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ABSTRACT

Adetailedstudy on the spray local floand flame structurénas been performed by means of RN lasersheet LIF
techniques under Diesel spray conditions. Operating conditions were based on Engine Combustion Netwol
recommendations. A consistent comparison of inert and reacting axial velocity fieldgrd@disced quantitative
information on the eféct of heat release on the local flow. Local axial velocity has been shown to increase 50 to 609
compared to the inert case, while the combustimiuced radialexpansionof the spray has been quantified in
terms of a 0.9 to 2.1 mm radius increages a reult, the drop in entrainment rate has been quantified around 25%
compared to the inert casé&treamline analysis also hints at a reduced entrainment under reacting conditidms. A
spray modelunder reacting condition has been used, which confirms the ifitadions obtained irthe main flow
metrics when moving from inert to reacting conditiond/hen comparing the flow evolution with the flame
structure, little effect of chemical activitpn the spray flow upstream the lififf lengthhas been evidencedn spite

of the presence oformaldehyde in such regions. Only downstream of lifteoff length, as defined by OH Llkasa
strongchange in flow patterioeen observeds a result of combustieimduced heat release.
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1 INTRODUCTION

Driven by the need to comply with enghogit emission regulations, last two decades have seen a huge development
of the fundamental knowledgeaelated to Diesel spray combustion. Initial efforts were mainly basewbn
experimental investigations, which enabled the synthesis of conceptual mfide]8] that containal a description

of physical and chemical processes taking place duringlifferent stages of the spray evolutioiihe development

of computational models capable of predicting such fundamental procdssebeen a second major achievement in
this scientiic field, which can lead to an improvedngine design4]. In the meantime, the synergy between
modelling and experimentss leadng to an improved understanding of such complex phenomena, rasent
activities within the Engine Combustion NetwdBCNyemonstrate[5].

Most of the efforts within this field have been devoted to the understanding of the mixing process between fuel and
air, which governs Diesel combustion process. Experim@ntattigations have deliverespray tip penetratior]6],
[7], mixture fraction[7] and local velocity measuremenf8][9], which have led to the general conclusion that the
mixing process of a Bsel spray is rather similar to that of a gasgésimilar mass momentum and fuel/air density
ratio conditions[10]. On the other hand, knowledge on the interaction between mixing process and flame
development is a more open topic, where some questions are still unresolved. As an exampft)difgth has
been within the scope fomany analyses, which have been very often based upon the experimental quantification of
this characteristic lengttil1] t{13]. The mechanism governing lifff stabilisation is still not fully explained, with
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different hypotheses still under discussjogig the stabilization location at equilibrium between the local flow and
combustion velocityr the recirculation of burnt gases at the flame baaeong otherg14], [15] This characteristic
lengthis also a point of interaction between the mixing field and flame development, with important consequences
on soot production as coetations between equivalence ratio at the {dtf length and soot measurements within

the flame have showfi2].

Keeping the previousramework in mind, some still unknown issues on thevolution of Dieselsprayscan be
identified, which mainly have to do witthe sprayflow development The latter topic has been deeply analysed in
terms of spray tip penetration andp a much lower extentwith localvelocitymeasurement$8], [9], [16] However,
except for the classid work by KobayasHil7] using shadowgraph visualization and a more recent one by Farrell
[16] using PIVmost of suchstudieshave been usually carried out under inegiray conditions.Furthermore, only
the latter authors report a detailed comparison between inert andating conditions. Mre systematic approaches
have been foundecentlyon the evolution of thesprayflow after heat release onset. Evidendesve beemmainly
based on high speeschlierenimaging, which has shown that the evolution of the spray tip peai&n departs
from the inert one due to heat releagé7] t{21]. The magnitudef the change depends on the operating conditions
rangingfrom no effect on heat releasg0] to a clear acceleration of reacting versus inert penetratip®], [21]
Furthermore, an increase in spray width due to hedease has also been quantifi¢a?]. Although most of such
phenomena happen during the main injection period, flow effects have also been deeply investigatedaiiteth
end-of-injection phasd9][23][24], due to their implications on late combustion and unburnt hydrocarbon formation.

The immediate question iherefore how the reacting flowfield interacts with the flame structure. A first example
hasalreadybeendiscussedabove, namely the flame lf#ff stabilization, although many other are possible, which
make up the natural framework for the present cobtition. Thework reported here has two general objectives. On

the one hand, a detailed description of the changes in local flow evolution when shifting from inert to reacting
conditions will be carried out by means of PIV measuremefts. second major poit of analysis will be the
interaction between the local flow and the flame structufer which the PIV results will be compared to those
obtainedby means of LIF techniquds. both cases, the analysis will be based upon ECN collaborative f{&§ults
which have made it possible to build a detailed database of Diesel $gmtagviourunder inert and reating
conditions, for both local flow evolution and flame metrics. Only the availability of such detailed information will
help answer such fundamental questions

2 METHODOLOGY

2.1 Experimentatonditions

Experiments have been conducted at IFPEN constainime pre-burn vessel, which simulatethermodynamic
conditions near topdeadcenter in a compressicignition enging25]. The interior of the optical chamber is a cube,
1.4 L in volume with windows in the cube faces foader and imaging acces#/ithin the vessel, high ambient
temperatures are achieved through the combustion of a flammablengagire. The injection is triggered when the
desired chamber temperature is reached during the edmivn of the combustion products. Initial pressure and
composition (before the combustion event) are selected to obtain the desired temperature, dengitygxgaen
concentration at the start of injectiorfsee [25] for more details on the vessel operation)hree experimental
conditions have beenansidered in the present study, which are describedatlel. The first one corresponds
the nominal ECN Spray A (SA) conditiiile the other two implya modification in ambient temperature (T2) and
temperature and density (EXpmpared to SAExErimentaldata have been obtaineith three different campaigns:

- Afirst PIV campaign, producing Spray A (inert/reacting) PIV(@%&CN Workshop)
- AsecondPIV campaign, producing T2 and EX PIV(@4tBCN Workshop)
- A LIFOH* campaign, producing SA, T2 and EX LIF(@48&CN Workshop)



PIV for SA condition (inert and reacting) and T2 (inert) have been publisié}l [26], respectively although a
detailed analysis of entrainment under reacting conditidvas not been performed beford IF/OH* results for SA
have been published if27], andthe remaining conditions are analysed here for the first time.

