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Abstract

An investigation of subsonic transverse jet injection into a subsonic vitiated crossflow is
discussed. The reacting jet in crossflow (RJIC) system investigated as a means of secondary
injection of fuel in a staged combustion system. The measurements were performed in test rigs
featuring (a) a steady, swirling crossflow and (b) a crossflow with low swirl but significant
oscillation in the pressure field and in the axial velocity. The rigs are referred to as the steady
state rig and the instability rig. Rapid mixing and chemical reaction in the near field of the jet
injection is desirable in this application. Temporally resolved velocity measurements within the
wake of the reactive jets using 2D-PIV and OH-PLIF at a repetition rate of 5 kHz were
performed on the RJIC flow field in a steady state water-cooled test rig. The reactive jets were
injected through an extended nozzle into the crossflow which is located in the downstream of a
low swirl burner (LSB) that produced the swirled, vitiated crossflow. Both H,/N, and natural
gas (NG)/air jets were investigated. OH-PLIF measurements along the jet trajectory show that
the auto-ignition starts on the leeward side within the wake region of the jet flame. The
measurements show that jet flame is stabilized in the wake of the jet and wake vortices play a
significant role in this process. PIV and OH-PLIF measurements were performed at five
measurement planes along the cross- section of the jet. The time resolved measurements
provided significant information on the evolution of complex flow structures and highly transient
features like, local extinction, re-ignition, vortex-flame interaction prevalent in a turbulent
reacting flow. Nanosecond-laser-based, single-laser-shot coherent anti-Stokes Raman scattering
(CARS) measurements of temperature and H, concentraiton were also performed.

The structure and dynamics of a reacting transverse jet injected into a vitiated oscillatory
crossflow presents a unique opportunity for applying advanced experimental diagnostic
techniques with increasing fidelity for the purposes of computational validation and model
development. Numerical simulation of the reacting jet in crossflow is challenging because of the
complex vortical structures in the flowfield and compounded by an unsteady crossflow. The
resulting benchmark quality data set will include comprehensive, accurate measurements of
mean and fluctuating components of velocity, pressure, and flame front location at high pressure
and with crossflow conditions more representative of modern gas turbine engines.

A proven means for producing combustion dynamics is used for the performing
combustion instability experimental study on a reacting jet in crossflow configuration. The
method used to provide an unsteady flowfield into which the transverse jet is injected is a unique
and novel approach that permits elevated temperature and pressure conditions. A model dump
combustor is used to generate and sustain an acoustically oscillating vitiated flow that serves as
the crossflow for transverse jet injection studies. A fully optically accessible combustor test
section affords full access surrounding the point of jet injection. High speed 10 kHz planar
measurements OH PLIF and high frequency 180 kHz wall pressure measurements are performed
on the injected reacting transverse jet and surrounding flowfield, respectively, under simulated
unstable conditions. The overlay of the jet velocity flowfield and the flame front will be
investigated using simultaneous 10 kHz OH PLIF and PIV in experiments to be performed in the
near future.
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Schematic of the staged combustion system test rig indicating the
MCZ and optically accessible SCZ

Photograph of the modified window assembly installed in the test
rig.

(a) Schematic diagram of the window assembly portion of the test
rig with the extended nozzle showing the side view of the RJICF.
The green horizontal lines indicate the PIV measurement planes.
(b) The flow streamlines indicating the near field wake region of
the RJICF along one of the x-y measurement planes.

A three dimensional CAD representation of the high repetition rate
PIV system.

A sequence of background subtracted PIV images, in a
measurement plane 5 mm from the nozzle exit plane, for the case
of J =3 and ;e = 3. The images reveal that the swirling crossflow
has a strong influence on the trajectory of the transverse jet,
forcing it diagonally downwards in the image.

Comparing the crossflow velocity field measured at planes z = 5
mm, 10 mm, 15 mm, 35 mm, 45 mm and 50 mm. The velocity
vectors are overlaid on top of velocity magnitude [V| (0 — 40 m/s).
The direction of the velocity vectors observed the measurement
planes shown confirms the strong swirling motion present in the
crossflow.

Variation of the x- and y- components of velocity of the crossflow
measured at planes z=5 mm, 10 mm, 15 mm, 35 mm, 45 mm and
50 mm, plotted at x/d = 0.5 from the physical location of the center
of the injector.(a) time averaged x-component of velocity, (b) time
averaged y-component of velocity, (c) standard deviation of the x-
component of velocity and (d) standard deviation of the y-
component of velocity.

Variation of ®, along the stream-wise direction indicating the
effect of the momentum flux ratio on the magnitude of mean z-
component of vorticity at z=5mm for all the non-reacting jet cases.
The black dotted lines in the velocity contour plot show the
corresponding axial locations.

Page
13

13

17

18

19

21

22

24



3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

Computed velocity vectors overlaid on top of x- velocity (row 1),
Vi (-20 — 50 m/s), y- velocity (row 2), Vy (-20 — 30 m/s), ¢) z-
vorticity (row 3), @, ( -6000 — 6000 s™) and d) flow streamlines
(row 4) colored by the velocity magnitude, |V| (0 — 50 m/s) for J =
3 and ;e = 3, measured at z=5 mm, 15 mm and 48 mm.

Streamwise variation of the velocity difference of the x-component
of velocity (a) and y-component of velocity (b) obtained by
subtracting the velocity field obtained by seeding the jet from the
velocity field obtained by seeding the crossflow.

Instantaneous vector field of the non-reacting jet case, J =S8,
measured at z = Smm showing the streaklines (left) and the
corresponding vector field overlapped on z-vorticity magnitude
(right )indicating the temporal evolution of the wake structure.

Instantaneous flow velocity vectors with background false colored
by velocity magnitude of J=3 ;i = 3 at z = Smm, showing the
temporal evolution of the most dominant flow structures.

Instantaneous vector field with background false colored by z-
vorticity (®,) of J=3 et = 3 at z = Smm, to show the dynamics of
the flow field.

Turbulent kinetic energy spectra plotted in wave number space for
the reacting jet cases J = 3, it = 3 and J = 8, ¢je = 3.

Turbulent kinetic energy spectra for the non-reacting jet case of J =
8 and the reacting jet cases of J = 8, ¢jec = 0.9 and ¢jec = 3, showing
the effect of heat release on the flow field at measurement plane z
=5 mm.

The flow field at z= 5 mm for J =3 and ;e = 3, is divided into
three regions, upper shear layer (USL) (Region 1), recirculation
region (RR) (Region 2) and lower shear layer (LSL) (Region 3).

The power spectral density (PSD) of the fluctuating part of the x-
component of velocity (V) for the three locations: (a) upper shear
layer(USL) (location 1), (b) recirculation region (RR) (location 2)
and (c) lower shear layer (LSL) (location 3). The plots indicates
presence of a single peak frequency at f =462 Hz.

