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SUMMARY

The effects of combustion on the hydrodynamic stability of shear flowgsapia
that has warranted attentirom researchersver the last fifty yearsThis is becausef
the wide range ofpractical devicesthat employ combusting flow configurationEhe
hydrodynamic instabilities in these shear configuraticens respond dynamically to the
presence of combustipproviding a pathway towards combustion instability, a highly
undesirable if not dangerous operational state. Assessirgpmglex coupling between
the flow stability and combustiom these highly turbulent flow configurations is a
challenging task and tn researchers are limited either by computational costs or the
difficulty in experimentallyextracting high fidelityflowfield information from reacting
flows. In addition, thesenulti-dimensional systemare highly sensitive to its initial and

boundaryconditions, parameters that are not always easplate.

This thesis seeks to expatie understanding dhe effect of combustion on the
hydrodynamicbehaviorspecific to the jet in crossflow (JICF)h& JICF is a canonical
shear flowthat ispresentin a number opractical configurationgicluding industrial gas
turbines.Its complex flow topology, heavily influenced by underlying hydrodynamic
instabilities, makes it an attractive configuration to implement whihe mixing
performance is criticaBut, even in its most simple manifestatibm@ single reacting jet in
crossflow, there are a number of governing parameters including the momentum flux ratio
(0) and the density ratioY as well as jet sizeq)) thatsignificantly change théowfield
dynamics Considetthe presence of a flame and there are now a myriad of new parameters

that can have an effect on the flow physidss consequentlyncreases the dimensionality
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of any design problem trying to incorporate this configuratica pnactical systentGiven

the computational cost of simulating such a complex systenglobal behavioof a JICF
configurationis usually approximated through empirical models. Given that reacting
flowfield are relatively poorly studied, these modgiz e scalings based on nogacting
flow physics Given that combustion can fundamentally chanipe underlying
hydrodynamics there is a need to quantify these effects to help incorporateftaetse

into the design process.

This study seeks to addrefiis gap inliterature on how exactly combustion
manipulats JICF physicsPrevious workhas shown that combustion has a suppressive
effect on the growth of shear layer instabilities in a JIBi combustion itself cannot
usuallyassumed to have a global effect on a flow configuration as subtle differences in the
local heat release or density stratification can casigaificantly different stability
behavior. Thus, this work expands the parameters of interest for an RJICF @iidigto
consider the effect of moving the flame position with respect to the shear layer, in addition
to the effects of changing and "Y A series of experiments were designed around
systematicallyarying these parameters with the objective of capgunighfidelity flow
field datausing high-speed time resolve8tereo particle image velocimetry (SPIw)
describe the velocity an@H- planar laser induced fluorescence (BHIF) to infer the

flame and reaction zone structure.

The velocity data was usdd extract metrics correlated with the shear layer
strengthallowing for the spatial growth rate to be assessed across the different experimental
parameters. To this effect the range of momentum flux rafios) o mand density

ratios, T L Y p& uvwere drosen based oguantifying the shear layer growth across

XXV



conditions that lay on either side of the convective to global instability transition (

p fiY & (. For the reacting casesvo flame configuration$ one with the flame
outside the shear lay@iR1) and one with the flame insid®2), were used to observe the
effect of changing the location of local heat release with respect to the sheardeater.
results indicated thadtructural characteristics of the JICF including trowth of shear
layer instabilities and the turbulent breakdown of the jet structure lmiginé/ dependent
on the presence of combustion as wellMmit were weakly dependent onMoving the
flame inside the shear layer was also noted to have a ticagffact on the flow topology

leading to the almost complete suppression of vortex rollup in the nearfield.

Time-resolved SPIV data was further used to extract the characteristic frequencies
andenable the classification of instability behavior (conwects globally unstable) based
on the spectralharacteristicsAttempts to collapse the dependencies of these characteristic
frequencies with a Strouhal numbér}led tothe understanding theensity stratification
influences both the characterisiiéngth scales as well as the characteristic velocity scales
of the shear layer instabilitiesThis observation was used twllapse the effect of
combustion for the R1 type configurations by representing them through an analogous
stratification parameter but was unsuccessful in collapsing the behavior for cases where
the flame lay inside the shear lay&?2). Thus, the effecof combustion was noted to be
highly configuration specifidn some cases it could be explained purely by accounting for
the impact of the flame througjuantifying the imposed stratificatiowhile in other cases,
the presence dbcal heat releasbada significant impact on the vorticity dynamics and

shear layer stability unrelated to any imposed density stratification.
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Based on the extracted stability characteristics including the growth rate and the
transitional behaviorthe traditional JICF pararters U and "Ywere unable to uniquely
describe the stability behavior of both A@acting and reactingonditions in this study
Thus,the countefcurrent shear layer (CCSL) model was evaluated to try to addrebg this
mapping the parametassind"Yinto a new set of parametersthe counter current velocity
ratio and’Y, a density ratiavhich is equivalent to'Yfor NR cases but attempts to capture
the flame imposed density stratification in the reacting casesstability behavior of the
NR and R1 casewxllapse well in théY ¥ parametric space and show good agreement
with theoreticallypredict transitionalzalues for these parameters. The R2 cases, on the
other hand, further demonstrate tkia¢ topology of this configuration is fundamentally
differentand therefore its impact on the flowfield cannot be simply quantified thrihegh

parametersy or ¥.

The Y ¥ mapping demonstrated that transition through global instability
occurred through two pathwaysl) through increasing the magnitude of counterflow and
thereby reachingg  similar to a CCSL and 2) through the reduction in density and
transition via3 . This has broader implications on tesign of JICF experiments since
the dependence betwesrand ¥ is not unique To understand which pathway to global
instability will be dominantequires characterizingp¢ boundary conditions of the system

in order to obtain tis mapping from)to ¥.
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CHAPTER 1. INTRODUCTION

Counter-rotating vortex pair
7\ Axis of the jet

Shear layer

Flat wall

Upright vortex

Wall vortex

Horseshoe
VOrtex svstem

Figure 1.1: JICF schematic detailing major flow features[1].

The jet in crossflowWJICF) is a flow configuration that, in many forms, is ubiquitous
in many practical aerospace/thermal power systems. In essence, the flow configuration
consists of a single jet injected transversely to a crossfiatcan form a small part of a
much large flowfield, for example, cooling jets along a combustor lif@&ror, even the
focal point of the system, as in the case of an axially staged fuel jet in a gas f8fbine
The term JICF has come to encompass a diverse set of flow ityglesling multiphase
flows such as,liquid jets injected into a gaseous crossflow, granular flows on an
atmospheric scala.e. volcanic plumesor compressible flowsike jets injected into a
supersonic crossflow. This thesis will focus on the subtype of spiglse gaseous jets

injected transversely into a gaseous crossflegurel.l).



While there are a plethora of implementations of single phase gaseous JICF, the
practical applications most relevant to the conditions studied in this thesis are gas turbine
combustor flowields where the JICF is a popular choice of mixing two fluids due to its
excellent mixing behavior and ease of implementation. As a result, its implementation is
highly intertwined with combustor design ggasich as reducing emissions, controlling
the mattern factor through mixing, avoiding therracoustic instabilities and improving the
efficiency [4]. Despite its simplicity, analyzing the behavior of transverse jets in a
combustor environment increases the number of design variables and expands the
parametric space. This has motivated over half a century of reseatehlmhavior of this

canonical flowfield[5, 6].

This chapter will provide some background on the wealth of literature that has laid
the foundation for JICF research and explore the gaps which motivate the current study.
Sectionl.1will cover the implementation of JICF in practical applications limited to gas
turbine combustors to provide motivation for the study of JICF behavior from the
perspectie of combustor design. Sectibr2will cover the fundamental global parameters
for nonreacting and reacting JICF. The complex coherent structures that form the JICF
flowfield and associated hydrodynamic instability behavior will be cover8eédtionsl.3
andl1.4. While there are few studies specifically analyzing the effectmbostion on the
flow topology and instabilities in a JICF, there have been a lot of studies on other free
shear type flowfieldswhich provide an important basis for similar analysis in a JICF and
will be covered in Sectiofh.5. Finally, Sectionl.6 will outline the specific research goals

and layou of this thesis.



1.1 Gasturbine specificapplications

Figure 1.2: JICF type fuel injection on a single vane in the premixing section of a
swirl type Lean Premixed combustor; adapted from Schliter et al[7].

In ground power andviation gas turbines, the quest for lowering emissions while
improving efficiency has pushed manufacturers into evaluating novel design strategies.
One such strategy involves premixing the air and the fuel before introduction in the
combustor, and it isagned as Lean Premixed (LP) technology. The challenge is often to
premix the fuel with the main flow containing air to a high degree prior to combustion
while keeping in mind geometric constraints governing the length of the combustor. As a
result, injeding the fuel transversely is an attractive option due to the excellent mixing
characteristics of the JICF. Here, design parameters including the size and shape of the
holeand,the velocity ratio between the fuel and the crstssam are chosen to optinez
mixing while also minimizing the possibility of flashback into the[jdt Typically, the
mixing problem in this configuration occurs in a A@acting enviroment in the

premixing section before the combustion chamber as sdegurel.2.
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Figure 1.3: Schematics of a) radial and b) axial fuel staging concepts in a Liype
combustor; adapted from Correal[3].

While the LP concept is simple, in practice there are difficulties associated with
ensuring leaspremixed and stable combustion at all locations while allowing for turndown
or part load conditions. To achieve this while ensuring lean combustion, axedial r
staging is often used to provide greater control at part load. While the JICF can manifest
itself in either implementation, radial staging typically involves staggered use of multiple
injector assemblies where the JICF is present in a@acting emironment as covered in
the earlier paragraph. Successfully implementing axial staging on the other hand requires

an indepth knowledge of flow physics of the JICF in reacting environment.

Most axially staged combustion concepts involve secondary reaci@through
introducing a fuel and/or a premixed ftat mixture in the combustion chamber or
transition section of a gas turbine. In the case of staged lean combustioRjcaseni.4,
the secondary fuel mixture is injected into a vitiated flow where the high temperature and
presence of excess oxygen, from the lean combustion in the primary zone, allow fer flame
stabilization. Another variant of thetaged combustion concept is manifested in aero

engine, RichkQuenchLean (RQL) type combustors where large JICF type injectors are



used to add dilution air to a crossflow consisting of the products of rich combustion in the
primary burner igurel.5). The primary burner is run at a feréth condition, which has

the added benefit of being more stable, followed by the addition of dilution air to

significantly bring down the flow temperature and burn out the excess fuel while mitigating

NOx emissions.

primary burner (LP)

Axial fuel staging
(AFS)

Figure 1.4: Schematic of a GE DLN 2.6+ combustion chamber with axial fuel
staging (AFS) in the transition sectior{§].

From a design pat of view of either of the staged combustion strategies listed
above, the introduction of a secondary fuel/air source considerably increases the
complexity of the combustor. This is because engine design metrics like efficiency,
emissions generation (paularly NOx) and turbine pattern factor depend primarily on the
local combusting environment in the combustor, which is considerably more complex due
to the secondary reaction zone and reacting jet in crossflow (RJICF). In addition to this,
geometric cortsaints and thermal loss considerations provide practical limits on the length
of the combustor permissible which makes controlling mixing and the flame stabilization

location a key challenge. Thus, RIJICF research has been motivated by the following goals:



1) understanding the sensitivity of global metrics like NOx production and mixedness to
JICF design parameters such as the geometry of the injector, mass flow splits and choice
of fuel [9]. 2) The indepth analysis of the flow physics associated with a reacting jet in
crossflow and the impact of reactions on the known-neawcting flowfield [10]. 3)
Understanding JICF/RJICF behavior in noisy combusting environments and interactions

with unsteady flow phenomena and acoustic instabilities.
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Figure 1.5: a) Schematic of an RQL type combustor architectur¢2] and b) sketch
of a Pratt & Whitney TALON X combustor [11].

1.2 Global JICF dynamics

Before delving into a more detailed revielvrelevant JICF literature, this section
will introduce the primary governing parameters of the problem as well as global jet
metrics for both nomeacting and reacting jets. These parameters often appear as design

parameters while designing the JICRaffeeld in practical combustion systems and thus,



most of the results presented in this thesis will demonstrate sensitivities of both local and

global jet behavior to these parameters.

1.2.1 Jet trajectory

Starting with the canonical description of the flowfield jet of velocity¢é and
density” is injected transversely into a crossflow of bulk velodityand density . As
the jet fluid pushes into the crossflow it bends and deflects until the bulk of its momentum
is aligned with the crossflow. Althobgthe mechanisms involved in this deflection are
complex on an instantaneous basis and involve the redistribution of voiSeatyon1.3),
there isan interest from a design standpoint in simply quantifying the global form or path
of the jet flow, called the jet trajectory. While this may seem simple conceptually, the
choice of flow metric is ambiguous and studies in the past have used varied metrics
including the locus of maximum velocifit2], the maximum scalar concentratifit3],
temperature distributiorj14] or the centestreamline[15]. Pratte and Baine§l6]
investigated the JICF trajectory and provided an empirical scaling based on-tihe jet

crossflow momentum flux ratibwhich is related to the flow quantities by:

0 — 11
0
The scaling takes the form:
O] 12
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wherewandware the horizontal and vertical Cartesian coordin&eis, the jet diameter,
‘Yis the density weighted velocity ratio (referred to as just the velocity ratiégso-density

conditions) and is related th as'Y W0 The constants are empiricaltjetermined
constants and were found to have the vafue£.05 andb= 0.28[16]. Another important

parameter is the density ratio, generally denotetYas” j” , partialarly in practical

applications where there is often a large density difference between the jet and the
crossflow due to the difference of gases or flows with combustion/vitiation. Broadwell and
Briedenthal[17] modeled the JICF flowfield using two countetating vortex lines and
derived an expression, similarfag. 1.2, based on the lift induced by the vortices, finding
thatc= 0.33. Empirically, there is a wide variation in the computed constants and values
from multiple studies wich sparp& 0 c¢&andn& v ® T® T6]. This variance
suggest that there may be other flow parameters which contribute to the trajectory
behavior which may not be captdren Eq. 1.2, leading to Kamotani and Grebgt3]

suggesting that the constant 'Y .

Some studies, including Hasselbrink and Munj@8], investigated the possibility of
breaking up the scaling into two separate models for thefiséchand the faffield region.
This is supported by the hypothesis that the nebrdie has a 6 j,aheithé i ke b
transverse momentum dominates the scaling
behavior governed by the axial momentum deficit. Typically, most analytical scalings of
this type require an entrainment model and essult are considerably more complex than

the scaling presented kEy. 1.2.



