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SUMMARY

Staged combustion offers many advantages in high performanceragrdsion
and power generation applications of gas turbine endhoe®xamplestagel combustos
can operate at low overall equivalenratio and temperature, therelpgllutantemissions,
while maintaining robustnes.g., ignitability and flame stablity over a greater
operational range. To be effectivaexial stagingapproachesequire rapid mixag and
burning ofthe staged reactantgth the vitiated products fronthe pilot zone In practice,
this is achieved by utilizing multiple jetsin-crossflow (JICF) configuration in a highly
reactive and confined combustor environm#&vihile most previoa work has focused on
studying the properties of single, unconfined JICF, there is a paucity of work employing

detailed diagnostics to study multiple and confined JICF (CJICF).

This thesisexamines thenixing, velocityand combustion characteristicsCJICF
in air-staged (RicFQuenchLean, RQL), and fuedhir-staged (LearQuenchLean, LQL)
configurationsusing natural gas and air at atmospheric pressure and high temperature
conditions.The wellcharacterized facility developed for this study allows foratiga
from five round jets, each produced by sudden contraction; two jets from the top wall and
three interlaced jets from the bottom wall, with independent control of ea¢teseltsare
presented foparallel (onesided injection) and staggeredpposéd (two-sided injection)
jets in a vitiated crossflowHigh speed (10 kHZ3tereo articleimagevelocimetryresults
are used to elucidate tineixing andflow characteristicswhile OH* chemiluminescence
imagingis used to study the combustion zone. Chemical reawddelingis also used to

help interpret the combustion results
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Formultiple confined, high momentum jets, the-jgéll and to a lesser extent, the
jet-jet interactions are found teave a major inflance on thdlowfield and the mixing
characteristics of the jets with the crossflow. For example, the stagnation region where a
jet interact with the opposite wall creates an upstream recirculation zone that redirects the
crossflow away from the wall. Dowtream of the jets, the crossflow can rapidly mix with
jet fluid, which is even more noticeable in the regions between the jets due to lateral
movement of jet fluid as it is redirected near the wall stagnation zone. Thalj@npact
appears to be moreafluenced by the total mass injection (or air split ratio in this study)
rather than the momentum flux ratio, which is the parameter considered most influential

for single, unconfined JICF configurations.

In RQL conditions with the high temperature crodefv containing H and CO,
chemical times (autoignition delays) are sufficiently fast1~Q@ 0 ¢ s ) , flsnascate t h a't
stabilized near the jet exits amtmbustion is found to be mixing limited rather than
chemistry limited. For LQL conditionsnost of theburning likely occurs due télame
propagationthough a sufficiently high temperature crossflow can lead to enhanced flame
stabilization, and burning of the premixed jets before significant mixing with the crossflow.
Thus when stabilized in a high tempteira crossflow, the LQL jets can burn in the opposed
wall stagnation region, while the RQL burning is delayed until mixing with the crossflow

OCcCurs.
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CHAPTER 1. INTRODUCTION

Investigation of flane and flowfield characteristics of staged combustors for gas
turbine applications in aviation industry is presented in this thesis. The experimental and
analytical approachemmployedto perform these investigations along with thsults are
explainedn thefollowing chapters. In this chapter, the motivation and backgrourithéor
development of staged combustor technologies are presented along with previous research
and literature reviewhatexamiredjets in crossflow architectures pertaining to thsie in

staged combustion systems for apropulsion applications.

1.1 Motivation

The aviation and power generation industries riegavily on the development of
combustortechnologiesused ingas turbine engine applications meet theglobally
increasingdemand forclean energy and high perfomance propulsion system3.o
understandhe global impact of combustor technologies and riativation behind the
research and developmesftgas turbinecombustes, it is important to understarttieir
magnitude or cale of operation In power generatiorsector about 24%f wor | d 6 s
electricity iscurrentlyproducedusing natural gas plantisat relyon land based gas turbine
engines[1].The aiation industry almset entirely depends on gas turbine engines for
propulsionrequirementsThe number of flights operated every year is astoundingly large,

increasingrom 32.8 millionin 2014 to 39 millionn 2018[2].

With millions of flightsin operatiornto satisfy theemerging need and affability

for air transportationwith increasingdemand forelectricity as world gopulation



continues to risehe rik of adverse environmental effects due to pollutants suckidss

of nitrogen (NOx, NO, NO,), carbon monoxideGO) andunburned hydrocarbor{f§/HCs)

is of grave concerfi3-5]. Hence,increasingly stringent regulations concerning emission
levelshave been establishegkpecially in the aviation sectf@, 7]. Besides meeting the
requirements for low emission levelom combusting hydrocarbon fuelthe aircraft
enginesare also requiretb beincreasinglyrobust, powerful, efficient and reliabl8-12].
Combustor design plays a vital roleachieving these goals, and the staged combustion

technology has been one approach successfully employed to date.

Figure 1.1: An example of staged combustor employing JICF configuration (Rolls
Royce Phase Sombustor) [13].

In a simplified manneras illustrated inFigure 1.1, the flowfield in staged
combustors can beepresented asonditions involvingmultiple transverse jetsarrying
significantamount ofmass andnomentum flux into aighly reactive crossflowof hot
vitiated products from a pilot burnethis jets in crossflow(JICF) configuration is
consideredemarkably effectivéor staging andapid mixingof the fluid fromjetsandthe
vitiated products fronpilot burnerin thequench zongand for rapid ragnition and flame

stabilization in the secondary combustion zf#ell, 14-16]. With increased mass flow,



the jets have very high velocity in their potential core @and behighly confinedbetween
thecombustotiner walls[17]. Although, single unconfined JICF configuration have been
studied to a great extent by previous researchers, multiple confined jets in crossflow
(CJICF)scenario has not been studied extensivélyus,examiningCJICFconfiguration

to investigatehe interplay of mixingflow field and @mbustion processes involvadder
confined engine conditions usingadvanced optical diagnostics techniques in an
experimerdl laboratorysetupis instrumental to understaing and extenithg the limits of

low emissionstaged combustion architectures.

1.2 Staged Combustion

Staged combustion offers several advantages in high performanegeragutsion
and power generation applications which require robust gas turbine epgidasinglow
emissionsContrary to usin@ single combustion zone supplied with faetl airfrom one
injection location multiple combustion zonegn a staged combustoobtained by
distributingor A st agi n gpeemiged fuelair $uppied provade ektrameansto
control theoverall combustor performancis identified inFigurel.2, the initial zone (1)
involves fuelrich combustion, which is easy to ignite and promotes flame holding. The
secondary and tertiary dilution air initially bypassed around the combustor dome i
gradually injected in zones 2 and 3 through the holes in the liner walls ensuring stable and
complete combustion and control over the exit temperature pfa#e Multiple stages
can helpoptimize the combustor to produce low emissions while maintaining ignition
reliability, flame stability, good turdown ratio, desired pattern factor, fuel flexityiland
reduced thermacoustic oscillations all while operating at low overall equivalence ratio

[19].
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Figure 1.2: Schematic of a staged combustor with primary rich combustion (zone 1),
secondary lean combustion (zone 2), tertiary lean combustion (zone 3).

PW TALON RQL PWASC Main fuel RR LD
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Figure 1.3: Existing low emission technologies and staged combustors from leading
manufacturers Pratt & Whitney (PW), Rolls Royce (RR) and General Electric (GE)
[14, 18-22].

The daging techrquescan be categorizeloased orthe types ofinjectedfluid as
air, fuel and premixed fuel/air stagin@ased on the geomefrghe combustors are
categorized as radiglannular) or axialstagedcombustors. There are several high
Technologies Readiness ladv(TRL) low emissionsstagedcombustos illustrated in
Figure 1.3 such as RichBurn, Quick-Quench LeanBurn (RQL) Single Annular

Combustor (SAG)Dual Annular Combustor (DAC), Twin Annular Premixing Swirler



(TAPS), Lean Direct Injection (LDI) combustarSome of the lower TRL devices include
NASA multipoint LDI (MLDI), Lean Premixed Prevaporized (LPP), Axially Staged
Combustors (ASC) and Variable Geometry Combustors (V&GQL combustors are
primarily of the SAC type that involve air staging where bypaisdéution air jets enter
the combustor through holes in the lindesvnstream of the pilot combustéiuelor fuet

air staging can be used in both SAC and DAC configurations as simokigure 1.3 for
PW and GE combustar®ne way to look aBAC and DAC ighat thecombustioroccus

i n Asapdi nesi@aral |l el 6 respectivel y.

The performance of these combustors are reviewed in detail by Liu &8 avhile
addressing issues such as combustion efficiency, combustion instability, altitude relight
capability, pressure loss, autoignition/flashback risk, size/weight, liner durability and most
importantly, low emissions capabilities. A qualitative assessment summary of combustion

performance of these combustors is tabulatéchlrie 1.1.

The combustion efficiency of turbine engine combustors has improved
significantly over the decades; at present, greater than 99.5% combustion efficiency is
achieved at takeff conditions and between 98%0.5% combustion efficiency can be seen
at low power conditions. At high power conditions, RQL combustors demonstrate an
efficiency of 99.9%. High idle efficiency (at low power) is achieved in Jeam

combustors through local ridhurn due to fuel staging.



Table 1.1: Qualitative comparison of low emissions combustors performandd.g].

RQL DAC ASC TAPS LDI MLDI LPP VGC
TRL 9 9 O 5 9 o 7 O 5 O 5 | <5 (for aeros)
Altitude relight capability High Moderate | Moderate | Moderate Moderate Low Moderate Higher
Autoignition/flashback risk Low Low Low Moderate Low Low High Low
Combustion stability High Moderate | Moderate | Moderate Moderate Moderate Low Moderate
Combustion efficiency (high power) High High High High High High High High
Combustion (low power) High High Higher High High High High Higher
Pressure loss Moderate | Moderate | Moderate [ Moderate Moderate High Moderate High
LTO Nox Low Lower Lower Even Lower | Even Lower [ Evern Lower | Lowest Lower
LTO CO (low power) Moderate | Higher | Moderate High High High High Low
LTO UHC (low power) Moderate High Low Low Low Low Low Low
Smoke number High Moderate Low Low Low Low Low Low
Weight Moderate Heawy Heawy Moderate Moderate Moderate | Moderate Heawy
Fuel coking Moderate | Moderate | Higher Moderate High High Moderate Moderate
Liner life Moderate | Moderate | Moderate Long Long Long Long Moderate
OTDF/RTDF quality High Moderate High Higher Higher Higher Higher Moderate

Rich-burn combustors such as the PW RQL showrFigure 1.3 also have
improved altitude relight performanagmpared toleanburn combustors due tthe
stablity of richer fuetair stoichiometry and less susceptibility to local quenching from
staging. Howevewith continued improvementsome of the lean burn combustors such
asthe Rolls Royce LDI has achieved relight capability of 9143 mQG0 feet)in E3E
engine testing21]. Autoignition and flashback risks are theoretically highest in LPP
premixed staged systems in comparison to the diffusion epremixed systems such as
RQL, DAC, ASC, LDI, MLDI and VGC. Lean premixed combustion systems are also
more prone to combustiongtabilities that arise due to coupling of unstable combustion
processes from fluctuation in fuair mixture composition and the combustor duct

acoustics.

Axial staginghascertain advantages over the radial stg@s the local quenching
can be minimizedue to axial staging when compared to internally staged RR LDI and GE
TAPS. The xially staged,PW V2500combustorhas an inward located pilot stage and

outward located main stage shown irfrigurel.3; thiseliminates combustor susceptibility



to blow out in heavy rain since the compressor centrifuges the water to the outeatthow

[20]. Both ASC and DAC face welig penalty due to complex fuel feed systems. In ASC,

the increase in axial length and the introduction of separate fuel feed system introduces a
weight penalty. In DAC, the high surface to volume ratio presents cooling challenges which

in turn imposes a wght penalty.

Many of these staging approaches involve applicatfodiCF, for example with
dilution air jets issuing into the vitiated crossflow of combustion prodtansthe primary
zone These applicationare described below with an emphasis laid on air and premixed
fuel-air stagingechniqueghatinvolve CJICF which is in line with the work presented in

this thesis

1.2.1 Air StagedRich-Burn, QuickQuench, LeaiBurn (RQL)Combustion

Rich-Burn, QuickQuench, LanBurn (RQL) also known afRich-QuenchLean
combustorghat useair-staging have beemnder developmerfor severaldecadegsince
19709 proving effective in reducing NCGemissions while meeting overall requirements,
especially inaerepropulsionapplicatons [8, 17, 23-26]. RQL type norpremixed air
stagingis used in various combustdrsthe aviation industrysuch as th&W RQLtype
TALON (Technology for Advanced Low NPshown inFigurel.3, theRR Phase Shown

in Figurel.1 andthe GE LEC (Lean Emissions Combustdiy, 21, 22, 27, 2§].

As shown inFigure 1.4, the range of temperatusdavorableto minimizng the
competing CO and N{productionprocessess estimate@s16751900 K. It is also known
that the formation of thermal (Zeldovich) N@s rapid at high temperatures (above

~1800K) especially if long residence times are encountered in such high temperature



regions. Neastoichiometric combustion has highest adiabatic flame temperatures since
just the right amount of air is present to oxelill the fuel resulting in maximum heat

release with no excess air left for dilution. The temperature in rich and lean burn zones is
lower than stoichiometric combustion temperature due to higher heat absorption from the

diluent air in fuelrich zone andower heat release due to less fuel present in thedaal
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Figure 1.4: Trade-off between CO and NQ production at given temperatures (left).
NOx production with equivalence ratio showing thermal NQ region (right) [19].

If the equivalence ratio is gradually decreabetiveenrich-burn and leanburn
stagesthehigh NO, productionroute shown ifrigurel.4is followed whee the combustor
operateqear stoichiometric conditiorduring a portion othe processTo mitigate the
NOXx productiona quick-quenchprocesss needed to avoid the stoichiometojgeration
while transitioningfrom rich-burn to learburnconditionsas shown by the low NQoute
in Figure 1.4. Hence,an effective quench section that allofiest mixing of fuel and air
followed by rapid and stablecombustion at lower temperatures is considered ideal for

mitigating NG produdion. In essence, aair-staged, RQL typeombustoiachieves lower



NOx by operating at loweoveralltemperatureg both fuelrich zone and fuelean zone

while avoiding near stoichiometric combustimnthe quickquench zone

x Dilution jets

‘ﬂ\\/ R‘%@; .