A singlehole Bosch injectorreference units#210678and 20102) from the Engine Combustion Netwohias been
used Fuel pressure is controlled with a pneumatic pump, and the fuel is provided th@e@gommon rail, following
ECN recommendations (Picket et. al. 2010). The fueldsdecane, which has a density of 78§/m? at the
experimental conditions. The fuel pressure is set at 15&¢) for which the steadgtate average mass flux through
the injector is 2.25g/s and the corresponding momentum flux is 1.22 N. The nozzle B&8$6gumorifice diameter.
Injection duration has been long for all experimentsG@Gs) to enable the analysis of the steady flow and flame
structure, except for the PIV @asurements under SA condition, for which the ECN standa®® (1§ injection
duration has been used.

Based upon the previous operating conditions, some combustietrticshave been obtained that can help identify
the general combustion evolution, namely ignition delay (ID), OH* deriveoffifength (OH*LOL) arah estimation
of the equivalence ratio on the spray centerline at the (QLoy) by means of the 1D spray el referenced below

Such quantitative parameters are includedTiable2, together with the equivalent diamete@ 4L @§—fqaccording
|

to the classic definitiorin the literature[28], [29] which will be later used to normalize analysis under different
entrainment conditions.

2.2 Experimental tools

2.2.1 PIV measurements

A schematic of the optical setup for Rhéasurements is shown frigurel (left). The ambient into which injection
occurs is seeded with zirconiumide particles with a diameter below 5 pm, density 5700 ky/ifhe estimated
Stokes number is below 0i@ the measurement regiarllumination is provided by a doublaulsed twoecavity 527

nm YLF laser. Each laser cavity is operated &HZ0 A Inm thick 64 mm wide torizontal laser sheet is formed by

the combination of spherical and cylindrical lenses, and intercepts the spray axis horizontally, in the focal plane ¢
the camera. The time delay between consecutive pulses from the two laser cavities.is@ AZ @& ...« {10 %oe
between 2 pulses from the same laser cavity. Therefore two velocity fields can be derived:

X Using the long pulse separation, the flow outside the spray will be quantified.
X The short pulse separation will be used to quantify leedbcities inside the spray.

A Photron SA1 higbpeed camera equipped with a Nikkor &@n /1.2 lens and an 8mm extension ring collects the
Mie-scattered laser light off the particles. The camera acquires images t2@vith an exposure time of 50.. « X
Shce subsequent pulses from the same cavity are used here, the effective acquisition rakéHis. The size of each
image is 448x592 pixels, with a resolution of 8 pixels per mm [56 x 74mm]. An example image is drigwrein
(right), 1700... (8§ & $Z }uu v s ES }( Jvi 8]}vX

LaVision suite (DaVis 8) is used for processing the raw images. Apassltwindowing procedure computes
correlations & 64x64 pixels followed by 16x16 pixels and good vectors are selected using median filtering. Outsid
the spray, the procedure yields in excess of 95% good vectors. To obtain statistically meaningful ensemble veloc
fields, 40 injections are averagedtire data presented here.

A system of cylindrical coordinates is adopted for analysis, centered onardetip. For the image irFigurel
(right), the injector tip is 7mm outside the field of view, and the jet propagates downward along the centerline (r=0)
in this perspective. The top 14mm of the field of view is not illumiddig the laser sheet (though stray reflections
make the spray visible in this region). The reported PIV data exist betwesmm?dnd 80mm downstream of nozzle
orifice.



2.2.2 LIF measurements

PLIF was used to detect products of both highd lowtemperature eactionsunder investigated conditionsA
detailed description of the methodology can be found[2T]. In order to probe theground state OH radicals, a
frequencydoubled dye laser operated on Rhodamine 6G was used, wiisipumped using a frequeneyoubled
Nd:YAG laser at 532 nm. Excitation was induced at a wavelength of 282.92 nm, corresponding to the QI1(
transition. An offresonance correction was used for the obtained results by tuning the dye laser to a wavelength of
283.10 nm.A 18 mm x 0.5 mnaser sheewas formed fo each laseshot, and twoimages with an adjacent lase
sheet location were combined for each exjpeental condition to achieve &eld of view of about 35 mmThe
detection of OH PLIF was achieved usamgintensified CCD camera (Princeton Instrumentdyi&RX2, RB slow
photocathode) equipped with a Sodern lens (CERCO 45.5 mm /1.8) and a Semroplasmfitler set centeredt

315 nm(25nm FWHM)A 50ns exposure time was uséh

On the other hand,lfiorescence from the vibronic bands of formaldehyde has been imaged usitigjtthéarmonic
output of a Nd:YAG laser at 355 nm fexcitation. The laser sheet simeas45 mmx 0.5 mm at 100 mJ/pulsa
Princeton Instruments, MAX3 with a Sodern lens (CERCO 45.5 mm {/1.8), a-fasslfilter at 474 nm (80 nm
FWHM) and a gate time of 50 ns were used for the detection of formaldehyde. These experiments were conducte
simultaneously with the OH PLdRes.No correction for nofhomogeneities in the laser sheet have been performed
when processing LIF signals.

2.2.3 OH* chemiluminescence imaging

FlameOH* chemiluminiscence was imagtaquantify the liftoff lengthlocation. The same imaging setup (camera
and lens) as in LIF measurements wiaed, equipped with a Semrock bapdss filter centered around 315 nm.
Images of the quasiteady flame phase were acquired with a0R5us exposure time. Standardized processing
routines from ECIb] were used to derive the flame Iififf values recorded iffable2. Furthermore, contours of the
OH* radiation will be use to analyse flame structure.

2.3 Numerical tools

A previously existing 1D spray mod@0] t{32] has been used to backup the analysis of experimental restitts.
model solveslD conservation equations of axial momentum and mixture fractiotenms of theaxial distance to

the nozzle. Radialispersionis consideredn the modelby means ofadial integral termsthat assumea Gaussian
seltsimilar profile. The model has been successfully used to predict inert spray penetration and liquid [8fhfyth
[32]. Compared to similar models in the literature, where density is assumed to be radially homog¢aghus4]

and is not always coupled into the momentum equati¢84], the present approach feeds local density decrease
into conservation equations from the radial distribution of mixture fractiéor this purpose, state relationships are
tabulated in terms of the mixture fion for a given pressure, fuel and air temperature and composition. This
approachenables the quantification dbcalheat release effects into the velocity distribution.