Muppidi and Maheshl9] demonstrated thanh addition to the bulk flow parameters,
the shape of the jet and the crossflow velocity profile can have a significant impact on the
trajectory.Assumingthat jet deflection is dominated by crossflow entrainnjig@f rather
than viscous effects or pressure differentjdl§, the Reynolds numbers of the jet()
should have a negligible effe@ifferencesn the momentum distributions of laminar and
turbulent jetdhaveled to observations that laminar jets penetrate deeper into the crossflow
compared with turbulent jets at a fixaédin addition to this, the crossflow boundary layer
thicknessa function of the crossflow Reynolds numb&2 , has a significant impact on
the jet deflection since flows with a large boundary layer will have lower crossflow
momentum entrainment in the nearfield and consequently higher penetatimidering
the crossflow variatioal effects are especially important in developing scalingswiie
nozzle protrudes into the flosausingthe local flow velocity faced by the je&i bemuch
higher than in the flush nozzle cd&d]. The resulting scaling law proposed by Muppidi

and Mahesi19] incorporates the boundary layer thickness as:

13

Where they found = 0.15 and the length scale based on the boundary layer thickhess,

can be approximated as:
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with 6 0.05 aml the effective diameter defined by the expression:

These trajectory scalings make no explicit distinction between capturing the jet in
crossflow behavior undereacting and nomeacting conditionsdespitethe fact that
exothermicity/sharp density gradients can have significant impact on global shear flow
behavior. Most nomeacting scaling models are based on mass entrainment of the
crossflow into the jet by # countefrotating vortex pair, a flow feature which will be
covered in greater detail Bection1.3. The models suggested by Broadw&ll] and the
vortexpair model suggested by Karagoz[@2] to capture the flame length both assume
that the global RJICF structure is fundamentally similar toneaicting cases. While some
experimental widies of reacting jets and flames have supported this assumption by
demonstrating qualitatively similar large scale features in the flowflgld3] and similar
trajectories[24], others have demonstrated that the scalings are unable to capture both
reacting and nomneacting behavior accuratdl®5-28]. For the most part, reacting jets have
similar behavior in the near figlavhile in the far field the jets tend to penetrate further,
along with a longer potential core. hcould be because of a decrease in crossflow
entrainment due to the flame/exothermicity as well as the presence of gas expansion in the
leeward, typically low pressure, wake region of the fl@}. In addition, the discrepancies
between nofieacting and reacting jets were significantly less at high momentum flux

ratios[26, 27].
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1.2.2 Flame stabilization in reacting jets

Figure 1.6: Schematic showing the different types of flame shapes/stabilization
regions in RJICF flowfields; a) fully attached, b) windward lifted/leeward attached,
c) lee stabilized flames, and d) fully lifted flame§29].

The wide variation and somewhat contradictory findings in RJICF studies suggest
that even with respect to global metrics like the jet trajectory, combustion cannot be
assumed to simply have a global effect in all reacting cases. To consider the effects of
combustion on a cadey-case basjgt is important to understand the different walyatt
the flame can stabilize in the flowfield. This can depend on many factors inclutteg
premixed or nospremixed nature of the jet, the chemical timescales invoamedithe flow
timescalesFigure 1.6 describes the different flame shapes or attachment locations, in the
windward (upstream) and leeward (downstream), side have been observed by previous
studies including both premixed andnpremixed jet compositions. The flow timescales

(i.e. strain rates) on the windward side tend to be considerably shorter due to the sharp
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shear gradient between the jet and the crossfidwe in the leeward size, the wake region

has a sufficiently laye recirculating zone of low velocity and/or reverse flow. Studies using
highly reactve mixtures including H/N2 mixtures (norpremixed)[28] and air/GHa4
(premixed)[30] have shown fully attached flames with stable leeward flame bases and
unstable lifted/attached windward flameBigure 1.6a, b). Other studies using non
premixed and mmixed hydrocarbon mixtures (i.enethane,ethane orpropane) show
flames that are eith@nchored on the leeward lip or fully lifted from the jeigure 1.6c,

d). Factors such as the jet flow profile can have significant impacts on thedbheakent
structure behavior, and thus change the local flow timescales impacting the lifting behavior

[29].

This o6degree of | iftingd from the base
combustor design problemas studies have correlated the degree of lifting with global
effects like NOx gneration[9]. In addition, investigations into the liftoff behavior have
shown t he pr esieqriet iaded éabifzdionetdapendent on the flow
and ignition time scales, as well as stabilization based on the turbulent flame speed (flame
propagation based stabilizatid8)l]. Research into the different stabilization mechanisms
is still relatively nascent and is beyond the scope of investigation of this. fhiles purpose
of providing a brief background on the different types of flame stabilization mechanisms,
and consequently flame shapes, is to demonstrate the highly coupled nature of this problem,
where, analyzing the impact of combustion on global neffie jet trajectory) or even
local effects (i.ecoherent structure behavior) can often mean considering locally varying

heat release distributions.
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1.3 Coherent structures in JICF
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Figure 1.7: Schematic of the instantaneous JICF flowfield detailing the different
coherent structures; adapted from New et al[3].

One of the main reasons why the JICF has excellent mixing characteristics is because
of its complex topology involving multiple coherent structures. The interaction between
the jet and the crossflow generally gives rise to tleviang four structuresKigure1.7)
as noted by Fric and Roshk82]: 1) the horseshoe vortex system (HV), 2) the upright
wake vortices (WV), 3) the counter rotating vortex pair (CVP) and, 4) the shear layer
vortices (SLV). While these structures are seemingly distinct and have a range of different
time and length scade they are strongly correlated. The primary sources of vorticity,
especially for nofreacting flows with negligible stratification, is the jet boundary layer
and the crossflow boundary lay@&2]. Thus, all the structures observed are formed by the
redistribution of vorticity from the same sources. The differences in the time scales

ultimately stems from the range of time scales encountered in the flowfjeldé- (for
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the crossflow) and\ 76 or [ 76 (for the jet) wheref is the momentum thickness of the

shear layer.

Top view

Figure 1.8: a) Smoke visualization experiments showing the top and side view of the
HW system([32]; b) Streamlines showing the structure of the HW system as
proposed by Kelso and Smit$33].

The two vortex systems that can be directly related to the crossflow boundary layer
are the horseshoe vortex system and the wake vortices respectively r3éshbe vortex
system is a welstudied flow structure typically seen in juncture flows where the natural
boundary layer is interrupted by a flow blockd8d]. Here, the adverse pressure gradient
created b the blockage due to the jet creates a recirculation region where the boundary
layer separates and rolls up. The structure of the vortex system can be seen in the smoke
visualization experimentd-{gure 1.8) to form a double looped structure upstream of the
jet near the wal[32]. Kelso and Smits have suggested thatdtnecture of the HV is

primarily steady while also noting that small fluctuations were induced by the shedding of
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the shear layer structurg33]. Krothapalli et al[35] noted that for a rectangular jet the
frequencies exhibited by the HV were simil:
the jet. These observations further support the evidence that most of these coherent

structures strongly interact and influeroree another.

Side View (plane of symmetry)

fe-Jet > X

Figure 1.9: Smoke visualization experiments from{32] showing wake vortex
structure from a top plane of viav and in the plane of symmetry; white dots denote
the location of SLV structures.

With the wake vortices, the relationship between the vorticity contained in these
tornadolike wisps in the wake of the jet and the crossflow boundary layer is more
ambiguous The structure, as observed by multiple researchers, often resembles the
BernardVon Karman (BVK) instability pattern known to form in the wake of a cylindrical
bluff body thus, suggesting some analogies between those problems. But, as mentioned
earlier,in a barotropic flowyorticity cannot be created at the-g@bssflow interface unlike
the solid boundary of the bluffody. Moreover, the vorticity in the wake of a bluff body
is oriented along the axis of the body (from a -wmensional perspectiveyvhile the
vorticity in the cylindrical shear region of the jet is oriented in the azimuthal direction.

While it is possible that the vorticity from the jet shear layer is reoriented to form these
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structures, this has only been suggested for the case omasgimjets in crossflo36].

The most widely accepted theory, as proposed by Fric and R[&2jkis that the vorticity

originates from the crossflow boundary layehich is entrained into the region of low
pressure in the 6wak e &igueel.9, wheretheg sedke injeEted s ¢ a
into the crossflonboundary layer can be seen to form wisps that are entrained as these
structures. More recent studies that have shown wake vortex behavior very similar to BVK

type instabilities, in contrast to the traditional hypothesis, have shown this fer non

isotherm&and nonrbarotropic flowq 37, 39].

Figure 1.10: a) Description of ring like SLV structures in the near field of the jet; b)
the process of rollup and folding of the rings as they advect with the flow. Adapted
from Kelso et al.[1].

The shear layer structures (SLV) form from the roll up of the jet shear layer where
the vorticity is transported primarily from the jet boundary layer. The shear layer rolls up
through a KelviRHelmholtzlike instability [39] which, in the case of axisymmetric jet,
leads to the fomation of vortex rings from the annular shear Idy#)]. In the case of a

JICF, the asymmetry in external flow condition, i.e. the presence of the crossflow, causes
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these vortex rings to be stretched and reoriented. As a nessiltstudies focusing on the
plane of symmetry of the flowfield tend to capture the asymmety by slicing these rings
through the centerplane, thus, separating the vortices into twe&etsi ndwar dé vor

upstream of t he | etdownstiedam obthmejgl] (séeckEigune®7y. d 6 v or

Q

Section A-A

Side "arms" @') Side "arms”
of lee-side of upstream
vortex loop @ vortex loop

Cross flow

Section B-B
Initiation of the counter- Z
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Figure 1.11: Reorientation of SLV structures by the bulk rotation of the CVP[41].

To first order, effects like the boundary layer thicknesthefjet, and consequently
the shear layer thickness (jet velocity profile shape), have a major impact on the structure
of these vortices, especially in the near figld]. This allows for instability results from
simpler configurations, such as mixing layers or axisymmetric jets, to be used to understand

the formation process of these vortices. The ring like topology that connects both these sets
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of vortices ensures thdtdir interaction is much more complex and cannot be ignored. As
these rings evolve, their topology becomes increasingly complicated, a consequence of the
highly threedimensional nature of the flowfield as well as dissipation due to viscous forces
and othe nonlinear effects. In the nedield, the vorticity contained in these vortices is
reoriented into the spanwise direction and is thought to merge into the emiatary

vortex pair[1, 41] (seeFigurel.11).

The countefrotating vortex pair is the most dominant flow structure which is
primarily present in the fdield of the jet. But, there is uth debate regarding its
characterization as a flow structusince for most cases, instantaneous snapshots of the
field show a complex set of structurdgat do not represent the large countetating
structures of the CVP, as is typically depictedahesnaticsKigurel.1). Early studieshat
sought to characterize the vorticity of a transverse jet observed this flow structure, as two
regions of oppsite vorticity, primarily in the timaveraged flow field and not on an
instantaneous basj46, 43]. Theoretical models of the transverse jet often use the CVP
structure inentrainmentbased trajectory modelsdction 1.2) that have shown good
agreement with empirical scalings and experimental data, justifying the characterization of
this flow structure. In addition to this, there is further uncertainty regarding the sdurce o
the vorticity of the CVP. One school of thought suggests that the vorticity is redistributed
from the shear layer structures as proposed by Kelso ] and Lim et al[41], and
further supported by vortex filament simulations performed by Cortelezzi and Karagozian
[44]. But, studies such as the early work done by Broadwell and Briendghithalnd the
two-dimensional model prolte proposed by Muppidi and Maheptb] focus primarily

on the pressure effects of the bending of the jet due to the crossflow and do not require the
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jet shear layer to explain this structure. Despite the ambiguity of its existence on an
instantaneous basis and the seuof its vorticity, understanding its structure is essential

in evaluating global metrics like the mixing performance of a JICF configurat@n
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Figure 1.12: Acetone PLIF measurements for a noseacting JICF at two
momentum flux ratios, L= 41 (a, c) andl= 5 (b, d) and across two different
interrogation planes- instantaneous centerplane (a,b) and timaveraged transverse
plane (c,d)[46].

This thesis will focus primarily on the dynamics of SLV structures and the impact
of heat release/density gradients on their behavior. From a practical standpoint, they
account for a large percentage of the near field mixing and entrainment, i.e. enhanced
vortexshedding in the near field corresponds to faster mixing of the jet with the crossflow

[46]. This can be seen aetone PLIF experiments done by Gevorkyan ¢48], showing
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gualitative changes in near field mixing based on the SL\¢tstreis. In addition, these
measurements demonstrate that there is correlation in the mixing behavior of the CVP and
the SLV structuresHigurel1.12). Thus, the impact of reactions on the behavior of the SLV
structures has an important consequence on mixing and jet dynamics, both important

design challenges in practical systems employhgydonfiguration.

SLV structures, being formed through instability mechanisms in the near field shear
layer, can also be analyzed from a hydrodynamic instability perspective considering it is a
part of the general class of frebear flows, i.e. jets, Wwas and mixing layers. Thus, while
the impact of heat release and significant density variation, specifically on JICF coherent
structure topology, is relatively poorly understood, the large wealth of literature on the
effect of reactions/heat release onditopdynamic instability in canonical free shear
configurations can be leveraged to understand RJICF behavior. Details of existing
literature analyzing JICF behavior as shear layer instabilities is contained in the next
section and the general impact of hesease on instability behavior for both canonical

flows and JICF type configurations is givenSection1.5.

1.4  Shearlayerinstabilities in JICF

The field of hydrodynamic stability provides a basis to analyze the behavior of these
flow structures from a quantitative and fundamental point of view. While analyzing the
behavior of these coherent structures in a linear framework has limitations, lieba
shown to provide insight into how different flow parameters influence the stability
behavior and characteristic frequencies for a large class of canonical shegdlowse

SLV structures discussed in the previous section are essentially formed from a Kelvin
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Helmholtz type instability mechanism in the near field shear layer, betweget and the
crossflow. Many free shear flowkke jets, wakes or mixing layers, often encountered in
practical combustor systems, demonstrate instability behavior under certain parameter
regimes[48]. Essentially, small amplitude disturbances like acoustic noise or even
turbulence can be amplified by these shdéawg through linear as well as ndinear
mechanisms. The coherent structures observed are a consequence of vorticity interaction

and organization that follow instability growth.

Linearly unstable flows can further be classifesdonvectivelyor globally unstable
flows [49]. A flow that can be represented as aaflal base flow profile (invariant in the
streamwise direction) can Harther classified as convectivelynstable or absolutely
unstdle. Convectively unstable flows act as wave amplifiers, amplifying incoming
disturbances to create spatial growth. They require a constant source of excitation to
continue to grow as the wave packed is beaithgected from the point of origin. Absolutely
unstable flows tend to behave like selcited oscillators. The envelope of disturbance that
originates from a point tends to grow both spatially and temporally. As a result, once
perturbed they tend to continue oscillating and, if a sufficiently largerrexaf absolute
instability exists spatially in a flow, it drives global instabiljty0]. Flows that shw
convective or globally unstable behavior often have qualitative differences in the behavior

of coherent structures.
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Figure 1.13 Characteristic plots for non-reacting iso-density JICF showing shear
layer spectra at specific locations (left); spectral contour plots (center) and
representative instantaneous vorticity measurements from PIV (right) for two
conditionsi a) = 20 and b)) L= 8. Adapted from Getsinger et al[51].

Similar to jets[52] and wakeq49], the primary flow parametersadt alter local
stability behavior for nomeacting JICF is the velocity ratié( or the momentum flux ratio
0) and the density ratidY Experimentally, Megerian et dl21] studied the transverse
velocity spectrum for a range of values at isalensity conditions™f= 1) and for flush
and elevated injectors. The hot wire measurements were taken at locations in the windward
shear layer to track the growth of these disturbance as a function of-8teeghwise
coordinate i(). They observed a transition in the stability behaviaat10 where for
small er velocity ratios, the shear | ayer
oscillations Figure 1.13a), while at higher velocity ratios the spectrum was a lot less
coherent and shows evidence of subharmonics along theigetr€1.13b). In addition,
PIV measuremen{®1] on the same configuration provided qualitative characterization of

vortex behavior between the instability regimé&se globally unstable cases showed
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significant vortex growth nedhe jet exit whilefor convectively unstable conditiorthis

was suppressed and subharmonics corresponding to vortex pairingweeentsbserved
(Figure 1.13). Getsinger et al53] further extended the above work to investigate-low
density jets and found evidence of a similar transition to global stability at density Yatios
< 0.45. This is in line with observations for hot (lo\ensity) jetd54] as well as stratified
wakes[55]. Collectively, these observationsan be combined into a stability mapthe

transitional boundaries with respect te tlonreacting jet parametersy, "Y(Figurel.14).