*Moin 2006

Figure 1.5: Instantaneous temperatureprediction using LES in a Pratt & Whitney
RQL combustor. Image adapted from Moin[16].

For illustration,an instantaneoumperaturenappredicted by Moir{16] usinga
Large Eddy Simulation (LES)f a Pratt & WhitneyRQL combustor is showm Figure
1.5. As expectd, overall temperatures in rigdburn and leafburn zones are lowhowever
there can be some hot spots neargihench orquick-mix region.Therefore, 6r RQL to
be effective, it is pertinent that the miximd dilution air in the quench zone with rich
combustion products extremely fastThis is achieved biransverselyssuing dilution air
jets intothe vitiated crossflowof products fromHte richburn zone. The background on
flowfield and flame charactestics of suchjets in crossflow(JICF) configuration is

discussedn more detaiin this chapter

1.2.2 PremixedFuelAir Staged_eanBurn-Quick Mix-LeanBurn (LQL) Combusbn

Lean Burn- Quick Mix - Lean Burn (LQL)combustiortechnologyis an approach
being developedo meet the future ledative requirements folow NOx emissiors for

aeroenginesThe learburn combustors such #se single annular combustor (SARR



LDI (shown inFigure 1.3) hasdemonstrateggromising results with reduced N@t high
power conditions (as compared to RQL) using fuel staging to obtain full combustor

operability and turn down ratig29].

Figure 1.6: (a) DAC combustor fuel nozzle. (b, c)Fuel nozzle and domeahdware in
DAC TAPS combustor. (d) DAC combustor gperation routine at various power
settings[18, 22].

In the DAC combustorshown in Figure 1.3 and Figure 1.6 (d), radial staging is
utilized wherefuel nozzles are spaced radially asue separated by a center bodyhe
fluid path for the fuel nozzle is illustrated iRigure 1.6 (a). Here, he combustor
equivalence ratio and temperaturemaintainedby controlling thefuel injection in these
radially separated zoneBor example, e dark circles shown iRigure 1.6 (d) for low,

intermediate and high power modes represent the injectors that are fueled and ignited. The

1C



pilot zone consisting of the fuel injectors located in the outer annulus can operate at up to

., ~ 0.8 for low power settings. The local highhelps mitigate the risk of lean instability.

The main combustion zones (inner annulus) is fueled and ignitegrapbwer settings,

typically at approach conditions. Typically, lean combustion at ' n @ cfor Both dza SR
zones with the objective of attaining low Nénd smoke reduction at high power settings

[18]. Only some of the fuel injectors in the main zone are fueled at intermediate power

level to increase the transition efficiency.

Primary operation Lean-lean operation
Fuel 100% 1 Fuel 70% I
] '30%
Fuel Nozzles 7‘1 * = *
" Secondary
Primary < zone e "*
Secondary’>_/':.'“ L s -*
| ] .
| I
Second stage operation Premixed operation
Fuel 100% l Fuel 83% !
1,7%

l ’
Lean & _— t
remixed s Dilution .
.p zone {
primary zones (e

[ .
I ] [
Figure 1.7: Architecture and operation modes of fuel staged GE DLN combustdiB0].

The premixed fuehir-staging developed for ladla s ed gas tur bines
DLN (Dry-Low NOx) combustoshown inFigurel.7, has demonstrated reduction of NO
emissions along with flexibility for natural gas and liquid fuel operaf&th 31]. DLN
utilizes two premixed fuedir stages that are designed for use with natural gas fuel and also
have the capability of operating on liquid fuel. The primary and secondary atomes

with their fuel nozzles are illustrated Figure 1.7. All the fuel is injected through the

11



primary fuel nozzles in the primary operation maaleich is used foignition to 20% load.

Both primary and secondary nozzles are fueled inlkeam operation modevhich is used

for intermediate (20% 50%) loads. Second stage operation with all the fuel carried
through the secondary nozzle is used while transitioning betweettebramnd premix
operation modes. Lastly, in premix operation mode which is used %6r- 3M0% load,

both primary and secondary nozzles are fueled but the flame is in the second stage only
while premixing occurs in the primary zone. Premixed operation produces optimum

emissions while reaching combustion reference temperature desigf3@hint

As shown withGE 6 s DL N < @ranbixed fuedair-staging has been
successfully employed for gas turbines in power generation seb®maviation industry
is still evolving from norpremixedair-stagedRQL combustors to premixed fuelr-
staged_QL combustion technologj82-35]. Both RQL and LQL techniques rely on JICF
configuration for rapid mixing and combustion which is discussed in the following sections

for nonrreacting and reacting environments with ypyemixed and premixed combustion.

1.3 SingleJet in Crossflow (JICF)

Overal, research otthe singlejets in crossflow(JICF) configuratiorhas evolved
extensively over several decadaés part due to their widespread application in air
breathing engines for dilution air jets, fuel/air mixers, film cooling, ramjet/scramjet fuel
injectors, VISTOL aircrafts as well as in rocket engines for thrust vector cf3dy@6-

41]. Particularly JICF applicationn staged combustidmas beestudied extensivelygince
it is considered to be a remarkably effective configuration to attain rapid and effective

mixing of two dissimilar gaseous fluid strea.
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1.3.1 Mixing and Velocity Field Characteristics afSingleJICF

The most widely studiedlCFcorfigurationis asingle unconfinedet in crossflow
In this configurationatypically small diameter jet carryingrelatively small amount of
mass issueverticallyinto ahorizontalcrossflowthat hasarelatively large amount of mass
The crossflow is able to turn the jRorizontally within a reasonable distanckie to
momentum transfemhisunconfined]ICF configuratiortan be parameterized agt with
mean velocityU; injected perpendicularly into a crossflow of fluid travelingnatan

velocity Up as shown irFigure1.8.

Counter-rotating
N\ Vortex Pair
(CVP)

Figure 1.8: Characteristic flow features of an unconfined single JICH9, 42].

Thecoherent vortical structur@ssociated with theonreactingunconfined single
JICF have been studd by numerous authors and their findings are summarized%ere
36, 42-45]. These distinct JICF flow features iligstrated inFigure 1.8 include counter
rotating vortex pair (CVP), jet shear vortices, upright wake vortices and horseshoe vortex
system The majority of the mixing in JICF is associated witte CVP. The interaction of
crossflow and jets leads toll up of jet shear layer wbh movesalong the jetolumnand

developsnto CVP in thefar field. Along the jet trajectorytheCVP continues to grow into
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a dominant mixing structure in the downstream of thevjetre the jet trajectory turns
horizontal. Jet shear layer vortices are formed in thergesflow boundaryespecially
along the windward shear layer. Downstream of thetljettornadelike upright wake
vortices are formed extending from the bottom Iwtal the jet column.The fow
visualization studies performed by Fric and Roshk&?] using smoke injection have
confirmed the existence of wake vortices that result from the entrainment of crossflow
boundary layer fluid into the jet columfhe forseshoe vortex is another interesting feature
shown inFigure 1.8; it initiates upstream of the jet exit and wiapground the main jet
column.The torseshoe vortegriginatesfrom theseparation and roll up of the oncoming
crossflowdue to adverse pressure gradient imposed by the jet which adie@sragido

fluidic blockage to the crossflow.

R Vi (LD

The coherent structures deform and distort the jet/crossflow intevaaeh leads
to the rapid entrainment of crossflow fluidtanthe jet. One of the most important
controlling parameters that gaveJICF mixing and velocity characteristics is theatio
defined in Equation(1.1), which is the ratio othe momentum flux ofthe jet to the
momentum flux of therossflow. Herg is the jet fluid densitylJ; is mean jet exit velocity,

o is crossflow fluid density andp is mean crossflow velocity.

Acetone PLIF experimentgerformedby Smith and Mungal [46] measurd the
scalar concentration fields in JICF with high 2 90 O 6 Brajpt with a tophat velocity

profile. They found tle scalar concentration in the jet potential core to be constant along

14



the jet center streamline atwidecay wih a rate proportional ts/d)™*-3in the nearfield of
the jet wheresis the arc length distance along the mean jet center streamlimkignie
jet diameter. In the fafield of the jet, theconcentration decay raig notably lower. The
distance at which the mixing decegte changefrom high to low scales with], ands/d

= 0.3Jis suggested as a transition point between near field afiklthiscaling in JICF

[46].

More recent work by SandMungal [47] at J = 32.49 with a jet with a fuly
developed pipe flow velocity profile suggeshat the inlet velocity profile can strongly
affect mixing in the jet nearfield rema as compared to tleeffect. Although most of the
JICF mixing and velocity field studies have examined unconfined jets, the confinement
effects have not been well studied. However, the existing knowledge of unconfined JICF
flowfields setsthe basicfoundation for more recent confined JICF studies such as the one

presented in this thesis.

Single JICF velocity fields obtained from Stereo Particle Image Velocimetry
(SPIV) measurements conducted by Wilgleand Wagnef48] are presented iRigurel1.9
for reacting and noneact i ng environment s. Whi | e
understanding the dynamic response of unconfined jetsetiearch effort byWagner,
which wascontemporaneousith the work presented in the current thefsuseson the
effects of confinement on a single, premixed, ethy&nget in a high temperature
"Yx p v TOTU vitiated lean crossflow It suggestd that the jet trajectories can be
significantly affected by the confinement for both reacting and-reacting jets

specifically for lowJ. The study indicates reduced dilatation or jet expansion due to heat
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release in the presence of confinemsignifying the importance of jetall interaction in

governing the flowfield [32].

o /v;

Figure 1.9 Average JICF velocity fields of nonreacting (top) and reacting (bottom).
J =25, unconfined (left)[9]. J = 22.7 confined (right)[48].

Thesevelocity field results show a stagnation region in the windward side of the
jet, which is expected as the oncoming crossfloahistructedy the jets and rediréed to
flow around the jets while stripping some of the jet fluid along with it. Adimensional
velocity node is observed in the leeward side of the yeltéch is consistent with the
findings from other researchge9, 50]. Also the velocity node is found to shift upstream
at higherd. The streamlines on the leeward sid@ be seen tollow two divergent paths.
The streamlines upstream of the node bend upsti(@ath negative velocity inthe

crossflow,x-direction)and are entrained into the jet. The streamlinesndtn@am of the
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node continuenoving downstream along the wall and are not entrained into the jet within
the observed field of viewOn the windward sie, the streamlines in the nearfield of jet

first descend downwardsvith negative velocity in ydirection)towards the bottom wall,

then turn upwards and are entrained into the jet. This indicates the influence of pressure
field on velocity. High pressurm the stagnation zone upstream of the jet deflects the
crossflow and streamlines descend downwards at first. The low presgimecreatedn

the leeward side of the ji'bm the aerodynamic blockagéracs the fluid flowing around

the jets to turn pstream and fill in the wake region of the jet. For reactinggétsamlines

in the windward sideshow strongerdescend sincdhe dilatation from combustion
introduces a stronger blockaddwe heat release in reacting jets also increases the jet width

asexpected due to dilatation the shear layer.

Figure 1.10: JICF jet trajectories based on the jet center streamline for nofreacting
(closed symbols) and reacting [48o0pen symbol

The jet trajectories shown Figure1.10 show thatfor unconfined conditionthe
reacting jets have higher penetration as expected daeitcrease in velocity fronthe

near fieldheat release and consequently increased Jg&alIn the case of lifted jet flames
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with high J, the effect of heat release on jet trajectory is velgtsmall although it does
induce acceleration in some regions. It has been suggesteddits reduction in density
due to combustion adjusts for the flow acceleration while conserving the mon&@jum
For increased, as the jet is expected to be more confirtled jet trajectory (defined as the
jet center streamline), does not seem to change much between reacting -agactiog
casedat least within the given field of vievgs shown irFigure1.10[32]. Confinement
seemdo play a more important role on the jet trajectory and the windwandiéliol than
the presence of reactions and heat relsaggesting a pressure driven flow field rather
than heat release or dilatation driven flowfield. Although the rangdscofered inthe
literature are much lower than the results presented in thgsththe flow field
characteristics of single unconfined and confined JICF discussed above provide a

simplified understanding to further explore a more complex multiple CJICF scenario.

1.3.2 Flame Characteristics dad SingleJICF

Traditionally, most of the resezh on JICF flames have focused on fpwamixed
fuel jets and recently some of the research has been performed to investigate the flame
behaviors of premixed jetBlame characteristiasf air staged RQL type combustors with
multiple CJICFhave not beestudied extensively Typically, the amount of air required
for oxidationof hydrocarbon fuelss much higher than the amount of fuel that needs to be
oxidized. So, thair jets areexpected to bemuch larger in size and carry higher amount of
mass flow when compared tie jets used for fuel injectionHowever, the flame
characteristics of single fuel jets such as flame stabilization modes, flame extent,

attachment and Ifoff behaviorsthat havebeenstudiedin the existing literaturean be
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used as a starting point to expldine multiple CJICF flame characteristics for-ataged

and premixeestaged combustion systems.

Non-premixed JICF flames primarily show two distinct behaviors, i.e.,latiand
lifted flames. Mixing between the fuel and oxidizer is necessary fopremixed flames
which stronglygoverns flame stabilizatio For highly reactive fuel jets containing/N>
reactants, eime stabilization characteristics for Idvets injected into high temperature,
vitiated air crossflonexhibit attached flamesn the windward sideear the jet exjtas

shown inFigurel.11 (adapted from Wde et al[9]).

12

OH PLIF /OH PLIF ..«

Figure 1.11: Instantaneous OH PLIF intensity result at J = 25 for H/N2 fuel JICF
showing attached windward flame[9].