Under inert conditionsinputsfor the model are

Nozzle mass and momentum fluxes,

Fuel temperature andiensity

Ambient gaspressure temperatureand density
Spray cone angle

X X X X

When dealing with reacting conditions, a simplif@dglestep BurkeSchuman approach is followed calculate the

state relationshipsAn example for the nomingA condition is shown for temperature and densityrigure?2 for

both inert and reacting casesCompared to the typical adiabatic mixing behaviour in the inert cagesre
temperature ranges from the air to the fuel one, a peak temperature is obtained under reacting conditions at
stoichiometric mixture fraction {f= 0.0406), consistently with the singdeep chemistry assumption. In terms of
density at stoichiometric conditions, this means a minimum value of around 9.0%kgider reacting conditions
compared to 25.5 kg/rhin the inert case, i.e. a density drop &yactor 0f2.92



Due to the absence of a chemical mechanism, two additional inputs for the model are

x Ignition delay & 3do identify when combustion will start.

X On axis mixture fraction at the hiff length (Byg g A, which will enable thenodel to spatially separate the
locations where spray is inert and reacting. This is usually derived from the experimerd#il lihgth
distance, and a model calculation under inert condition, which can be later converted to equivalence ratio
at the lit-off length Iy o (Table2). A detailed description is provided in the Appendix on the modelling
approach to define the transition between the inert and reactingt jpdi the spray at the lifoff length.

Finally, nformation on thecombustioninducedradial expansiorhas to befed into the modelto account for the
experimentally observed radial dilatiomitially, this effect was accounted for by means@ba oo ZE S]JvP
v v P[B0]. However,a more recent analysis ofexperimentalinformation based on high speed schlieren
imaging[22] hasshown that theradial contour ofa reacting spray idefined by a slope (i.€one anglg¢similar to the
inert ong but with an increased widthAccording to thatthe radial expansion of the reacting spregn bedefined
in terms of a radius increaseR PIVmeasurementsalso agree with this result, as subsequent analiysthe present
paper will show. Therefore, this approachas also been included in the 1D model. To enable a quantitative
prediction, it is assumedhat, at start of combustion, the fukivalable mass (fuel + airflownstream thelift-off
length location undergoes a transition to reacting conditigcembustion products)Because of the drop in density,
the spray expangl and in this process it is forced iticreaseat each crossection fromthe initial inertlimit Rner to
a reacting onedefined byRnert+ 'R which is assumed to be the same for the whole burning zblweadditional
inputs are therefore needed tmodel the radial dilation process

For thecalculations in thgresent work nozzlerelated parameters are taken fromreviousmeasurementsy other
groups|[35], while ambient and fuel temperature and composition and ambient pressure at@nga from ECN
specificationg5]. The spray cone angle has been used as to provide a reasonable inert spray evearti@acting
conditions, the experimental ignition delay has been used, and the experimental fitaro# length has been used
to estimate theon-axis mixture fractiorat the lift-off length, as explainedbefore.

3 ANALYSIS

3.1 Flow evolution

Figure 3 (left column)shows theaverageprofiles of onaxis velocity for several time instangnd for all three
investigated case$-or each condition, a reference profile under inert conditionsdlas been added. Starting from
SA conditionyelocity in the reacting casesan be observed to evolveith valuesabove the initial inert state
Keeping in mind that ignitiodelay for SA is 4llus, one can observe that the development ocdara quasisteady
manner, with velocity profiles progressively extending at the tip, while theocity along thanain part of thespray
remains steadyCompared to the velocity of the reference inert case, on axis veleaityesare up to50 % higheiin
the [60 deq -90 deq ] interval. The extent of the velocity field within the measurement winda¥goevidences that the
reacting spray penetrates faster than the inert one, in agreement with results in the literature for SA cor@#pns

For T2 and EX caséise evolution is similanyith a progressive development of the reacting casa higher velocity
than the inert one. However, due ta delayed start of combustioas a resli of the lower ambienttemperature
(Table2), the timingof such development is alstelayed Two additionalfeatures can be observed:

x First, one can observihe initial part of the velocity profileunder reacting conditionso ovedap with the
inert spray casentil around65 deq for EXand up to 5Qdeq for T2 This means that heat release effect on the
flow can only be observedownstream a particularlocationthat, as will be shown later, ielated to the
flame lift-off length, as derived from OH* visualization

x Compared to SA, theagnitude ofcombustionrinduced increasén velocity compared to the inert sprais
around 60%for both T2 and EXalthough in the latter case the reacting region occupies a small part within
the measurement range, so this proportionality factor is not easy to estimeterately

Apart from the flow acceleration, heat release has been shown to indueglialexpansionof the spray{22], which

can be evaluated here in terms of axial velocity fieltigure 3 (right column)showsthe time evolution of spray

velocityradius(5% of the oraxis valuenoted R5%with the same layout as for the esxis velocityThis relatively
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high threshold valuehasbeen usedo avoid that lowest velocity values within the sprdsop below measurement
uncertainty levelswhich hae been estimated considering 0.1 pixel uncertaintiis metrics indicates the width of
the flow, thereforeit can show when and where radiekpanson due to combustion occurs. In this case, it is more
convenient to start the discussion with the EX case, due to the longer injection period and extendéddifigth
compared to theother two cases. The bottom plot shows how the inert profile overlapih the reacting case until
approximately 1000 ud aking into account thighe ignition delay is at 11Busfor this condition heat release onset
results in an abrupt increase in the radius starting quite repetitively at ar@6rdy, i.e.a similarlocation as the on
axis velocity increasevhichalso corresponds to the position of t@H*derivedlift-off. The time evolution is also
guasisteady, in the sense that the spray mainly grows at thevilgle the upstreampart is notlargelymodifiedwith
time.

For T2, some transition can be observed temporally for the first two instants, with thes/plbt being close to the

fully inert velocity field, and the 100s already on the reacting evolution. Note that the ignition delay is &/ tbr

this gperating condition. For SA, a similar behaviour is observed, but due to the short ignition delgys)44pray

size is small, and most of the observable PIV field includes the highly transient spray tip. Therefore the inert t
reacting transition is noeasily observable. Furthermore, for SA condition injection end occurs at arbb0@ us

which means that the unsteady spray head accounts for a large part of the field otiuigvg the whole injection
event, compared to T2 or EX conditions, for whickteady evolution is observable, as the head vortex is out of the
field of view. This is quite evident in the inert velocity at 1517 us, which seems to be wider than the reacting one ¢
locationsdownstream 70deq . However, under the previous limitationsne can still observe a region betwedf

and 70de.q Where the combustiosinduced radiakxpansiorcan be observed.