Time averaged velocity vectors for reacting jet case of 40%
H,/60% N, J=8 measured at z = 10mm. The velocity vectors are
overlaid on top of (a) x-velocity, Vy, (b) y-velocity, Vy and (c) z-
vorticity, ®,, (d) time averaged streamlines colored by velocity
magnitude.
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Instantaneous velocity vectors for the reacting jet case of 40%
H,/60% N,, J=8, measured at z = 10mm. The consecutive
sequence of velocity vectors are 0.2 msec. The velocity vectors
are overlaid on top of (a) x-component of velocity (Vy), (b) z-
component of vorticity (®,) and (c) instantaneous flow streaklines
colored by velocity magnitude.

Power spectral density (PSD) of the fluctuating part of the x-
component of velocity (V) extracted from the recirculation region
for the reacting jet case of 40% H,/60% N, J=8, measured at z =
10 mm. The plot indicates presence of a single peak at a
frequency, f =410 Hz.

Phase averaged flow -streamlines for the reacting jet case of J=8;
40%H,/60%N, case at z = 10mm.

Schematic of the windowed combustor with an extended nozzle.
The region shaded with blue color indicates the location of the
283nm laser sheet for OH-PLIF measurements of the flame
trajectory and the lines in green indicate the locations of 532nm
and 283 nm laser sheet for both PIV and OH-PLIF measurements,
respectively.

Time averaged normalized OH-PLIF intensity field for reacting jet
cases of J=3 ¢jc = 3 and J=8 ¢j; = 3 measured at y = 0 mm,
indicating the jet flame trajectory under the influence of swirling
crossflow.

Consecutive sequence of single shot OH-PLIF images for the
reacting jet case of J =3 ¢j = 3, measured at plane y = 0 mm.

Consecutive sequence of single shot OH-PLIF images for the
reacting jet case of J =8 ¢je = 3, measured at plane y = 0 mm.

Instantaneous OH-PLIF intensity field overlaid on top of the flame
front edge for the reacting jet case of J = 3, ¢j; = 3.0 at plane z =5
mm.

OH PLIF single-shot images for the reacting jet case of 40%
H,/60% N», J=8 ameasured at the jet center plane (y = 0 mm). The
sequence of images indicates the initiation of auto-ignition and
temporal evolution of the flame front.

Consecutive sequence of OH PLIF images for the reacting jet case
of J=8 40% H,/60% N, measured at the jet center plane (y = 0
mm).
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Consecutive sequence of OH-PLIF images for the reacting jet case
of J =8 40% H2 and 60% N2 measured at plane y = 0 mm

Instantaneous OH PLIF images for the reacting jet case of 40% H»
60% N, J =8 along the cross-section of the jet flame visualized at z
= 10mm. The consecutive sequence of OH-PLIF images are 0.2
msec apart.

A three dimensional CAD schematic of the high repetition rate
simultaneous PIV/OH-PLIF experimental system.

Photograph of test rig under operation, with the laser sheets going
from top window of the combustor

Instantaneous sequence of (a) Reaction fronts overlaid on top of
OH-PLIF images— time separation = 0.1 ms. (b) Reaction fronts
overlaid against contours of x-velocity and velocity vectors, (c)
Reaction fronts overlaid against contours of vorticity, for the
reacting jet case of J =3 ¢je= 0.9 at z=5 mm.

Instantaneous sequence of (a) Reaction fronts overlaid on top of
OH-PLIF images— time separation = 0.1 ms. (b) Reaction fronts
overlaid against contours of x-velocity and velocity vectors, (c)
Reaction fronts overlaid against contours of y-velocity and
velocity vectors. (d) Reaction fronts overlaid against contours of
vorticity, for the reacting jet case of J = 8 40%H,/60%N, at z = 10
mm.

Combustion dynamics combustor configurations. The transverse
jet injection is near the fundamental (near 200 Hz) pressure node
(Configuration A) and anti-node (Configuration B).

Cross sections of the optically accessible test section. Top: axial
cross section. Bottom: transverse cross section.

OH PLIF optical setup surrounding the optically accessible test
section. This setup is for the X-Z cross sections of the transverse
jet.

OH PLIF optical setup surrounding the optically accessible test
section. This setup is for the X-Y cross sections of the transverse
jet. Beam path is denoted by blue arrows.

Optically accessible combustor test section on the test stand. From
this perspective, the jet at the orifice exit is out of the page. This
setup is for OH PLIF of the X-Z cross sections of the transverse
jet.

Transverse jet injector assembly.

High frequency pressure transducer instrumentation port.
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Spatial mode shapes for chamber 2L (top), 4L (middle) and 6L
(bottom). Instantaneous (averaged) mode shapes are shown on the
left (right). Dotted vertical lines represent configuration A and B
jet injection locations. For data shown here, the 2L, 4L, and 6L
acoustic modes correspond to 195 Hz, 389 Hz, and 579 Hz. X =0
m represent the dump plane and X = 2.1 m is the chamber exit
nozzle.

Dump combustor pressure trace for a typical test sequence for the
reacting jet injected in an unsteady crossflow using the combustion
dynamics rig configuration.

(a) Schematic diagram of the side view of the jet injection
highlighting PLIF planes (purple) and window layout (blue). (b)
Schematic diagram of top view of jet injection where the jet is
coming out of the page. For both (a) and (b) the crossflow is from
left to right.

Pressure phase locked with Figure 8 images, where red vertical
lines demarcate the time period of the 16 frames in Figure 6.10. (a)
Unfiltered pressure trace. (b) Bandpass filtered pressure at 195 Hz,
where plot (¢) shows a zoomed in view. (d) Detailed view showing
location of Figure 6.11 frame relative to pressure signal. Pressure
transducer is located in the crossflow 89 mm upstream of jet
injection.

Sixteen consecutive 10 kHz OH PLIF images for plane z = 4.8
mm. The jet orifice is represented by the circle at (0,0), axes scaled
by jet diameter, and the crossflow is left to right.

Plane Z = 4.8 mm showing every fourth image for a compression
to rarefaction. These images preceed Figure 6.11 images and
identified in the bandpass filtered pressure plot.

OH PLIF average at plane Z = 4.8 mm.

Dynamic mode decomposition power spectra for case A for 2000
consecutive frames. (a) Plot highlighting the absence of frequency
content above 1 kHz. (b) Shows dominant frequency content
present over the given period.

Bandpass filtered pressure at 195 Hz and 382 Hz for pressure
transducers located in the crossflow 89 mm upstream of jet
injection (a), inside the transverse injector (b), and at the exit
nozzle of the combustion chamber (d). Plot (c) shows a PSD of the
pressure at the 85 mm location upstream of the injector.