In nonpremixed,reacting JICF cases with a low temperature air crossflow, flame
stabilization is expected to occudw®w at
t jt ) is of order one, i.e., where the chemical reaction ratg { ) is
comparable to theate ofentrainmenthixing ¢ pj T ). A study using simultaneous
planar PIV and OH PLIF for high methangCHo.) jets injected into low temperature air

crossflows exhibited lifted jet flames suggesting a partiatgmixed flame stabilization
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mechaimsm [50]. In more practical staged combustor scenarios with a high temperature
vitiated crossflow (Y p 1 m 11 however, the chemical reaction rates are much faster
(often by several orders of magnitudeledo an exponential temperature dependence, thus
resulting in much higheba and hence can involve entirely different flame stabilization
mechanisms. At such high temperatures, the possibilities of autoignitiorflaand
stabilizationat flow velocities ad strain levelshat are not possible otherwigsspecially

on the windward side) clearly sets apart tHEF problem involvingvitiated, highly
reactivefuels such ablo/CO (in RQL) from the norvitiated andessefreactve fuels such

ashydrocarbongCHas, CsHg etc) in LQL type JICFsetup

In a DNS (Direct Numerical Simulation) analysis of a lavdiluted fuel jet (70%
H2, 30% N by volume) with a moderate temperature (750K) air crossfiy, flame
stabilization is noticed in the fdield on the leewal side of the jetwhere the jet has
significantly deflected into the crossflow direction leading to low strain levels and near
stoichiometric mixture fraction. The intense shear in the windward side near the jst exit
found to prevent flame stabilizati despite the preheating and high reactivity of the H
fuel in the je51]. In this highly strained region, the shear layer vortices govern the rapid
mixing of jets and crossflow fluid. Another DNS analysis showed intermittent broken
flamelets in the highkstrained shear ye&r noting that the combustion occurs on the

windward edge in the fdield after complete jet deflectidi®2].

In high temperature, vitiated crossflows, flame stabilization can occur in the highly
strained windward jet shear lay&3] resulting in a nearly attached flame, even at Bigh

and very high jet Reynolds numbéf Q) [54]. At such high temperaturgte autoignition

time scales are significantly reduced due to highdgcelerated chemical kinetics
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and autoignition is expected to play an important role in flame stabilizgggnShear

layer flame stabilization has been studmgth focuson velocity scaling of blowoff limits

[56]. An investigation of nofmpremixed fuel jets injected into a high temperattiné

p o W, high velocity 'Y 1 x @i air crosflow proposel a threeregion model in
thesehighhs t r ai ned JI CF fAautoignition assisted
of an autoignition kernel that supports a secondary region characterized as a premixed

flame base followed by a nggremix,thickened and broken flamelets reg{&7].

05 05 15 25
x/d;

Figure 1.12. Mean chemiluminescence images for premixed ethyleraar single JICF
under confinement for J = 15.7 (left), J = 22.7 (right) with 10%90% of maximum
intensity contour lines[32].

Premixed JICF flames studies are limited in traditional literature. Some recent work
by Wagner et al[32] and Schmitt et al[58] studied flame stabilization and flow field
characteristics of premixegts for single JICF configuratisnWagner et al[32] used
ethyleneair jet injected into a vitiated crossflow of fuel lean pilot fow J (5-23) and
studied the effect of confinemeiiihe timeaveraged resuthown inFigurel.12reveals a
lifted flame on the windward side arah attached flame orhe leeward side. The
confinement lead to jet impingement on the opposite wall for highere a slight amount

of heat réease can be noticed upstream of the jet on the topWadner et al[32] suggest
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that based on the consistencies between strain rate and ignition delayttimevindward

flame edge, autoignition is the dominant flame stabilization behavior.

1.4 Multiple Confined Jets in Crossflow (CJICF)

As mentioned earlier, ast previous studies on jets in crossflow have focused on
single jets in a quasnfinite (unconfined)crossflow. These studies have examined
characteristic flow features such as the presence of cenatéting vortex pairs (CVP),
horse shoe vortices and wake vortices that originate as the jets interact with the crossflow
and wall boundary lay€i36, 42-45]. These features, however, typically dominaidy
after a number of jet diameters downstream of the jet exiereas current trends in
compact combustor designs depend on jet interactions close to the jeAlsxjtthe
majority of single jet in crossflow (JICF) studies involve fuel jets that are relatively small
and are less confined in a crossflow. Or tithe hand,dilution air jetsin RQL and
premixed fuel/air in LQL approachégically employ jets that are large in size relative to
the cross stream dimension of the combustor and involve significant mass flow rate that is
comparable to the crossflow. Thusetpresence of confinement in modern compact
combustors is a more realistic scenario tthentypicalunconfined JICF configuratioim

previous studies

As noted in Sectiord.2on theRQL and LQL staged combustion techniques, rapid
and effective mixing in the quieguench region is typically achievedth multiple dilution
air or fuel/air jets. Revisiting Figure 1.1 that illustratesan RQL type (RR Phase b
combustor, the quicguench region uses multiple confined jets in crossflow (CJICF)

configuration, withrows of air jets issuing through the innedavsutercombustoiiners
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into a crossflow of vitiated products frother i ¢ h A p i locatedupstvteam. iher s
interactions among the jetsitiated crossflowand liner walls control the interplay of

mixing and combustion in the staged zones.

The mixing characteristics of multipleJICFbased on species artetmal mixing
using probe measurementsr single, double and opposed rows of jets bothn@ and
staggeredvasinvestigatedy Holdemar{59] for circular and noftircular orifices that are
typically used in gas turbine combustors to control or tailor the pattern factor. The
numerical and empirical models developed throtlgh and othestudies highlight the
important parameters such as thegetssflow momentum flux ratio), injection hole
diameter Q2 ), hole spacingi(), test section height at injection plar® (density ratio Ty
and crossflow temperaturéY [59-63]. Among these parameters, theatio definedin
Equation(1.1) is found to be the most significant flow variabke highlighted earlidrom
single JICF literatureFor constand, these studies indicated the density ratio has a weak
effect on jet penesition and profile shape. The effect of shape for the orifices that are
symmetric with respect to the crossflow is significant only within the first few jet diameters

downstream of the injection plap@4].

(1.2)

In the thermal mixing studies performed by Holdenja&8], illustratedin Figure
1.13, thetemperature field is represented as plots of temperature differencel cefmed
in Equation(1.2), whereTp, Tj and T are crossflow, jet and measured tempemsture

respectively.
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Figure 1.13: Comparison of thermal mixing profiles( p a r a m éot parallel,dn)ine -
opposed and staggeredpposed multiple CJICF configurations by Holdeman59].

For multiple CJICFthe jet configuratiortanplay an important role in mixin@s
shown inFigurel.13. For example, the mixing is enhanced if the alternate jets for optimum
onesided injection are moved to the opposite wall. In other words, with corstdre
optimumSHo ratio (jet spacing/duct heightpr staggereebpposed jets is double than that
for single row jets where the optimum is defined based on achieving uniform temperature
distribution in a minimum downstream distari6, 66]. Opposed jets with Hine centers
have shown bettenitial mixing than staggered configurations. In the downstream region
(x/Ho>1.5, with x beingthedistance downstream of jet), staggeoggbosed jets mix better

than inline opposed jets for highratios (i.e. J > 64)40Q].

In conjunction with the flow field, the flame characteristics of reacting multiple

CJICF demonstrate the physthemical processes involved in staged combustion. Most of
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the previously published RQL resrch in this area was motivated to reduce &l@issions.
Measured scalar quantities included species and temperature to understand mixing
characteristicand the effects of temperature, pressure and mixing areN@siong 24,

33, 34, 62, 67]. These studies suggest that: 1) an
most uniform) is required for low N(production, 2) the crossflow air preheat increases

NOx more than jet air prela¢ and 3) formation of prompt N@in fuel-rich primary zone)

is relatively insensitive to pressure while the thermal [i®©the Quench region) increases

significantly with pressure.

Besides NQemissions, other flame characteristics for multiple jet injection, such
as flame stabilization mechanisms,-bff distances, combustion modes, and effect of heat
release on the floviield have received little attention in the literatufée velocity feld
of multiple CJICF has not been studied extensively eitherfar these issues have been
examined primarily for unconfined, single jet configurationhe physiechemical
processes governing the mixing and combustion of multiple reacting jets irhlg hig
confined and high temperature vitiated crossflow need to be explored further since it better
depicts the practical scenario in aeroengines operating over a vast range of flight regimes

[41] and in landbased gas turbes employing premixed fualr staging.

1.5 Objectivesand ThesisOutline

To provide the knowledge needed to push the limits oftaged (RQL) and
premixedstagedLQL) combustion technologies furthehe objective othis thesis is to
examine thdlowfield and combustion characteristics in Aaremixed airstaged (RQL)

and premixed fuehir-staged (IQL, LeanrQuenchLean) combustor configuration¥he
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experimental and numerical investigatiocenductedhere are designed to explore the

following objectives:

1) Determine the unique mixing and flow field (e.g., velocity field) characteristics that
distinguish highly confined multiple jets in crossflow from thielely studied, single,
unconfined JICF situation. More specifically, the goal is to examinartpact of jet
jet and jetwall interactions on mixing by varying jet configurations and other flow
parameters.

2) Understand the controlling flame characteristics such as flame stabilization
mechanisms, liftoff height and burnout distance involved in stagihgyhly confined
reacting jets in a high temperature, vitiated crossflow. Specifictilby,goal is to
examine the nopremixed RQL (akstaged) type configuration currently employed in
various aeroengines, and also premixed sta@ii@dl.) where lean fuehir jets are
injected into a vitiated crossflow of lean combustion products.

The remainder of this thesis is organized around these two primactioes. The
experimental approach is detailed in Chaptesl@ng with a description of the modeling
appro&h used to examine chemical time scald® experimental descriptiancludes a
overview of the test facility and its subsystethg control andneasurement devices used
to operatethe facility, and the flow conditions testedThe chapter also describdse
imaging diagnosticgechniquesemployed in the experiments, namely particle image
velocimetry PIV), planar particle scatterirapnd chemiluminescence imaging.

Flowfield characteristics dhe multipleCJICF, including the results obtained from
mixing and velocity field measurementse presented in Chapter The differences in

mixing properties of staggerapposed and parallel jet configurations are presented for
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low to high confinement scenarios in naacting multiple JICF system®reliminary
velocity field comparisonn reacting and noneacting conditions are drawn using low
speed planar PIV measurements. High resolution velocity field results obtained-in non
reacting environment using 10 kHz SPIV ghastics technique are presented for the two
jets configurations while exploring the effects of variation in air splitJardios.

Chapter 4 examines the flame characteristics of Clidfer RQL operating
conditions Flame stabilization modes and flameundariegor extents of heat relegsae
studied using experimental results obtained from low and high speed chemiluminescence
techniques along with the chemical reaction timescale modeling results. Differences in the
average and instantaneous flame abtaristics of staggered and parallel jet configurations
are compared for CJICF conditions.

Similar flame characteristics are studied for LQ@bnditionsin Chapter 5.
Differences between the jet configurations along with-p@mixed and premixed jet
configurations are outlined for the instantaneous and mean flame properties. The effect of
jet impingement on flame shapes for fanemixed and premixed flareeare compared.
Possible flame stabilization modes are studied by varying the amount of fuel supplied in
the pilot, bottom and top jet flows.

The investigations performed in this thesis are summarized Chapter&ling
the observed relations betweea flow field, its mixing characteristics and the combustion
processesimportant conclusions from the present study and recommendations for future

research work aralsoprovided.
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CHAPTER 2. APPROACH

This chapter describes the experimentaihodology used for the investigation of
flame and flowfield characteristics of staged combusspresented in this thesign
overview of experimental facility along with the advanced laser diagnostics and imaging
techniques arpresented herén addition the umerical and analytical methodsedfor

datareductionand interpretatiomre presenteih this chapter

2.1 Overview of Test Facility

The experinental rigdesigned, manufactured aasisemtedfor the CJICF studies
performedin this thesiss illustrated using Computer Aided Design (CAD) graphics in
Figure2.1. The rigprimarily consists of two major sections, namely, the pilot flow section
andanoptically accessibleest sectiomn whichthreejets argperpendicularlynjectedfrom
the bottom and two jetre perpendicularlynjectedfrom the top The pilot flow section
consists of dow-swirl circular geometrypilot combustor which is 21.59 cmrig and a
15.742 cm long transition piece thatolvesfrom a circular to rectangular crosection
geometry test section thet 65.272 cm longy7.62 cmin heightand 10.16 cmn depth
There are a total of 5 jets that can be used to attain two jets watiomns, namely
staggereebpposed and parallel jet configuratioksch jet is 1.27cm (0.5 inch) in diameter
(dy), so thetest section is @ in heightand &) in depth The quartz window for optical
access from the side of the test section covers the drtight of the test section and is
20.32 cm (8 inch) or 1@ long. The side window extendsd4upstream and 1P

downstream of the center of the jet injection plane.
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Figure 2.1: Rig assembly including pilot combustor, transition piece, test sectiomith
jet injection (dimensionsin cm).
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Figure 2.2: Schematic diagram of the multiple CJICF experiments flow facility.
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The overall schematic of the flow facility developed for this study is shown in
Figure 2.2. The air from the high pressuresupply in the BTZ Combustion Labis
distributedbetweerthe pilot combustorair line, bottom jets aitine and top jets ailine.
The air-split ratio (definedn Equation(2.1) as total dilution air mass flow rate through
ALL the jets divided bythe total air mass flow rate through thmlot combustor) is
regulated using gate valves for each liibe fuel mass flow rates are negligible in
comparison with the air mass flow ratesdhencethe airsplit ratio (or splitratio) and the

mass split ratio are essentially the same

<

a
8 AN & Re—— 2.1)

= x

The totaldilution air flow directed to the jetis further split among the bottom and
the topjetsas shown irFigure2.2 andFigure2.3 (a). Before entering the tesecton, jet
air is passed through plenums (settling chamberglow conditioning Thesedilution air
jets mix with the crossflow in the test section creating the quench region. In case of flame
experiments, the secondary combustion follows the quench nebiene jets react with the
crossflow containing vitiated comhbiien productsfrom the pilot burnerFor the flow
diagnostics experiments, which involve particle scattering measurements, some of the air
is also bypassed through three independently cordreéeders for the pilot flow, bottom
jets and top jets. In reacting experimentsinaple cooling system is used to cool the surface
of thepilot combustor and the test section windawsig room temperature cooling.air
cooling air duct surrounding th@lot burnerand the transition section is usaldng with

severalcold air jetsthat are directed to blow ovethe test section window®r cooling
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purposesFinally, the gaseflow out of thetestfacility through an exhaugipe into the
building exhaus stacks Various subcomponents that constitute the test facility are

described in detail in the following sections.

* ()Y %

A P 1
Insulation! ~
L nal i

Figure 2.3: (a) Overall rig assembly hardware. (b) Test section hardware. (c) Test
section inside view showing jet injection holes. (c) Calibration plate jig used for
imaging diagnostics. (d) View from the exhaust end looking upstream at the pilot
swirler and calibration plate.