Based on higispeed schlieren imaging, Payri ef222] concluded that the radial expansion in a reacting spray results

in a contour that seems to be spatially shiftedtwards in a constant increment compared to the inert one. The
present contribution also indicates a similar resialt the PIVderived radius which is quite evident for the latest

time shown of both T2 and EX cases, while it can be guessed for the steady part of the SA case. A linear fit has b
carried out for that time instant for both the inert and the reacting contours along the steadyomoafi the spray
(Figure3, right), from which the increase in radial widdver the whole fitting intervatan be quantifiegdas recorded

in Table3. The value shown here for the nominal SA (0.70 mm) is lower than the one by Payj2&taditained

from schlieren imaging (~1mm). However, additional considerations have to be made on this comparison. First, tf
measurement principle is quite different in both cases, so the same radius need not be necessarily obtained frot
both experimental technigues. On the other hand, the radius used for the definition of the spray limit is based upor
a threshold value (5%) which may be, as explained above, a conservative one to quantify the radius in a reliable w
as from the experimerst

Apart fromthe local velocity values and the flow widtine hypothesis of seBimilar axial velocity field development
can be validated with the present results. For that purpose, the radial distribution of axial velocity in the quasi
steady portionof the sprayhas been normalized by the @axis value, and the radial coordinate has been normalized
by the 5% radius, to account for the previously observed differences in flow width. This procedure has been applie
to both inert and reacting caseBigure4 presents for all three cases the scatterplot of normalized velocity profiles
for both inert and reacting conditions. A Gaussian profile has beelndad as a reference. Although scattering is
visible in both inert and reacting cases, the hypothesis ofssaililarity can be accepted under both flow situations,
and the Gaussian function is a good approximation of thesselilar radial profile. This an important results, since

it validates the selsimilarity hypothesis used in the 1D model, both in inert and reacting conditifantghermore,
assuming that the Gaussidnnctionfits the selfsimilar velocity profile, one cambtain a radius corrggonding tothe

1% limit in velocity from the 5% one, whisharound 20% large€Comingback to the previous analysis of the radial
expansion, thisias enabled the calculation of a 1% Radius, as shovabte3. Thiswould bring thePIV measured
radial increase for nominal SA conditions from 0.70 to 0.87 mm, i.e. closaiues obtained from schlierdoy Payri

et al[22].

3.2 Flowversudlame structure
The present section intends fmresent some of the features of the flame structure for the investigated conditions.
Such information has been obtained only during the qiséesady phase of the flame evolutiowhere the reacting
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spray grows mainly from the transient tip, while themaning partdoes not change with time~igure5 shows the
guasisteady flame structure for all threeonditions Three sources of information are supepoasedthat describe
the flame structure On the one hand, red indicaeones where OH has been detected by PLIF technighde
green indicats zones where signal from the 35%m PLIRechnique is recorded, which can be due either to
formaldehyde or to RHs.On the other handthe blue dottedline is the contour of the OH* image, where the most
upstream location should correspond to the L®&br every magshown,the color scale is linear with the recorded
digital level, and it has been intentionally saturated above 1/3 of the maximum value of each dasegmnthe
spatial extent of the recorded signals.

For all three conditions355 nm PLIBignal inthe vicinity of the nozzle exit is clearly due to light reflections on the
liquid spray, as the typical narrow shape evidenéewther possible source is fluorescence of fuel impurities, which
due to thehighfuel concentrationin that zonemay bemeaningful Although the maximum liquid length cannot be
observed from this experimental information, estimations from the 1D model indicate that this parasteiald be

19, 25and29 dy; for SA, T2 and EX cases, respectivEtys means that for all cases liquid lengtiould be shorter
than the minimum distances to the nozzle where heat release oc@ownstreanthe liquid spraythe 355 nm PLIF
signalappears at locations around 25, 30 and 35fdr conditions SA, T2 and EX, respectivaiyd it laterspreads
over the whole cross sectignwhich most probably stems from the presence of formaldehyhle to low
temperature autoignition chemistryThis extends until the location of OH* LOL, consistently with several previous
results[2], [36], [37] [27].

For the EX casé¢he low temperature zone of the flame &xiallystretched, due to both the low temperature and the
lower mixing rate (lower density) compared to the other two conditions, angery activepool of formaldehyde
extends fromapproximately 35until 65 deq, just upstream the OH* LOL contoumhere it drops inintensity. This
locationalso coincides with the detection of tH@H PLIBigna) which indicateshe transition tothe formation ofa
high temperature diffusion flamewith two lobes in theOH PLIBignal onboth sides of the spray axis, which should
be close to the location of the stoichiometric surfd88]. Previous results for SA conditif®i7] have showrthat the
location of theOH PLIBignal isspatiallycoincidentwith the presence ofOH* radiation This is also the cader T2
and EXFurther downstream, this overlap cannot be sdmecause of a drop in ththe OH PLIBignal due to the
lasersheet dimensions, whido not span the full spray regid27].

For the SA and T2 conditions, stroB§5nm PLIignal isstill observed downstream the OH*LOL locatidm fact, for
the SA condition the signal strength is much highethose downstreamlocations,with OH PLIERnd OH* contours
envelopng the 355 nm PLIBIgnal.In this regionclose to the spray axihowever, chemistry has left the low
temperature stagesgconsuming formaldehydeand thereforethe 355 nm PLIBignal willmost probably stem from
the presence of PAtthich are excited by the selected wavelen{@f], [39]

All in all, the appearing 0855 nm PLIBignal seemsappearsto be dependent on the operating conditionsn
responseto a change in temperatureapproximately 5deq longer when moving fromSA to T2) and density
(approximately 5deq longer when moving fronT2 to EX)Note that in the latter case of density variation, the
equivalent diameter is differenfTable3), so differences in actual spatial coordinates are even lafgerthe other
handboth the OH* and théOH PLIBignals move downstreain response to the previous parametrianation, but
the sensitivity is much higher (approximately d& increasefrom SA to T2 and later to EX, respectively. high
temperature chemistry isnore stronglyshifted away from the nozzle.

Figure5 alsoshows the superposition d?l\(derived sprayl%radiuson the previous flame informatiarThe latter
parameter has been presented for both the inert and reacting conditiorenable theidentification of the locations
where heat release begins to affect the flo®tarting from the closest location to the nozzle, formaldehyae be
found inthe zone where both inert and reacting velocity contours overl@pis is especially evident fane EX
condition, where a large part of the inert spray falls into the PIV measurement rargeindicates that the
formation of famaldehyde does not bring about a quantitatively strong change in temperature/deresity,
therefore theflow structure isbarelymodified compared tdhe inert case

The separation between the two Rtérivedradii (inert and reactingpccurs wherthe OH* derived lifioff length

location zone is reachedalso coincident with the most upstream location of the OH LIF sigvfagre high

temperature reactions occur and therefore the interaction of the heat release with the flow becomes eviaxint.
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T2 and EX conditierclearlyshowthis trend, while for SAhis maynot be asevident due to the short injection time
for the PIV neasurements, which prevented from obtaininduly quaststeady statepicture. As a conclusion, the
comparison ofPIV flow under inert and reacting conditions cafso help discern thelocation of the high
temperature zonen the flame.