DMD spatial mode for 385 Hz corresponding to frames in Figure
6.11.
DMD spatial mode for 190 Hz corresponding to frames in Figure
6.11.
Bandpass filtered pressure near pressure anti-node of both 195 Hz
and 382 Hz crossflow acoustic modes. Red vertical lines
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7.1

demarcate the time period of frame 1 — 28 of Figure 6.16 and
Figure 6.17. The pressure measurement is in the crossflow location
70 mm upstream of exit nozzle and square data points are only
drawn on one curve for clarity.

Plane z = 14.8 mm unfiltered OH PLIF images. Every third image
shown to capture a full period for the 194 Hz acoustic mode.

OH PLIF average at plane Z = 14.8 mm

(a) Bandpass filtered pressure at antinode of 194 Hz and 384 Hz
acoustic pressure mode. Numbered data points correspond to
Figure 6.20 frame numbers and are shown on 194 Hz data line
only for clarity. (b) DMD power spectra for test case B. (c)
Pressure PSD covering data in (a) and located at anti-node of both
194 Hz and 384 Hz.

Test case B DMD spatial mode for 194 Hz. The frame numbers
correspond to those in Figure 6.22(a) and Figure 6.20. Every sixth
image is shown to capture one period of the 194 Hz cycle.

Test case B DMD spatial mode for 194 Hz. The frame numbers
correspond to those in Figure 6.22(a) and Figure 6.20. Every sixth
image is shown to capture one period of the 194 Hz cycle.

Unfiltered OH PLIF images of the X-Z cross section. Every third
image shown to capture a full period for the 194 Hz acoustic
mode.

OH PLIF average for X-Z cross section. Rectangle at upper left
represents injector orifice and is centered at (Z/D, X/D) = (0,0).
Crossflow is from left to right.

. (a) Pressure PSD covering 2000 frame time duration for which
DMD was applied. Pressure is located at anti-node of both 192 Hz
and 387 Hz. (b) Bandpass filtered pressure at antinode of 194 Hz
and 384 Hz acoustic pressure mode. Numbered data points
correspond to Figure 6.26 frame numbers and are shown on 194
Hz data line only for clarity. (c) DMD power spectra for test case
C

Test case C DMD spatial mode for 195 Hz. The frame numbers
correspond to those in Figure 6.25 and Figure 6.27 (b).

Test case C DMD spatial mode for 365 Hz. The frame numbers
correspond to those in Figure 6.25 and Figure 6.27 (b).

(a)-(d) Test case C DMD spatial mode for 455 Hz. The frame
numbers correspond to those in Figure 6.25 and Figure 6.27 (b).
(e) spectra of the pressure transducer inside the injector calculated
for a 0.6 s duration.

Energy level diagram for the H2/N2 dual pump CARS system
employed.
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Schematic of the CARS laser system inside the laser lab.
Schematic of the CARS laser system inside the test cell.

Photograph of test rig under operation, with the pump, stokes and
probe beams going through the window of the SCZ.

Comparison between experimental and theoretical dual-pump
CARS spectra for various spatial positions with H, CARS signal
present.

a) Average temperature contour plot and b) standard deviation in
the measured temperature for the reacting jet case of J = 8;djet =
0.9.

Temperature histograms extracted from the locations marked is
circles on average temperature plots for reacting jet case of J=8;djc
=0.9.

The streamwise variation of a) average temperature and b)
temperature standard deviation extracted from the four y-locations
for reacting jet case of J=8;dje = 0.9.
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2. ACCOMPLISHMENTS

The report details section will be organized along the lines of the tasks and subtasks listed in the
PMP.

TASK 1.0: PROJECT MANAGEMENT AND PLANNING

SubTask 1.1: Initial Revision of Project Management Plan
This subtask has been completed and the milestone has been achieved. The PMP was delivered
electronically to the NETL Federal Project Manager, Robin Ames.

SubTask 1.2: Quarterly Progress Reports
This is the fourth quarterly progress report.

SubTask 1.3: Final Progress Report
Completed.

TASK 2.0: DETAILED DESIGN AND FABRICATION OF RIG HARDWARE

SubTask 2.1: Complete Preliminary Design of Rig

This subtask has been completed. The necessary components for the modification of the test
rig for the DOE RJIC studies have been designed and fabricated. The difference between the old
configuration (Configuration 1) and the new configuration (Configuration 2) are shown in Fig. 1.
The major difference between the two configurations is that the window dimensions are
considerably larger: 98 mm wide x 73 mm high in the new test rig as compared to 63.5 mm wide
x 38.1 mm high in the old test rig.

SubTask 2.2: Review Rig Design

This subtask has been completed. The design was reviewed internally at Purdue University
and then was discussed during the kickoff Webex conference with NETL personnel on 15
November 2011.

SubTask 2.3: Detailed Design and Fabrication
This subtask has been completed.

SubTask 2.4: Staged Combustion Test Rig

2.4.1 Experimental System

The experimental test rig features a main combustion zone (MCZ) and a secondary
combustion zone (SCZ). The MCZ features a low swirl burner (LSB) fueled with premixed
natural gas and air. The low-swirl burner for the MCZ is similar to that reported in the literature
(Cheng et al. 2000). The MCZ is operated at a pressure of 5.5 bar, an air inlet temperature of
723 K, an equivalence ratio of 0.5, and an air flow rate of 0.39 kg/s. A round-to-square cross
section transition is added downstream of the MCZ. The SCZ is contained in a square-cross
section assembly with optical access, as shown schematically in Fig. 2.1. The fuel injected
transversely into the SCZ autoignites in the swirling vitiated crossflow from MCZ. The fuel is
injected from a straight nozzle with an outer diameter of 17 mm and an inner diameter of 10 mm
that extends 17 mm into the vitiated flow stream. The SCZ window assembly provides optical
access from three sides. One window port is used for the fuel injection into the SCZ. Each
window port features a two-window configuration. A thin inner window serves to contain the
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flame gases and a thick outer window is used to contain the pressure. The combustor test rig is
pressurized with the use of a butterfly valve at the exit of the test rig. The cavity between the
inner and outer windows is pressurized by extracting a fraction of the inlet air from the location
upstream of the main fuel injection and redirecting it into the cavity to match the 5.5 bar
combustion pressure within the window combustor. The inner windows provide an optical
viewing area of 100 mm by 73 mm. The window assembly has a square cross-section with
dimensions of 107 mm by 107 mm. The design and operation of the test rig is described in detail
in an earlier study (Lamont et al. 2012).