2.2 Pilot Flow Section

The pilot flow section mainly consist$ @ low swirl stabilized pilot combustor and
a transition section as shown kigure 2.4. For flame measurements or reacting flow
experiments, fuel (natural gas) abm temperature is premixed with the preheated air for
the pilot flow andin some cases, withe jets far upstream of the combusisingthefuel
injectors shown in Sectio®.6 to achieve a fully developed flow with a uniform fuzet
mixture.In the pilot flow, e prenixed fuetair mixtureis then passed through a contoured

nozzle into a ~40vane angle swirler (swirl number ~6056) witha38 mm outer diameter.
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This pilot combustor is derived fromlaw swirl burnerdesign studiegreviously by

Periagaram et a68].

Transition
piece

Pilot
combustor
Preheatedir

+

natural gas

Vitiated
crossflow

Low swirl
flame

Ignitor

Figure 2.4. Pilot flow section subassembly consisting of the nozzle, swirler, pilot
combustor and the transition piece.

As shown in the swirler image iRigure2.4, themajority ofthe flowpasseshrough
aperforated plate in the centefrthe swirlersuch that mostly axial flow with lowwirl is
achievedn the pilot combustorThis low swirl flow is ignited using a high voltage spark
and a H fuel line which is injected in the recirculation region between the upstream pilot
combustor wall and the center bodyhe burning gases are thessped through thailot
combustormpipe whichis 21 cm longand hasa circular crossection of 11.4 cninner
diameter. Thevitiated pilot combustor products are then passed throudd em long
transition piece that connects the circular ciesstion of he pilot combustor to the
rectangular cross section (7.6 cm height, 10.2 cm depth) of the test section as shown in
Figure2.4. This transition from circular to rectantar geometry further reduces the swirl

to obtain aprimarily axial crossflowthat enters the test sectioRor the norreacting
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experiments, the sanmlot flow sectionis usd with room temperature or preheated air

without fuel injection

2.2.1 VitiatedCrossflow TemperaturBistribution

The temperaturdistribution at the exit of the pilot burnésp = 0.57, Tpreheat=
505°K, Up = 15 m/s)is characterized using andhaped, Ktype shielded thermocouple
inserted through a steel window blank with vertglats to traverse the thermocouple. The
cross section where inflow temperature is measigréatated two jet diameters upstream
of the jetsThe jets are turned off for this pilot crossflow temperature characterizatien.
thermocouple probmeasuremenbcationsare illustrated irFigure 2.5 (a) and the pilot
burner in operation is shown figure2.5 (b). The flame image iRigure2.5 (b) wastaken
by carefully placing an exposable inspection miwbich is therimaged using a low speed
(15Hz) Foculus FO531TC color camefehe blue flame in the pilot baer is an indicator

of leanburn operation (at, = 0.57).

15
1.0 7

Side window
N

Bottom Jets

Figure 2.5: (a) Vitiated crossflow temperature measurement locations at a cross
section ~2d; upstream of the jet injection plane. (b) Pilot combustor in operation as
viewed from the downstream exhaust end.
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Since the measuring thermocouple is exposed to the radiatingwlaits are
cooler than the gas temperature, the measured temperaturerigHaw the actual gas
temperature. To get an improved estimate of the gas temperature, radiation corrections
are applied using a heat transfer model for a cylinder in axial[B8}v This model is

primarily based on Equatiq2.2) and(2.3).

Vo 0YQ e (2.2

DY Y RAY Y (2.3)

where,h = convecive heat transfer coefficieng = emissivity (0.750.87 depenitig on
oxidization level of the stainless stegl C =1.021.26; e = 0.5 Tw = wall temperature
(assumed to bB05° K); andK = thermal conductivity andn= viscosity. The latter two

values arealculated for equilibrium combustion produatd iterated folfg usingGasEq

software
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Figure 2.6: (a) Measure (Tprobe), radiation corrected (Tgag Vitiated crossflow
temperature distribution (, p = 0.57, Tpreneat = 505K, Up = 15 m/s, jets off). (b)

Location

Crossflow temperature at varying. p (jets on).
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The measured temperatures and radiation corrgtfled temperatures are shown
in Figure 2.6 (a) at theninelocationsillustratedin Figure2.5 (a). The central part of the
crosssection, e.g., location 5, is hotter due to lower heat losses compared to locations near
the walls.Overall the temperature profile indicates a fairly uniform crossflow upstream of
the jet injection location The average radiation corrected temperature is ~1400 K
(estimated error +/L00 K) while the adiabatic flame temperature forshewnconditions
is 1764 K. During a difference set of experiments, the crossflow temperatase
characterized again in tloenter of test section (locationrbFigure2.5 (a)) for variouss p
(0.6, 0.8, 1.0 and 1.25) to estimate the crossflow temperature for RQL and LQL
experiments presented in this thesis. The repeated temperature measurementsishown at
= 0.6 are carried witly; = 0, 0.3 and 0.6. The takeaway from this set of experimetttatis
for theu p =0.8, 1.3 which are of interest for the RQL and LQL experiments presented in
this thesis, the measured crossflow temperafig.eéasureg is roughly equal to 150K and
the radiation corrected temperaturan be approximated afk ~18002000K. This
temperature follows fronheat losses in the pilot flow sectioas theadiabatic flame
temperatureof the pilot combustor i22002400 K. Considering this temperature range
and atmospheric pressure, fht crosslow mass flow rate corresponds teelocity for

reacting casesf ~35 m/s.

2.3 Test Sectionand Dilution Jets

In the test section, dilution air (for RQL) or the premixed-ieliets (for LQL)is
injected normally into the crossflow of pilot combustion proddetsrapid mixing and

combustion. For the norreacting experiments such as for mixing and velocity

35



measurements, the same faciigyused with room temperature or preheated air without

usingthefuel.
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Figure 2.7: (a) Test section assembly including 3 bottom jets and 2 top jets. (b) Cress
section at jet injection plane and the coordinate system. (c) Plenum design with ball
bearing arrangement. (d) Sudden area contraction design for jet injection.

As shown inFigure2.7, a total of five jets (three on the bottom and two on the top
of the test sewn) can be used to attain twet configurations namely: (1) staggered
opposed jetwith 3 bottom and 2 top jets; or(2) paralleljets witheitherjust the3 bottom
jets orjust the2 top jetson. Each jet hasrainnerdiameter of 12.7 mm and the jet centerline
spacingthe distance between centers of jets on eachisi@8)6 mmThe tessection has
optical acess from two faces which are referred to asidhe window andhetop window.
The side window extends throughout the heiglt;Y6f the test section and covers a large

portion of the axial length (16) as mentioned previously in Sectidri
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2.3.1 Flow Conditioning Section

Before the jets enter the testction, the gases are passed through the plenums or
settling chambers that have an arrangementet balls in order toreate a uniform flow
distributionamong thevariousjetsconnected to the same plenurhearrangement ddteel
balls alsohelps inprevening flashbackfor the runs withpremixed fuelair jets pressure
relief valves arenstalledjust upstream of each plenum for added safety against flashback
The jet air passes through a sudden area contraction before entering the test section; this
jet boundary condition, rather than a fully developed inlet, was chosen to more closely
match typichengine hardwarsuch as the holes in a combustor lirnfeully-developed
injection without the sudden contraction adds additional boundary layers that can alter the

interaction between the jets and the pilot flow.
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Figure 2.8: Uniform jet velocities from using plenums for 3 bottom jets (left image)
and 2 top jets (right image), measured for high and low velocities using a pitot probe

Standalone testing is done for characterization of each plentorelibe final
assembly. e jet velocitiesfor each jet welded to the bottom and top pleniames
measuredising a pitot probe at two radial locaticarsd for two flowrates which cover the

nominal flowrate conditions used throughout this stisfocitiesare calculated by using
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the isentropic flow Equatio(R.4) and its derived Equatiof2.5) with c, speed of sound
defined in Equatiorf2.6) assuming room temperature (297.65 K) &das constant for

air (286.9 J/kg/K)p, ratio of specific hat for air as 1.4.

0 - (2.4)
5 P c
. 60T 25)
w (L)r o z P
O T Y'Y (2.6)

The results fronthese velocity uniformityess are presented iRigure2.8 (a) for
the three bottom jetand inFigure 2.8 (b) for the two top jetsit each radial location and
for the two different flowrated-orthe jets connected to a single plenum, the velocities are
found to agree within 1% hese results viaate thathe plenums distribute the incoming
air equally amongll the jetsand also validate that treeidden area contraction method
used for boundary layer reduction in the jet velocity exit praflesffective Further
analysis of the jets exit prddiis presented through velocity measurements performed using

the PIV technique.

2.4 Instrumentation and Controls

The flow facility is remotely monitored and controlled using LHBW data

acquisition (DAQ) software which is linked withe National Instrument®AQ hardware
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consisting of variousmodules such as NI9213 (for thermocouple voltage signals), N19205
(for pressure transducer voltage signals), NI 9203 (for pressure transducer current signals)
and NI9476 (for voltage output to control solenoid valv@d)e user interface for
LabVIEW controls is show ifrigure2.9 for illustration. Note the flow parameter values

shown in this illustration are arbitrary since the systeas not running.
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Figure 2.9: User interfacedevelopedto monitor and control the experiments using NI
LabVIEW software.

Primarily twophysical quantitieg,e., temperatures and pressumesre measured
using relevant voltage and current measurement deivarasvhich the derived quantities
such as velocities, flow rateg, ratios, and split ratios were derivedA total of 12
thermocouples, 12 static pressure transducers, 4 differential pressure trems8uce
solenoid valves, 5 flowegulators and aortex flow meter were the instrumenigatwere
used and integrated with the LabVIEW software. These instruments along with their

relevant identification properties are summarigeAPPENDIX A.
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2.5 Air Supply

For the reacting premixed jets experiments, preheated air is drawn from a high
pressure (1000 psi) air supply, and the cooling air is drawn from atevoperaturglow
pressure (125 psi) supplyhe facility is run in a blondown mode with the test section at
atmospheric pressurine preheater can support upb@d-600K temperatures when proper
heat insulation is used over the air pipe linésr the norreacting CJICF flow field
measurements, room temperature air from the high pressure (1000 psi) supply is used and
no cooling air is required. The supplied igirsplit betweerthe low-swirl pilot combustor

andthe sta@ng jets as described in Sectidri

2.5.1 Air Flowrate Measurements

The air supply, fuel supply and particle seeding are separately monitored and
controlled for three flows: 1) the pilot flow, 2) thep jets and 3) the bottom jefBheair
split ratio (definedn Equation(2.1)) is regulatedmanuallyusingglobevalves. The mass
flow rate of peheated pilot ailsimetered using a subcriticaifice plateinstrumented with
anOmega PX725ALKGI pressure transducer to measue upstream air flow pressure,
an Omega PX771A025DI differential pressure transducer to measure the differential
pressureand K-type thermoouples to measure the air temperatéye.the experimental
facility evolved over time, a vortex flow metaasused for pilot air flow measurements.
For the measurement of air mass flow ratéhmbottom and top jets, similaubcritical
orifice plate aiflow meters are used. These are instrumented with upstream static pressure
transducers(Omega Dyne Inc., PX30900G5V), differential pressure transducers

(Rosemount, 1151DP4522BIDRENd K-type thermocouplesThe cooling air mass flow
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rate is also measureging a subcritical orifice plate metering system equipped with an
Omega PX181E00G5V static pressure transducer, an OmB¥&71A100WCDI
differential pressure transducer anetype thermocoupleSpecific details of the chosen

instruments are tabulated APPENDIX A.

2.5.2 Seeded Air Supply

The facility is equipped with three separatelividually controlledseeders to
selectively seed each of tleeeflows (pilot, bottom jets and top jetssing bypassed air
from each linedownstream othe subcritical orificesuch that their flow ratesthrough
the seeders are accounted. fbhe air is bypassed upstream of the globe valves and
reintroduced into &h linedownstream of the globealvesas shown irFigure2.2. Each
seeder is equipped with a gate valve and an On/Off type ball valve. Once the flowrate
through each seedexrfinetuned using the gate valves, the ball valve is used to operate the

seeders.

The patrticle seeders, with the design showkigure2.10, are used to add alumina
(Al20s, 5 e€m mean particle diameter) particl e
Dupont R960 titanium dioxide (Ti@ 0. 5 e m mean particle diam
speed SPIV experiments. To avoid agglomeration of the particles betwespdnienents
due to atmospheric humidity, the particles are baked in an oven aF406everal hours.
Prior to each experiment, freshly baked particles are filled in the cone at the bottom of the

seeder.
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Seeded gas out

t

Cone & swirler

Gas in

Figure 2.10: Particle seeder used for flow diagnostics experiments.

Air entering the seeder from the bottom passes through a swirler and picks up the
seeding particles from the cone and produces a swirling fluidized bed in the middle
chamber. The centufjal momentum introduced in the swirling flow pushes the large
particles radially outward tonpinge onthe wall and falbackin the conewith gravity. A
perforated plate (not shown here) is used betweemltepipe and the swirler to avoid
the particés from clogging the inlett is deemed necessary to choose the bypass and
reentry locations across the globe valves ot 19€nds since they provide significant
pressure difference (~180 psi) to overcome the pressure losses in the seeder due to flow

corstrictions from the perforated plate, swirler and the seeding particles.

2.6 Fuel Supply

For the reacting flow experimentgivolved inthe RQL and LQL studiesfuel
(natural gas) at room temperature is premixed with the preheated air for the pilot flow and

thejets (forthepremixed gts study) far upstream tifepilot combustor and the test section
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to achieve a uniformly premixed fualr mixture.The fuel flow rate is low compared to

the air flow and since the premixing occurs far upstream, it is safe to assume tisariuel
thermal equilibrium withthe preheadair atthe pilot and jets inlet$:or primary operation

of the rig, natur al gas i s suppldHgasfrom
regulated from ~2500 psig to ~150 psig is used for the initial ignition along with a high

voltage spark near the premixed fuel inlet as described in S€cBon

2.6.1 PremixedFuel Injectos

In order to achieve a uniform fualr mixture within a short distang¢e 30cm)in
the flow, a fuel injector assembly as showrrigure2.11 is designed and installed in the
5.08 cm (2 inch) air pipe lineth each premixing locationuél is split into fourstainless
steeltubes(6 mm outer diametergach with four smalhjectorholes(0.53 mm diameter)
producing fuel jets irthe air crossflowconfiguration as shown by the small arrows in
Figure2.11. The holes are sizexdrefullysuch that the nominal jet trajectories at the lowest
flow rates used in these experiments are able to penetrate suffioattiie air lins so
asto impinge at the opposite walls or impinge on an oppos#eing jet within a short
distance(~ 30cm) using the jet trajectory relations reported in previous st{filsin
each linetwo or three mety degree bends and long fld@ngthsof ~1.5 m, 2.1 m and
3.7m between the fuel injects and pilot, bottom jets, top jets respectively are used to

furtherensure a uniform equivalence ratio at the pilot buimiet and at the jet exits.
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Figure 2.11: Fuel injectors design and installed hardware used for premixing fuel with
air.