Finally, one cambserve thatin the vicinity of theOH* lift-off length, the radial width of the flow as derived from
axial velocity is essentially similar to that of the LIF measurements, whether from the 355 or from OH LIF. Only
isolated locations (e.g. around R, for T2, or 78deq for EX) is the OH area wider than the spray flow width.
Although theconclusion cannot be extended to locations farther away from the nozzle, and probably a deeper
analysis is neededhis result hints at a similar diffusivity of masslanomentum, which is an important conclusion

for CFD modelling compariso@n the other hand, the OH* contour &@wayscontained within the inerPIV radius
AsOH* species is locatemround stoichiometric conditionshis result is consistent with the fact théte small radial
dilation effect besnot expandthe stoichiometric surfaceut of the inert spray contour.

3.3 Discussion

The previous sections have enabled the definition and quantification ofrétated metics that have described the
inert to reacting transition. Some trends already reported in the literature by means of schlieren imaging have beel
observed for the first time for Diesel sprays in terms of veled#yived parameters:

- On the one hand, the trasition from inert to reacting flow induces\alocity increase within the order of
50% for SA, and 60% for T2 and EX for the steady part of the reacting spray.

- Furthermore, during the transition from inert to reacting spray, there is a ratiiation effect due to the
flow expansion, which is consistent with experimerstethlierenresults in the literaturg22].

- The analysis of the velocity field has confirmed that the hypsithef selsimilarity of the axial velocity also
holds under reacting conditions, if the increase in spray width is accounted for.

This section intends to quantify the effects leading to the velocity increase observed in the reacting spray compare
to the inert one, as well as an estimation of the air entrainment decrease due to heat release. Such analysis will k
backed up by momentum conservation considerations, as well as by the 1D spray model.

3.3.1 Analysis of theombustioninducedincrease of axial velig

The previouly observedeffects can be quantifiethdependentlyby means of the 1D spray model to evaluate how
relevant they are for the final velocity distribution under reacting conditid®®snclusions should be validygn the

fact that the selfsimilarity of axial velocity holds, which is a core hypothesis in the 1D nfeidale6 shows the on

axis velocity disthution (left) and radial spread (right) for both experiments and 1D model calculadiosi$ three
operating conditions. Under inert conditions, the model produces fair agreenténbrnraxis velocity with
experiments, in a similar way to previous w¢k]. When transitioning to reacting conditions, two assumptions are
compared on the mit. First, a case where radial expansion has been inhibited (labelled as NOEXP) is included
evaluate the single effect of the combustiimduced density drop. In all three cases, tagsumptionresults in a
clear overprediction of omxis velocity. Oglwhenradial increase is considered by the model (cases labelled as DR),
do velocity predictions fall close to actual measurementable3 shows the increase in radial width for the 1%
Radius as derived from the model compared to experimental valbdes.both experiments and modetadial
expansion increases in the sequence<SR < EXdue to a longer ignition delay and #bff, which resilts in igniting
mass being shifted downstreamnd hencein a larger radial expansion. Although the trend is consistent for the
model, the sensitivity is lower than in experiments. This can also be observEdyime6 (right). However, the
magnitude of such divergences does not prevent from havinglacity predictionfrom the model which, given the
simplicity, ismore thanreasonable.

A more fundamatal analysis of combustiecmduced velocity increase can be obtained from axial momentum
conservation between the nozz{@=0)and a given axial positionunder the assumption of a steady axisymmetric
spray Following the derivation i[B1], Appendixwith equations rearrangetbr a seltsimilar Gaussian function:
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where / § stands 6r nozzle momentum flux,é and Qstand for local time-averageddensity and velocity,
respectively,while R stands for the 1% radiuand thus the factor within the exponential function stems from
LN(1/0.01)=4.6 By rearranging the previous expression, one can derive Equdt)aio Golve @y iT; , the axial
velocity on the spray axis (r=0)

A8 5
Y v 7 e
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@
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Thedenominator includes the radialintegrated density profilethe calculation procedure for which is detailed in
the Appendix sectionThisfunction can be obtained by means of the corresponding state relationship from the
mixture fraction radial distributionwhich depends on the mixture fraction on the a¥isandthe selfsimilar profile.

By applying the previous equation to both theeihand reacting case, and assuming thetT; L 4343 E ¢4a
relationship between the inert and reacting spray velocity is derived as shown in Equation (3):

Siypiiel | ©‘I,' 6 Uy MR =HIGA h@{NxéAl :

€10 D ¥ 1 veolicviR=8IGA gax @A 5 ¢E Foupi

3)

The first term on the right handside of the equation includes tadiallyintegrated effect of density drop due to
combustion on the velocity increase, while the second one quantifies the radial égpamg gan be estimated by
assuming a Schmidt number equal to unity, wherefnanixture fraction and axial velocity distributions are related

by Byd QyzQ, the latter parameter being shown Figure3 to be within 0.1 to 0.06lf the radius increasg¢erm is
neglected ¢4 L r), the integral can be estimated for thg yalues commented above, which renders a ratio equal

to approximately 1.61 for SA and 1.68 for both T2 and EX. This is the factor of increase in the reacting veloc
compared to the inert case observedkigure6 for the NOEXP cases. Furthermore, for the investigated conditions

such values are similar to the fact@%::, which was used if1] to account for the change in entrainment due to
[

combustion compared to an inert spray when estimating the flame length in direct injection Diesel sprays. Onl
when including the corresponding radial increase is the prediction more accuatehowrby the 1D spray mode
resultson the plot However, it must be noticed that the radial increase factor weight should decrease with axial
distance to the nozzle (second term of Equation (3)), and therefore for long distances to the nozzle, the effect of th
increase in radius wilanish

3.3.2 Analyss of ambientair entrainment
A quantitative evaluation of air entrainment into tteprayhasbeen derived from the velocity field, together with
the ambient densityFor that purposethelocalentrainment rateis defined as

x26Xp (

% ad Tea—%u 4)

This parameteis calculated by applying the following definition tve sprayradial limit[9]:
%aN teENF R E P =d; R 212" (5)

where the spray limit has been chas® be at the 1% velocity radiussRis Therefore both velocity components
(R &) and the local angleTare evaluated at that particular locatiohVhile the analysis in previous sections has
been based upon the velocity measurements within the spray, i.e. sheetpulse separation (sectioB.2.1), for
evduation of entrainment the outer spray flow field is used.