Secondary Premi<er

Heated
Inlat - -—HN G
Air Square-to-Round
Trars ttion Section
_ Sampling

Frobe

Dump

_b..
Heated Y '3
Inlet | S et I Miing TUV
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T hizin g Stnts Spark lgniter Quench Wfater I nje eiion Frassurne
. i Controller
Lowy Sweirl Burner R ound-to- Square Window Az sembly

Hatural Gas (N3 Transtion Section

Figure 2.1 Schematic diagram of the staged combustion system test rig indicating the MCZ and
optically accessible SCZ

The reacting jet fluid in our study was natural gas premixed with heated air. The fuel-air
premixing for the SCZ was accomplished by injecting natural gas and heated secondary air into a
mixing plenum. The air entering the mixing plenum was also heated to a temperature of 723 K.
The flow rates were monitored in real time to ensure correct flow rates, incoming air
temperature, and equivalence ratios. Data acquisition and experimental control was
accomplished with LabView program. Figure 2.2 shows the photograph of the modified window
combustor installed in the staged combustion test rig.

Figure 2.2 Photograph of the modified window assembly installed in the test rig.
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TASK 3.0: HIGH-SPEED PIV STUDIES

In the present work, injection of a jet carrying premixed/non-premixed fuel into a high
pressure vitiated crossflow is explored as a means of secondary injection. We investigate the
role of a reactive jet in crossflow (JICF) to increase thermal efficiency by elevating the turbine
inlet temperature with minimal contribution to NOy formation. High-data-rate, laser-based
diagnostics are used to study conditions representative of distributed combustion in modern gas
turbine engines. The objective of the research is to obtain an insight into the fuel-air mixing
leading to chemical reactions in a jet in crossflow configuration, and to acquire benchmark
quality data sets which include comprehensive, accurate measurements of mean and fluctuating
components of velocity, and flame structure visualization. Performing high repetition rate
(HRR) laser diagnostics is challenging in the difficult environment of a high pressure gas turbine
combustors. However, high-resolution spatial and temporal measurements of the turbulent flame
structure under high pressure conditions provide significant insight into the complex processes of
fuel/air mixing and turbulence-chemistry interactions. These measurements will be very helpful
for designing high-efficiency, low-emission combustion systems and for providing high fidelity
data for developing accurate turbulence-chemistry models.

A reacting jet in cross-flow (RJICF) configuration features transverse injection of
reactive jet fluid into a vitiated cross-flow leading to mixing and chemical reactions. The jet in
crossflow (JICF) is an important flow configuration due to its widespread application in energy
and propulsion systems (Wooler 1969; Margason 1993). The flow-field associated with the JICF
has superior mixing characteristics. The JICF entrains the ambient fluid at a much faster rate
than a jet in co-flow. Many early studies on RJICF focused on developing empirical models for
the jet trajectory (Gollahalli and Nanjundappa 1995; Huang and Chang 1994; Bandaru and Turns
2000; Hasselbrink and Mungal 2001; Su and Mungal 2004). Some of the recent experimental
studies on the RJICF reported in the literature have focused on understanding the associated flow
field and the flame structure (Hasselbrink and Mungal 2001; Sullivan et al. 2013; Sullivan et al.
2014; Lamont et al. 2012; Steinberg et al. 2013). With the commercial advent of high-repetition-
rate (HRR) laser systems, it is now possible to perform non-intrusive temporally and spatially
resolved measurements in reacting flows (Boxx et al. 2012, Boxx et al. 2013; Stohr et al. 2011).
Researchers in the field of experimental turbulent combustion have reported HRR particle
imaging velocimetry (PIV) based 2D and 3D velocity field measurements and OH-PLIF based
flame front visualization. The ability of these techniques to track extremely transient events
occurring in turbulent flames has contributed significantly to enhancing our understanding of the
underlying physics of flow-flame interactions (Bohm et al. 2009).

In the past decade, PIV has evolved as one of the preeminent techniques to measure
velocities in complex fluid systems, viz., high Mach number flow, boundary layer flow, reacting
flow, etc., and has helped the development of a deeper insight into turbulence and fluid dynamics
(Scarano and Poelma 2009; Westerweel et al. 2013). PIV measurements performed on a RJICF
indicated that the flame centerline penetrates slightly further into the cross-flow as compared to
an isothermal jet (Hasselbrink and Mungal 2001). It was reported that although the heat release
rate alters the instantaneous velocity field, the reacting jet trajectory followed the trajectory of a
non-reacting jet rather closely. In a recent study, simultaneous measurement of velocity, OH-
PLIF and temperature fields for an auto-igniting jet of hydrogen fuel diluted with nitrogen
(70%H; / 30% Ny) injected into a high temperature crossflow has been reported (Steinberg et al.
2013). In the study, for a range of jet momentum flux ratios, lifted jet flames with different lifted
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branch configurations, viz., straight-edge lifted, merged lifted and hooked-edge lifted branch,
were achieved.

A recent DNS study of an auto-igniting hydrogen jet injected into a high temperature
crossflow reported that the mean velocity field preserves the most dominant flow feature of the
JICF, the counter rotating vortex pair (CVP) (Chan et al. 2014). In another DNS-based study of
a reacting JICF configuration, it was found that the flame stabilizes in a low velocity region
between the large vortices of the CVP, where the mixture is near-stoichiometric (Grout et al.
2011; Kolla et al. 2012). In an LES-based numerical study on a swirling jet injected into an
isothermal crossflow, the swirl number was observed to influence the CVP, in turn affecting the
local vorticity and mean strain rate (Denev et al. 2009). It was observed that for higher swirl
numbers, the CVP is inclined with respect to the mean crossflow streamlines, indicating a strong
influence of the swirling motion. Most of these studies have focused on the role of CVP in flame
stabilization in the far downstream, primarily due to the enhanced mixing efficiency offered by
the CVP to a JICF.