The fuel injectors shown iRigure2.11 are used in the experiments that involve
high speed chemiluminescence technique. In low speed chemiluminescence experiments
reported in this thesis,rgheated air and methane is premixesng a jet in coflow
configurationat the head of a 1.8 m (6 ft) long, 85 mm (3.36 in) dia. straight pipe section
before entering the low swidilot combustor. The straight pipe sectialsoallowed for
the flow to be fully developed and for the relativetyd:fuel and preheated air to be fully

premixed before the reactants enterghet combustor.

2.6.2 Fuel Flowrate Measurements

The fuel flow rates are remotetpntrolledusing Tescom (ER 30003) regulators
equipped with Omega Dyne Inc, PX3BBG5V pressurdransducers that measure the
upstream stagnation pressure. The fuel mass flow rate is measured with critical orifices
( O6 Ke e1335,V-26/SS, \f21-SS for pilot, bottom and top jets, respectively). Omega

PX4091.0KGI pressure transducers are used upstref the critical orifices to measure
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the stagnation pressure and OmegeB03200G5V pressure transducers downstream of

the critical orificesare used t@onfirm if the flow is choked. Kype thermocouples are

used to measure the fuel temperature whictominally room temperature. The fuel flow
rates are shut on and off remotely using ASCO (Red Hat Il) solenoid valves for safety.
Each critical orifice plate is calibrated using a drum meter for upstream pressures ranging
from 106600 psi which is sufficiet to cover the fuel flow rate conditions covered in this
thesis. The calibration curves along with the necessary instruments are presented in

APPENDIX A.

2.7 Optical Diagnostics Techniques

Diagnostics techniques including particle scattering and chemiluminescence
imagingareused in this thesi® elucidate théame and flow fielccharacteristics of staged
combustors involving CJICHRParticle scattering images usindpav speed (15Hz) planar
PIV setup are obtained in a rogacting and reactingnvironmenfor preliminary velocity
field analysis An advanced high speed (kBz) SPIV system is used for mixing attutee
dimensionalvelocity field analysis ina nonreactng environmentFive measurement
planes as shown ifrigure 2.12(b) are used to perform the flowfield analysigo
characterize the flame properties in RQL systemswaspeed (10Hz) visibline-of-sight
chemiluminescence technique is used for preliminary analysis. For a more detailed study
of RQL and LQL flame characteristics, a high speed kHZ) line-of-sight OH*
chemiluminescence technique is employed. Detailagmdistics setups corresponding to

each of these techniques are discussed in the following sections.
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2.7.1 Particle Scattering Imaging

2.7.1.1 Low Speed (% Hz) Planar PV Setup

The low speed15 Hz) planalPIV system used fdhe preliminarywelocimetryof

nonreacting and reacting CJIGsshown inFigure2.12 (a). This systens equipped with

a Big Sky 532 nm, ND:YAG laser and Lavision Imager ProX PIV camera,ftma lens

and 532nm notch filter to capture only the scattered laser light. The sheet forming optics
includethree532nm mirrors 25.4 mmdiamete) for beam turning, long foc&ngth 750

mm) spherical lens50.8 mm diametgrand a short focdéngth (5 mm) cylindrical lens

to form a~200-300 mm thick diverging sheet. Thiasersheet enters the test section
vertically at an inclinatiofrom the top window as shown igure2.12 (a)and illuminates

the flowwhich isseeded with Brm sized aluminum oxide liamina) particles.

Sheetoptics

7.6 cn
(6d)

Side window

W -

N

NA:YAG laser (8d) 1 ]
TtW&WT(

Figure 2.12 (a) 15 Hz low speedplanar PIV system with laser sheet entering the test
sectionfrom the top window. (b) Laser sheet planeslefined for PIV measurements
(planes 1, 4, 5 are used for low speed PIV measurements).

A 10.2 cm

Three PIV measuremeptanes are studiedhere the vertical laser sheet passes
through planeg, 4 and 5 as shown Figure2.12 (b). Plane 1 refers to tleenter plane of

the bottom jetlocated in the middle of the test secti®tane 4 (and plane 2) refeto the
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intermediate plane betweehe middle bottom jet and the neighboring top jets. Plane 5
(and plane 3) corresponds to ttenter plan®f the top jetsin most of thdow speedPIV
experimentpresented here200500 imagesare captured foreachcase at 15 Hz, under
double frame, ddule exposure mod&he magnification of the optical system results in a
scale factoof 6.94 pixel/mm.Multi-pass iterations in vector pgstocessingre chosen
using a decreasing iterrogation window size from 644 pixels after the first pass to
328 32 pixels forthe second passith 50% overlap in each pasehe goals igo have at
least 1620 particles in the interrogation windows. Since the vertical jet velocitieshe

as high as ~350 mfer high air split ratio (~2)a nominabns delaytime (Dt) betweerthe

two laser pulses used

The DaVisM 7.2 softwarefrom LaVisionis usedfor PIV postprocessingwith
Asubtract sl idi ng nEnabledoueducecthe dagkound sigeabin f e at u
the PIV images. & this purpose 10-20 images areused for sliding background
subtraction. Tgrovide ameaningful region of interesthe area wherehe laser sheet is
absent is masked out. In order to reduce outliers, correlation peaks are accepted in the
defined range for ¥= 0-200m/s and Y = 0-500m/s. A median filter is used to remove
outliers by choosinthep ar amet er Aremove/replace i f diff
1.8 times the rms of neighbarim theDaVis software Empty spaces are filled by vectors
usingtheinterpolation featurbuilt intothe softwareFrom these instantaneous vector data,
average and rms velocity fields are compu8ame diagnostics setup is used for both- non
reacting and reacting flow conditions, however quality of images is reduced in reacting
scenario firsy, due to inefficient seeding and secondly, due to adherence of seed particles

on the quartz window.
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2.7.1.2 High Speed (10 kHz)EV Setup

The diagnostissetup used for particle scattering measurenparfermed to study
mixing and velocity fieldsn cold nonreacting CJICF experimentds shown inFigure
2.13(a). The particle scattering images are captured uswgPhotron SA5 cameras in a
side scatter configuratiowhere he angle between the two cameras is roudtlyEach
camera is equipped with a Tokifens (AT-X PRO, Macro 100 F 2.8D) mounted an
LaVision Scheimpflug adaptend a narrow band interference filter (Semrock Brightline
527/20).The fnumber {/4.0) is ugd to capture the images of elastic scattering from the
seed particles.mage resolution of 704 x 520 pixels is used dra dcameras capture a
region (height = 76mm, length = 128 mm) spanning from the top to bottom of the test
section and ~@ upstream to ~& downstream of the jet injection plari&r each reacting
case, 31274 single images at 20 kHz (or double frame 15637 image pairs at 10 kHz) are

captured so the total data acquisition duration for each run lasts for ~1.5 s.
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Figure 2.13: (a) 10kHz high speed SPIV system with laser sheet entering the test
section from exhaust. (b) Planes 1, 2, 3 used for high speed SPIV measurements.

This setup employa duathead, frequencgoubled 527 nniNd:YLF laser (Litron

LDY -300PIV) operating at 10 kHz with pulse separationtimesef s. The sheet
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opticsthatexpand the beam and form a ~1 mm thick sheet consist of threm 2liameter
mirrors coated for high reflectance at 527 nm, a quaréae plate, one £C-1010100
planaconcave cylindrical lens for beam divergence ansimilar cylindrical ens for
thickness convergencghe laser sheet is aligned at the plahesand Z&asshown inFigure
2.13(b). Again, plane 1, 2 and 3 correspond to the bottom jet center, intermediate and top

jet center planes respectively.

Figure 214 10 kHz optical diagnostics hardware illustrating SPIV and
chemiluminescence setup in operation.

The laser sheet is aligned at various planes using a calibration target mount as
shown inFigure2.15. The calibratiormountis attached to the bottom jets with a pin jig to
align itself with the test sectioffhe calibration mount is also equipped with two high
precision rulers to align the calibration plate parallel to the side windomnggatred

distancesorresponding teach plane shown ihigure2.13(b).
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Figure 2.15: Calibration target plate and mount used in SPIV experiments.

The fabrication of calibration included cutting 2 mm deep planes on both sides of
a6 mmthick aluminum pate. The plate is then anodized and the dot pattern is then etched
carefully on both the sides using a laser cu&ndard corrections for perspective and
distortion are made usingisicustom built 3Dcalibration dotarget (200 mn§ 60 mmx
6 mm) shownin Figure2.15. The 2.2 mndiameter dots on each plane on the calibration
target are separated by 10 mm (center to ceimérorizontal and vertical directions. The
distance between the two planes is 2 mm. The jet injection plane (x = 0) is in line with the

left triangle etched othe plate.

Particle scattering imagexbtained using this high speed SPIV setn@ used to
explore the mixing and velocity fields of CJICF. For velocity field measuremahtbe
flows (pilot crossflow, bottom jets and top jets) are seeded while fongimeasurements,
selective seedingisusédo fimar ko t he f.lLaVisidn Davis@.thlatdh e s e f
Davis 8.4imaging softwarereused to posprocess the particle scattering images where
the raw scattering images are calibrated to apply cortegsigal dimensiong-urther

processing techniques using Davis andTMAB softwareare described in Sectiéh8,
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2.7.2 Flame Chemiluminescence Imagi@gtup

2.7.2.1 Low Speed10Hz) Visible Chemiluminescence

The diagnostics setup ftow speed visiblehemiluminescence imaging is shown
in Figure2.16 (a) where aFoculuslEEE1394black and whié camera isised to capture
the line-of-sight integrated chemiluminescence sigidle camera is used with a Nikon
55mm lens and a thm thick BG 28 filterthat has the transmittance curve as shown in
Figure2.16 (b). This allows only visible emissian(320-650 nm)to be captured by the
camera, hence getting rid of the infrared radiations from the hot surfdeesoftware
used for chemiluminescem@maging iSFOControl 3.0.9.0 and aame rate of7.510Hz
with exposuretime ~10- 20 msis used for imaging in most of the experimeritbus the
images obtained with this technique are averaged over this durBti@main settingfor

imagingarealsoadjusted aseededo avoidcamerasaturaton.
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Figure 2.16: (a) Low speed visible spectrum chemiluminescence diagnostics set(p.
Transmittance curve of BG 28 filter.

The chemiluminescence camemaplaced ~ 1.14 nirom the test section side

window at a slight angle (¥bfrom the normal of the windowThe side window (203mm
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wide? 76.2 mm tall) aligns flush with the top and bottom walls and the entire window lies
in the field of view of the camerémages acquired ugy this technique are time stamped
and matched with the run conditions stored separately through LabVIEW. Further image
processing methods inding averaging, detecting edges, plotting contours etc. are

described in Sectioh.8.

2.7.2.2 High Speed10 kH2 OH* Chemiluminescence

The high resolution flame imagingmploysthe high-speed lineof-sight 10 kHz
OH* chemiluminescence measurement setup shovgmre2.17. This system includes
a LaVision Photron SA1 camera optically coupled with an image intensifier (LaVision
IRO) and a 45 mm focal length UV lens. A 308 nm UV filter is usedront of the

intensified camera to collettie OH* chemiluminescence.

IRO ICCD

Photron
SAl Camer

Figure 2.17: 10 kHz high speed OH* chemiluminescence setup.

The gain for the intensifier is varied betweena@l 75% depending othe signal
levels for various reacting cases with the goal of obtaining high intensity signal without
saturating the camera. Mainly two gate settings (5 ps and)Edgiased for the intensifier.

The image resolution of 768512 pixels is usetb coversthe entire optically accessible
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test section. For each reacting case53% images are capturedaatOkHz frame rateso

the total data acquisition durati@m~1.5 s. For background and calibration imadies,

IRO gain is set to 47% with gate =.a@ms The images are captured and stored usiag
Photron FASTCAM Viewer (PFV) software with camera bit resolution and later converted
to 16-bit images for further image processing using MATLATRction2.8 describeshe
Matlabimage processing routinesedsuch as cropping, averaging, intensity plottamgl

edgedetectingandthe DaVis routine fotransformation to physical coordinates

2.8 Image Processingand Analysis

2.8.1 Mixing Measurements

For a quantitative comparison of mixing under various jet configurations) and
ratios, planar images of elastic laser scattering from the seeded patrticles are acquired for
nonreacting (norpreheated) flow conditions by selectivelgesling the jets or the
crossflow. Images from one of the two SPIV cameras (Camera lused here) are first
imported into DaVis software along with a corresponding averaged calibration image.
After a routine calibration procedure, the images are themadpedf r om fir aw t o w
coordinate system using DaVis. The transformed images are then exported as an .AVI
video file which is imported in Matlab for further processing. Firstly, the video file is
converted into instantaneous which are cropped to excludedians that lie out of the

test section boundaries (bottom and top walls).

An example instantaneous image for a parallel jets configuration (2 top jets) at

plane 3 (as defined inFigure 2.13 (b)) with J=12 is shown inFigure 2.18(a). The
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instantaneous Mie scatteringhagesare analyzed to exaine mixing by using two

uniformity metricsUms andUsymas defined in Equatior{2.7) and(2.8).
Y — (2.7

Y ~ o~ (2.8)

J=2jets, P3 ' J =2 jets, P3

0 1 2 3 4 5 6 . (] 1 2 3 4 5 6 7

x/d,

Figure 2.18 Example results for J=12, 2 jets, plane .3(a) Instantaneous particle
scattering imageand regions (b) Mean scattering image. (c) Temporal instantaneous
(colored dots) and ensemble averagdJms (black dots and line). (d) Temporal
instantaneous(colored dots)and ensemble averag&sym (black dots and Ine).

To calculatdJms, an instantaneous particle scattering image is divided into vertical
strips of width equal to one jet diametd;),(as shown by the green vertical linesigure

2.18(a). The standard deviation normalized by the average intensity within each vertical
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strip (or coefficient of variation for a strip) is calculated for 100 instantaneous images to
calculate themean uniformity profileUmms represents axial (left to right) mixing as the
flow moves downstreamand it canrange between Oand B, where zero represents

completely uniformmixing within a vertical strip.