Local atrainment rate results averaged in the P8 to 4400 us interval are presented iRigure7. Only T2 and EX
conditions have been included, due to the already commented limitations in the steady extent of SA condition as
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consequence of the short injection duratioBtarting withT2, one can find aelatively flatevolution of the inert
entrainment rate fluctuating between 0.28 and 0.35, in agreement with resul@]ih.ower \alues downstream 120
deq are just an artefact of averaging a transient evolution, as fgraystransient tip within accounts for around 50%
of the spray tip penetration lengtf22]. When moving to reacting conditions, tlyeneralevolution drops below the
inert one, wih a fluctuation between 0.2 and 0.28, i.& average25% drop in entrainmentis for EX condition, the
overallinert evolution isquite similarto T2 while the reacting one seems to be much more transient, with a flat
evolution upstreamand a drop around the LOL locationFurther downstream the entrainment rate is seen to
increaseup to similar values to the inert case.

Additional information on the global impact of combustion on air entrainment can be obtained from the 1D model in
terms of total masslfix andlocal entrainment rate Figure8). The analysis has been done for T2 condition, but
conclusions extend to the other two conditions, with therresponding changes in LOL location. The plot shows the
results for the three cases Figure6, namely the inert case and two reactingeswhere ralial expansion has been
inhibited or is allowed. The evolution of all three cases is on top of each other upstream -tig lEfitgth location,

with an entrainment rate around 0.28vhich iswithin the average range @xperiments Figure7). Downstreamthe

lift-off length, the model shows a twatep evolution in the reactingase. In a first stagentrainment rate isseen to

drop dramaticallyto values as low a8.05, i.e. 82% lower than the inert caseom 60 to 85deq In the expansion
case, androm 60 to 100deq in the noexpansion one. Downstream that location, entrainment seems to recover
abruptly to values stding around 0.21 (i.e. 25%wer), with an asymptotical trend to the inert case. The inhibition

of the radial expansion in the model results in a shift of the entrainment evolution away from the nozzle, but
downstream 10@.q the evolution is very similar for both modelling situatg consistently with the vanishing effect
with axial distancef the radius increase term in Eq. 3

The previous two zones in the entrainment downstream of the LOL can also be obseFigura®, where modelled
on-axis velocity remainsonstantdownstream the liftoff length location until a point where it starts dropping with
axial distanceA similar evolution can be observed fdretonaxis mixture fraction (not shown). This behaviour can
be explained in terms of the underlying assumption on the integrated radial inte(gaés Appendix with a
discontinuity at the liftoff location, which is translated into a spatial zone whereaais velocity and mixture
fraction remain constant, while entrainment drops very low values. Once the mixture fraction drops below the
lift-off value, the fully reacting spray behaviour is obtained, with the before mentioned 25% lower entrainment rate
than the inert one. By comparing the case with and without radial expansioifrigure6 and Figure8, one can
observe the abrupt increase in radial width at the-iff length only modulates the initial drop in entrainment rate,
while the general behaviour of the entrainment and-axis velocity ishe same.

Summing up, e previous resu#t just downstream of the lifoff length are mainly due tdahe assumption of
discontinuity ofthe radial integralswithin the model éee Appendix which is a simplificatioio model the
adaptation of the flow froninert to reacting state However, experiments alsseem to indicate some evidencas
this direction On the one handhe evolution of the experimental aaxis velocity compared to the modelled oime
Figure6 also hins at the possibility oexistence othis initial heavydrop in entrainment around the |#off location
that tends to keep an approximately constant-axis velocityOn the other handlooking back at thexperimental
entrainment rate Figure?), resultsshow alocalminimum valueat the LOUocation, which is however lessbrupt
thanin the modeling results Further downstreamevolution for T2reacting casés relativelysimilar to the inert one
but at an approximately 25% lower valusthough the limitations in the axial extent of the window prevents from
the observation of theasymptotic trend towards the inert entrainment rat# is interesting to note that the initial
minimum of entrainment rate overlaps with the region between the OH* and the disappearance oh3BB- signal
(Figureb), whichis consistent witlthe possibility that the entrainment reduction effect may be different around the
lift-off length, more affected by low to high temperature transition, compared to other downstream locations,
where the diffusion flame ifully stablished

Further analysizan be made on the previous entrainment evolution by means of streamlines, which have been
plotted for the EX casen Figure9 with starting points atr= 20 mm and uniformly spaced in x coordinatethe
corresponding upper and lower boundariéBoth the external and internal velocity fields have been used to fully
resolve the streamlines, with the frontier between both sets at tB&dcation. The arlgsis is only made for the EX
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condition, which shows a clear spatial separation between the inert and reacting condition within the measuremen
window.

The top plot shows only the RBérived information for both inert (left) and reacting (right) conditsorThe inert

case indicates an entrainment pattern almost perpendicular to the spray axis when the flow is outsidespfahe
radial extent which later turns and becomes essentially axial within the limiting contour. For the reacting case, the
overall @ttern is similar, but some differences are worth being mentioned. First, the streamlines curvature is much
more noticeable even out of the spray outer radius, and especially downstream of theésQ @b, §, where spray

inert and reacting radii separatedim each other. Estimations from schlieren measurements with ECN injectors
indicate that thetransient head vortex im reacting spray can reach around 50% of the spgagth, compared to

just 30% for the inert casp?2]. Therefore, thestreamlinescurvature in the reacting case evidences recirculation
from the front nonsteady sprayhead vortex On the other hand, streamlines have been started from locations
uniformly distributed m x directionat the bottom andtop boundariesin both inert and reacting conditions. In the

first case, the relative distance among such streamlines remains uniform for the whole set, being wider outside c
the spray radius, and narrower when the trajedes become axial. However, no big difference is observed among
different starting locations. For the reacting case, relative distance among trajectories remains uniform for those
upstream of the LOL location. But downstreamdgg, one can observe thatgh distance becomes wider. The latter
point becomes more evident at the bottom plot Bfgure9, where the trajectories have been superimposed onto
the LIF informationA reference PIV derived inert and reacting radius hals®been included. The widening of the
distance among trajectories is clearly coincident with the location of the OH signal, i.e. the high temperature
diffusion flame front.This esult hints at a decrease in entrainment rate in the reacting part, i.e. a reduced mass flow
per unit area is dragged into the spray flow as a result of heat release.

