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even atx/da 0 (i . e . , rogets were amays éound immediately next to the wall).
Notably, Figure 4.3 also shows that the transitioN inetween the spragore and wake was
gradual and, thus, it is difficult to precisely demarcate the two regions.

Next, theJ=20 images in Figuresl.1 and 4.2 show that increasi@gs increases the
wake regiondés droplets concentration, while
(as evident from the @nebuWessprays)fAs @rgsyltofteep pe ar
smallerdrop et s, which have | ower penetratedgen 1 ne.|
penetrations both decreased with increasiey (even whileJ was fixed), as shown in the
trajectory plots of Figure 4.4. These observations are all consistent with the known behavior of
ClassicalJICF as reviewed in Section 2.1; i.e., high'¥er produces stronger aerodynamic
shearing that increases the rate ofptetsshearing from the liquid surface (thus causing a

denser wake) and reduces the critical droplet size (causing smaller droplets globally).

J=20 %dP=0
We <175 .

Increasing We

30
J=5 %dP=0 %dP=0 J=40 %dP=0

Indistinguishable
Core/wake

|

Fee - | .
2/d=0 30 z/d=0 10 20 30
|:> J=20 %dP=0

We ~1050

Increasing J

z}d,=0 i 71'0 20 3'0
Figure 4.17 Instantaneous images of ClassicallCF at different J and We.
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J=20 %dP=0
We =175

Increasing We,

J=40 %dP=0
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10 20

2/d=0 10 20 30  2/d=0 30
FI:{) 4220 %dP=0
We=1050

Increasing J

| d |
2/d=0 10 20 30
Figure 4.27 Average images of @GassicatJICF at different J and We.
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Figure 4.3 7 Crosssectional lightattenuation profiles acrossz/d = 5, 15 and 25 for
ClassicatJICF at We.r=350.
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Classical-JICF Outer-Edge Trajectories
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Figure 4.4717 Average outeredge and centerline trajectories of the ClassicallCF at
varying J and We.

Examining the results foWe=350 in Figures 4.1 and 4.2, as well as in Figure 4.4,
shows that spray penetration increases Wéha givenVey. This is a well understood behavior
of ClassicalJICF, which was elucidated by studies of thbased trajectory correlation
function (e.g., see Stdection 2.1.2). Interestingly, in addition to increasing spray penetration,
the increase id from 5 to 20 appears to detach the sprage from the testhannel wall.
Specifically, betweed=20-40, the prays have two distinct regions (i.e., core and wake) and
appear similar to each other. HoweverJ=4 the liquid jet disintegrated almost directly along
the bottom wall, resulting in a sprapre that is attached to the tesiannel wall without a
clearly distinguishable wake. Figure 4.3 shows that the absence of wake mddesthes pr ay 6 s
nearwall N (i.e., approximate droplets concentration) significantly higher thad+tBé-40
sprays©®o.

To further examiantet atchhemeenftfae cotre @t$h g evapkrt a ya t

attempted to scale th#5-4 0 s pr ay s 0 I kmgwng that sucheasscaling is
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technically only applicable to sprays with similar fldlds and dispersion ghterns, as
discussed at the end of Sséction 2.1.2. The applicability of the scaling was tested by
normalizing thel=5-4 0 s p r agdge@ndaanterkne trajectorieslsy. Figure 4.5 shows
that whenC; was adjusted until th8=20-40 normalizedrajectories became wetbllapsed
into a single curve, thd=5 normalizedrajectories remained deviated from the others, which
suggests it obeys a different scaling law, if one exists. This supports our claim tiab the
JICF isdissimilarto J=20-40 JICF lecause of its attachment to the telsannel wall.

We emphasized the distinction between vadélhched and watletached sprays in this
discussion becauseprimary objective of applyinglodPAia-a $ si st 06 t o JI CF i n
(e.g., jetengines) is taeduce the concentration of fuel along the wall in order to minimize
flashback and wailtoking risks. Thus, understanding the effects ohasist on walhttached

sprays where high concentrations of fuel are found along the wall is particularly intportan

Normalized Outer-Edge Trajectories Normalized Centerline Trajectories
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Figure 4.571 Plots of normalized spray trajectories, showing the deviation ofl=5
ClassicalJICF from the other cases.