To calculateUsym definedin Equation(2.8), each vertical strip is further divided
into two regions (top and bottom) with equal @ras shown by the horizontal red line. It
represents the symmetry in mixing between the top and bottom halves and is defined for
each vertical strip based on their integrated intensities in the top and bottom r&gjans.
ranges betweerl and1; when it uals zero, there is an equal amount of jet fluid in the
top and bottom regions of the flow, i.e., a uniform distribution. Wlgnis positive there
is more jet fluid present in thep half anda negativdJsymVvaluecorresponds tanore jet
fluid being present in thebottom falf. Mean scattering imagesre also calculated in
MATLAB from the cropped instantaneous images gathered from the video file for each

case.The MATLAB code used for mixing image analysis is attachedRFRENDIX B.

2.8.2 Velocity Measurements

A typical processinglgorithmused forhigh spee®PIV datasetsisingthe DaVis
8.4 softwards described in this section. For preliminary velocity calculations performed
using low speed planar PIV setup, a similar but simpler processing routine is used while
using image processing parameters as described previously in SBctidnl As
mentioned in Sectio2.7.1, the main difference between acquiring velocityadahd
mixing data is thaall the three flows (pilot, bottom jets and top jets) are sefenleglocity

measurements while mixing measurements require selective seedmy ofe or two of

55



these flows.The seeding levels the velocity measurementare set manually forthe

individual flows by lookingfor equal scattering intensitg the downstream exhaust

To begin the scattering images are captured and stored separately for both cameras
i n the camer abs niratheir respectivdetinatian folgersruging BHVU t i 0 n
Each case ienreopened in PFV usirnterespectivecih files and converteand resaved
into 16 bit resolutionmages (.tif files). The reason for doing so it that the PFV software
has an anomaly where if the images stoeed directly as 16 bit files, PFV misses a large
band of signal intensities, this was learnt through trial and error and by plotting the
histograms of images stored using each metAoldat code presented APPENDIX Cis
used to create multipadé page) .tiff files that arrange the two image pairs from each of
the two SPIV cameras for easier and faster import into DaVis softwhege the rest of

the velocityvector processing is performed.

For velocity vector processing project foldein DaVis is created for the datasets
collected in each laser sheet plane and corresponding averaged background images are
imported for each camera. The multipage .tiff fifes each case in that plane is then
importedfrom therespective folders along wite correctly assigned camera attributes
(such as the time between framgstbetween laser pulses etc.). A routine calibration
procedure is then followetb align the twocamera views with the physical coordinates
defined using the custom built calibration plate. For SPIV analgsisextensive self
calibration procedure is used for each dataset to get an accurate spatial alignment of the
two camerasThe selfcalibration pocedure is repeated several times while using inbuilt
functions such as Asubtract sliding backg

di sparitieso until the computed average di
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low (~ 0.1 mm).The scaldactors obtained for the SPIV data presented in this thesis are

5.477 pixel/ mm for plane 1 and 5.4377 pixel/mm for plane 2.

After selfcalibration, the next step is to compute velocity veciats the inbuilt
PIV routinefrom DaVis. For the data obtained in the SPIV experiments reported in this
thesis theimage preprocessing option in DaVis is not usede to the higlyuality ofthe
raw data. A geometric mask slightly larger than the laser illuminated region is selected to
obtain vectors as close as possible to the walidocity vectos are calculated with the
stereocrosscorrelation modaising themulti-pass processing and adaptive interrogation
windows options. A total dbur passes are usedhere the first two passesploy a64 3
64 square shaped interrogation windows with 50% ovealagithe second two passes use
123 12 auteadjustable windows with 50% overtatme high accuracy optiors selected
for the final pass. This results in the final vector spacing of 6lgpor 1.1 mm which

essentially means that -IIR vectors ardeterminedvithin a single jet diameter.

For vector posprocessing, allowable velocity vector magnitudes of 150 m{s (V
300 m/s (), and 150 m/s (Y are used for the high air split cases.Olpasses admedian
filter withthei st r ongl y r emov e an dareusedooreamovioutledlsy r e p |
if thedifferencefrom theaverage is >2 of neighbours and reinsertedhiedifferencefrom
theaverage is <8 of neighbours. These paranest€2, 3) are used for thaar split = 1.3
datasetsn plane 1 ad parameters (1.5, 0) are used for the remaining datasets. Groups
containing less than 5 vectors are also removed ingrosessingand a default basic

smooth filter ina 3 3 3 neighbourhood is used. The missing vectors in the instantaneous
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images are not filled since the data quality was good and since q@@0limages are

used, meaningful statistieseobtained without interpolations or extrapolations.

velocity mis

velocity mis

Figure 2.19: Examples of calculated vector fields for staggered jets with split = 1.3 in
plane 1 (a) Irstantaneousvelocity. (b) Instantaneous vorticity. (c) Mean velocity. (d)
Mean vorticity.

Average velocity vector fieldalong with velocity uncertaintieend vorticity fields
are calculated in DaVis usiran effective number of samples requiring a minimum of 10
vectors to be present at a location for computed results and only average velocities within
5s are included.Exampe results obtained for instantaneous and mean velocity and

vorticity fields are presented Figure2.19.
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2.8.3 Flame Measurements

The line-of-sight chemiluminescence techniques described in Se2tibR are
used to obtain flame images for RQhdal QL conditions. For low speed visible spectrum
chemiluminescence data, simple averaging and edge detection methods are used in
MATLAB. The image processing techniques and methods used for high speed images are
described in this section. The data collection process including storage and conversion from
camera bit (12 bit) image resolution to 16 bit ftme 10kHz chemiluminescence
measurementén the same matter arfdr the samereasondescribé in Section2.8.2.
After converting the data sets into 16 bit .tiff format, the images are imported in MATLAB
andthe images are cropped sublatthe region outside of the test section optical window
is removedn orderto minimizethe computation time by processing onlyettlatain the

region of interest.

The saturated instantaneous images are converted from 16 bit integers to double
precision formabefore any calculation® increaserecision The output results from the
processd dataare converted back to 16 bit integer formats for display and plotting. The
avera@ images are calculated frod®,552 instantaneous image®r each data set
presentedn the high speedRQL and LQLchemiluminescencstudies. This impliethat
themean stasiticsare eported for-1.5 secondshus providingafair estimate of the steady
stateresultsas shown in th€&igure2.20 (b). The intensity magnitudes are adjustedthe
changes in gain and gate settings of the intensified camera using results from a calibration
experiment where intensities from a constant flame source (a MAP blow torch) are
recorded while varying the gate and gain settings of the same intenaifiedla setup used

in the RQL and LQL experiments.
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Figure 2.20: Example 10 kHz OH* chemiluminescence results. (a) Instantaneous
image with edge. (b) Mean image. (c) PDF image. (d) Mean edges.

Todetecthe flame extent or heat release region edges, binary instantaneous images
are calculated usirgthresholdthat®@ . 5 t i mes t he threshold det
[70]. It was observed that the Otsub6s method
obtained in these experiments. The multiplication factor (0.5) was determined through trial
and error by manually confirming that the image region luithinosity was approximately
included within the detected edge boundaassllustrated irFigure 2.20 (a). From the
binary instantaneous images, an average iuleaéd which corresponds tthe mean
probability density function (PDF) imagedicating the regions where flame is present
most of the timeas shown irFigure2.20 (c). The instantaneous edges are also averaged
to illustrate the flame brush and intermittencylame extent as shown Figure2.20 (d).

Further the mean intensity images are filtered using Gaussian filter for two standard
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deviation filtering and intensity contour maps are drawme MATLAB code used for

flame image proasing is presented WPPENDIX D.

2.9 Experiment Design and Flow Conditions

The test facilityis usedn reacting and neneacting modesf operationn order to
expermentally investigate the flame characteristics, mixing and velocity field of staged
combustors that involve staggerepposed and parallel CJICF configuratiofi$e
experiments are designed around these two jet configurations and other main parameters
thatare varied are: 1) pilot and jets equivalence ratios which governs the adiabatic flame
temperatures which in turn governs the reaction time scalais sp)it ratioswhich govern
the J ratios for a given geometry othe jet configurations andnhich also govern the
confinement conditions inside the combustnd therebyoverningthe flowor residence
time scalesA summary ofthe overallrange of nominal flow conditiorthat are used to

run the test facility are tabulat@dTable2.1.

Table 2.1: Overall range of nominal flow conditions.

Pilot Jets
a 0,0.6,0.81.3 | 0,0.3,0.6,0.8
T preheat (K) 500-600 450550
Velocity (m/s) | 5-35 48-270
T adiabatic (K) 18512230 11841851
Reynold's # 13137696 4900012200

Air split 0.42
J-ratio 12,30, 75250

For flame analysis, the reacting conditions are attained by fueling either just the

pilot flow to study RQL scenario, or by fueling both the pilot and jets to study the LQL
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scenario. Both fueling configurations require the preheated air supply for tharpdlthe

jets. The equivalence ratios for each flow are the main parameters that are controlled here
while the air split is fixed at 1.3 for most cases. A few cases with a different air split (0.78)
are used to relate the flame properties between stabgedeparallel jet configurations to
explore if thed ratio plays an important role in such confined flows. The low speed and
high speed chemiluminescence experiments described in SRdti@are used to answer
guestions related to the flame characteristics of staged combustors. Nominal flow

conditions for the chemiluminescence or flame experiments are presemtduaa.2.

Table 2.2: High and low speed chemiluminescence cases and nominal conditions.

High speed OH* chemiluminescence
Name Split ' p * b s g # Jets J

13080000% 1.3 0.8 0 0 5 64

Staggere 13850000% 1.3 0.85 0 0 5 62
13130000% 1.3 1.3 0 0 5 62

RQL 13170000% 1.3 1.7 0 0 5 75
138500008 1.3 0.85 0 0 3 173

Parallel 131300003 1.3 1.3 0 0 3 173
781300003 0.78 1.3 0 0 3 62

13060303% 1.3 0.6 0.3 0.3 5 75

13060808% 1.3 0.6 0.8 0.8 5 75

Staggered 13850303 > 1.3 0.85 0.3 0.3 5 62

LoL 13850808% 1.3 0.85 0.8 0.8 5 62
13850803% 1.3 0.85 0.8 0.3 5 62

13850800% 1.3 0.85 0.8 0 5 62

138508088 1.3 0.85 0.8 0 3 173

Parallel
138508008 0.78 0.85 0.8 0 3 62
Low speed OH* chemiluminescence

Name Split ' p * b ' g # Jets J

13110000% 1.3 1.1 0 0 5 59

13120000% 1.3 1.2 0 0 5 60

13130000% 1.3 1.3 0 0 5 62

RQL |Staggered13140000% 1.3 14 0 0 5 65
21860000% 2.1 0.86 0 0 5 161
21100000% 2.1 1 0 0 5 155

21120000% 2.1 1.2 0 0 5 157
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For flow field analysis, the test facilifgrimarily runs in a nomeacting mode of
operation since the particle scattering based diagnostics techniques are adversely effected
by the presence of reacting flows. One of the biggest challenges in this facility is to send
in a laser sheet from the exish end of the test section; this is extremely difficult if hot
exhaust gases are present. Mounting a cooled mirror in the exhaust is challenging in itself
but a bigger challenge would be the steering and misalignment of the illuminating laser
beam (or shet) as it travels through a turbulent reacting flow medium with aumdiorm
refractive index. However, a preliminary low speed PIV study comparingesmting and
reacting flow fields is performed by sending a laser sheet from the top illuminating a
smdler region of the test section. As the results suggested that the flow features of highly
confined jets in crossflow are not drastically different in the presence of reacting
environment, advance high spe&®IV experiments were designed for freacting

operation mode of the test facility.

Table 2.3: Nominal flow conditions used innon-reacting mixing and velocity field
experiments.

High speed SPIV Velocity

Air Split |5 Staggerel3 Parallel| 2 Parallel
1.3 252 (1,2) | 701 (1,2_
0.71 75 (1,2)

0.43 75 (1,2)
0.28 12 (2) 75 (1,2)

High speed SPIV Mixing
Air Split |5 Staggerel3 Parallel| 2 Parallel
1.3 252 (1,2)
0.71 75 (1,2)
0.45 | 30(1,2,3)

0.28 | 12(1,2,3) 75 (1,2,3
0.18 30(1,2,3
0.11 12 (1,2,3
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In the flow field analysis the primaryfocus is laid on elucidating thmixing and
velocity fieldsin CJICFE The ame optical diagnostics setup as described in Seztioh
is used for these studiesith the difference being that tife seeding technique as discussed
earlier. The experiments are designed to explore the flow fields of staggered and parallel
jet configurations while the air splits addatios relevant to the reacting flame conditions
are studied. The flow conditionsrfgelocity and mixing field studies are summarized in

Table2.3
2.10 Autoignition Time ScaleModelling Approach

In addition to the experimentavestigationschemicatime scale modéhgis also
employed in this thesig\utoignition times are calculated using a plug flow reactor (PFR)
model in the Chemkin Pro simulation software as shoviaigare2.21. It should be noted
that autoignition is hard to define here as the vitiated products are at very high temperature
and the typical high activation energytoignitionbehaviarr is not observed, instead the

reactionsoccur almost insintaneously.

Equilibrium

Pilot

Plug flow

reactor

ra

G_as Exhaust
mixer

Main
(jets)

Figure 2.21: Plug flow reactor (PFR) setup in Chemkin Pro used for autoignition
timescalemodelling.
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First, the equilibrium composition and temperature are calculated for a given pilot
fuel-air mixture using an adiabatic, constgmessure and consta@mthalpy equilibrium
model.The pilot inlet composition uses the final product composition from the equilibrium
calculator as the initialization data set. For the pilot inlet temperature, thmaditame
temperature is used to simulate an adiabatic flow from the pilot combustor. However a real
laboratory experiment will include pilot flow heat losses, for example due to cooling flow
around the combustor walls; additional pilot temperatureg¢@®,11500, 1600 and 1760
are used to estimate the variation of autoignition time scale with heat losses in the pilot
flow. The final product composition equilibrium calculatand varying temperatures
constitute the pilot flow, which is mixed with the dilution air from the jets in an

instantaneousdiabatic, nofreacting gas mixer.