Figure 1.14: Stability boundaries from previous nonreacting studies (Megerian et
al. [21], Getsinger et al[53]), Red - Globally unstable, Blue- Convectively unstable,
Green - Transition.

In addition tov and™Y recent experiments b§hoji et al[56] demonstrated that the
viscosity can play a role in changitite critical momentum flux ratio for transitiga ).
Theoretically, the curvature of the velocity profile plays little role in the transition bafylo
instability for the case of thishear layes (OF— ¢ 0)1i57]. Sincea JICF tends to have
a thicker —compared to a free j§21], they hypothesized that theansition to global
instability was sensitive to the value-ef which was modified by changing the absolute

viscosity ratio between the jet and crossffow'
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Figure 1.15: (left) Streamline plots showing regions of reverse flow ahead of the
windward shear layer, L= 4; (right) schematic denoting the region of reverse flow
formed from the recirculation of the crossflow boundary layet

The observationsn jet behavior and spattemporal stability transition above were
primarily made on an empirical basis. lyer and Mahgsd} utilized detailed direct
numerical simulation (DNS) data acquired at convectively and globally unstable
conditions, based on experimental &84, to provide a more quantitative analysis. They
observed similar spectral behavior and mode structure predicted through dynamic mode
decomposition (DMD)[59]. They noted the presence of reverse flow in the region
upstream of the windward shear layEiglre1.15) i a condition necessary for absolutely
unstable behavior in mixing layg49]. In addition, the countesurrent mixing layer ratio

W W

¥ o0 calculated for the windward shear layer showed, fioateach

case (convective/globally unstablé@s value lay on either side of the convectgtebal
transitional velocity ratio as predicted by Huerre and Monkgwilz But this formulation

would suggest that the magnitude of reverse flow, and by extension the crossflow boundary
layer profile, is an independent parameter as well since the vatues afot unique for a

given Ovalue.
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Understanding these shear layer instabilities is also essential in enabling the active
control of jets[4]. Forcing, or pulsing the jet has been demonstrated to increase jet
penetration as well as enhance mixXig-62]. The exact mechanism by which this occurs,
as proposed by Sau and Mahg8H, involves the creation of toroidal vortex rings at the
jet exitthatinteract with the unsteady shear layer. But, convectively and globally unstable
JICF have been shown to have significantly different responses dmgorGlobally
unstable cases do not respond to-bmwplitude forcing distinct from the fundamental
frequency[21] while convectively unstable cases proved to be highly sensitive to the
externally driving frequency. Forcing studies focused on the ftsastiave noted that
crossflow forcing does have a significant effect on jet penetration and médhg/hile
this effect was a consequence of jet shear layer manipulation and growth when forcing the
jet, here, ther e iotonwhichisdadsedbythe asyndmeteidnatird a p p i
of the unsteady crossflow that contributes to better spatial mixing. The study of crossflow
forcing on JICF dynamics is of particular interest when considering staged combustion
type architectures where acdo&tombustion instabilities from the main burner are bound

to have an effect on the jet hydrodynamics and flame ben@8085].

Although this thesis does not attempt to extend the investigation of forced JICF
dynamics to reacting cases, understanding the effect of reactions on the hydrodynamic
stability behavior of the flowfield provide important insight into possible forcingesras.

In addition, the effect of crossflow oscillations through combustion instability on jet
flapping is of primary concern based on the facility used for this studySgseten2.1)

and must be considered while analyzing the results.
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1.5 Effect of combustion on hydrodynamics

Researchers have grappled with the question of how exactly heat release and
combustion alter the behavior of other canongtedar flows for over half a centuf§6|.
There is also much debate on whether the qualitative observations stem primarily from
combustion altering the base ilocharacteristics through the introduction of density
gradients locally, through vorticity creation/destruction by baroclinic toequiesolume

dilatationand the local viscosity changes.

Early work often focused on reacting mixing layérs simpler, more idealized,
canonical flowfieldthatis a part of a large number of practical systems. Hermanson and
Dimotakis[67] demonstrated the suppression of entrainment and reduction in shear layer
growth rate (calculated as a function of the spreading rate and vorticity-Eraj#) with
increasing heat release for aFt mixing layer. They sought to explain these obseoveti
by demonstrating a decrease in the shear stress in the core regions of Hsed@rge
structureswhich is consistent with reduced growth. Similarly, McMurtry ef@é#], using
a lon-Mach number DNS framework to study a temporally growing mixing layer, showing
lower turbulent shear stress and consequently, a reduction in theflovegmoduction of
the turbulent kinetic energy. But these obstoves were appliedx post factpcorrelating
the observed variances in the reacting flowfield with the local turbulence intanditiius

insufficient to provide the exact mechanism of how combustion affects hydrodynamics.

1.5.1 Linear stability analysis afeacting flows

Linear stability theory, despite its limitations, has been used to try to explain bulk

effects of heat release/combustion on flow dynarf68s70]. One method to do this ie
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ignore the effects of gas expansion, narrowing the effect of combustion to its influence on
the base flow density variation. While this would mean that there is no difference between
the existence of a flame and a a@acting density stratificationome of the results
suggest that qualitative stability trends can be captured. A large body of the literature on
stability behavior consideriripe effects of combustiemduceddensity stratification hae
employed the Boussinesq approximatiaffectively separating effects due to inertia and
buoyancy[71]. While combustion invariably affects the hydrodynamics of buoyant flows,
only inertial effects will be considerdtere due to their relevance in high Froude number

environments.

McMurtry et al.[68] modeled a diffusion flame in a mixing layer as a piecewise
linear velocity and density profile where the spatial growth rate of the instability mode
decreased for higher heat release (i.e. lower density in the flame region compared to the
flow). Continuous (tanh type) velocity and density profiles show similarctsfferith
respect to increasing the bulk heat release or its prelxg temperature ratif89]. This
general trend of growth rate suppression from the density variation can be explained by
considering a more generalized form of Ragyi gh 6 s st 449]i Similarly, azs qu at i
Rayl eighdéds criteria for i nviscid instabil
vorticity distribution, a modified version of this criteria can be derifeedhe case of a

stratified flowand is giverbelow.

VsSQw m 16
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Equationl.6 is valid for a paralleflow having only a axial base flow compondit ;)
and a base flow density variatioh | which is invariantin the streamwisewj direction.
The linearized disturbances amposed by assuming solutions of the natiiréd

0 W0Q where,® is the phase speed andi are the streamwise and

spanwise wavenumbelgl7]. For the above integral to vanish over the domain of

h

integration (spanwise limitsgjnce all the other terms are strictly positive ” has

to change signsver the domainFor a twaedimensional base flow, the only naero

h

vorticity component can be represented ap

4 ()

Q,(y)

Figure 1.16: Base flow profiles of vaticity (left), density (center) and density
weighted vorticity (right) for three arbitrary density variations (marked 1,2 -above
and 3-below) adapted from Coatq66)].

Thus, a necessary condition for instabilities in such stratified flows is the existence

of extremafor the function” m - the density weighted vorticitfd-component)profile

[72]. When density variations are introduced through flames or simphunérm gas

properties, the inertial instability magnitude, being proportional to the magnitude of the
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density weighted vorticity, is lower than in the case of a homogenous shear flow of similar
vorticity distribution (se&igurel.16). In addition, the existence of multiple extrema in the

density weighted vorticity profile shows the evidence of multiple unstable nid8es

Researchers have also attempted to extend the scope of local parallel flow stability
analysis by linearizing the continuity, montem, energy and species transport equations
and thereby allowing density and heat release fluctuations for different canonical problems
including, diffusion flames Mahalingam et al[70], low speed reacting mixing layers
Shin and Ferzigdi69] and compressible reacting mixing layei3ay et al[74]. While all
these studies note the suppression of spatially growing disturbances in the case of reacting
flows, Day et al[74 showe d t hat this was primarily for
while the two o6outer d nestregmas thé dehsdywenghtedg f r o n
vorticity profile ) tend to destabilize with increasing heat release. These studies also note
that the effec on stability primarily lay with the modification in the base flow profile due
to heat release and neglecting the heat release term in the linearized equations had a

negligible effect.

1.5.2 Flameshear layer offset effects

Since the density weighted vorticipyofile plays an important role in interpreting
stability behavior for stratified/reacting flows, another way to qualitatively alter it is to
introduce an offset between the density gradient (i.e. the flame) and the shear center (i.e

location of max vortity).
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Figure 1.17: Schematic of the spanwise variation of base flow velocityl (), density
( ) and density weighted vorticity ( ) for three cases homogenous mixing
layer; mixing layer with density jump modeling a premixed flame with an offset 7;
mixing layer with density variation modeling a norrpremixed flam with an offset

To illustrate this, consider a model mixing layeofgle with an idealized smooth
(tanh) velocity distributionKigurel.17). Threeflame-induced stratificatioonfigurations
involving different densitystratification profiles arelemonstrated a homogenougnon
stratified) profile, a diffusion flamdike profile and, a premixed flarrée profile. While
most cases with density stratification show the presence of multiple maxima, this also
appears talepend on another parametean offset lengtfscale { ). This parameter
models compositional or flame stabilization effeetBich tend to move the flanradially
with respect to the shear layer in many practical configurations. Whilpmeonixed case

shows three extrema irrespective of the offset value, the premixed case with a negative
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offset § < 0), shows a single peak (similar to a homogenous profile). Thus, the offset
between the flame and shear location is an important parameter capable uaingod

effectsof a similar magnitudas gas expansion.

Introducing the flameshear position offset as a parameter further complicates the
guestion as to whether local stability analysis can accurately capture trends for all shear
flow configurations. Fewtudies have explicitly considered the change in stability behavior
while varying the offset as a parameter of interast those thado, often have varied
conclusions. Emerson et §r5] evaluated the effect of an offset famgous and varicose
disturbances in a piecewise linear model problem representing bluff body flames,
concluding that the offset was destabilizing in nature. Intuitively this supports their
observation thatn the limit of maximum separation the soluticaefallts to a homogenous
casethatis more unstable than the reacting case. Hajesfandiari and Fgjithodeled a
simple diffusion flamdike smooth density variation in a planar shear layer, and noted that
the offset tends to be asymmetrically destabilizing in nature. Interestingly, they observed
that moving the flame (or in the case of their modile density trough) into the faster
stream results in enhanced instability growdgkien higher than the homogenous case.
Experiments conducted by Furi et B17] on a coflowing jet diffusion flame note the
complete suppression of theHKinstability rollup on moving the flammside the shear
layer. If we consider the eftowing jet flame as two interacting mixing layers, this case
would be analogous to the condition that is predicted to have a significantly higher
destabilizing behavior by the inviscid model problgré]. Furi et al. also performed a
viscous linear stability analysis to reconcile the experimental observat@mrduding that

the variation in spatial amplification rates could be captured by noting the larger
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momentum thickness in the cases where flamme was inside the shear layer, a

consequence of significantly higher viscosity.

Although Local parallel flow stability analysis using inviscid or viscous
assumptions have had success capturing qualitative trends with respect to the effect of
combustim induced base flow effects for some canonical shear flows, due to the nature of
the assumptions, it is difficult to pinpoint which mechanism is responsible for the
discrepancies observed between these models and experiments for the other cases. For most
realistic flows, the effect of heat release is not small and violates the parallel flow
assumption. In addition, these models inherently ignorelowai effects of combustion,
for example, in bluff body flows where you have interacting mixing layers $seton
1.5.3. Nonreacting jet in crossflow behavior has been primarily analyzed through the
linear stability frameworkwhere the concepts like coective and absolute instability have
been related to the base flow velocity and density prdiéet{on1.4). For the reacting
cases, the highly teedimensional and asymmetric flowfield compounded with the highly
threedimensional effects of heat release make relating observed stability trends to base
flow variations through local linear stability analysis challenging, compared with other

canonicaflowfields.

1.5.3 Vorticity dynamics in reacting flows

Since most instability mechanisms can be considered to occur through the
organization of vorticity, qualitative effects of heat release can also be understood through

the vorticity transporéquation
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In Equationl.7, the LHS is the material derivative containing the convective term. On the
RHS the terms from left to right arg(l) vortex stretching, (1) dilatation (gas expansion),
(111 baroclinic torqie and, (1V) viscous dissipation. McMurtry et @8] observed that the
peak vorticity in the coherent structures was lower in the reacting assbuting this to

the effect of dilatation (HL.7), where, as the vortex expands due to heat release and
entrainment of hot products, the maximum iy drops to preserve angular momentum.
The effect of baroclinic torque is typically highdgmplexand not uniform since it depends

on the local gradient direction in the flomnd its relationship with the locg@ressure
gradient directiorj78]. For the case of coherent structures, the local pressure gradient is
often dictated by the vortex structure itself amthen combined with the local flame
induced density gradiertauses local extrema to show at the edges of the vortices, causing
countefrotating motions and distorting the vortex structure. While dilatation effects
generally suppress local vorticity irpesctive of the sign, baroclinic torque can create or
suppress vorticity locally78]. The local temperature gradients setup by the presence of a
flame canalso modify the local absolute viscosity and consequently the local Reynolds
number. Depending on the Reynolds number of the flowfield, viscous effects caa have
strong impact, especially in configurations where the temperature ratio between the flame

andreactants/ambient conditions is large. Yule ef @] suggested that this mechanism

was responsible for the érelaminarizationd

Reynolds number.
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Figure 1.18 The distribution of the baroclinic (top) and dilatation terms (bottom),
terms Il and 1l of the vorticity transport equation ( 1.7), for a two-dimensional
mixing layer [80].

Thegeneralnature ofcombustion effects on each term of the vorticity budget can
be understooffom theLagrangian vortex element simulations of Soteriou and Ghoniem
[80]. Their methodol ogy al lodw® ttheemst d riomd it \h
equation (Eqgl.7) and thereby isolate the effects from the heatag and baroclinic torque
term. Spatially, the baroclinic torque distorts the eddy shape and inhibits entraiwhiknt
gas expansion serves to thicken the vorticity distribution while reducing the peak in the
near field In the far field both the procgses act to inhibit mixing and interaction between
the vortex structures. The same framework was used to analyze-adayfflow where
for the reacting cases, the BVK type sinuous instability was absehtaMed Soteriou
[78] found that while the baroclinic term has a strong effect on reversing the sign of
vorticity in the farfield, it was solely the exothermicity that suppressed the mixing layer
organization into the wave like nereacting wake. The interaction between the two mixing

layers was suppressed as vortices tmwiected through the flame tended to expand
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outward and reduce their vorticity, reducing their ability to induce motion on vortex

elements of the opposite sign.
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Figure 1.19: Mean variation of terms from the vorticity transport equation (1.7), Sv
T gas expansion and &i baroclinic torque.