Next, we examine the development of instabilities on the initial sections of Classical
JICFdéds jets, which will becoinajRicghloynodrseled ¥ &
subsequent chapters. The discussion in Section 2.1 has stated tassieadJICF exhibits
largescale wavdike RayleighTaylor (RT) instabilities on the initial portion of the jet that are
responsible for the gross jet brea. Superposed on top of these-Radves are smallescale

Kelvin-Helmholtz (KH) sheainstabilities that develop on the lateral and leeward sides of the
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jet. While the small KHvaves are difficult to observe experimentally, the lesgale RT
wavesO average amplitudes can be-edge@aflei fi ed
thicknessd ) as ntroduced in Section 3.6. The left plot in Figure 4.6 describes the dependence

of 0 upon penetration distance fér5, 20, 40 aWe=350. All three curves show that

grows exponentially withx/ck with growth-rates that are inversely proportionalto

4 | ] 2

35 I —1=5dP=0%
~ 3 = =U% J 1=5 dP=0%
2 . —1=20dP=0% L3 T — =20 dp=0% -
$25 H =40 dP=0% P =)
g ~J 1=40 dP=0%
g 2 7 AB 1 1) Eandl
£1s / ﬁf”j £ L e
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£ 1 _//J e 05—t

0.5 S B )
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0

0 2.5 5 7.5 10 0 0.25 0.5 0.75 1

Figure 4.61 Left: Profile thickness (4 ) of We;=350 initial-jets as a function distance from
injection. Right: The 4 curves scaled according to the R-waves scaling law.

To further understand the relationship betweerdtlies g +#rateardlhwe perform

the following scaling analysis, starting with the following equation fortémeporalgrowth
rate of RFwaves in ClassicallCF (as introduced in Section 2.1):

N AgpPo p 1)
whereQ is the Rfwav e 6 s a-mp the grawthrate andois time. Equation (1)
assume¥) O T Tt The equation above can be expressed in terms of spatial coordinate
by assumingthatthe Ra v e s 6 ¢ o0 n v e c txdicectiondécwd abaribeelocityn t h e
"Y & within the domain of interest; i.e.,

W Y q0 (2

Substituting (2) into (1) we obtain:

QN Agb P (3)
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which can be rearranged into:

I p -

: @)
Finally, to express Equation (4) in terms of experimentally measured parameters, we

assumed thal ; 7Y (i.e., the RTwaves are convected at the fuel injection velocity), as

proposed by Inamura et al. (1993) and Sallam et al. (2004). Additionally, assuming-the RT

wave amplitude equals the profile thickness (i®., 0 ), because only RWaves are

present on the windwareldge of the jet wher@ is measured, yields the folling relationship:
1o p - — (5)

Since the growtlrate ) of RT-waves is independent dfand only depends oWes

(e.g., see Equation (4) in Section 2.1),thenaplotoflagesa f uncti on of MfAconyv

@ TY should yield straight lines whose slopes equat.télso, if the data from cases

having the sam®e: (and differentd) are plotted, their slopes should be identical. These are
successfully demonstrated by the plot on the right of FigureHefce, the evolution of RT
waves measured at differeid s \We=850 can be scaled by convection time. The scaling
above has bediound to be applicable at all the tesiéty, but the results will not be shown

here for brevity. Notably, the close fit of the measuretb well-known RTwave scaling laws
supportsthe notionthat Rfaves domi nate t he jlaiClShugangt ur ba
deviation of the TRIICF data from this scaling can be used to infer the presence of rew TF

related instability mechanisms.

4.2  ldentification of the TF-JICF Regimes

In this section, we will briefly overview the THCF experimental sailts and identify
regimes of TRJICF based on the trends of spray penetration vellRuso begin, Figure 4.7

shows instantaneous and average images of thHAFatJ=20 andWe=350, across the full
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range of testedP from 0% (Classical) to 150%. It ismmediately apparent that the spray
structures and dispersions strongly dependRas the injected fuel appears to be more finely

atomized and widely dispersed at highé& For example, betweealP=0 and 50%, the T+

JICF had relatively intact initial s that developed into narrowly dispersed sgrases. On

the other hand, @PO1 00 %, the injected fuel appears to
entire spraywell orificgrior to encountering the crossflow, which resulted in wider spray

cores and meh more denselpopulated wakes. Notably, ttPO1 00 % sprays seen
structurally more si-imCrbsaflow (ABS| tClir¢ 0 fi Aihralh | avsats
studied and discussed in the-JEEF literature.

In our experimental data we observed different spray characteristics that dominated at
differentrangesadP. Consequently, the dat aJiCFaegimése N gr c
where each fr egi me dPwhere achenmset of spidgrmation processasge o f
dominates. A method for classifying regimes based on spray penetrations was developed,
where we assumed the onset of new sfioayation processes will cause changes in the
sprayo6s peadsdhus, aansitions between THCF regimes can be inferred from

observing significant shifts in the spray penetration trend$as incrementally changed.
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J=20, dP=0%

J=20, dP=13%

J=20, dP=50%

J=20, dP=100%

J=20, dP=150%

| f— —

Figure 4.771 Instantaneous (eft) and a\/efége (lggﬁht) images depicting the effects adP on
TF-JICF structures at J=20 andWe=350.