The plug flow reactor (PFR) code solves the &nergy and momentum equations.
San Diego chemicahechanism is used fdneé CH; - air chemistry{71]. The starting axial
postion for the PFR is zero cland the ending axial position is varied for each case to best
resolve the data points near the ignition process while achieving almost complete
combustion marked bthe product temperature approaching its maximum valueallyin
the products from the PFR are passed to the exmaodel which records the output

conditions.
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After completing the parametric study for different fa@l mixtures, pilot
temperatures and pilpet mixedness, the output dasaanalyzed irMATLAB to calculate
the autoignition times based on temperature rise and peaks of H and HCO radicals. The
mod reliable, consistent and physically meaningful definition of autoignitionisriceind
to be the one based on temperature profile across the PFR. In this study, autoignition time
is defined asesidence timeithePFR wher e t emper &(Taall Eniial) | S€ i S
as shown irFigure2.22. The MATLAB code used to calculate and plot autoignition times

is attached iRPPENDIX E
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CHAPTER 3. FLOW FIELD OF CJICF

The flowfields forconfined jets in crossflow (CJICRyeexamined in this chapter
for two types of jet configurationparallel (unopposed)ets and staggereapposed jets
(also denoted simply as staggered in the followifigg low-speed planar and higgpeed
(10 kHz) stereo PIVsetups described in Chaptea used to obtain particle scattering
images to explore mixing arwlculatevelocity fields of CJICF for conditi®relevant to

the RQL and LQL flame studies presented in Chapters 4 and 5.

Firstly in Section3.1, the mixing field is analyzed for neneactingCJICF for the
two configuratiors for a range of air spli{0.28 0.71)andJ (12i 75) ratiosto elucidate the
jet-crossflow, jetjet and jetwall interactions and their effects on mixing and uniformity of
the flow. Secondlyn 3.2, preliminaryplanarPIV results are presented to compare the
reacting and nomeacting CJICF flowfieldsThirdly in Section3.3, the velocity field
results from nosreacting high-speed SPIV technique are presented for the two

configurationdor fixed air split andfor fixed J values

3.1 Mixing Field

This section presents the results from mixing analysis pertbtsieghigh speed
(10 kHz) planar imagingf particle scattering with nereacting, room temperature jets
As shown inTable 3.1, two jet configurations: parallel (using 2ptgets) and staggered
opposed (using all 5 jets, i.e., the configuration usedast ofthe reacting experiments)
are compared at low to highratios to elucidate the effexof jet configuration and

momentum ratio on mixingThe two uniformity metricsUrms and Usym as defined in
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Equation(2.7) and Equatiorf2.8), are used to quantitatively compare the mixing behavior
of each jet configurationResults are presented for three plaassdefined inFigure
2.13(b), whereplane 1 passes through the centerlinthefmiddle bottom jefplane 2is

the intermediate plane between the bottom and toanet plane 3s atthe center of the

top jet farthest from thepticd accessvindow.

Table 3.1: Nominal conditions for mixing analysis experiments.

Jet configurations J ratios |Planes
Paralel (2 jets) 12, 30, 751, 2, 3
Staggered-opposed (5 jejdp, 30, 751, 2, 3

First, we examinehie Usym metricfor parallel jets as indicatedby dashedinesin
Figure3.1(a, b, ¢. Generally, aross all threplanes, the flow becomes more uniform (top
to bottom) moving downstregras seen by the decreas&Jgmwith increasing/d. Planes
1 (Figure3.1 (a)) and 2 Figure 3.1 (c)) areoutside the initial jet regiofor the parallel
injection configuration. In these planethe jet fluid for eachl condition is entrained by
the crossflow ands dispersedalmostevenly across thiength and théneight of the test

section as shown by nearly zéggmvalues

In plane 3 fo the parallel configuration, which is the center plane for one of the
injected jets, the least amount of fopttom uniformity might be expected. This is evident
in Figure3.1 (c). The resultsuggest that for the lowcase J = 12), the jet turns rapidly
andmostly stays near the bottom half of the test section height, as indicatied Bym
value going from positive to negative after ~ 1 jet diamdtevnstream of the injection

location. For theparallel jets withmediumJ (30), the jet fluidpenetrates towarde
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bottom wall before turninginceUsymis nearly zero at the injection locati@ndthenstays

partlyin the bottom half of the test seatias the flowprogresses downstream.
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Figure 3.1: Uniformity numbers for planes 1(a and d), 2 (b and e) and 3(c and f)for
J =12, 30, 75 with two jetgparallel) and five jets(staggered)

For theparallel jets witthighJ (75), the jeésimpinges stronglyn the opposite wall

as evidenced bysym~ Oatthe injection locationFor highJ, alarger amount of jet fluids



dispersed in thepper portion of the test sectias indicated by the lesseegativeUsym
valueswhen compared to the low&(12, 30)case, suggesting rapid mixing due to higgh
amount ofet-wall interactionathigherJ. These effects af ratio on jet trajectories are also

illustratedin the mean scattering images showigure3.2 for plane3.

For the staggeredpposedonfiguration theresultsfor Usym in plane 3 Figure3.1
(©)), now passing througine center of a top jahdicate thathe lowJ (12)and highJ (75)
cases provide better tdgttom uniformityin the downstreanregionswhencompared to
the mediumJ (30) case For lowJ, the jets turn well before reaching the opposite wall, and
interact with the opposed jets, likely breaking up and mialnggwith the crossfloviluid.
For highJ, rapid mixing also occurs, though ndikely due to thempingement orthe
opposite wallswhich helps in redirecting the vertical momentumihiec r o s sf | owoé s
direction TheUsymmetric in plane XFigure3.1 (a)) suggests that for high better top
bottom mixing occurgloser to the jet injectiopossiblydue tothe wall impingementas
well as due tdnteractionof the opposed jets. Jet fluid in all the cases reaches plane 2
throughtransportof jet fluid from lateral jet fluctuationas illustrated irFigure3.3. The
trends forUsymin planel of the 5 jets configuration are similar to that of pl&eince
both the planes are at the center ¢gétasandwiched between two jets from the opposite
wall and hence represent a similar flow field. Across the three planestatigered five
jets with highest] provide the best tepottom uniformity going downstreanin the test

section. This is consientwith the average particle scattering images showiguare3.2.
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J=12, 5 jetsP3

J=30, 2 jetsP3 J=30, 5 jetsP3

J=75, 2 jetsP3 J=75, 5 jetsP3

Figure 3.2 Average particle scattering images illustrating the effects of jet
configuration (left vs. right) and J ratio (top vs. bottom)on jet trajectories and mixing.

Overall, n Figure3.1 (d, e, f) decreasig Urms values with downstreandistance
suggesimproved mixng of jet fluid with the crossflowAgain, thestaggeredonfiguration
for planes 1 and 3 show similar trends for the reasons discussed abonsistent with the
Usymresults the Umms valuesalso show better mixing achievedvith downstreandistance
as the jet momentuis increasedAgainthis ispossiblydue to stronger jget and jetwall
interactionsat higherJ values Thus one might conclude that increasing il the jets
will always tend to enhance mixing, though with diminishing reséitsoss different

planesUmsis a better representative of the uniformity variation. As depictedyure3.1
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(d, e, f) theUrms values towards the end of the test section are closely matched between
the different planes, suggesting that the jet fluid is well dispersttkiateral direction

andnearlyuniformly mixed with the crossfw acrosghe differentplanes.

J=30, 2 jets, P4 J=30,2 jets;P1

J=12, 2 jetsP1 (d) : J=75,2 jets,P1

J=75; 5 jets, P4 J=75,5 jetsP2
k nly main 'se

Figure 3.3: Instantaneous images of particle scattering for plarsebetween jets in the
parallel configuration (a-d) and staggeredopposed configuration (e,f) showing
lateral jet penetration.

The lateral movement of the jet fluidl illustrated through instantaneous particle
scattering imagesfrom the offcenter planes for the parallel and staggered jet
configurations (se€igure3.3) for the threel values. These results are consisteitih the

Urms plots shown inFigure 3.1. For example forJ = 30, the onesided paralleljets
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configuration Figure3.3 (a,b) showsthedispersiorof jet fluid in plans 2 and 3 that mixes
with the crossflow and bemes fairly uniform downstream. Comparing the parallel jets
configuration for lowJ (12) and highJ (75) in Figure 3.3 (c, d), the highJ case attains
faster mixing into pland due to wall interactionsIwo results are shown fohe highJ

(75) casein the opposedtaggered configuraticat plane 2 Figure3.3 (e)) shows a result
with the jets seededyhile Figure 3.3 (f) presents a result when the seeding is reversed,
i.e., thecrossflowrather than the jets isealed. In these casethe similarnty in the
downstream regions of the partiskeattering images shows thlécrossflow and jet fluid

arewell mixed.

The high J (30, 75) staggered jets configuratiarorrespond most closely to the
reactingcasegresentd in the RQL (Chapter 4and LQL (Chapter 5ktudies Therefore,
it is useful to summarize an important finding for mixing in these cases. Throubleout
transverse direction in the test sectibnth uniformity metricgpresented irFigure 3.1
revealthe flow is nearly uniform within a short distandewnstream of the jet injection
location (~ 47 6d;). This result will beimportant to understanding the extent of the

combustion zone for the reacti@gICFflows.

3.2 Mean Velocity Field of Non-Reactingand ReactingStaggered CJICF

Initial velocity measurements were obtained forsteggered CJICEonfiguration
using a low speed (15 Hz) planar PIV setap described in Sean 2.7.1.1 Given the
limited optical access limitations under reacting conditions, but the ability to make much
higher quality cold flow measurements, the gddhese experiments was to determine the

similarity between the nereacting and reacting flowfields.
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Figure 3.4: Mean velocity field of staggered CJICF using low speed PIV at split = 1.3.
(a) Plane 1, nonreacting. (b) Plane 5, norreacting. (c) Plane 1, reacting p = 1.3. (d)
Plane 5, reacting. p = 1.3.

Mean velocity fields are presentedkigure 3.4 for both nonreacting (preheated
air but unfueled pilot combustor) and reacting conditions. As described in Chapter 2, the
PIV laser sheets entered the test section from the itaghow at an oblique angle. Thus
the laser illuminatea trapezoidalegion in the test sectioasillustratedin Figure2.12 (a).
The results inFigure 3.4 clearly illustrate a major drawback for obtaining high quality
velocimetry data in this arrangement; the inability to capture the full vertical extent of the
jet flow. In plare 1 (defined irFigure2.12 (b) and shown irFigure3.4 (a) and (c)), the
middle bottom jet can beisualized starting fronthe jet exitto a heightjust beyondthe
middle of the test sectioifo captureghe remaining portion of thet, plane 5 (defined in

Figure2.12 (b) and shown ifrigure3.4 (b) and (d)) is usedssuming the middle bottom
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and the top jets are symmetric on average, tiodgctively represent the flow features of

ajet that is interlaed between two opposingge

It should be noted thdhe PIV diagnostics iadversg effected by the reacting
flows due toreduced seed density and increased background refletmnsthe seed
particles adhering to the wiod. As a resultonly ~25-30 instantaneousmagesfor the
reacting case (and 500 images tfog non-reacting caseyere used to compute the mean
velocity fields shownin Figure3.4 (c, d). Hence, these results provide only a preliminary

understanding of the flow field.

Generally nonreactingconditions(bottom imagesproduce asimilar (average)
flowfield to the reactig casgupper imagesin both measurement pland$e jet widths
are similar, and thgets penetratanearlyvertically, impacting the opposed waillith most
of their vertical momentum intacs seen ithe far field of the downward moving top jets
shownin Figure3.4 (b) and (d). Byond~4d;, the reacting jet turndownstreammore than
the nonreacting jetbutthedeflectionis still small (ess than ~3(). Asthe mass flow ratio
is roughlythe same in both reacting and A@acting cases, the differencedaflection
couldbe attributable to thenomentum flux ratioln other words, e value ofru for the
crossflow is nearly unchanged with the addition of fngéhereacting caseso it is likely
that the increase ide due to combustion in the pilot burner leadgh@increase ir{r U?)p
or decrease i) which causedarger deflection for the reacting jet.The increased
momentum flux of the crodtow may also cause the difference seen in the-helak,

specifically the leeward side of the reacting jet expanding farther downstream (image (c)),
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though this could also be due to the low number of imagestasg@duce the average

reacting average flowfield.

These results establish that many of the essentialféamres othe CJICFare
similar in reacting andon-reacting environment3 husfurther analysis of CJICF velocity
fields is performed using a higresolution setp under nofreacting conditionswhich
allow a laser sheet to enter from the exhaust end with the use of a protective mirror box,
thus illuminating the entire height of the test section and providing a much larger field of

view.

3.3 Velocity Field of Staggered and ParalleCJICF

The velocity field resultor nonreacting staggered (5 jets) and paralled(3 jets)
CJICF configurationaising the high speed (10 kHz) SPIV setup described in Section
2.7.1.2are presenteldere Results are shown for two image pla@senomenclature from
Figure2.13(b)). Planel, shown in the left images of the grosipf figures presented in this
section is the center plane of the middle bottom jehile plane 2 shown in the right
images is the center plane of the top jet farthest from the test section wintus.
arrangement of imagewithin the figuresis used consistentlyn this sectionunless

otherwiseindicated

Note that plane 1 contaipgsses through the centdra jet exit in the staggered (5
jets) and3-jet parallel configurations, but fadhe 2jet parallelcase plane 1 liesnidway
between the centers of theo jetexits, sait does not contain an initial jet region. Plane 2
can beadescribed as an intermediate plane for the staggered (5 jets) configuration, where it

lies between the closely sgatedges of the interlacing bottom and topejats Forthe
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parallel (2 and 3 jets) configuratiahjs best to describglane 2as passing alonipe edge

of a jet injection holeln the figures presented below, x = 0 is at the center of the jet
injection plane inthe axial direction while y = Orepresents a heigl®0 mmabovethe
bottom of the test sectipthe vertical zero location isased(arbitrarily) on a reference

point choseron the calibratiortargetplateshown inFigure2.15.