Analysis of individual terms of the vorticity transport equation on an instantaneous
basis from experimental data is often challenging dueh#ornteed to extract three
dimensional pressure, densitgnd velocity fields. Chen et aJ81] used mean flow
properties to scale the different terms of the vorticity transport equation in order to analyze
their contribution in different parts of the flowigure 1.19). The ratio of the baroclinic

contribution to gas expansiamasnoted to significantly drop as the flame was moved to
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collocate with the shear center suggesting that the absenceHofnktability was a

consequence of suppression tigb dilatation.

Modern advances in experimental data acquisition and the accessibility to optical
diagnostic techniques has led to attempts to quantify these terms through Particle Image
Velocimetry PIV) and a number of techniques for species/thermonmé&gsurements.
Geikie et al[82] used PIV and CH* Chemiluminescence measurements to extraet flow
field and heat release information in bHathdy flames. Their masurements suggest that
in the reacting cases, baroclinic torque enhances the vorticity in the shear layer, but, with
the caveat that their analysis was primarily mensional while the transport effects are
highly threedimensional. Kazbekov et di83] utilized tomographic PIV measurements
and CHO PLIF to demonstrate that the baroclinic torque is a significant source of
enstrophy (a scalar representation of vorticity) production in a swirling jet flame, possibly

due to the mean pressure gradient of the swirl.

1.5.4 Hydrodynamics of reacting JICF

Studies quantifying unsteady effects of combustion on the JICF flowfield are
relatively few. The general trend of observations has been that flaotegpremixed and
nontpremixed generally play a role in altering the qualitative vortex shedding behavior of
the shear layer vortices. Nair et [@4] used velocity data from PIV to track the strength
of coherent vortices in the shidayer for nonpremixed reacting and neneacting cases
noting that the growth rate was suppressed for reacting cas®@dar to the observations
for jet flames. While the strength here was calculated primarily from a two dimensional

metric, follow-on work utilized tomographic PIV datf85] to characterize the three
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dimensional topology and strength distributiand demonstrate that the centerplane data
sufficiently captures the growth in vortex strength. Pinchak g3&]lfocused on the effect

of heat release on wake behavior for the case of adsgact ratio jet. By tracking the
distribution of vortical structures, and using the mean vorticity field, they demonstrate a
gualitatively dfferent wake for the reacting case concluding that the heat release extends

the wake region by inhibiting mixing.

0 2 4 0 2 4 0 2 4 0 2 4
x/d; x/d; x/d;j x/d;

Figure 1.20: Mie Scattering (cyan) and OHPLIF (red) instantaneous images for a)
non-reacting and b) reacting cases, Nair et aJ84], showing suppressed vortex
rollup in reacting cases

The JICF is a complex threkmensional flowfeld with multiple interacting
coherent structures and therefore obtaining a comprehensive understanding of the effect of
reactions on flow dynamics is challenging. While evaluating the effect of baroclinicity or
heat release, there is still uncertainty i thnean pressure variation, as described by lyer
and Mahesh58], or the unsteady variation within coherent structures will play a major

role in suppressing heat release. In addition, the sheer number of possible flame
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configurations and stabilization mechanisi@sation1.2.2 results in highly varying local

heat release effects from case to case, making comparisons challenging.

1.6 Motivation and thesis outline

The primarygoal of this thesis is to extend our understanding of the impact of
combustion on the behavior of coherent structures and flowfield dynamics of a single

reacting jet in crossflow.

Chapter 2 presents details of the experimental facility and the teskx mseéd in this
study, along with a discussion on why those specific conditions were cha@$enfocus is
to extend the parametric spacepand"Y investigated by previous studi@] and include
an additional parameter of interdsthe flameshear layer offset through compositional
modifications. As elaborated iBection 1.2, two applications for a reacting jet in a
crossflow include staged combustion configuratiand RQL-type combustion systems.
Incidentally, both these cases have a vitiated crossflow, and the compositional differences
between the jet and the crossflow in eaake lead to theoretically different flaraleear
layer offsets. As a result, adjusting the flame position, in addition to providing limiting
cases to gauge the effect of combustion on flow dynamics, provides valuable practical
information regarding the pettial behavior of RQL type systems compared to its much

better studied counterpdrthe fuel jet into an oxygen rich crossflow.

A variety of nonintrusive optical diagnostic techniques were employed to extract data
from the plane of symmetry of the JI@6&wfield. High-speed Stereoscopic Particle Image
Velocimetry (SPIV) was used to extract velocity data, to characterize the flow topology

and hydrodynamic instability behavior under different conditions. Simultaneously, OH
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Planar Laser Induced Fluorescen®LIF) was used to extract information on the spatial
distribution of OH radical concentration, a good proxy for the temperature and distribution
of hot products and can be used to infer the flame position. This was supported by OH*
Chemiluminescence tobtain the spatially averaged heat release through the span of the
flowfield. Details regarding the diagnostic setup and post processing techniques used to

extract information for the data generated by these techniques is provided in chapter 3.

The firstresearch question tackled by this study Boes moving the flame inside the
shear layer fundamentally change the structure and dynamics of a reacting jet in
crossflow?A fundamentally different structure here implies that existing scaling based on
nonreacting and reacting jet parameteveuld not be able to capture the behavior and
dynamics Chapter 4s therefore devoted to characterizing the differences in flow features
for the nonreacting and the reacting cases with special emphasis on the qualitativ
differences in flow/flame topologylhe results presented show significant differences in

the flow structure on moving the flame inside the shear layer.

The second research questattempts to quantify these observed differericetow
doesthemeasure spatial growth ratesiry across differentfyand flame configuratiorss
Chapter4 further details theharacterization of vortex strength and extraction of spatial
growth rates based on this quantithese growth rates are further correlaweth other
structural and stability characteristics observed in JICF includinginear saturation as
well as turbulent breakdowiue to the nature of the unsteady crossflow, a phenomenon
characteristic of vitiated crossfloj&5, 65, a discussion on the effects of this unsteady
crossflow in interpreting the timaveragednd ensembled metrics presented in the rest of

the paper is included.
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The third research question addresses the gap in literature dealing with the
characterization of theaturalspectral response of reacting jets in crossfloMow does
the shear layer spectrum change with respect to the parameters of interest of thisystudy (
0 and flameshear offset) and can this helpassify the global/convective instability
behaviorfor RICF configuration® Chapter Soresents velocity spectrum data along with
ensembled metrics trackirgiparacteristic vortex length and time scalBse appropriate
scaling for thesextractedfrequencies is further investigateg considering appropriate
nomalizing length and velocity scalds. addition, while the viscosity is not a controlled
parameter in this studyiven that the reacting casesl tend to have a lower absolute
viscosity, its impact on thglobal to convectively unstable transition Mae discussed in

this section.

Finally, noting that the traditionally usediCF parameters™i) cannot uniquely
describe the stability behavior f®JICF configurations, the final question is posed as
What parameters can be usedjtaantify the stability effects for RJICF configurations and
can this be used to identify the mechanism by which combustion alters stability behavior ?
The counter current shear layer (CCSL) model is evaluated as a possithlednoe

extracting parameters that better describesthbility behavior.

Chapter 6summarizes the results and highlights the major contributions of this work

while charting a possible direction for future work.
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CHAPTER 2. EXPERIMENTAL SETUP

This chapter desibes the experimental facility used for this study. The

experimental facility was modified from a previous Reacting Jet in Crossflow @&y

2.1 Experimental facility

Dilution
gases
Main Burner

Jet Gases

Flow Conditioning

Figure 2.1: Schematic of overall experimental rig

An overview of the experimental reacting jet in crossflow facility is provided in
Figure2.1.The blowdown facility is open to the atmosphere at the exit and thus, the test
section operates at atmospheric pressure. A vitiator is used to control the temperature and
composition of the main flow and allows for continuous operationgit temperature

conditions.
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2.1.1 Main burner
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Figure 2.2: Main burner schematic

The main burner consists of a swsthbilized natural gas burner where the products
are injected tangentially via fourjection portqFigure2.2). The air coming into the main
burner passes through an electric heater which can preheat up to a temperature of 600K.
The ombustion chamber has a length of 11mm, has an inner diameter of 76 mm and is
lined with castable ceramic (Cotronics Corp. Rescor 780). Ignition is enabled through a

hydrogen torch injected through a ceramic coated electrode.

2.1.2 Flow conditioning section

The flow conditioning section consists of a two 30 cm settling chambers with two
ceramic honeycomb flow straighteners separated by 10 cm. The honeycombs consist of 2.5
cm thick Mullite Versagrid units consisting of 6.35 x 6.35 hpassages. The first settin

chamber houses a ceramic sheathetyg® thermocouple for crossflow temperature
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measurements. The bypass stream is injected into the first settling chamber through two
injection holes FFigure 2.3) on the bottom and top of the test section. The first settling
chamber is lined with two layers of castable ceramic, roughly 0.5 inches in thickness, in
order to mitigate heat loss. The outer layer consistscefamic compound with extremely

low conductivity (Rescor 740) but insufficiently high operating temperature for the
crossflow temperature. In order to protect this layer, the inner layer (Rescor 760) has a
much higher operating temperature while beinghsly more conductive. The second
settling chamber has a similar thayer setupbut the thickness is approximately 0.25

inches thick.
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Figure 2.3: Flow conditioning section
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2.1.3 Test Section

Figure 2.4: Test section schematic

The test section includes an area contractiro(8er polynomial contour) which
transitions the cross section from dimensions of 2d4 mnfto 38 114 mnf%. This was
done in order to increase the crossflow velocity and range of test conditions reachable by
the vitiator. The interior walls of the test section were lined with machinable ceramic plates
roughly 6.35 mm in thickness. Confinement effects are nahimthe near filed due to the
width of roughly 12d;, while the height is sufficient for jet momentum flux ratio®)ef40
without interacting with the top wall. The test section provides optical access via two side
windows and one top window, maderfr@ptical grade quartz, providing a viewable region
of around 12, 44 d, downstream of the jet. All the windows are designed to protrude

into the test section so as to ensure that the inner surface is flush with the ceramic layer.
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The bottom window extels a region 020 d; behind the nozzle insert and helps to reduce
the noise from laser reflections off the bottom surface. The test section is also clamped to
the base of the experimental test stand while the other sections float freely on castors to

minimize the misalignment of the optical setup due to thermal expansion of the rig

Figure 2.5: Ceramic nozzle insert

The jet insert is fabricated from machinable ceramic (Cotronics Resc®) 9dth
the nozzlemachined on the inside and flush with the bottom wall of the test section. The
nozzle is contoured using & 6rder polynomial contraction in order to obtain a nearly top
hat velocity profile(Figure 2.10) similar to previous studieg1, 25]. The base of the
nozzle contains a large plenum of diameter 22.9 mm and a length of 127 mm and is
connected to the jet supply via a choked critical orifice. This helps in redtm@nigpw

nonuniformities as well as fluctuations in the jet flow during intermittent seeding.

2.1.4 Flow Metering and Measurement

The gases used in the JICF facility can be primarily categorized based on whether

the flow path involves the main flow, the dilnh flow or the jet flow. The vitiator (main
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burner) is supplied with air from the buildiisgl25 psig supplywhich is regulated down

to 70 psig. The air is then routed through an electrical heatéch can increase the
temperature of the air to a maxum of 600 F. The air supply is metered through a sub
critical orifice assemblythat includes a static pressure transduced (Omege2@3X
upstream of the orifice, a-Kpe thermocouple and a differential pressure transducer
(Omega PX771A). The flow rate isontrolled by means of a needle valve downstream of
the subcritical orifice assembly. The natural gas for the vitiator is supplied from the
buildingés 25 psig system. The natural gas line is also metered through a similar subcritical

orifice assembly witla differential pressure transducer and metered through a needle valve.

As mentioned beforehe dilution system is used to control the temperature and
composition of the main flow while allowing for seeding. The flowpath for the dilution
system allows fotwo dilution gases to be independently metered and mixed before passing
through the seeding system and entering the crossflow. Each dilution gas stream is
controlled via a needle valve and metered throughtiaairorifice assembly which consists
of a K-type thermocouple, a static pressure transd@erega PX-209) upstream of the
orifice to measure the supply pressanmd a static pressure transduc@mgga PX209) at
the mixing junction to ensure that the two streams are choked. The seeding system consists
of an agitated swirl seeder with a solenoid valve upstream of it to enable seeding. An
attached bypass system with a needle valve controls the rgrelssp across the bypass to
set the mass flow of dilution gases that will pass through the seeder. The gases for the
dilution system are either sourced from the building supply, in the case of air, or from gas
bottles. The air supply is regulated downl&0 psig to eliminate fluctuations from the

building supply. The other gases that can be connected to the dilution system, sourced from
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gas bottles and regulated to a supply pressure of 150 psig; arelHie which are used
for the rich crossflow conditits (details of the test conditions will be covered in the next

section).

The jet flow system can supply a mixture of two gases that are sources from gas
bottles. The gases used in this experiment inclugdlfIHe and the premixed gas mixtures
which will be used in the rich crossflow cases. Fuel gases ljaéiconnected to the gas
supply system through a solenoid valve. The two gases that form the mixture for any
particular test condition are metered independently through two critical orificelagsem
similar to the system described above, and are controlled through needle valves. A static
pressure transducer is located at the point of mixing to ensure the orifices are choked. After
the point of mixing, the jet gases pass through the jet segstenswhich consists of a
swirl seeder with a solenoid valve upstream to control the seeding. A bypass system allows
for control over the mass flow going into the seeder through the use of a needle valve which

allows for variable pressure drops to be set.

The jet flow then passesrtugh a variable power heating elemanvitich consists
of piping wrapped with heat tape controlled with a variable voltage DC converter and
insulated with fierglass. As mentioned in the previous section, a critical orifiecated
before the jet plenumvhich serves to prevent acoustic coupling with the jet supply as well
as prevent transients in the jet supply during seeding. In order to ensure that this orifice is
choked, a static pressure transducer is located upstretna ofifice on a standoff tube.
Downstream of the orificea fourway junctionthatallows for a thermocouple to measure
the temperature of the gas entering the plerasmvell as a connection to a $eeding line

used for the rich cases. The seeding gass metered via a critical micrarifice assembly
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which includes a Kype thermocouple and a pressure transducer upstream of the orifice.
The supply is connected to the dilutionsdtreamthatis controlled via a solenoid valve for
safety reasons antl@aws for the flow of R into the dilution flow as well as the jet flow to

be enabled simultaneously for safety reasons and ease of control.

The flow measurement instrumentation is monitored and recorded using a Labview
application which displays the measments at a sample rate of H@. The raw signals
from the devices are sampled at a rate &Hz on the FPGA device (NdRIO) which
consist of multiple modules. The differential pressure transducers and static pressure
transducers at the suitical orifice assembly are connected 2@ mA circuits via the
NI 9208 module. The remaining pressure transducers are all connected to the chassis
through 5V DC measurement circuits via the NI 9215 module and the thermocouples are

measured using an NI 9213 module

2.2 Design of experiments

This section describebe design of the test matrix and test conditions necessary
for the investigation of the research questions posetkdation1.5.4 The experimental
conditions can be broadly separated into three catedgomestreacting (NR), reacting
condition with the flame lying outside the shear layer (R1) and reacting with the flame

lying inside the shear layer (IR2

For each category mentioned above, the test matrix involves vargnd™Y the
primary nonreacting jet parameters. Bothand "Ycan be controlled by changing the
conditions of the crossflow or the jet. As the vitiator can operate stably only for a limited

range of mass flow rates and equivalence ratios, the crossflow veldcily ahd
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temperature"Y) cannot be varied to obtam sufficiently large range ad values. In
addition, changing the temperature through changing equivalence ratio canndY vary
sufficiently, as it is limited by the adiabatic flame temperature and heat loss through the
facility. Thus, for each categof experiments, the crossflow conditions are kept fixed
while 0 and"Yare varied by changing the conditions of the jet. In addition to the larger
operability range, this also keeps the background natural acoustics of the facility relatively

constant acres the test conditions.