A JICF flow field consists of several interesting vortical structures. The CVP is the most
dominant flow structure. It has been established that the vorticity distortion within the evolving
jet shear layer and the pressure difference between the windward and leeward sides of the jet
lead to accumulation of vorticity sufficient to form the CVP downstream (Cortelezzi and
Karagozian 2001; M’Closkey et al. 2002, New et al. 2006; Muppidi and Mahesh et al. 2007).
The presence of this flow structure is responsible for imparting superior mixing far downstream
of the jet. In addition to the CVP, flow structures associated with the JICF also include
horseshoe vortices, shear layer loop vortices and upright wake vortices. In order to characterize
the upright wake vortex dynamics, researchers have focused on wake-specific flow visualization,
wake Strouhal number, and wake velocity deficit (Moussa et al. 1977; Fric and Roshko 1994).
The wake vortices were reported to be similar to the Karman vortex street found in the wake
field of a cylindrical bluff body (Fric and Roshko 1994). It has been reported that the wake
Strouhal number varies between 0.07 — 0.15, indicating similarity between the dynamics of the
wake field of the transverse jet and a solid cylinder (Sty.xe = 0.2 for 2000 < Re < 100000).
However, the source of vorticity in the case of the wake of the JICF is fundamentally different
than that for the cylindrical bluff body. The vorticity within the wake region of a transverse jet
depends on several important factors. The vortex tube generated within the walls of the extended
nozzle is tilted and stretched by the crossflow towards the lee side of the jet resulting in the
formation of the upright wake vortices. In addition to this, vorticity generated at the shear layer
of the crossflow and jet fluid rolls up into periodically shed vortices. These two vortex sources
mainly contribute towards the vorticity within the wake region of the jet. For reacting jets in
crossflow, the flow field encounters sharp temperature gradients due to the heat release as a
result of fuel-air combustion. This leads to local volumetric expansion in the flow field which
causes vorticity generation in these regions of volumetric expansion. There is additional
vorticity generation due to the density and dynamic pressure gradients encountered in these
regions of heat release which is termed as baroclinic torque.

In this task, high repetition rate (HRR) PIV measurements are discussed. The
measurements are used to characterize the wake field of an auto-igniting jet carrying fuel issuing
into a swirling, vitiated crossflow at gas turbine relevant conditions. In the case of secondary
injection of fuel in a gas turbine combustor, rapid mixing and chemical reaction in the near field
of jet injection is desirable.
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SubTask 3.1: Development of Test Matrix for Detailed Laser Diagnostic Investigations

In a previous work, a detailed parametric study on the staged combustion system (SCS)
(Lamont 2012) was conducted to show the effect of the jet-to-crossflow momentum flux ratio
(J), nozzle exit diameter (D) and jet equivalence ratio (¢je;) on the pollutant emissions NOx and
CO etc. The fuel jets provide a net rise in temperature, AT across the SCZ. In the present study
HRR laser diagnostic techniques are employed to characterize the structure and dynamics of the
transverse jet interacting with a swirling and vitiated crossflow. A detailed test matrix is shown
in Table. 3.13.1 for the PIV and OH-PLIF study discussed in this report.

Table. 3.1 Operating conditions and all the flow parameters of RJICF used in the experiment.

Cross Flow Operating Condition

Operating Pressure (atm) 5.5
Operating Temperature (K) 723
MCZ Air Flow Rate (kg/s) 0.39
MCZ Equivalence Ratio, ¢main 0.5
Main Flow Reynolds Number(NR), Repain 105000
Main Flow Reynolds Number(R), Renain 61000
Non-Reacting Jet in Cross Flow
High Momentum Density Jet
. . Reynolds
Temperature Flux Ratio, Ratio,
. Number,
Air Jet J S
Reiet
3 1 16900
8 1 27600
RJICF Conditions
Momentum Density Re J:(t)l ds
FUEL JET Flux Ratio, Ratio, y e =0.9 iet = 3.0
Number,
J S
Reiet
Premixed 3 2.5 27500 AT =36 K AT =145 K
Natural Gas 8 2.5 45000 AT =52 K AT =212 K

The current study focuses on two momentum flux ratios, J=3 and J=8. The J =3 case
corresponds to a lower momentum flux ratio where the premixed fuel reacts closer to the nozzle
exit, with the reaction zone stabilized within the wake of the jet. The J=8 case allows the jet fluid
to penetrate deeper into the crossflow with a higher degree of mixing. The jet equivalence ratios
of ¢jec = 0.9 and 3 are chosen in order to study leaner and richer jet flame cases that provide
different changes in temperature across the SCZ. The jet to crossflow density ratios (S) for the
non-reacting jet cases and the RJICF cases were 1 and 2.5, respectively. Velocity measurements
were performed at 5 planes along the cross-section of the jet, as shown in Fig. 3.1a, z = 5 mm
(1), 15 mm (2), 25 mm (3), 35 mm (4) and 45 mm (5) away from nozzle exit plane. Here z
represents the distance from the nozzle exit plane. The nozzle exit plane is considered as the
origin for this geometry as shown by the coordinate axes in Figure a and 3b. The horizontal
green lines indicate the locations of laser sheet and the view shown in the schematic is defined as
the side view of the jet in the x-z plane. The flow streamlines indicating the near wake region of
the jet are shown in Fig. 3.1b highlight the overall feature of the flow field under consideration.
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The shear layer between the crossflow and the jet is represented by the black dotted lines and the
region outside the shear layer is termed as outer wake region. The PIV measurements were
performed along x-y plane which is perpendicular to the jet axis. Henceforth, the x-z planes will
be referred as the planes parallel to the jet trajectory and the x-y plane will be referred as jet
cross-section planes. Note that PIV measurements were not successful on planes parallel to the
jet trajectory due to high scattering when the laser sheet impinges on the TBC-coated combustor
wall, saturating the camera pixels. In order to isolate the effect of heat release on the flow field,
non-reacting flow PIV measurements were performed. The fluid for the non-reacting flow field
was heated air flowing through the main and secondary combustion zone without any fuel. The
density ratio (S) of the jet to the crossflow fluid was 1.0. Multi plane velocity measurements on
non-reacting jets were performed for 4 different J values, J = 3, 4, 6 and 8.

Mixing__)
Plenum

(a) PIV Planes (b)
17 mm ¢

Swirling
Vitiated
Crossflow

[

Heated N, shield flow

Figure 3.1 (a) Schematic diagram of the window assembly portion of the test rig with the
extended nozzle showing the side view of the RJICF. The green horizontal lines indicate
the PIV measurement planes. (b) The flow streamlines indicating the near field wake
region of the RJICF along one of the x-y measurement planes.

SubTask 3.2: Development of Seeding, Data Acquisition, and Data Analysis Techniques for
High-Speed PIV Measurements in High-Pressure Combustion Test Rigs

The PIV system consists of a high repetition rate, dual cavity, diode-pumped solid state
Nd:YAG laser (Edgewave — IS8IIDZ) and a high speed CMOS camera (Photron-FASTCAM
SA4), as shown in Fig 3.2. The pulse energy for each cavity is 6 mJ/pulse at 5 kHz and 532 nm.
The laser beam is focused using a 1000 mm focal length positive spherical lens, a cylindrical
lens of -50 mm focal length and finally a 250 mm cylindrical lens to form a laser sheet that is 35
mm wide and 650 um thick. The time delay between the two laser pulses was optimized to 15
usec for the reacting flow case and 20 psec for the non-reacting flow case in order to account for
non-uniform velocity gradients as well as to minimize the influence of the out of plane velocity
component of the jet. The flow field was seeded with TiO, particles with nominal diameter of
250 nm. The scattered light from the particles was collected using a 105 mm Nikon lens. The
test rig has two locations to seed the flow field, i) upstream of the LSB and ii) along with the jet.
The PIV imaging was performed using the LaVision high speed controller and software package
(LaVision 8.1.4) to control the Photron Camera. The high speed controller was synchronized to
an external function generator (Quantum Composer 9520 Digital Delay Pulse Generator) that
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provided the input signal and necessary time delays to the laser system, including the time delay
between the two laser pulses. A 3D dot target was used to calibrate the PIV images. Calibration
was always performed just before the start of the experiment.