I n this analysis, the sprayods R.8asedtom at i on
our previous research work, it was known that the trajectories of ClagkBfalat elevated

pressure can be fitted to the following correlation function:
Q — v, Il— — p (6)

where"Q4rQ is described by a natural logarithmic shdpection andd) i s a fApenetr a

parameter o that A adandathmettessbconflitiordepéntieat vagidbliese ct s ¢
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P1scalesQafQ to the raw trajectory dataif¥Q . The position ofifQ  Ttis located at the

fuel orifidl@0s iccemt @oraramketer used to adjust
origin, which may be significantly offset frod¥Q  mespecially at higldP when the spray

was widely dispersed by the airblast. Although this correlation was originally developed for
ClassicalJICF, we found that the lelgased shaptinction also fitsthe TRJICF trajectories

very well. For example, Figure 4.8 shows the correlation function fitted toAMECFO0s r aw
centerline and outexdge trajectories. The discrepancies between the correlation curves and

raw data are practically negligible in thisceother TRIICF cases. Thus, using Equation (6) to

relate the raw TRICF trajectory a¥Q to the functionQo¥Q , it is possible to obtain the
parameted t hat i s a measure of the spraydéds magni

trajectory cuve is reduced down to a convenient numiBey. (

We =350 J=20, dP=25%

Outer-Edge

Centerline

20

25

20

157 raw| |

fit

X/djr

10T

=10 D 1ID zlu C;D 40 ] 5 ‘1ID ‘1I5 ZID P_IS 30
Z/df Z/df

Figure 4.81 Plots of raw outeredge and centerline trajectories versus their lopased

curve-fit (see Equation (6)).

Using the developed trajectory dataduction scheme, Figures 4.9 and 4.10 show the
J=20 TRJ | CF 6 sedgeswahdecenterlings values as a function af® andWaey. Notably,
in the ClassicalICF testpoints where the asupply valve was completely shut and air flow
was zero, the interaction between the crossflow and fuel often @eaté s uct i on ef f e

resulted in small negativaP values. These values are small compared against the entire tested
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range ofdP=0-150%. Contrary to Leong et al. (2000, 2QIHP, 2001JEGTBR and Li et al.
(2006, 201CPart 1, 2010Part2) 6 s r es wl tsomeamdyr eement with S
qualitative results), Figures 4.9 and 4.10 show the spray penetrationd{d not vary
monotonically withdP. |l nstead, tPhoé both the ougdgeaandi centedine
trajectories generally increab the range 6 0 0-13%. BeyondiP=13%, the trends were
reversed as the penetratiBn became inversely proportional ¢ in the range oR 0 25
100%. Subsequently, &0 1 0 0 %, the tr aj ecinceasedengdP opce net r a
again. Althoup theoutee dges and center | i nedPwithpdéfaremtt r at i o
magnitudes, their general trends were in qualitative agreement.

As annotated on Figures 4.9 and 4.10, we will refer to the first rari@&oD-13% as
t he -Mslst(AA)JIC® regi me, where the air seems to F
The next regime Iis named AAirbl ast (AB) JI CI
increasingdP, l' i kely due to the disruptive aeffect
referred t SpragmnsCrofsfowi(ABEREF) 0 because its pene
instantaneous spray structures (see Figure 4.7) both appear to be phenomenologically similar
to t hRl CGFABregi medo descri bedPRH2001IESDIgetalt al
(2006, 201CPart 1, 2010Part 2) and Sinha et al. (2015) It is also evident from Figures 4.9 and
4.10 that the transitions between regimes occurred at lowewhen Wes is higher, a

dependence that will be explored in more detailsénstibsequent chapters.
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Outer-Edge Penetration vs. dP and We,;
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Figure 4.97 Spray outer-edge penetrations as a function adP and We for J=20. Dotted
line: regime boundaries.
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AA-JICF g
AB-JICF

——We=1751]=20
—8—We=350J]=20
We=1050J=20

-5 20 45 70 95 120 145
dP (%)

Figure 4.101 Spray centerline penetrations as a function oflP and Wes for J=20. Gray-
dotted line indicates an ambiguity in the regime boundary.