Table 2-1: Crossflow properties

Lean Rich
Vitiator Properties
o < ol 0.617 g/s 1.39 g/s
O oo il 18.4 g/s 18.1 g/s
oiaitd 0.575 1.3
J||=|=IN> i Qi 1635 K 1705 K
Dilution flow Properties
0« <t 3als 0.812 g/s
0.79 0.64
Composition
0.21 0.36
P4« =t v o 300 K 300 K
Crossflow Properties
. 1178 K 1150 K
T 14.5 m/s 21.5m/s
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Table 2-1 (continued)

y4 0.298 kg/nd 0.189 kg/ni
H 0.0475 mPo 0.045 mPo
im 9960 10400
0.101 0.075
0.0 0.269
0.098 0.146
Composition

0.049 0.010
0.0 0.065
0.75 0.435

Between the three categories, the NR and R1 conditions require-eimpghrature
oxygen rich crossflow. For these cases, the vitiator is operated at a lean equivalence ratio
and the choice of dilution gas is air. For the R2 cases, the vitiator is rtioraéquivalence
ratio. But, operating the swirl burner at aquivalenceratio necessary for obtaining a

sufficiently high fuel concentration in the crossflow is challenging. The primary reason is

that the higkswirl NG burner cannot operate stably atemuivalence ratio3

p®. In addition, the vitiator can only be ignited at a lean equivalence ratio and the fuel flow
increased to get to the rich equivalence ratio, which exerts a sudden thermal shock on the
ceramic liner. Thus, to get the necessary rich crossflow conditions, theatar is run at

an equivalence ratio of 1.3 and a mixture eBHd He is injected through the dilution ports

to further increase thesHtoncentration in the crossflow. Detailed conditions for both the

leanand rich crossflow are given rable2-1.
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The compositioslisted inTable2-1 is assumed to be the equilibrium products of
combustion considering the composition of the vitiator and the dilution streams. This is a
reasonable assumption, with respect to the major spdased on the residence time of
the flow stream post vitiation 50 ms For the same reason, given the residence time and
the heat loss from the rig, the adiabatic flame temperatlyre €alculated from the
composition does not provide a good estinatehe flow properties entering the test
section. To estimate the temperature, the mass averaged velocity calculated from the mass
flow measurements was compared with the average velocity calculated from the crossflow
velocity profile. In addition, an fype thermocouple was inserted through the jet and the
readings used in correlation with this temperature. This allows for a more accurate estimate
of the thermodynamic properties of the crossflow prior to entering the test section. The
temperature estimaféY , along with the measured masmgeraged velocityd ), is used
to calculate the resulting crossflow Reynolds numb&, " o6 "G °‘ , which is
similar for both the rich and lean conditions. The uncertainties in this process are listed in
AppendixA (Uncertainties in calculation of parameters). The mass flow conditions listed
in Table 2-1 were chosen with two considerations: to obtain a velocity and Reynolds
number value closéo those observed in most industrial staged combustion/RQL systems
than other fundamental studies Wehensuringthat the appropriate time scales can be

captured by the diagnostic systems.

The three primary parameters of this studyY 0 and the flame position are

manipulated primarily by changing the composition, temperat¥regnd velocityd of
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the jet.Since both the crossflow conditioms/olve vitiation mixtures of low molecular
weight gases such as;Hand He are necessary to obtain a -lbewmsity jet. The
thermophysical properties of the jet fluid for each case is listédle2-2. The targeted

range of density ratios for each case is chosen based on the observed change in
hydrodynamic stabilitypehaviorfor a nonreacting JICH53] as stated itsection1.4. For

the nonreacting conditions, a mixture of inert gagebl; and He is used to obtain the
required density ratios. The viscosityoistained by using the transport properties for the

gas mxtures calculated in Cantera.

For the reacting case, R1, as the crossflow is oxyigénthe jet contains +hs the
fuel of choice for two reasons. Primarily, as elaborateSeiction1.2.2 there are many
different types of RJICF flame topologies depending on lat@mical timescale
considerations which can have significantly different effects on-flgmamics. Here, it is
desirable to decouple tipeoblem of flame stabilization from the study of the effect of heat
release on hydrodynamics. Given the temperature of the crossflow, approxifivately
1150 K, K is the most practical choice for a fuel as its fast kinetics ensuragmition
and a fully attached flame configuration for all flow conditions. In addition, the low
molecular weight of KHallows for gas mixtures with density lower than the transitiona
value. FromTable 2-2, Hz is mixed with N or He and the jet fluid temperaturey is
adjusted to obtain the specific density ratios. The loweetayg 0.35 is chosen as lower
density ratios are not practically possible given the low density of the vitiated crossflow.
At the upper end, the limit ofy= 1.75 was chosen as the presence pasithe fuel

significantly decreased the density of thextmie and obtaining higher density ratios
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through increased dilution levels (withp)Nesulted in suppressed chemistry and a loss in

flame stability.

Table 2-2: Jet fluid properties

Composition
1 1l=(K) z=(kg/m3) | He(mPas)| 14+ m(K)
R I IR RS
0.35 475 0.0 - - 1.0 0.103 0.027 -
NR 1.0 300 0.12 - - 0.88 0.295 0.02 -
1.75 300 0.4 - - 0.6 0.51 0.02 -
0.35 300 - 0.72 - 0.28 0.104 0.012 2153
R1 1.0 400 0.3 0.7 - - 0.29 0.02 2176
1.75 300 0.4 0.6 - - 0.51 0.017 2135
1.1 550 - 0.02 0.2 0.78 0.209 0.033 2120
R2
2.2 550 | 0.38| 0.04 0.2 0.38 0.41 0.033 2199

The conditions listed above involve using a fuel rich jet to create greonixed
flame oninteraction with the oxygerich crossflow. Due to the vitiated nature of the
crossflow, and the significantly large amount of air required to burn a fixed mass of fuel at

stoichiometric conditions, the mixture fraction for combustiéh) (and subsently the
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flame positionwill tend to lie in the crossflow side of the shear layer of the jet. As stated

in the research goals, one of the main objectives of this study is also to investigate the effect
on RJICF hydrodynamics while manipulating the flapwsition.Thisis accomplished in

this study by running the head end at a rich equivalence ratio while using a jet containing
an oxideer. The specifics for the composition of the ftieh crossflow was covered in the
previous paragraphs and irable 2-1, and further details on the calculations used to
establish the nominal flame position for each case are detailed in AppgeBdbhechoice

of oxidizing gas is limited to @ which creates some challenges in matching crossflow
density conditions due to its relatively high molecular mass. To obtain the targeted density

ratios, Q is combined with inert gases such as He and N

Figure 2.6: OH-PLIF intensity fields for R-2 case with H doping (right) and without
(left).

The second challenge in theZRcase is the feasibility of obtaining a stably attached
flame under these configurations. Most previously investigated RJICF configurations

involve fuel injected into an oxygeich crossflow, which like case-R, have a flara that
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is stabilized outside the jet shear layersuch aconfiguration, the flame stabilization point

lies within the crossflow boundary layer where the Higimperature crossflow (i.e. fast
kinetics) and the low velocity scale of the boundary layerridnre to afavorable
attachment pointBut, in the R2 configuration, moving the flame inside the shear layer
requires that the point of stabilization lies in the relatively colder jet fluid with a much
fasterlocal velocity timescale. To mitigate thessues, the jet is heated to a temperature
“Y= 550, which helps to reduce the density of the mixture further and increase its reactivity.
In addition to this, a small amount 0 27 4% by volume) is added as a doping agent to
further increase theeadivity of the jet mixtureallowing for a flame to stabilize under the
unfavorableconditions inside the jet shear layer. This can be seen from the flame position
inferred from the OFPLIF intensity fields irFigure2.6. For all the reacting cases, R1 and
R2, the composition and temperature is adjusted to ensure the net exothermicity, measured

here as the adiabatic flame temperatiiye)at™Q, is similar in all the cases.

Table 2-3: List of cases with corresponding properties

Case| Type | Utarget) [ { (target) [ O=(m/s) | q m |
1 NR 6 1.75 27.03 | 2225
2 NR 12 1.75 38.23 | 2986
3 NR 18 1.75 46.82 | 3607
4 NR 30 1.75 60.45 | 4650
5 NR 6 1 35.76 | 1560
6 NR 12 1 50.58 | 2141
7 NR 18 1 61.94 | 2426
8 NR 30 1 79.97 | 3392
9 NR 6 0.35 60.45 | 727
10 NR 12 0.35 85.49 | 980
11 NR 18 0.35 104.70 | 1096
12 NR 30 0.35 135.17 | 1542
13 R-1 6 1.75 27.03 | 2373
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Table 2-3 (continued
14 R-1 12 1.75 38.23 | 3487
15 R-1 18 1.75 46.82 | 4323
16 R-1 30 1.75 60.45 | 5546
17 R-1 6 1 35.76 | 1564
18 R-1 12 1 50.58 | 2184
19 R-1 18 1 61.94 | 2801
20 R-1 30 1 79.97 | 3353
21 R-1 6 0.35 60.45 | 1557
22 R-1 12 0.35 85.49 | 2138
23 R-1 18 0.35 104.70 | 2738
24 R-1 30 0.35 135.17 | 3518
25 R-2 6 2.2 35.92 | 1434
26 R-2 12 2.2 50.79 | 1719
27 R-2 6 1.1 50.21 | 1077
28 R-2 12 1.1 71.01 | 1500

To investigate the variation in RIICF dynamics with the other primaryesmcting
parametet 0, the mass flux through the jet is adjusted for a fixed composition to target the
specific momentum flux as described Tiable 2-3. While the Reynolds maber, and

consequently the momentum thicknegsQ, varies between cases at fixedand "Y
previous studies have shown théR does not have a significant effect on jet dynamics

under these constraint&l].

2.3 Baseline measurements

This sectionwill present measurements made to establish the inlet conditions of the

crossflow and the jet.

2.3.1 Crossflow Characterization

The crossflow velocity profile was characterized using PIV measurements. Details

of the setup and experimental details are provid&ction3.2 To prevent any influence
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from the jet, the ceramic nozzle was replaced by a filled plug. In this, shedg were two
distinct crossflow conditions usédlean and richbased on the categoof experiment.
Figure2.7 compares thaxial velocity profile(6) normalized with the outer flow velocity,
0 , for each caseThe transverse coorditea(w) is normalized with respect to the half
channel heightQ The shape profile is similar in both cases and, as list€dbte2-1, the
crossflow Reynolds numbers are similar in both cases based on thaveesged flow

velocity.

y/h

0.2 0.4 0.6 0.8 1.0
u/ue

Figure 2.7: Comparison of measured axial velocity profile between the two
conditions.

The measured mean velocity profile is compared with theoretical laminar and
turbulent profiles irFigure2.8a. The calculated fregtream Reynolds numbgyQ ) was
estimated using the measured mean velocity at the mid plane and is used to éstimate

[86] and calculate the friction velocity, = 1.01 m/s, and the viscous length scaler

0.16 mm.These values are used to construct the theoretical laminar atwMdgrbulent
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profiles based on thsame integrated maasgeraged velocity 0 - 6 W QwThe

crossflow Reynolds numbelQ x p p 1)1 suggests that the flow regime is turbulent, but
the measured profile deviates from the theoretical {udlyeloped outer velocity scaled
profile [86]. In the regionuj| < 0.1, the profile is close to the theoretical-lag profile
while in the regionij| > 0.5, the shape of the profile essbles the theoretical laminar

profile. This suggests that flow is in a somewhat transitional regime.
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Figure 2.8: a) Comparison of experimentally measured profile with theoretical
profiles; b) comparison d spanwise variation of fluctuating components.

The flow path upstream of the test section and the design of the test section might
contribute to this deviation. Based on previous theoretical studies on channel&ws
the minimum development length for a futliegveloped channel flow is often significantly
longer than the distance between the honeycomb-dtoaightener and the test section
(Section2.1.2. This is supported by the PIV data near the test section centerhich

suggests thalY decreases up ®% over a length of 1@ in the vicinity of the jet. The
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5t order polynomial contoured nozzle upstream of the test section with an area contraction
of approximately 2:1 leads to a favorable pressure gradubnth can further explain the
deviation for the theoretical turbulent prof[l@g]. In addition, the aspect ratio of the test
section here igess tharl, while most studie§89 have suggested that a minimum aspect

ratio of 6 is necessary to neglect thrdienensional effects.
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Figure 2.9: Power spectrum of the crossflow axial velocity.

The fluctuating velocity field, including the streamwise and spanwise components,
are plotted for the lean crossflow cas€igure2.8b. The peak in thmeasured fluctuations
atw = 20 is due to the high level of energy production due to the mean shear in the near
wall region [86]. While the &perimentally measured fluctuations deviate from the
theoretically expected value in the outer flow reg{an > 100), the Reynolds stresses
represent both random turbulent fluctuations as well as coherent fluctuations due to
acoustics. While care was taken to not operate the rig at thecoustically unstable

parameter spaces, background acoustic has a stifturgnire on coherent structures in the
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crossflow. The spectral content of these coherent structures in the crossflow velocity field

can be seen iRigure2.9, where the peak fluctuations occur at frequen®kes8 Hz and

29 Hz.The power spectrum &/eraged over th@anme varying velocity measurements made

at each point above the jet exit.

2.3.2 Jet Characterization

a)

v/

0.8

04rF

0271

Re; =3000,5 = 1.75

b)

y/d; = 0.5
y/d; = 1.0

y/dj =25

v/y

-0.5 0

x/d;

0.5

0.8

0471

021

Re; = 2000,5 = 1.0

—

y/d; = 0.5
y/d; = 1.0
y/d; =25

.

-0.5 0 0.5 1

/d:
x/dj

Figure 2.10: Jet velocity profile across two different Reynolds numbers aneﬂ

values

The jet velocity profile was characterized using the SPIV measurements using the

setup detailed iBection3.2while seeding only the jet amdth no crossflow present. The

transverse velocity profile for two cases with differ&f2 and“Ywere presented here to

characterize the shape of the velocity profile. For both the cases measurements taken near

the jet exit show that the velocity profil€&igure 2.10) resembles a tepat like shape

similar to profiles observed by Megerian et[@1] and Wilde[25] for a similar nozzle
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contour. The lower density cas¥ ( p8t shows ahorterpotential core as is characteristic

of low-density free jets.
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Figure 2.11: Transverse velocity power spectrum probed at three locations along the
centerline for two different Reynolds numbers and|| values

The transverse velocity spectrum along the jet centreline at three probe locations
was also used to validate that jeesupply system does not introduce strong toFigsire
2.11 shows that the spectral amplitude of the transverse velocity fluctuations, referenced
with respect to the crossflow velocity scale, is very weak at locations near the jet exit. The
observed toes likely correspond to the vortex shedding from the free jet which is likely
influenced weakly by acoustics in the jet plenum. Between the two cases no common
narrowband frequencies were observed confirming that the jet supply system does not act
like an acoustic forcing source during operation and thereby impose its resonant
frequencies on the dynamical content of the JICF configurations. The observed frequencies
were also lower than the fundamental frequencies characterized for the convectively

unstableJICF configurations in Chapter 5.
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CHAPTER 3. DIAGNOSTIC TECHNIQUES AND POST

PROCESSING METHODOLOGY

This chapter details the diagnostic techniques and data processing methodologies
utilized in the rest of this thesis. Namtrusive laser and optical based diagrnotchniques
were primarily used due to the higgmperature environment in the reacting flow. Planar
techniques allowed for simultaneous acquisition of flowfield information in the centerplane
of the JICF flowfield. To this endstereoscopigarticle image velocimetry (SPIV) was
used to obtain velocity measurements in the centerplane whilectiluminescence
and OHplanar laserinducedfluorescence (OHPLIF) were used for the purpose of

studying the flame behavior in the reacting cases.