Translational stages

Sheet forming Optics |57 / ——————————————

Figure 3.2 A three dimensional CAD representation of the high repetition rate PIV system.

Ideally, the seeding for PIV measurements should be homogeneous in order to ensure
minimal vector rejection and high correlation values. Due to the presence of non-uniform
temperature and density gradients in turbulent flames, PIV measurements in these flow-fields
suffer from non-uniform seeding density. Another issue with PIV measurements in high
temperature and high pressure flows similar to those studied here is that the optical windows
became coated with the seeding particles during testing. At high temperatures the quartz
windows soften and seed particles stick to them. This limits the amount of data that can be
acquired in a single experimental run.

2.5 PIV Velocity Vector Processing

The velocity vector fields were computed from the particle image pair spatial cross-
correlation using the LaVision 8.1.4 software package for 2D PIV. A rigorous PIV process
optimization, based on the particle density, time delay between the two laser pulses and vector
computation technique, was performed to maximize the correlation values for the computed
vector field. A multi-pass vector evaluation technique featuring an auto-adaptive interrogation
window with a first pass window size of 64X64 and a second pass window size of 16X16 pixels
with 50% overlap between the image pairs was utilized for computing the vector field. Because
the jet was being seeded for the PIV measurements the particle seed was present only in the
region where the jet was present. Thus, for the purpose of velocity vector computation, the
remaining regions without any particles were masked. The field of view utilized to perform the
cross correlation was 35 mm x 55 mm, with a vector resolution of 0.8 mm x 0.8 mm. Based on
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these parameters the total number of rejected vectors varied between 15 — 25 %. The signal to
noise ratio was always maintained greater than 1.2. A total of 3777 image pairs were captured at
each plane. This corresponded to a data acquisition time of 0.755 secs.

SubTask 3.3: High-Speed PIV Measurements for Natural Gas Jets Injected Into Vitiated
and Nonvitiated Crossflows

Time-resolved velocity measurements in the current study provide significant insight into
the flow physics describing the influence of flow variables on the jet flame. The flow-field in
this study features the interaction between a swirling vitiated crossflow and a fuel carrying
transverse reacting jet. The raw PIV images, shown in Fig 3.3, indicate a strong influence of the
swirling cross-flow on the jet at x-y plane z = 5 mm which is closest to the nozzle exit. The
background subtracted images also show fine scale flow structures in the instantaneous sequence
of images. The non-uniformity of particle seeding in these images as the two fluid streams mix
is clearly evident.

t= 0.2 msec t = 0.4 msec

t= 1.0 msec t=1.2 msec t = 1.4 msec

Figure 3.3 A sequence of background subtracted PIV images, in a measurement plane 5 mm
from the nozzle exit plane, for the case of J =3 and ¢;e; = 3. The images reveal that the swirling
crossflow has a strong influence on the trajectory of the transverse jet, forcing it diagonally
downwards in the image.

3.3.1 Time Averaged Flow Field

Velocity data were collected for a duration of 0.755 sec at a repetition rate of 5 kHz. A
total of 3777 particle image pairs were collected, providing enough sampling time to extract
reasonable time-averaged fields. In order to fully characterize the flow field, three different PIV
measurements were performed. We performed (i) PIV measurements of the vitiated crossflow to
quantify the velocity of the crossflow fluid stream, (ii) PIV measurements for non-reacting jets,
and (ii1) for the reacting jet cases. For all the three tests the locations of the measurement planes
were the same. The time averaged velocity fields obtained from these studies are discussed in
this section.
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PIV Measurements of the Crossflow

Two component PIV measurements were performed for characterizing the velocity field
of the incoming vitiated crossflow. These measurements will provide valuable information on
the boundary conditions for numerical simulation of the JICF and RJICF experiments. For these
experiments, the jet injector face was removed and replaced with a planar metallic blank. Multi
plane PIV measurements were performed to characterize the swirling motion of the crossflow.
The velocity vectors computed at measurement planes z = 5, 10, 15, 35, 45 and 50 mm are
shown in Fig.3.4. The velocity vectors are overlaid on top of a false color map of velocity
magnitude. The velocity magnitude is found to be mostly constant across all the measurement
planes except at the center of the combustor (z = 35 mm). This is probably due to the velocity
deficit at the center of the LSB. The directions of the velocity vectors in the planes z= 5, 10 and
15 mm are towards the bottom corner of the image and that in the planes z = 45 and 50 mm are
towards the top corner of the image, which shows the direction of swirling motion of the
crossflow. At the center of the combustor the velocity vectors are nearly parallel to the x-axis.
The spanwise variation of the mean and standard deviation of x- and y-components of the
velocity field at x/d = 0.5, is shown in Fig. 3.5. The x-component of velocity is seen to be higher
than the mean magnitude of velocity between y = -15 and -5 mm in the planes z = 45 mm and 50
mm. The y-component of velocity, as shown in Fig. 3.5b is negative for the planes z=5, 10 and
15 mm, positive for the planes z = 45 and 50 mm and is approximately zero for z =35 mm plane.
The y-velocity trend clearly shows the behavior of the swirling crossflow. The standard
deviations in the measured values of x and y components of velocity lie in the range of 7 — 15
m/s across all the planes, as shown in Fig. 3.5¢ and d.
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Figure 3.4 Comparing the crossflow velocity field measured at planes z= 5 mm, 10 mm, 15 mm,
35 mm, 45 mm and 50 mm. The velocity vectors are overlaid on top of velocity magnitude |V|
(0 — 40 m/s). The direction of the velocity vectors observed the measurement planes shown
confirms the strong swirling motion present in the crossflow.
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Figure 3.5 Variation of the x- and y- components of velocity of the crossflow measured at planes
z=5mm, 10 mm, 15 mm, 35 mm, 45 mm and 50 mm, plotted at x/d = 0.5 from the physical
location of the center of the injector.(a) time averaged x-component of velocity, (b) time
averaged y-component of velocity, (¢) standard deviation of the x-component of velocity and (d)
standard deviation of the y-component of velocity.