3.3.1 ConstantAir Split (1.3) CJICF Configurations

Results for the mean velocity fields are shawfigure3.5 for a fixed air split of
1.3. The vertical velocity componentj is indicated by the colorhe total velocity
profiles using vectorsare overlaid on top of the color maps specificheighs in the test
section tovisualizeprimarily the jet characteristics such as flenetration depth arjdt
width. As indicated in the low resolution preliminary PIV results presented in S&:gon
the jetgpenetrate across the entire test section height to the oppositeThals besseen
in Figure3.5 (a, c)in theresults for plane yhich cuts through a jet center for both the
staggered and-j&t parallel casesIhe jet widths are alsseenclearly inFigure3.5 (a, c)
for thesetwo configurationsAgain cnsistent with th@reliminaryfindings the jet widths
remain fairly constantMore specifically, the width of the jets increase by only ~50% in
going from a distance just above the initial (bottom) wall and the locatiorelney nearly
impact the opposite (upper) wall.is interesting to note thahé jet is also wider for the 5

staggered jets than the 3 parallel jets when compé&iqge3.5 (a, c).
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Figure 3.5: Mean Vjy field (color) of CJICF (Split = 1.3) and velocity vectors at
different heights for plane 1 (left) and plane 2 (right).(a, b) 5 staggered jets) = 252.
(c, d) 3 parallel jets,J = 701. (e, f) 2 parallel jets,) = 1578.Note the different color
map scaling for each result.

The velocity results shown in Figure 3.5 (d, f) for the parallel (singlsided)
configurationsreveal the presence of jet fluid in the edge plane (2)agaih showjet
penetration to the far wall.he results irFigure3.5 (e) show the influence of confinement
on singlesided jetsThe white region with downward velocity that figure suggesthat
jetflud( or possi bl y -fléweflnid) foathentwoddownwardiparalel jets

laterally spreaslinto plane 1n the bottom third of the test section, ireaerthe opposite
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wall. Thismay besurprising since plane i$ midway between th&vo jet centersand is

~0.5d; away from the closest edges of the.jets

Finally, the intermediate plane (at the edge of both upward and downward jets) for
the staggeredpposed configuration shown Figure 3.5 (b) reveals a more complex
flowfield. Both downward (white region) and upward (red/yellow region) moving jets are

present; this flow field is clarified through the following streamline analysis.

The twedimensional streamlines based on the average velocity field, along with
the mearvelocity magnitudes for all three jet configurations are showigare3.6. Keep
in mind that what appears to be the streamline sinks/sourdggure 3.6 are likely an
artifact of presenting an unsteady thodmensional flow field using averaged two

dimensional streamlines where the fluid laterally moves to/from the othexsplan

First, the staggeredpposed CJICF configuration shown kigure 3.6 (a, b) is
analyzed. This configuration is the most relevant case for understanding the R QQlan
studies described in Chapters 4 and 5. As revealedyure 3.5 (a), the air split (1.3) in
this case is high, such that the jet penetrates to the top wadluvinuch deflection as the
center streamline in the jet deflects only by ~@.%or a travel height of &. As noted
previously, the jet width also remain fairly constant (spreads tod)1aS indicated by the
distance between the windward and leewandamlines. The centerline jet velocity
remains nearly constant up to ~8.and drops to ~50% close to the top wall prior to
stagnating. This means that the bottom jets reach the top wall with much of their

momentum intact.
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Figure 3.6: Streamlines with mean velocity field of CJICF obtained using 10kHz SPIV
setup with Split = 1.3 for plane 1 (left) and plane 2 (right). (a, b) 5 staggered jet3=
252. (c, d) 3 parallel jets) = 701. (e, f) 2 parallel jes,J = 1578.Note thedifferent color
map scaling for each result.

Thisresults in @e of the most imresting flow features of CJICF, i.thefisplastd
region that is clearly shown inFigure 3.6 (a) in the upstreanmat the top wallby the
streamlinegorming alarge recirculation region. Ehvelocity in this recirculation region
is very low indicating a high pressure stagnation zone. This stagnation zone creates a

blockage for the oncoming crossflow whichtlenpushed downwards as shown by the
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descending streamlines upstream of the windwside of the jet. The descent thie
crossflow streamlines is noticeable up-f; upstream ane1d; above the jet exitAs the
descending crossflowpproaches the jet, it is entrained upwardthe windward shear
layer of the jet asseenby the streamine turningupwardsharply close to the jeiThe
stagnation region on the windward side is also clearly evident where the density of

upwardly entrained stamlines increases drastically.

On the leeward side of the jashown inFigure 3.6 (a), firstly there seems to be a
velocity node indicated by a source of streamlines near the bottom walbcthis ashe
fluid in the upward moving high velocity jet tries to eaitn the slower fluid thatraveled
axially and aroundhe jet The streamlinethat seem tariginate near the bottom wall on
the leeward sidéollow two distinctly diverging paths, i.e., some of the streamlines are
entrained upward by the jets, while tt@maining streamlines stay near the bottom wall
and travel downstrea havingmostly axial velocity. An almost zenelocity recirculation
region on the leeward side of the jepresenbetween these diverging pathhbere some
of the recirculating fluid ges upstrearfopposite to the crossflovipefore being entrained

back downstreamybtheaxially moving fluid near the bottom wall.

In plane 2, the velocity result for staggered (€igure3.6 (b)) alsorevealthe two
recirculation regionseen in plane In the upstream and downstream of the jets. The
downstream recirculation region plane 2hasa similar shape buits smaller in size as
compared telane 1, indicatig the three dimensionality of these recirculation regibns.
plane 2, the regiois not directly behind the jet but on the edge where the jet imposes lesser
blockage on the crossflow. The upstream recirculation regieigure3.6 (b) has a distinct

shape withwhat appears to b&vo recirculation coresThis occurslikely due to the
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intermittently present upward and downward moving jet fluid in that regibicth should

be clarifiedby examining soménstantaneouselocity fields These recirculation zones
provide high residence times for the fluid and effect mixing in these regions, a phenomena
that will be later correlated with the flame characteristics in RQL [2QL studies in

Chapter 4 and 5.

Upstream ofhejets as shown in plane Figure3.6 (b)), the crossflow streamlines
descend much closer to the bottom wald thecrossflow appearsto accelerate and
squeeze through between tiwtomjets wherat would experiencéesser obstructioffom
thetop jet fluid. The obstructiohy the bottom jet fluid on the top wall sgherthan that
by the top jet fluid near the both wallsince more mass (1.5 times) is injected through the
3 bottom jetsthan the 2 top jetsThis also means that the impingementtatop jets on
the bottom wall is not as strong as the impingemetiteifottom jets on the top wall, since
the locald ratio near the bottom waih the center plane of top jetould decrease because
of the accelerated crossflow flyidausinghe top jetgo deflect moren thedownstream
direction.If there were equal number of jets and mass flow from the bottom and the top, it
the crossflow would be expected to divert towards the middle of the test section height. In
that case, similar upstream recirculation zones would be expected both on thedratto
top walls. It is likely to have an annular combustor where the number of holes on the inner
and outer casing are not the same, hence thibdtipm asymmetric jet placement is still
of practical importanceFigure 3.6 (b) also shows thathé descending crossflow
streamlines that are above ~@.Beight diverge upwards d&isey are passing the jets due

to entrainmenby the upward moving jets.
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For the same air 9pl(1.3), as either side of the staggered 5 jets are turned off, all
the dilution air is pushed through the 3 bottom or 2 toptlets causing an even strong jet
impingementForthe 3 parallel jet{Figure3.6 (c, d)), there are no oppigy jets, thusthe
upstream recirculation region is much larger, extentiegpndthe field of view and is
~3d tall. Downstream, as most of the fluid from the parallel jets ends aipthe top wall
(at least within the field of view), a huge recirculation region seems to be present which
againis apparently centered beyotiek observatiowindow inthedownstream direction.

Both planes 1 and (Figure3.6 (c, d)) show similar flow features except that in plane 2 the
crossflow passes through near the bottom wall (since no obstructing jet is present in this
plane) and is entrained upward by the kegure 3.6 (f) is similar (but inverted) t&igure

3.6 (d) since it also represents the edge plane (2) 2getparallel configuration.

In Figure 3.6 (e), which is the midway plane between two parallel jets, mostly
crossflow should be present along with some higher velocity downward moving jet fluid.
The pstream high pressure recirculation region extends in this plane as well, and the
crossflow likely moves around it (towards the top wall) though this is taking place beyond
the upstream edge of the observation window. What is seen in the imaged regmn is t
descent of the crossflow fluid as it passes the recirculation zone and accelerates near the

bottom wall!

Since timeaveraged results often do not reveal important features of the time
resolved flowfields, example instantaneous velocity fiédCIICF casesare showrfor

plane 1 Figure 3.7) and plane 2Kigure 3.8). The background color ithese figures

This observation will become more evident in results presented in the next section.
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representghelocal Vy (vertical)componenthigh upwardorangered)or downward(blue-

white) vertical velocity regions indicate the presepaenarily of jet fluid.
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Figure 3.7: Time sequence of instantaneous images staggered jets configuration in
plane 1 for air split = 1.3. Image shown int =0 is frame 90 @t ns NateQ®
different color map saling for the first image in the sequence (a).
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For the staggered configuration, the results from planeFigure3.7 (a, b show
sudden changes in the velocity at ~l.%eight, likely due to lateral movement of the
bottom jet. This could be caused by the top jet or crossflow interacting with the bottom jet.
The bottom jet returns to the center plane in this lower regidnina200-300 s, but the
process appears to repeat siydtiereafter, with the jet being pinched midway Eg(re

3.7 (e, 1)). This suggests significant lateral dadtion of the jet fluid is occurringften

This lateral movement of the jethould alsde present in the intermediate plane
(plane 2) which isclearlyevidentin Figure3.8. As expectedvith staggeredpposedets
(Figure 3.8 (a-d)), both upward and downward movirjgt fluids, which originated from
the bottom and top jetsan be simultaneously presenttliis plane that sits at the edge of
both jets Conversely, the paralletj@t configuration (shown ifrigure3.8 (e-h) does not
have opposing jets from the top; hence the only high vertical velocity fluid observed is
upward,associated witlthe bottom jetsFurthermore, the instantaneous jet structure for
the parallel configuration changéess than for the staggered case. The bottom jet is nearly
unbroken as it moves towards the top wall for the parallel case, whereas the staggered
results reveal large pockets of fluid from one jet, separated by pockets of fluid from the
other jet. Thus wgggests significant jget interaction in the staggeregpposed

configuration, with large scale structures rapidly created in the shear layer between the jets.

For the staggered case, the instantaneous results alsaleko@nding fluid near
the bottomwall, but upstream of the windward sid#f the bottom (upward)ets. As
mentioned previously, the upstream recirculation regjion Figure 3.6 (b)) areformed
with the intermittent presence of upward and downward moving;fthid is consistent

with theinstantaneougesultsshown inFigure3.8 (a-d). On the leeward sidef the ttom
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jets, and in the regionear the bottom walinoderate sizetructures with high upward
velodty occur. These structures could be due to fluid from the upward jet being sheared
near the jet exivy the crossflovand carried downstreaimto the low pessure wake region

With increasing distance, these structures grow taller extendingiearthe bottom wall

to ~midway of the test section height. The fluid in these structtwafd be entering this
plane due to lateral motidrom other planes Someof this fluid could also be originating

from the top jet after impinging onto the bottom wall where it mixes with the crossflow
and the bottom jefThis is shown by the pockets of upward moving flthidt grow from

the bottom wall towards the top wall.

Reurning to the mean velocity resultdet vorticities of the mean fields are
presented irFigure 3.9, illustrating the jet trajectories, shear layers and the recirculation
regions. Comparing the staggered axdtdarallel cases in plane Eigure3.9 (a, c)), the
jet trajectory for the staggered case turns more than for the parallel configuration. This is
most evident by following the low vorticity (white) region that marks the jet centerline.
The windvard and leeward shear layers for the staggered jets are also wider than for the
parallel jets. This is likely due to the interaction between the interaction between the
opposed (upward and downward moving) jets in the staggered case, which is abgent in th

parallel configuration.
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Figure 3.9: Mean vorticity field of CJICF ( Split = 1.3) for plane 1 (left) and plane 2
(right). (a, b) 5 staggered jets,) = 252. (c, d) 3 parallel jets,) = 701. (e, f) 2 parallel
jets, J = 1578.Note thedifferent color map scaling for each result.

This interaction between the jets on the opposite side causes the distinct vorticity
field of staggered jets in the edge planeg)wn inFigure3.9 (b), whereas the parallel
vorticity field in the edge plané-{gure3.9 (d)) shows the presenceaitrained crossflow
fluid and the presence @t fluid due to lateral movement and jet sguting. Asdescribed
previously and for the same reasons, the vortiatd of the 2-jet parallelcasen the edge

plane (Figure 3.9 (f)) is similar to thatfor 3 parallel jetsFigure 3.9(d)). The upstream
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recirculation zone for 2 parallel jets in the midway plane (Bigure 3.9(e)) is also

consistent with thaghown by the streamlin€Bigure3.6 (e)).

3.3.2 Constant J (75) CJICF Configurations

The previous results compared the different jet configurations for a fixed air split
ratio. As JICF flowfields are often parameterized by their momentum flux ratio, this section
performs a similar comparison of jet configurations for a fixedlue of 75Results based
on the meawelocity fields at the same planes, and laid out in the samengementare
presentedThe air split forthe five staggeredand opposed jetsand the3-jet and 2jet
parallel cases a@.71, 0.43 and 0.28as the number of @pating jets is reduced, the air
split decreases correspondinghiheresults in this section are compared with those from
Section3.3.1to examine the effects ofrasplit andJ ratios onthe meanflow featuresof

CJICE

The jet penetration and width for the staggered ajed Barallel cases in plane 1

are shown irFigure3.10 (a, c). The overall jet features are similar to those seEigure

3.5 for the higher air split (1)3 Even at these lower air splits, the jets clearly show
penetration to the opposite wall, though the jet width increases slightly makg #2n

it approaches the opposite wall compared to the high air split (1.3) cases, which gave jet
widths closer to-1.5d;. As might be expected, the jet trajectory turns more for the lower
air split cases, which all have lower momentum flux ratios than the previous results. The
biggest difference in jet features is seen in plane 1 for-feeparallel configuration,e.,

by comparingrigure 3.10(e) for lowJ (75) and air split (0.28) witlrigure3.5(e) with a

much higheid (1578) and higher air split (1.3). As expected, the jet turns much faster for
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low J, as indicated by the presence of a wider region of downward moving fluid in the

middle of the test section Figure3.10(e).
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Figure 3.10: Mean Vy field of CJICF (J = 75) and velocity vectors at different heights
for plane 1 (left) and plane 2 (right).(a, b) 5 staggered jets$Split=0.71 (c, d) 3 parallel
jets, Split=043. (e, f) 2 parallel jets Split = 0.28.Note thedifferent color map scaling
for each result.
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