Particleimagevelocimetry is a nofntrusive laser diagnostic technique where small
06seedbd particles ar e I At higb doowered] typically o t h
monochromatic coherent light source (here, a laser) is used to illuminate the seed particles
and a digital amera or similaimagingd e vi ce records these il | umi
flowfield. These images are a consequence of Mie scattering by the patrticles, since they
are typically larger than the wavelength of the light source. The velocity data is dbtaine
by correlating two snapshots of the Mieattering images, analogous to the position of
particles in the flowfield, which are taken with a small (with respect to the flowdcakes)
time-lag. While there are numerous variants of PIV techniques bas#t application
and data requiremenf80Q], for this study we employ higbpeedSPIV, a variant where
threecomponents of the velocity can be obtained from a 2D interrogation plane in the flow

domain.
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To supplement the flow information with information on the flame posiéind
reaction zone characteristjc®H-PLIF and highspeedchemiluminescencevere used
simultaneously with S®I1. PLIF canprobe the concentration dargetspecies byexciting
molecuks using a monochromatic lighand imaging the subsequent emissidnsthis
thesis the region of interest is a plane concurrent with the PIV region of interrogation and
the molecule of interest is thydroxy radical (OH) OH has an important role to plan
the combustion process and thus can be correlated to the flame position based on the flame
characteristics [91] T this relationship is furtherexplored in Section 3.4.2
Chemiluminescence is a passive technique where the natural light emission of combustion
processes is captured with a caméften the emissions can be filtered to target a specific
activated radical. Here, the emissions are filtered to target the light released by OH*, the
activated hydroxyl radical, which is an intermediate species in the combustion chemical
pathway. The gantum of light released by OH* is often a good marker for the fbeahal

energyreleasg92].

3.1 Combineddiagnosticsetup

The capabilities of most optical diagnostic systems (PIV, PLIF or
chemiluminescence) are often limited by the acquisition technology, in this case high
speed CMOS camera technology. As this study is primarily focused on the behavior of
SLV structures ands impact on flame dynamics, which generally have a small length
scale (Q) and a fast timescale, the choice of acquisition frequency and region of interest
incur a tradeoff between the resolvable temporal scales and spatial (length) scales, i.e.
acquring data at high sequential repetition rates is often at the cost of redacesta

resolution. To overcome these limitatiprtsvo separate series of experiments were
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conducted, nosimultaneously but aanalogoudlow conditions Table A-2 and Table

A-3).

High Speed
Intensifier

532 nm laser
sheet (PIV)

SPIV camera #2

SPIV camera #1

OH-PLIF/OH*Chemiluminiscence

Figure 3.1: Schematic of the camera arrangement for the HSPIV and OH-
PLIF/OH*Chemiluminescence experiments

The experimental series faging on high repetition rate measurements to temporally

resolve the shear layer structures consisted of simultan&®udHz SPIV and OH*

chemiluminescence. The diagnostics were focused on a small region of interest close to the

jet to obtain the required spatial resolution while accounting for the limitation of lower Mie

scattering image resolution at high frame raiféss pairing was alsohosen as past studies

have shown that the heat release information in the near field of a JICF can be corelated

with hydrodynamic structurd93]. The other experiment, SPIV was paired with-BHF

and run at 4«Hz probing alarger region of interest to obtain flowfield information and
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understand the reaction zone structure in both the nearrdigldaf the jet. The next few

subsections will detail the specific diagnostic settings and parameters used.

Figure 3.2: Picture of 40 kHz diagnostic setup involving SPIV and OH*
chemiluminescence

3.2 Stereoscopieparticle imagevelocimetry parameters

3.2.1 Optics and acquisition settings

lllumination for both series of experiments was provided by a pulsed Nd:YAG laser
(Continuum Mesa PIV 80Wjvhich has an operational range betweetH2 and 4kHz.
The laser contains two laser headsich can be controlled independentbllowing for
custom time delays between the two pulses used for PIV image pairs. The pulse duration
of each head was 150 ns ane thaximum power was 4@ at 10 kHz. As each experiment
was focused on a different sized field of view, the sheet optics used to obtain the region of
illumination were different. For the larger field of view cylindrical concave lens was

used to expanche beam and a cylindrical convex lens was used to collimate it to the
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requiredspanof 55 mm To obtain the laser sheet for the smaller field of view, the natural
divergence of the laser beam was sufficient to obtain a laser sheg@rdfO mm in the
testsection. In both cases a high focal leng@x 750 mm cylindrical concave lens was
used to focus the beam along the transverse @kiaxis) at a height of approximatel{26

from the bottom of the test sectiofhe collinearity of each pulse wasedked after
forming the laser sheet and found to have an overlap of around 75% suggesting minimal
errors due to differential spatial illumination between pulses. In both cases the thickness of

the sheet was measured to be roughly 0.5hymsing a knife egke.

For the 40 kHz experiments, the net power produced by each laser head was
reduced to approximately 2&, resulting in a pulse energy of 0.65 mJ/pulse. The pulse
energy density of the laser sheet, as well as the required spatial resolution, cahteaine
field of view for the 40 kHz experiment to a region spannirff@ 4 3.5°Q, located
approximately 1.32 from the base of the jeFigure3.3) to avoid the specular reflection
of the laser sheet from the base of the test section as well as probe the jeltoflatatfiés
location. This region was imaged using two PhotronZShigh 9eed CMOS cameras
angled approximately 25 degrees with respect to the normal of the centeFjpme3.1).

The pulses were captured in frame stradgliinode at a repetition rate of 80 kHz resulting

in a raw Mie scattering image resolution of 51284 pX¥. The cameras were fitted with

180 mm Tamron Macro lenses allowing for sufficiently high magnification (~ 0.8) at a
distance of 150 mm from the cemglame of the test section. The aperture was SEITat

8.0 to increase the diffraction limited particle size as well as control the focal depth through

the laser sheet. TweiBich Semrock Brightline filters, centered at a wavelength of 532 nm
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with a tansmissive bandwidth of 10 nm, were used to filter out ambient light as well as

PLIF emission.

T

| 4 KHz SPIV
40 kHz OH* £ &

Chemiluminescence

OH-PLIF |

Figure 3.3: Diagnosticfield of view (FOV) for all the 4 diagnostics listing the
dimensions for eachFOV; Generic jet trajectory is drawn for reference.

The lower repetition rate SPIV measurements utilized the same laser setup, while
running the two laser heads at a frequency of 4 kHz. At thettiags, the pulse energy
obtained was approximately 9 mJ/pulse, sufficient to illuminate th@ 1514 'Q wide
region of interestKigure 3.3). The region was imaged using two Phantom v2610-high
speed CMOS cameras angled at 35 degrees with respect to the centerplane normal in side
scatter configuration. While operating in frame straddling mode, the lower repetition rate

of 8 kHz allows for a captudeimage resolution of 1792 1792 px for the raw Mie
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scattering images. The cameras were fitted with 100 mm Tokina macro lenses with the
aperture set a€dT1= 5.6 to optimize the brightness and diffraction limited particle size. A
2-inch Brightline Semrock 532 nm green filter with a bandiviof 3 nm was fitted at the

end of each lens to minimize extraneous reflections. Two 5%joarterwavepolarizing

filters were adjusted to minimize the saturation from the specular reflection offttoenb

of the test section. For both the experimental setups, the combination of focal lengths and
aperture settings ensure that the diffraction limited particle size is larger than the CMOS

pixel size in each camera to minimize the possibility of peakrgck

The delay between the two PIV pulseasadjusted based on the flow conditions
and estimated by considering the time taken to produce an optimal pixel displacement of
roughly 12 pixel$90], consideing the resolution of the particle images and the jet velocity.
The resultant pul se separation times vari et
and 5 ¢es t o kHzdexperiments.olhe otit lofeplanggxis) velocity is not
consideredd be the limiting velocity scale here due to the measurements lying very close
to the plane of symmetryimplying no bulk out of plane motion. A custemade
calibration stand, using a micrometer translation stage, was uaadlathe front face of
the cdibration target a Lavision Type 1.5 um target with the plane of symmetry was
used to calibrate the smaller field of viemhereaghe larger field of view was calibrated
with a Lavision Type 05% 3D target. The laser was then aligned with the eplah

symmetry using the edge of the calibration target.
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Figure 3.4: Instantaneous composite Mie field (4 kHzJ cyan, and OHPLIF signal -

red (left); Corresponding instantaneous velocity fieldgstreamlines) superimposed

on the vorticity with elevated OH-PLIF signals demarcated by shaded regions; The
instantaneous jet centerstreamline is denoted by the darker streamline.
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3.2.2 Seed particle considerations

The seed particles used for these experimarg commercially available Ti®
(rutile) powder due to its ability to survive in high temperature oxidizing/reducing
environments and its relatively large scattering cross section compared to other ceramic
oxides. The seed particle size was reported etsvden 200 300 nm as per the
manufacturerdés specifications. The effecti
tendency of the seed particle to clump together in the presence of moisture. To minimize
clumping effects, seed was dried in an oveprmi® each day of experimental testing to
reduce the moisture content but without the presence of predetermined flow structures with
a fixed timescale, like a shock, it is challenging to estimate the true mean diameter based
on the response time. The dyilof a seed particle to accurately follow the flow field can
also be captured by using the Adimensional Stokes numb&fdo 0 6 j &. Here,0 is
the characteristic timscale of the particles aridj 6 can be considered to be the flow
time-scale. The particle timescale depends on the material properties and density
difference with the fluid and can be estimated by considering the maximum fredqhanhcy
provides a 50% energy respori9d]. Using this technique, the mean fluid properties are
estimated to be approximately equal to the crossflow conditions, and the rang®#f cut
frequencies for the particle response lie between 90 kHz and 200 kHz (for particle sizes
ranging from 200" 300 nm). This reduces the effect of clumping on potential aliasing
effects to some extent. Assuming a particle response of 90 kHz, the stokes number lies
between 0.11 0.5 based on the maximum and minimum jet flow velocity. Thus, to prevent
aliasing and dueotthe limitations on the smallest possible interframe delay of the cameras,

the highest) cases were excluded from the test matrix for the 40 kHz experiment series.
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3.2.3 Vectorprocessing

The vector processing on the raw Mie scattering images is done usifigidn
DaVis 8.3.1 software. Prior to processing, the raw Mie scattering data-gquessed
using a sliding background filter of length 11 to remove any persistent reflections from the
laser. The raw data is then smoothed using a 3 px¥ Gaussian filer to remove
uncorrelated noise and to increase the size of the imaged particles (although this will not
provide any benefit in the event the data is highly geeked). The particle field images
are normalized by adaptively mapping the local dynamigeatadaptive histogram
eqgualization) which helps reduce any bias errors due to the difference in seeding levels
between the jet and the crossflow. Prior to correlaidh pt rectangular minimum spatial
filter helps isolate particles from theieighborsproviding a relatively disperse field and

min-max normalization helps to further improve the contrast.

For both cases of data k#Hz and 4kHz SPIV) velocity vectors were computed
using multipass processing with circuldddussiarweighted) interrogation windows. For
the 40kHz data, the velocity fields were calculated using a total of 5 passes where the first
two passes were made with an initialeimbgation window size of 48 48 pxX and the
final 3 passes were made with 1212 p¥ sized windows with 50% overlap. For cases 25
i 28, all the R2 configurations, the final interrogation window size was 16 pxX with
50 % overlap due to lack of serdidensity $ection3.5.]). For all passeshe normalized
correlation function was used. Between passes, outlier vectors were iteratively removed
and replaced using DaVisd median filter al
on the final pass. For vector post procesdimguniversal otlier detection algorithm based

on the median filter was applied twice and gaps in the data interpolated. Finally3a 3
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px?> Gaussian filter was used to smooth the ymwetessed vector fields. THwmal
interrogation window size waa p p r o x i mam, edffigientlidb dptuee the length

scales of interest in the flowfield.

For the 4 kHz data, the initial circulaB@ussian weighted) interrogation window
size used was 48 48 px for 2 passes and the final interrogation passes used a224
px? window twice, to get sufficiently good correlation values. Similar to the process
described for the 40 kHz data, the mypléiss steps removed and iteratively replaced
outliers as well as smoothed the obtained vector data. The final post processing steps
included applying the outlier detection algorithm and smoothing with the 3 pxX
GaussianfiterThe final i nterrogation wiWheths si ze
was sufficient to capture the scale of the coherent structures in the flowfield, a fishite gr
size causes bias in gradient calculations through the truncation error which is discussed in

Section3.7.2

3.3 OH* chemiluminescence

3.3.1 Acquisition sysim

The filtered OH*chemiluminescence acquisition system wsgachronizedo the
high repetition rate SPIV system. The data was imaged using-gpégid CMOS camera,
a Photron SAZ running at 40 kHz. Due to the small temporal integration time to acquire
each snapshot, and the low OH* emission intensity frer Alr flames, aLaVision IRO
high-speed intensifier was used to greatly increase the brightness of the signal. The
intensifier gate was kept open for the entire acquisition-pereod (25us) to maximize

the collected light signallhe light from the imaging plane waslleated using a 100 mm

72



"QmM = 2.8 UV transmissive Cerco lens mounted with roughly 22 mm of focal extender
rings to allow for a higher magnification at the fixed focal length. Background, light
including the green light from the PIV systemas blocked by sing a Semrock UV

bandpass filter ceated at 320 nm with a bandwidth of 40 nm.
3.3.2 Dataprocessing
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Figure 3.5: Instantaneous OH* Chemiluminescence images for a) Case 14 12,-||

=1.75, R1; b) Case 27%= 6,{ = 1.1, R2; ¢) Schematic demonstrating the impact of

the flame structures on the resultant signal through the path of integration for the
R1 and R2 flame configurationg(top view of the configuration).
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The emissions captured by the Oetfemiluminescence diagnostiare essentially
intensity measurements of the region of inteliastintegratedhrough the transverse axis
with respect to the jet. Given the flame shape, which tends to be narrow along the windward
edge but spreads out towards movimgg from it, the signal can only resolve large scale
features along the windward flame eddeg(re 3.5). In the current study, the OH*
Chemiluminescere data is primarily used tanalyzethe timedomain heat release
behaviorto compare the observed dominant mode shapes of the heat release data. The
signal to noise ratio (SNR) is only sufficiently high (~2®) along the windward flame
region and therefe can only be used for qualitative comparison with the windward shear

layer spectra presented@mnapter 5.