Figures 4.11 and 4.12 plot the ouéslge and centerline penetrati®nas a function of
dP andJ for a givenWaey. The previously observed nanonotonic relationship betweeén
anddP can also be observed here. Interestingly, the transifforalues between the AAICF
and AB-JICF regimes was insensitive Jpwhile the transitiordP values between ABICF
and ABSICF were significantly lower at lowdr Additionally, the figures show that THCF
with initially higher penetrations (i.e., a highdr seem to experience generally declining

penetrations aslP increased, whereas the low&rsprays generally experience increasing
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penetrations. This phenomencould explain why Leong et al. (2000, 2QP, 2001JEGTP
and Li et al. (2006, 201Part 1) only observed increased penetration with increasgigince
t hei r e xJvaueswere vety bw compared to ours.

In summary, using the shifts in sprpgnetration trends as an indicator of changes in
the underlying TRIICF sprayformation processes, we categorized our experimental data into
four regimes: ClassicallCF, AA-JICF, ABJICF and ABSICF. The boundaries between
these regimes are influencedhg@P andWey. Some of these regimes exhibited characteristics
that differ from those reported in THCF literature, suggesting the presence of new

unexplored sprajormation processes.

AA-JICE Outer-Edge Penetration vs. dP and J
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Figure 4.111 Spray outer-edge penetrations as a function adP and J for We;=350.

Centerline Penetration vs. dP and J
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Figure 4.121 Spray centerline penetrations as a function ofiP and J for We:=350.
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4.3  Application of Jest Correlation to TF-JICF Trajectories

Leong et al. (2000, 2003PP, 2001 JEGTR first introduced thelest parameter for
correlating the trajectories of THCF. As discussed in Section 2.2, agparameter describes
the spray penetration as being governed by the combination of fuel and air moriarasn
It assumes the injected fuel is promptly atomizedl the fuehir momenta are rapidly
exchanged, a condition which is typically only encountered in-AigRand highdP TF-JICF.
In the subsequent investigations by Li et al. (2006, ZHr0 1) and Sinha et al. (2015), tler
correlation was applied the measured FBICF trajectories without necessarily justifying the
applicability of the underlying physics. Nevertheless, these correlation attempts were mostly
successful because the investigations were performed aAbhRbr dP values where the jet
atomization by air was very rapid. In this section, we examine whetheedlparameter can
correlate our data, which include operating conditions well beyond those tested before. Notably,
if the Jerr correlation fits our data well, it would suggest tlthe highALR and dP
mechanisrfassumptions may apply equally well to lowdtR anddP. On the other hand, if
the Jess correlation fails, it suggests different mechanisms govern the Wergimes.

We begin the analysis by considering the data presented in Figure 4.13, which shows
the raw outeredge trajectories of FFICF at)=5 and 40, anWe=350. The plotted trajectories
are for adPrange of 0% to 150% (i.e., our entire dataset) and have begpegl by colors into
their respective regimes, following the classification presented in Figures 4.11 and 4.12. Next,
we attempt to fit these trajectories to Leong et al. (2000, 2604 2001 JEGTP 0J&:

correlation function, which is shown in Equati@®) of Section 2.2, and reproduced below:

'0p

— Gy — k& Olge — ©)

The constanC; is usually freely adjusted until a best fit is found. For example, d.ebral.

(2001JPP) foundC: to be 0.375 and 0.570 for the outand inneredge trajectories of FF
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JICF, Li et al. (201@®art 1) foundCy to be 0.273 for the centerline defined based on maximum

Mie intensity, and Sinha et al. (2015) fou@dto be 0.17 fo outeredge trajectories. But in

this case, knowing that Equation (7) wibtfit all the regimes equally well, and observing that

C, varies so significantly in TBICF literature, we chose to 98t to 0.5, which is a typical

value for the exponentdfb ased on Wu et al . (1997)6s origi
in Section 2.1). We tested the applicability of the correlation by normalizing the raw trajectories

by 8

and replotting them again in Figure 4.14. If Saescaling is applicae, the normalized

trajectories should collapse into a single curve. A comparison of Figures 4.13 and 4.14 shows,
however, that whilethe AB 1 CF6s tr aj ect or-cokdapsedaathbeti=6and s onabl
40 using an exponent €1=0.5, the AAJICFandB-J 1 CF regi mesoO traject
poorly correlated. This observation suggests that theSKE- regime corresponds
phenomenologically to the reported results of Leong et al. (2000,JRR)R2001JEGTB, Li

et al. (2006, 201@art 1, 2010Part 2) and Sinha et al. (2013, 2015). It also suggests that the
AA-JICFandABJ | CF regimesd6 physics are f ull@ament al

and that thelest scaling no longer applies. These conclusions also hold folWa#175 and

1050 results, whit will not be shown here for brevity.

Figure 4.137 Raw outer-edge trajectories of TFJICF at J=5, 40 andWe;=350, grouped
in colors by their corresponding regimes.
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