The evolution of streamlines can help understand @ealitionalissues from the analystf entrainment inFigure?.

The first one is that upstream of the ifff length the entrainment rate for the reacting case is already smaller than
the inert one, for both T2 and EX conditions. The main reason ferakult seems to be the change in flow direction

for such locations. As already described, inert streamlines are almost perpendicular to the spray axis (i.e. almost ze
axial velocity), while reacting ones exhibit a curvature with a negative componém akial velocity that, according

to equation (5), decreases entrainmemihe consequence of theffect, however s difficult toadditionallyobserve

in the experiments except for a slight increase inaxiis velocity for the reacting case at 6§ compared to the

inert one Figureo).

On the other hand, the streamline curvature is also very noticeable for locations downstreasy 9@hich may
indicate that forEX condition the flow pattern under reacting conditions is largely affected by recirculation from the
front vortex. This recirculation may create the increase in entrainment in the 80 toddQ@terval observed in
Figure? (right), which may be more evident in such cases due to the long ignition delay aoid. [fhere remains

the question if this recirculation effect is solely due to the reacting flow dynamics, or it isafiésded bythe
confinement of the spray within a constant volume chamber.

3.3.3 Comparison with literature results

Comparing the present studyith the literature on Diesel spraydocal velocity under reacting conditions has been
measured by Rhim and Farrgl6], although their analysis does not show a clear influence of heat release on the
flow pattern. This is most probably due to the fact that the authors estimate a very lorgfligngth for their
conditions which probably means that most of the measurements in the flame occur in the inert region. Given the
absence of similar results in the literature, the present Diesel spray results can only be compared to those i
momentumcontrolled atmostpheric gas flames, for which detailed studies eXisé eference worksy Han and
Mungal[42], and Mufiz and Mungd#3] are used here, buit must be noted that in such experiments the jet is
injected into a norguiescent ceflow, with a \elocity that is typically around 1.5% of the injection velocity, which
results in lower entrainment already for the baseline inert cg483% A reduction in entrainment (up to 50%) for the
reacting flow compared to the inert one has been quantified42], and Mufiz and Mungal also observed 2.5 to 3
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times higher oraxis velocity compared to the inert flo3]. Additionally, Tacina and Dahj#4] proposed a scaling

law for turbulent nonbuoyantreacting flows for both axisymmetric and planar gas jets) in terms of an effective
density, which collapsed experimental results from different authors. This effective density resulted in an increase c
on-axis velocity between 2.8 and 3.3 for the diffeteexperimental data source®©n the other handMufiz and
Mungal[43] show that a Gaussian sealimilar velocity profile can be considered as a good approximation for inert
and reacting gas jets for r<R50%, while some deviations exist at farther radial positionsofEhezembustion
induced radial expansion for atmospheric gas jets has not been evidenced in the same way as for Diesel sprays,
depends on the width definition. The authors report a reduction in jet half width at R50% for the reacting vs the iner
caseswhile they claim that the R1% follows an opposite tréftl.

After the previoussurvey of results in the literaturethe effect of combustion seems to be stronger for such
atmosphericgas flames compared to the Diesel spray results reported here (aroundo28fall reduction in
entrainment, 50 to 60% increase in-amis velocity), which agrees with the fact that the inert to reacting density
ratio decreases witlhigherambient gas temperature, and therefore a weaker ir@rreacting transition should be
expectedunder enginelike conditions

4 SUMMARY ANDONCLUSIONS

An experimental analysis on the interaction between the spray flow under reacting conditions and the flame
structure has been carried out. For that purpose, information from PIV and LIF techniques has been combine
Detailed flow evolution has evidencedetffollowing changes in the reacting axial velocity field compared to the inert
one:

X The transition from inert to reacting flow induces a density drop that increases local velocity in agreement
with momentum conservation. For the present operating condi@nmaximunb0 to 8% increase in local
velocity has been found.

x Concurrent with the flow acceleration, a radetpansioneffect due to themixture transition from inert to
reacting conditions occur3his has been quantified in terms of a radius inceeakich, for the investigated
conditions, ranges from 0.9 to 2.1 mm.

X The hypothesis of seffimilarity of axial velocity has been observed to hold both under inert and reacting
conditions

Previous evidences enabl¢he use of a 1D spray model under raagtconditions, which has confirmed the role of
both density drop and radiaéxpansionto adequately quantify the ofaxis velocity evolution. Furthermore, this
model hasalso enabledthe quantification of the radial expansion anke decrease in entrainmerrate due to
combustion

Modelling results suggest the existence of a first stronger drop in local entrainment rate at i lifagth location
followed by a milder evolution downstream, withn anitially 25% lower entrainment rate in the reactingseathat
increases towards thanert onewith increasing distance to the nozzilthough the first drop is due to an imposed
transition within the model from inert to reacting conditions at the-tiff length, experimental resultsalso hint at
the existence of theséwo zones, although th#ilow evolution is much smoother compared to the modelling ones.

When comparing the flow evolubn with the flame structure, no strongffect of the chemicaprocesseson the
spray flow can be seen upstream tli&-off length in spite of the fact that chemicalctivity is evidenced by
formaldehyde LIF. Downstream thi&-off length, a clear influence of the higlemperature flamefront, as defined
by OH LIfs seen on the flow, whictesults in @ increase irPI\(derived flow width, as well as streamline separation
correlating with the reduction in entrainment.

Based on both experiments and 1D modelling resuits,mhain conclusions from the present work are as follows:

x Compared to the inert case, the flowaution in the reacting one shows three changes
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0 A first small reduction of entrainment rate upstream of the-@ft length, apparently due to the
effect of largescale flow recirculationwhich has negligible influence on the velocity field within the
spray.

0 Animportant dropin entrainment rateat the lift-off location, where the flow is highly perturbed due
to the transitionfrom a fully inert statdo a reacting one. The extent of this zone is aroundal®@or
the investigated conditions.

o Further downstream, the flow is already adapted to the reacting environment, and the evolution is
similar to the inert one but with a lower entrainment rate.

X Reacting velocity fieldownstream the liftoff lengthis the combined result of both density gr@nd radial
expansion.

X Low temperature chemical activity is observed upstream of lifieoff length with little effect on flow
evolution.