3.4 OH-planar laserinducedfluorescence

3.4.1 Optics and image acquisition

OH-PLIF is used in this study to infer the flame characteristics in thempéare
of the RJICF flowfield. Illumination is provided using a Sirah Credo Dye laser system
which includes a EdgeWave Innoslab 120 W pump laser which pumps a Credo tunable dye
laser containing Rhodamine 6G. The laser system has an output power of 4Whaf 283
UV light at a repetition rate of 4 kHz (synchronized with the lower rate SPIV)
corresponding to an average pulse energy of 1 mJ/pulse. The output wavelength was tuned
to the Q(9) transition of OH in the between the Tto’ p vibrational staten the
ot @ L systemand optimized to obtain the strongest emission signal from the flame.
The output beam was expanded using cylindrical concave lenses and collimated to set the

span of 40 mmFollowing which,the beamwas reflectedinto the test seémwn using a
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Dichroic mirror and focused into a sheet, coplanar with the PIV sheet, in tlee-pkame
of the test section using a cylindrical converging lens. The final sheet thickness of-the OH

PLIF system was approximatelys mm.

A high-speed CMOS qaera, Photron S&, was used to acquire the emission
signal from the OH radicals. In order to enable acquisition of a sufficiently strong UV
signal, a Lambert Instruments 25 mm HiCatt V2 was used, fitted with a 1Q0CHh=
2.8UV transmissive Cerco lensThe camera and intensifier setup were arranged between
the highspeed SPIV cameras and position normal to the imaging planerfiats).
Similar to the OH*chemiluminescence setup, the background light including the green
light from the PIV system wdslocked by using a Semrock UV bandpass filter eedtat
320 nm with a bandwidth of 40 nm. To minimize the light from passive sources (i.e.
chemiluminescence), the gate of the intensifier was limited to provide exposure for only
150 ns and was verified imaximizethe captured OH transition emission signal while
minimizing the light due to OHthemiluminescence. The gain on the intensifier was set
to 780V to get a sufficient dynamic range of intensities in the raw PLIF images. The timing

was adjusted tonsure the UV pulse bisected the green laser pulse doublet (PIV).

At the frame rate of 4kHz, the higdpeed camera was able to acquire images at full
resolution 1024 1024 pX. Considering a viewable area G#'Q 14°Q, this
corresponded to eaw imageresolution of 0.041 mm/pixel. A total of 3696 images were
taken at each test condition synchronously with the SPIV system. The imaging plane was
aligned and calibrated using a Davis @&D target synchronously with theP Y/
cameras. To account for variation in the laser sheet strength, baseline measurements were

made while plugging the test section and filling it with aceteapor The acetone
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emissions from over 200 pulses were captured and averaged to obtain theatienyva
which was used to correct the raw images. As the focus of this study is primarily the
gualitative flamebehavior the discrepancies in acetone sheet profile compared to the shot

to shot intensity variation are thought to have a small impact anrtatpretation.

3.4.2 OH-PLIF image processing

The corrected OHPLIF images were processed by using a {tomain
background subtraction filter, followed by a 3 pxX Gaussian filter to smooth out sensor
noise. An edge preserving filter is further use@nwoth out highHrequencynoise while
retaining the flame shape especially along the windward flame brafben the
temperature and pressure field is knowhe tsignal intensity from the OHLIF
measurements effectively measures the OH concentr@id@) locally. For the current
study, assessing this intensity variation on a qualitative basis is sufficient to understanding
theregions ofhigh temperature combustion produetstoss the different configurations.
While the flame position is not directborrelated with the OHPLIF signal, under certain
conditions, it is possible to infer the flame position. For example, observing tHeLGH
emission structure for the R1 type flame configurations (fuel jet inéxiaizing crossflow
- Figure3.6a), the windward flame islatively thinand shares a lot of similarities to H
Air diffusion flames[91]. If we consider the variation in mixture fraction spad®, (
detailed studief95] have shown that the&) "Oconcentration peaks on the oxidising side
of the stoichiometric mixture fractn ("Q) as can be seen Kigure3.6¢c. Thus, based on
this we can approximate the flame position as lying along the contour of maximum slope

(white - Figure3.6a) on the side of the jefuel side).
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Now, for the R2 type configuratiorrigure 3.6b) the jet contains diluted oxidizer
and the crossflow is now fuel rich. As a result, the flame will probably lie on the crossflow
side of the OHPLIF intensity distribution for both the windward and leeward branches.
This assumption is further supported diyedimensional opposed diffusion flameodel
calculations, performed using CANTERPO6], for the different jet compositions
considered in this studfigure3.6d shows the variation i) "Oand”Ydistributions with
respect to the mixture fractioff) The peak( "Ovalue lies on thexidizer, or crossflow
side of the flame (defined here as pégkfor the R1 configuration while for the R2
configuration it lies on the jet side with respect to the flame. In additidéQ tbe variation
of U "Oand"Yis presented with respect to the spatial coordinates and the shear cente
Figure 3.6e. This provides an estimate of how well the spatial distributio) 60 can
support the claim that the flame lies inside the shear layer in the case of the R2
configuration while thel "Oand”Ypeak clearly lie on the other side of the shear layer for

the R1 configuration.

While theone-dimensional modelesults provide some insight into possible flame
locations from the OH signathis is true primarily in regions that the diffusionrfla has
a thin laminar flamelet like structure. This is because OH is a relativedstigg species
with a relatively long recombination time (~ 3 ms) aodnsequentlycan be convected
away from the flame proximitj97]. This is especially true in the leeward reaction zone
branch of the R1 type configuratiomhere OH effectively accumulates in the recirculation
region complicating the estimation of the flame position. For the R2, ¢chise effect
complicates the identification of the flame structure along theagettonvected OH is

entrained into the wrinkles caused by advecting vortices in the far field and thagitre
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of elevated OH becomes more diffused. Despite these limitations, given that the flame
nature is well established for these diffusion flame type configurations, tHel@#ksignal
will be further used to contrast flame and reaction zone charactristtween the

considered cases @hapter 4.

3.5 Sources oferror T PIV

3.5.1 Seedinglensity

y/d;

\ Vortex

Regions

Figure 3.7: InstantaneousMie scattering images for the 4 kHz SPIV experiments
a) Case 2:l= 12 { = 1.75, NR; b) Case 11!=18,{ = 0.35, NR

While care was taken to ensure uniform and sufficient seed density in the jet and
the crossflow, seeding density in turbulentctesy flows depends strongly on the local
flow conditions. In the current set of experiments,-naiformities in the seeding levels
are observed due to three primary souiicet) centrifuging of seed particles due to the
vortical structures, 2) dilatatinduced density reduction in regions of high temperature

and heat release and 3) lower seeding in the wake of the jet.
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Figure 3.8: InstantaneousMie scattering images for the 40 kHz SPIV experiments
a) Casel:l=6,{ = 1.75, NR; b) Case 10l=12,{ = 0.35, NR

The shear layer vortices which rollup on the windward and leeward shear layers of
the jet in the near field have a very shorteisecale 'Y 76 defined by their characteristic
size as well as the velocity scale. Lecuona ef9&. demonstrated how the centrifugal
force induces a radial velocity to these partioldsich is dependent on the stokes number

" and the density and diameter of the particleghe limit of large residence times
measured in their case from the start of the simulatlom particles tend to aggregate
outside the vortex coraver atime scale¢ ™0 . This explains some of the differences
between the centrifuged regiont different cases with slowegure 3.7a) and faster
timescales Kigure 3.7b). While this time was found to bé p i for the flow
parameters investigated by Lecuona ef38], the stokes number for the current study is
significantly higher resulting in a tirscalec 0 1@ & i). In addition, thigsimescalecan

be compared to the convective time scale of the vortices.
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Wherei can be considered to be a streamwise coordinaté/asdhe convective velocity.
Since™ x 'Y, across the different jet velocity scales the level of centrifuging will be
relatively constant and considering the real values of time scales, the convective length
scaleix 0 p mQ which essentially means it is unlikely that the particles aregtataly
centrifuged out from the vortices within the domain. Thus, while the centrifuged region
grows as the vortices advedtigure 3.8), it is unlikdy that the centrifuged region will
exceed the core diameter before viscous effects breakdown the vortices or slow down the
swirl thereby providing some confidence that the vorticity/circulation calculations that are
used to estimate the vortex boundargldAionally, the inducedadial velocity does not

bias the calculation of swirl or vorticity due its direction Thus,the primary source of

uncertainty is due to the loss in particle denfg§].

The second cause of lower seed density is due to the flame irdilatation. This
can occur in the direct vicinity of the flaniesuch as the windward flame branéhgure
3.9a) or due to drop in density in the entedncombustion products in the wake of the
same flowfield. In both cases, it is clear there is a strong correlation between the low seed

density and the regions of high @™LIF signal (red).
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Figure 3.9: InstantaneousMie scattering images with superimposed OHPLIF
intensity fields for the 4 kHz SPIV experiments- a) Case 18:1= 12, { = 1.0, NR; b)
Case 26:l=12{=2.2,R2

For the second reacting configuration (R2), the seed density was |dke in
crossflow due to challenges in seeding theith crossflow. Seeding of the crossflow was
carried out using Helium, due to the safety risks of passing the dilutionHgethrough
the seeding system. The high volumetric flowrate phhd the limitabn of the amount
of He that could be mixed with the crossflow, to preserve the enthalphy and prevent the
density from going extremely low resulted in a limitation to the maximum amount of seed
that could be mixed in the crossflow despite the higher vatieritow rate compared to
the other reacting condition (R1). In addition, the wake region of the jet showed
substantially lower particle count§&igure 3.9b) - a consequence of hot combustion
products being entrained into the wake as well as the reduced entrainment of the crossflow

into the recirculation region .
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3.5.2 Combustion induced bias effects

The uncertainty in PIV measurements made through the dgoritere obtained
through DaViswhich estimates the random component of the instantaneous measurement
error by using the correlatiorstatistics[99]. Thus, regions of low correlation value
naturally correspond to higher computed uncertainty. This technique does not consider
errors due to stronger smes of bias such as peak locking, seed density and size and
combustion effects. The particle sizes in all cases across both experiment series were large
enough to ensure that there was no peak locking and was verified by observing the

histogram of partid displacements for each case.

In order to understand the effects of the combusting flowfield on the sources of error
for PIV measurementwo effects are considered. The effect of flame induced particle
density reduction is dealt withualitativelyin the previous section and results in higher
uncertainty due to the reduced correlation value. The second effect involves the
thermophoretic effect which causes the particle to drift along the temperature gradient as
opposed to the velocity fie[d0(. Sung et al[101] estimated the thermophoretic velocity
using the expression:

ny

' 0 — 3.2

[

whereO represents the thermophoretic diffusion which was experimentally determined
by Gomez and Rozné¢it0Z to be approximatelyD T®’ , which is applicable to the
particle sizes used in this experimental study. While utilizing these expressions to correct

for the local velocity on an instantaneous basis is challenging due to the inability to extract

83



instantaneous temperature information, the-BHF data provides a reasonable estimation
for the flame length scales on averaggewell asthe contour of maximum temperature in

jet diffusion flames[95]. To estimate the worsiase drift velocity, we consider the
temperature gradient along the windwardritabranch where the flame thickness has an
approximate the thickness of ~ 0.3 mm based on the observable thickness offh¢FOH
signal. For the R1 flame configuratiofigure 3.9), the temperature gradient on the
oxidizer (crossflow) side can be estimated using the adiabatic flame temperature and the
crossflow temperature as ~ 1800 K/mm. On the fuel side, thé’lOR signal does not
track the temperaturigeld and therefore we use the value obtained from a turbulent jet
diffusion flame as 2000 K/mm at 1300 K. This provides an estimate of the thermophoresis
induced velocity as 0.14 m/s. This velocity is relatively small compared to the
characterist velocity scales in the jet and the crossflow. Spatially, the windward flame
region lies outside the vortical structures which are a focus of this work and therefore would
play a little role in creating biased velocity measurements in the region afsintérhile

the vortices do entrain high temperature fluid, the temperetaomsidered to be diffused
through the structurd95] and the gradient length scale is on the order of the structure size
creatinga negligible effect. For the second flame configuration the gradients are found to
be similarresulting in a similar induced velocity except in this case the flame is entrained
directly into the vortical structures based on the-RIHF data. The bias uncertainty in
evaluating the vorticityand swir| is assumed to be low due to the radial direction of the
thermophoresis induced velogityhich would not contribute to any bias to the vorticity

or swirling strength measureme®ettion3.6.2.
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3.6 Vortex identification and characterization
3.6.1 Vortex identification

To condition the data with respect to instantaneous coherent structures, vortex
identification techniques are used to identify the regionsgtf totation in the flowfield.
There are numerous vortex identification techniques that have been developed and used
across many turbulent flow applicatiofi©3 and the choice of techniqueaftenhighly
specific to the given flowfield. MosEulerian vortex detection techniques require the
calculation of a vortexdentification metric, calculated in the whole flowfield. Here, the
compressible extension of thecriterion[104], introduced by Hunt et 1105, is used as
the metric to guge the level of local rotation while neglecting the gasaesppn effects.

The criterion is defined as

0 g/m]‘E AY £ 33

whereAEis the rotationatateof the velocity gradient tensor a8 £is the deviatoric
component of the strain tensor. Vortical regions are defined as regions where the rotation
exceeds the strain locally &s> 0, but for the case of turbulent flows with noise, a threshold

is generally applied.
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Figure 3.10: Instantaneous [k criterion field for two different cases for the 4kHz
SPIV data a) Case 71l=18,{ = 1.0, NR; b) Case 144=12,{=1.75,R1
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Figure 3.11: Instantaneous |f criterion field for two different cases for the 40 kHz
SPIV data a) Case 2= 12,{ = 1.0, NR; b) Case 91=6,{ = 0.35, NR
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Figure 3.12 Scale space smoothing of thH!—criterion field a sample instantaneous
field from the a) 4 kHz SPIV data and b) the 40 kHz SPIV data

In order to increase the robustness of the vortex detection process, especially in cases
where the data at the center of vortices is highly uncertain (partictilarhjigh resolution
cases), scale space thefil9d is used to extract only large regions of significant rotation
while neglecting noise. For the 4 kHz ddtaeelevels of smoothing were chosen in scale
space withGaussian kernel sizes increasing from 3 pfto 7 7 pt. Four levels of
smoothing were usefdr the 40 kHz datagoing from 3 3 p£to 9 9 pf. Significant
regions of rotationghat persist through all levels of smoothing were identified as the

targeted vortices.

The choice of vortex boundary is another highly ambiguous metric but is critical to
define metrics such as vortex size and circulation. Previous studies have attempted to
provide a physical boundary by defining a fixed vorticity confd0r7]. As the shear layer
vortices can be approximated to Lax@een vorticest is possible to define the boundary

based on the vorticity value at the location of maximum angular velocity, typically
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corresponding to the characteristic core size of the vorptexhut due to the limited
resolution, the vorticity field of neighboring vortices can often be under resolved resulting

in the contours merging at vorticity values greater than this threshold.

y/d;

Figue313 [fcriterion field with contours (O6whi
criterion field for the 40 kHz SPIV data- note the aggregation of contours along
boundaries of the coherent structures

y/d;

Figure 3.14: }criterion field with contours (6whi
criterion field for the 4 kHz SPIV data.
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Graftieaux et al[108] introduced the criterion, a nodocal Eulerian approacthat
measures the pseudoculation around a defined circuit for a point. This technique is
relatively robust to measurement error sjnoalike the other techniques, thecriterion
do notinvolve calculating derivatives. In addition, the data presenge@rbftieaux et al.