Non-Reacting Flow Field of JICF

The time-averaged flow fields for the non-reacting jet cases (Fig.3.6) show that an
increase in jet momentum flux ratio results in an increase in the out-of-plane vorticity magnitude,
(w,). The vorticity magnitude is extracted from 4 locations along the x-direction (x/d = 0.5, 1.0,
1.5 and -2.0) along the black dotted lines shown in the vorticity contour plots. The velocity
vector fields shown in Fig 3.6 were measured at z =5 mm. The results indicate that for a higher
momentum flux ratio, the rate of mixing of the jet fluid with the crossflow fluid will be higher.

Reacting Flow Field of RJICF

The velocity fields measured for the reacting jet case of J = 3 and ¢;.= 3 at planes z = 5
mm, 15 mm and 48 mm are shown in Fig 3.7a. The mean velocity vectors are overlaid on a false
color map of the x-component of velocity contour. For the velocity vectors measured at z = 5
mm the vectors in most regions are pointed towards the bottom corner of the image. The nozzle
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exit, represented by the concentric circles centered at x = 0 mm, y = 0 mm, has been included to
indicate the vector direction with respect to the nozzle location. The jet fluid interacts with the
incoming crossflow by forming the shear layer that surrounds the wake of the jet. Within the
two shear layers there are two distinct high speed regions. A strong recirculation region is
evident between the two high speed flow regions at z = 5 mm. The recirculation region is a
characteristic feature of the wake of the jet. The wake vorticity entrains the jet fluid and the
crossflow fluid within the wake of the jet, leading to chemical reactions and stabilization of a
reaction zone. Fig 3.7b shows the same vector field overlaid on a false color map of the y-
component of velocity. A strong negative y-velocity field is present except for the region where
the flow is recirculating. Fig 3.7c¢ shows the velocity vectors overlaid on a false color map of the
z-component of vorticity (®o,). A steady counter-rotating wake structure aligned in the direction
of the mean velocity vectors is clearly evident at z = 5 mm. These wake structures are steady
and well defined and are similar to the wake structure behind a cylindrical bluff body. A detailed
analysis involving time resolved dynamics of the wake of the jet is discussed in a subsequent
section. The flow field at z = 15 mm is similar to that at z = 5 mm in terms of the direction of
the velocity vectors. However, the flow field observed at z = 15 mm shows a significant
decrease in the magnitude of the out of plane vorticity (®,). At z = 15 mm the measurement
plane is no longer located within the wake of the jet resulting in a weaker wake vorticity, and the
recirculation region is absent as well. The directions of the velocity vectors computed at z = 45
mm indicate that the flow field is moving towards the top corner of the image. The y-component
of the velocity field shows positive values for this plane. This is a clear indication of the effect
of swirling crossflow, which tends to push the jet fluid in the negative y direction near the nozzle
exit plane, and in the positive y direction towards the opposite wall. The time averaged flow
streamlines shown in Fig 3.7d provide a different visualization of the wake vortical structure at z
=5 mm. Two counter-rotating structures are located between x = 5 and 22.5 mm and y = -2.5
and -20 mm. The structures are surrounded by the two high speed shear layers. No distinct flow
structures are evident at planes z = 15 mm and 45 mm, indicating that the wake vortices are
shorter than z =15 mm. At the center plane of the combustor the velocity vectors are parallel to
the x-direction with negligible y-velocity. A similar trend for the velocity field is observed for
the case J = 3 and ¢jec = 0.9 for all the measurement planes. When the momentum flux ratio is
increased to J = 8 the velocity field measured at z = 5 mm is found to be similar to that of J =3
cases. A steady wake structure is captured for all the cases at this plane. However, at z= 15 mm
the wake vortex structure is still well characterized for the J=8 cases, unlike the J=3 cases. This
is because for higher values of momentum flux ratio the jet penetrates deeper into the crossflow,
resulting in larger wake fields and longer upright wake structures.
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Figure 3.6 Variation of ®, along the stream-wise direction indicating the effect of the momentum
flux ratio on the magnitude of mean z-component of vorticity at z=5Smm for all the non-reacting

jet cases.
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As mentioned earlier for the PIV measurements, the flow field was seeded through the
jet. Seeding the flow field by injecting the particles through the jet leads to some bias in the
magnitude of the velocity field measured. Injecting the PIV seed particles into the crossflow was
challenging due to two main reasons. Firstly, due to the swirling motion, seeding the crossflow
resulted in much faster coating of the windows as compared to seeding only the jet. To
maximize the amount of data collected on a single test day, seeding the jet was preferred over
seeding the crossflow. Secondly, the crossflow seeded experiments could not capture the wake
structure due to the lack of particles entrained in the wake region, which is an important flow
structure for the current study. In order to quantify this bias some PIV measurements were
performed by seeding the crossflow. Figure 3.8 shows the streamwise variation of the velocity
difference between the flow field obtained by seeding the crossflow and seeding the jet for
reacting jet case of J =3 and ¢j; =3 at z =5 mm.

B =BF -F " f=xy) Eq.1

Here, the velocity field is extracted from a region x =0 mm — 15 mm and y = -10 mm - -25 mm.
It is observed that the x-component of velocity is approximately 10 — 15 m/s higher for the
crossflow seeded case. At x =10 mm and 15 mm the y-component of velocity is higher for the
jet seeded case and this is mainly due to the lack of particles within the wake of the jet for the
crossflow seeded case. Due to this reason the wake structure and the recirculation region could
not be captured by seeding the crossflow. Thus, these observations confirm that there is a bias in
the velocity magnitude when seeding the jet versus the crossflow and the velocity data needs to
be carefully interpreted. However, as the focus of the current study is characterizing the
structure and dynamics of the wake vorticity, henceforth, all the discussions are based on the
velocity fields obtained by seeding the jet.
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Figure 3.8 Streamwise variation of the velocity difference of the x-component of velocity (a) and
y-component of velocity (b) obtained by subtracting the velocity field obtained by seeding the jet
from the velocity field obtained by seeding the crossflow.
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3.3.2 Instantaneous Flow Field

Flame structure visualization using 10 kHz OH-PLIF shows a steady reaction zone within
the wake of the jet, discussed in section 3.5. This can be attributed to the wake vorticity
entraining fuel air mixtures and reaction products within the wake of the jet stabilizing the
reaction zone. This observation demands a detailed understanding of the dynamics of the wake
structure is therefore very important. The velocity measurements at 5 kHz discussed in this
section successfully provide time-resolved information on the transient wake structure of the
reacting jet.