Further validation of the previous conclusions should be done in termdet#iled CFD calculationsvhich will
enable a more accurate quantification of all the physical and chemical processdged
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Appendix: 1D modeapproach for the transition between the inert and reacting
parts of the spray

The transition between the inert and reacting part of the spray at thefiftength is considered within the model as
follows:

X

X

In a first step, the model solves the inemdreacting state relationships (i.e. local density vs mixture
fraction) in terms of pressure, fuel and air temperature and compos(fiogure?).

In a second steghe density vs mixture fraction relationships are used for tabulation of the esesgonal
radial integrals needed in the conservation equations to convert the 2D into a 1D feledgils can be

found in[30], [31), with the general definition ikquation 6for a Gaussian seffimilar profile:
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where R stands for the 1% radius, artdus the factor within the exponential function stems from
LN(1/0.01)=4.6From this general integral, P=2 aRd1 for momentum flux anchass flow raterespectively
Some examples of these functions can be found in the derivations within S&8ah(Eqsl to 3) for
momentum flux The role of these integrals is actually accounting for the accumulated effect of the radial
density distribution. Br a given state relationshignd P value,ieyare only a function of centreline mixture
fraction By.g

Taking into account thaB g ¢ is an input parameter to the model, the integral function is divided into two
intervals. In the rangeR, P B4 g.awhich will represent locatisupstream of the lifoff length, only the
inert density is used. In the rang& Q Byg e Ai.e. locations downstream the kfiff length), only the
reacting case density is used for the integfal.example of such functions is showrFigurel0jError! No se
encuentra el origen de la referenciaThe table is stored in discretized values of fcl between 0 and 1
(constant ¢ B, gteps), and therefore in the limit aroun@&, g ¢ ghe integral is linearly interpolated. For the
reported calculations¢ By#0.001 which is low enough so that a sharp transition exists and results are not
sensitive to this discretization.

Previous steps lead to the solutiontbfe conservation equations, where the previous tabulated integrals are
used. The algorithm solvel with no a priori knowledge or the range of the solution (whetigP Byg ¢ A

or By Q Bya e)a Resultsin section3.3.1 show, however, that this approach produces a constant mixture
fraction region at the lifoff length.
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TABLES

CONDITION Ta rhoa X02 Pinj InjDuration

K] [kg/m? [bar] [Hs]
SA 900  22.8 15/0 1500  1500(PIV)
/5000 (LIF)
T2 780  22.8 15/0 1500 5000
EX 780  14.8 15/0 1500 5000

Tablel tInvestigated operating conditio’ Z [ S v « (}E& u ] v8 }v ]8]}veX yKi ]Je §Z u}o (& S38]}v }( }AECP

CONDITION ID OH*LOL g0l

[us] [mm]
SA 0.41 17.1 6.90  0.481

T2 0.77 24.6 2.824 0.481

EX 1.19 39.5 2.404 0.597

Table2 t Combustion indicators for the investigated conditions. ID stands for Ignition Delay, OH*LOL for chemilumidésaexttéiftoff
length, & Lofor onraxis equivalence ratio at the kétff length position and & for equivalent diamete(see the defition of this characteristic
length within the text).

CONDITION 'R5% 'R1% 'R1%1D model
[mm] [mm] [mm]

SA 0.70 0.87 1.19

T2 1.32 1.63 1.43

EX 1.73 2.14 1.57

Table3 tIncrease in radial width between inert and reacting velocity contours. R5% is derived from PIV experiments, while Rdéfl isyobta
correcting the R5% using the fact that for a Gaussian profile, R5%/R1% AlB@the increase in radial width fromethD model is included.
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FIGURES

Cylindrical . @In_] ector tip
converging lens Continuum Condor Nd:YLF laser
(£300mm) 2 cavities (@ 527nm

10kHz — 3.5mJ per pulse

Cylindrical
diverging lens
(£=-100mm)

Photron SA1
High Speed camera
20kfps

R0

Figurel t Left: Experimental schematic, showing higeed pulsed laser (right) directing a beam through sheet forming optics to the optical
combustion chamber fitted with a diesel fuel injector (middle), and-fgged camera for PIV image acquisition (botieft). Right:
Representative raw PIV image, acquired 1700 (S & $Z }uu v S ES }( Jvi 8]}tvX
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Figure2 t State relationships for temperature and density at nominal Spray A condiBe%s07 MPa. dodecane at 363 K ning with 15%
02 and 85% N2 (mol) at 900K. Both inert and reacting results are shown.
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Figure4 tRadial distribution of normalized velocity. Inert case (left), Reacting case (right). Solid line represents a Gaussi&A (o)l
corresponds td401ps, from42 deq to 83 deq from the nozzle. T2 (middle) correspondgl8®1ps, from42 deq to 145 deq from the nozzle. EX
(bottom) corresponds td301ps, from33 deqto 117 deq from the nozzle. For the T2 and EX reacting cases, a different marker has been used to
separate locations upstream and downstream of LOL. This was not possible for SA due to the measuring position beingrdb@hstrea
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Figure5 t Comparison ofjuasisteadyflame structure as derived fro@H* visualizationLIF techniques and PIV fldar the three operating
conditions in the studyGreen areas correspond to 3661 LIF signal, while red ones are derived from OHBIUE.doted contoursindicate the
extent of the OH* chemiluminiscence sign@alzerlaid contours show the Rédrived 1% radius from the axial velocity component for inert
(dashed) and reacting (solid) cases. Note that for SA condition, PIV contours correspershtwttinjection caseA1517us
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Figure6 t On axis velocity distribution (left) and radial spread (right) for both experi and 1D model predictions. SA (top), T2
(middle) and EX (bottomrror bars indicate measurement uncertainty.



Figure7 t Entrainment rate results for inert and reacting conditions averaged in ti® &8 4400 ps after SOICondition T2(left) and EX
(right) Vertical dashed line indicates the location of the OH* derivedffiftength. Horizontal line indicates the 0.28amnce value derived
from [9].
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Figure8 t 1D modelderived mass flow for T2 case at 4360(i.e. the same timing ag

frigure6
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middle plot).



Figure9 t Streamlines calculated from the outer flow for the EX condition. Top plot: streamlines for both inert (left) and reattihg (ri
conditions. Bottom plot: Streamlines for the reacting conditions superimposed onto therivie info as |fFigure5
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Figurel0 t Crosssectional radial integral (Eq. 6) at nominal Spray A conditions, withAwBient pressure=6.07 MPa-dédecane at 363 K
mixing with 15% O2 and 85% N2 (mol) at 900K. Both inert and reacting results are shown.
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