[108 suggests that this riree is has a sharp slope near the boundary of a lamb vortex
across multiple vortex sizes. Thus, the boundary here for each vortex is chosen based on
the contour which maximizes the spatial derivative magnitude af tbiterioni regions

of clustering n thes as seen ifrigure3.13 andFigure3.14. An initial contour is created

using a local threshold of the criterion and this contour is grown to the final size of the
vortex, along the boundary of thestructures, by using Charese method of calculating

active contour$109. Since the final step involves the growth of a contour to its final state
based on the field, this methodology is quite insensitive to the arbitrarily chosen initial

0 threshold chosen. The MATLAB implementation of active contours is an iterative
process that requires the definition of two parameters which control the energy weight of
the contour itself the contraction bias, and the energy of the potential field it sits Jn (
which are tuned based on the average vortex sizes for each case (a larger contraction bias

will result in faster growth of the contour, running the risk of overshooting the boundary).
3.6.2 Vortex metrics

This vortex identification technique is essentiabgd to extract certain metrics from
each of the vortices on an instantaneous basis and ensemble these metrics based on the

instantaneous vortex position (as measured by its centroid) across all the obtained flowfield
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snapshots. The ensembling and binningcpss is further elaborated @hapter 4 while

this section will provide the definition and methodology of calculation of these metrics.

The vortex swirling strength has seen widespread use as a vortex identification
metric since it was introdudeby Zhou etalf11d0. Essenti ally it measul
of the instantaneous streamlines through the complex conjugate eigenvalues of the velocity

gradient tensomn(@).

g T @ 34

If we only consider the twdimensional gradient tensdgq. 3.4, since only these
components are resolvable from SPIV data, therffectively measures the time period
for completing one revolution of the streambnec“j _ . As a consequence, itqvides
a physically relevant measure of the strength of rotation for a given vortex core along a
defined plane (here the centerplane). In addition, the metric is unbiased in regions of
compressive or expansive dilatatid©4] as is present in reacting (or even fwieacting)
PIV data. In this study, we argue that the instability stretigttcorntributes to the growth
of K-H vortices along the shear layer can be estimated quantitively by using this measure
of local rotation as a surrogate. For each vortex identified, the maximum swirling strength
contained within the boundaries, which will be itigéad as_ ;  henceforth, is chosen
to represent the strength of the vortex and therefore the defined vortex boundary effectively
acts as a mask to choose the relevant maximum from the distribution of logalues

identified for each vorte While the metric is calculated at each point, practically due to
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the finite size of the numerical stencil used for gradient calculation, this is effectively an

average measure over an area (spanned by the stencil points).

The other two metrics calcutatarethe vortex area and the vortex circulatio). (
Both these metrics require the accurate estimation of the vortex boundary. Since the data
is discrete the vortex area is defined by adding the number of points contained within the

boundaryregion and multiplying it with the grid size of the domain as

The circulation utilizes the velocity values calculated at the boundary of the
identified structures to iegrate the velocity along with the circuit defined with the

boundary

The quantity3iP is estimated cyclically along the boundary througinward
difference approximation as ¥f® who ww. A discussion of the
uncertainty in estimating these metrics on an instantaneous basis is provisssdion

3.7.2
3.6.3 Lagrangianvortex tracking
For the 4kHz datathe above vortex identification technique is further extended to

track vortices across succegssnapshots of the flowfield which is possible due to the high
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temporal resolution. Starting with an masked image based on the detected vortices for a
field at time™O0, a guess for the future orientation of these vortices is obtained by
perturbing eeh vortex structure based on the mean velocity fiefti){to obtain the guess

field "O o . Now this field,”O 0, is compared with the obtained vortex detection field for

the subsequent time st&po 30 and the structures correlated based oir theerlap

with their predicted positions. This essentially allows for the identification and tracking of

a vortex’(n space and time as it advects through the measurement region of interest.

F(t + At)
a) b) : :
45 45 . = L * 1
&
4t 4t Y= -
351 351 F’(t) @
5 B > 3 s
25} 25
2t 2t
15t 1.5t

0.5
x/d;

0.5
x/

/d;

Figure 3.15: a) Detected vortex field for an instantaneous snapshqt <« and

predicted subsequent field; «; b) Detected vortex field for an instantaneous
snapshotat the subsequenttime steg « <«( 6 sol i d | i net@dfieldvi t h t h
3 «(6dashed | ined)
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3.7 Uncertainty quantification and propagation

The SPIV processing software (DaVis 8.3.1) also provides an estimate of the
uncertainty in the measurement of each velocity component at each vector location
(YRYRY ). This is done largely in accordance with technique elaborated by Wig8ke
where the PIV uncertainty is estimatébdm the correlation statistics. This estimate is
calculated purely based on the random component of the uncertainty which can be obtained
through the correlation value at a point but does not provide any estimate of bias errors
such as peak locking or ers due to the physical phenomena outlined in Se&i&rn
addition, Wienek§¢99] comments that the random error from the correlation statistics tends
to be significantly stronger when quawiifg the uncertainty of an instantaneous vector
measurement . Despite the fact that the alg
related to flow phenomenoancertainty in the measurements made in regions subject to
strong combustion effects wortical motion will naturally be higher due to a lower seed
density resulting in a | ower or Omore uncer
the propagation of this measured metric into derived quantities including vorticity, swirling

stregt h, etc é
3.7.1 Gradient estimation

As most of the quantitative analysis is performed on metrics based on the
calculation of inplane velocity gradients, it is important to quantify the uncertainty and
bias related to this calculatio®inceit is necessary for the gradient to be numerically
evaluated from the PIV data, the choice of numerical stencil is an important consideration

with respect to the resolvable scales. Here, we use the Richattsodet extrapolation
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stencil suggested by Lourenco and Krothapallil] to balance the effect of the truncation
error as well as the noise amplification coefficient (elaborated in the next section). The
formulation of the stencil along with the associated leading term of the trumeatior

(T.E) and noise amplification ternR(E.)-

(OO "Q Q Q "Q 3T Q .
Qo 03D T 0AT @ Vae
3.7
T.E. R.E.

The spectral behavior of the filter was further investigated and contrasted with other
commonly used gdient stencils by Foucaut and Stani§lds. They provided a high and
low cutoff wavenumber based on the PIV grid spacindase 18t ¢ papdQ 30
P& ¢.d he current grid spacing for thek#z PIV data isw ¢ Y Tt awhich results in
cut-off wavenumbersofQ 1@ Y@wad and’Q @& @ & . Converting this into
a length scale this implies that the smallest resolvable gradients will be of the order of
x T T @ & or roughlyx 'Q7¥¢ 1 In-addition to the cubff wavenumbers, Focaut and
Stanislag112], further analyzed methods of optimizing the choice of derivative filter in
measuring vorticity by estimating the error in measuring the vorticity at the center of an
Oseen vortex3{ j] ), a suitable idealization for the vortices observed in teritul
flowfields. They commented that the RichardsBroder filter presented a minimum error
of ~ 10% for vortex length scaleé vz If we use the characteristic flow length scale
insteadthis impliesYx T@®Q andthe errorcan be as large as 20 'Y* 1@ @ which
would increase the bias in the vorticity estimate for very small vortex structures in the

flowfield. This has implications on the measurement of gradient based vortex metrics.
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3.7.2 Uncertainty propagation of vortex metrics

Figure 3.16: Instantaneous flowfield snapshots from different 40 kHz SPIV cases
with identified vortex boundaries from the Monte Carlo Samples (grey)4 VD -

) and identified boundary from the meaured velocity data (red)
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Figure 3.17: Instantaneous flowfield snapshots from different 4 kHz SPIV cases with
identified vortex boundaries from the Monte Carlo Samples (greyX VD - )

and identified boundary from the measured velocity data (red)
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The uncertainty estimates of theglane components of the velocity fiefef (Y )
were used to estimate the uncertainty in calculation of the vortex metrics. Since these
metrics are calculatkewith respect to the boundary defined, the propagation procedure is
not straightforward, as the vortex identification process cannot be represented as an
analytical function. Monte Carlo sampling was used in order to get an estimate of this
uncertainty. Br a given instantaneous snapshot of the flowfield, a fixed sample of flowfield

realizations 0 were created by drawing from a normal distribution at every location
of mean 6h) , and standard deviatiofiY(R'Y). All § vector fields were then passed

through the vortex identification process to obtain a set of detected boundaries. The result
of this process can be observed for the 40 kHz dragaie3.16) and 4 kHz dataRigure

3.17).

The grey contour effectively provides some qualitative measure of the uncertainty
of the vortex identification process by dem
set of vortices. As expected, vortices that are weaker tend to have a more diffused boundary
and therefore exhibit higher uncertainty with respect to the idenitificaechnique as
observed by the larger variability in detected boundaries. For stronger votliees
identified boundaries ds not vary by more than a grid point for most of the locations
along the circuit. Whild-igure3.16 andFigure3.17 provide some qualitative estimate of
the uncertainty in vortex boundary definition, propagating this uncertainty into the
calculated metrics would require running the vortex identification algotithm number
of times for every single vector field each casewhich is computationally prohibitive.

But, on closer inspectiont is apparent that the uncertainty in the detected maximum

swirling strength_ ,  is relatively insensitive to the boundary of the detected vortices
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since theanaximum value tends to lie closer to the center of the detected region. In addition,
the analysis of both the circulation and vortex area, as presented in chapter 4, is done
primarily with respect to capturing the qualitative behavior of these metrics andtkeeref
performing Monte Carlo sampling to estimate each of these metrics was deemed
unnecessaryThe physical correlation between the more uncertain vortex boundaries
(weaker vortices) also manifests in the ensembling process by wihich is calculated

a a given spatial location and this variability is assumed to be more dominant, especially
in regions with high flow uncertainty, and is therefore sufficient in gauging the uncertainty

of the ensembled metric.

While the uncertainty in the mamum swirling strengthY . does not require

the uncertainty of the vortex boundary to quantify, it is still sensitive to the uncertainty in
the underlying velocity fieldY RY. This uncertainty can be propagated using standard
error propagation formuléirst, to the estimation of the velocity gradient tenséy and

further onto the eigenvalues of this tensot

The above process only captures the error due to the random error in the velocity
measurements but does not provide an estimate foidkeHat is caused by the gradient
estimation, as covered in the previous section. This gradient bias will be higher for smaller
vortices due to the larger effect of the truncation error. Like the vorticity bias estimate
3 j1 ,asimilar approach can lised to relate any bias in the peak swirling strength
3_ 1) _ i (likely the swirling strength at the center of the vortex* _ 5 ). If we

consider a field of an Oseen vortex defined by an azimuthal velocityiscale
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. — ‘0 3.8
(0] v, P

where, 6” is the characteristic velocity scale of the vori@xjs a length scale parameter
(~1.256) andY i]Y is the radial distance \ normalized with theharacteristic radius

('Y). The swirling strength at the cents effectively the time taken to complete a circuit

with the velocityd 1 inthe limiti 1@ This can be written ds
o} :
Loy P Q
e EY ' 39
YY

If we use the limited expansion for the denominator as given by Focaut and
Stansilag112] and only take the terms 6f 'Y this expression effectively reduces to the
same expression derived for the vorticity at the center of the Vortesince the Oseen
flow has no shear and consequentlyy, 1 . Now, in the actual turbulent flowfield
_ & 1 because of both sheand rotation will contribute to the local measure of
vorticity. Nevertheless, given that  will still be strongly correlated with , we obtain,

for the case of the Richardsofi drder filter(Eq. 3.7)-

3.10

3_ 5 9 T 31 6 T,
T oA Y T No.H 3w
For small vorticesy j 3wis small and consequently thrancation error term (first
term on the RHS) is dominant. For larger vortj¢ces noise term becomes dominant but is
already estimated through the direct propagation of the uncertainty of the velocity field

Y iY and therefore the second term in #xpansion is neglected. The truncation error is
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therefore added to the uncertainty estimate of each instantaneous vortex realization to
provide an estimate of the bjashich is bound to occur while capturing small vortices
with a numerical stencil. To fther motivate the choice of the Richardsdkotder filter,

the vortex peak swirling strength j measured across all the detected vortices in the
windward shear layer for a given case (case 3) was pldiigdré3.18) with the gradient
calculated using the Richardsdhdrder filter as well as the Least Squares filter (Raffel et

al. [90Q]). Although the least Squares filter has a smaller noise amplification factor
compared to the Richardson filter, for small vortex si¥eBw a8, the effect of the
truncation errofEg. 3.9) causes a bias of nearly P%0% from the measured value using

the Richardson filter.

. x10% .
Richardson 4th Order
Ak *  Least Sguares Filter |
b .
I )
= 3+ : .
]
K
]
- 2 r .: -
"
. 4
H
1 . I - I | I ! T 7
i i 1l ay 1
0 1 2 3 4 5 6 7

Figure 3.18 Comparison of the measured peak swirling strength versus the
characteristic size of the vortex gradients were calculated using Richardson®
order stencil (Red) and Least Squares Filter (black)

Based orFigure3.18, it appears a large number of the detected vortiegs this
smaller size regime, thus, optimizing the gradient stencil to minimize the truncation error
is more critical than the noise anifjglation factor. Based on the formula for the swirling

strength bias given iyq.3.10, forp® Y ¥3w  o8tthe bias estimates range from 20%
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to 1% which is small compared to the bias for the Least Squares filter while also having a

noise amplification coefficient ~ 0.95.
3.7.3 Velocity data fidelity in vortex cores

To assess the impact of the I@&ed density on the processed vector aathe
vortex coresthe data can be contrasted across different regions of the flovAigide
3.19a shows an instantaneous Mie scattering image where the centrifuged vortex cores
from the leeward and windward SLV strusts can be clearly seen. The processed,
unsmoothed vector datap$otted in a smaller region of intst containing the regions of
centrifuged seedsin Figure3.19%. The different vector choices provide some perspect
on the local quality of the vector datsince the PIV algorithm will choose the vector
corresponding to the correlation peak based on whether the first p vector choices
are outliers with repsect to th@eighborhood. Conseently, in regionsvhere the seeding
density is poor, such as in the vortex cores, the idlgorclearly evaluates and chooses
vectors corresponding to secondary or tertiary correlation speakmajority of the
alternative vectors appeartiethe 29 choice (yellow) while in the center of someores
the 39 (green) or # (blue) choices are usedost of the vortex cores, for the most part, do
not have interpolategkector fields (red). In addition, the vector fields appear to be relatively
smooth without vectopostprocessingusing an averaging filteSince the velocity field
inside of d_ambOseen vortex corkas no extrema, linearly interpolating the vector &eld
would likely yield small errors. The exact vorticity value obtained in thegnswould

be limited by the truncation error as discussed in Se8tib2
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Figure 3.19: a) Instantaneous Mie scattering image from Case With near field
region marked; b) Vector plots superimposed on the raw Mie scattering field, color
corresponds to vectorchoices from algorithm- 15t choice/final (black), 2 choice
(yellow), 39 choice(green), 4" choice (blue) and interpolated (red); c) Smoothed
vector data; d) Out of plane vorticity data (30 ,9 is plotted superimposed on the raw
Mie scattering data; e) Detected vortex cores on the raw Mie scattering data
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Figure 3.20: Out of plane vorticity plotd enot i ng vort-e®) bauonddaor ¢
centroids (6*06); Scatter plots represent t
lin®y (@beled accolFdhoigt ¢ ,i 2t/Be khoidean,

r e d 1 idté&r@dolated value.
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