Non-Reacting Flow Field

A sequence of instantaneous velocity streaklines and corresponding vector fields overlaid
on top of the w, magnitude is shown in Fig.3.9 for the non-reacting J = 8 jet case for the z =5
mm measurement plane. It can be seen that at time t = 0.2 msec, a single vortex structure near
the upper shear layer (USL) is captured. At time t = 0.4 msec the lower vortex structure appears
near the lower shear layer and an asymmetric counter-rotating wake structure is captured. The
flow structure is oriented along the direction of mean flow and the two counter-rotating
structures move away from each other indicating in-plane motion of the jet. The detected flow
structure exhibits strong vorticity. The two main sources of vorticity for this flow field are the
mixing layer between the jet and crossflow fluid, and from within the nozzle inner wall boundary
layer. The sequence of velocity vectors shows that the vorticity originates near the nozzle and
eventually sheds off in the inner wake region further downstream of the nozzle. Thus, the non-
reacting jet case provides important insight into the dynamics of the dominant wake structure
showing the presence of periodic asymmetric vortex structures similar to those observed behind
a cylindrical bluff body in a crossflow.

t = 0.6 msec t = 0.8 msec

X (mm) X (mm

Figure 3.9 Instantaneous vector field of the non-reacting jet case, J =8, measured at z = Smm
showing the streaklines (left) and the corresponding vector field overlapped on z-vorticity
magnitude (right )indicating the temporal evolution of the wake structure.
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Reacting Flow Field

A sequence of instantaneous velocity vectors overlaid on top of a false color map of the
velocity magnitude for the J = 3, ¢;i = 3 reacting jet case for the z = S5mm plane is shown in Fig.
3.10. The velocity magnitude clearly shows that the flow field comprises of three main regions,
the upper and lower high speed regions and the inner recirculation region. The counter-rotating
wake structure is surrounded within the high speed region creating an inner recirculation region.
The sequence of images shows interesting fluid behavior in the wake of the jet. At time t= 0.2
msec, the crossflow seems to be closing around the jet resulting in a small wake region. This
behavior of the wake changes from time t = 0.4 msec to time t = 16 msec where the wake of the
jet is more open and has a much larger recirculation region, a phenomena similar to the wake of
a bluff body. However, it has already been shown, by (Fric and Roshko 1994) and several other
researchers, that there is a significant difference between the mechanism of vorticity formation in
the wake of a transverse jet as compared to that of a cylindrical bluff body. The velocity vectors
show that the upright wake vortices do not necessarily appear in counter-rotating pairs. Unlike
the Karman vortex street, the instantaneous flow structures are quite disordered in appearance.
Figure 3.11 shows the same sequence of flow fields with velocity vectors overlaid on top of the
out of plane component of vorticity. The most noticeable observation is that the vorticity
magnitude for the reacting jet case is found to be twice as much as observed for the non-reacting
jet, which suggests that local heat release and density gradient add to the vorticity strength and
create a stronger recirculation region. Similar to the non-reacting flow cases, the vorticity
originates near the nozzle and convects downstream along the direction of the mean flow.
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Figure 3.10 Instantaneous flow velocity vectors with background false colored by velocity
magnitude of J=3 ;o = 3 at z = Smm, showing the temporal evolution of the most dominant flow
structures.
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Figure 3.11 Instantaneous vector field with background false colored by z-vorticity (®,) of J=3
¢jec = 3 at z = Smm, to show the dynamics of the flow field.

3.3.3 Turbulent Kinetic Energy Spectra and Wake Dynamics

The turbulent kinetic energy (TKE) spectra, E(k), is plotted in the wavenumber space, k,
for the reacting and non-reacting jets to understand the contribution of the dominant wake
structure to the TKE within the wake region of the jet. Here the turbulent kinetic energy is
computed from the contributions of fluctuating component of x and y components of velocity.
Fig. 3.12 compares the TKE spectra for the reacting jet cases of J =3 ¢;ec = 3 and J = 8 ¢je; = 3, at
z =5 mm. The TKE at the integral length scale (k~0.1) for J = 8 is found to be higher as
compared to J = 3 case. This can be attributed to the fact that the jet Reynolds number for J = §,
Re;e;= 45000, is higher than that for J = 3, Reje= 27500, and the higher Reynolds number results
in a higher turbulence kinetic energy. Thus, a higher momentum flux ratio induces higher levels
of turbulence intensity into the flow field which implies a higher degree of mixing. In order to
understand the effects of instantaneous heat release, the turbulent kinetic energy spectra of non-
reacting jet of J =8 is compared with reacting jets of J = 8 and ¢ = 0.9 and 3, at z = 5 mm, as
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shown in Fig. 3.13. At the integral length scale the TKE is higher for reacting jets as compared
to the non-reacting jet, which is expected because the jet Reynolds number for the non-reacting
jet case is Reje;= 27600 and that of the reacting jet cases it is Reje;= 45000. The TKE spectra of
the reacting jets reveal an interesting finding. It can be seen that the TKE for reacting jet case of
J =8 and ¢jet = 0.9 is around 1.5 times higher than J = 8 and ¢ = 3.0 at the integral length scale.
This observation can be related to the fact that the reacting jet case for ¢ = 0.9 would tend to
autoignite much more quickly than for the reacting jet case with ¢jc = 3.0 which would require
longer mixing time before it autoignites. Thus, locally in a plane closer to the nozzle exit
reacting jet of ;e = 0.9 would have higher heat release as compared to ¢jee = 3.0. This implies
that the reaction zone has a strong interaction with the flow field. But this will require further
study by using HRR simultaneous PIV/OH-PLIF measurements. An interesting point to observe
in the TKE spectra is that the curve flattens towards the higher wavenumber values unlike the
theoretical spectra where there is a sharper rate of energy transfer to smaller length scales and
eventually dissipating at the Kolmogorov length scale. This flattening of the curve is mainly due
to the energy accumulation at the length scale corresponding to the minimum spatial resolution
in the experiment. Since the Kolmogorov scales are not resolved in this experiment, complete
dissipation of the turbulent kinetic energy cannot be seen in the energy spectra resulting in
energy accumulation at the lowest length scale that could be measured in this experiment.
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Figure 3.12 Turbulent kinetic energy spectra plotted in wave number space for the reacting jet
cases J =3, ¢jec = 3 and J = &, i = 3.
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Figure 3.13 Turbulent kinetic energy spectra for the non-reacting jet case of J = 8 and the
reacting jet cases of J = 8, ¢je = 0.9 and ¢;c = 3, showing the effect of heat release on the flow
field at measurement plane z =5 mm.

In order to extract the wake dynamics, velocity fluctuation statistics are extracted from three
locations for the J=3, ¢;.=3 case for the z =5 mm measurement plane, as indicated in Fig. 3.14.
These three locations are identified as the lower shear layer (LSL), upper shear layer (USL) and
recirculation region (RR). To characterize the dynamics of the wake of the jet it is of interest to
examine whether the vortical structures flow past a fixed point with a characteristic frequency.
The power spectra of the x component of velocity (Vy) indicate a peak in the frequency at
approximately 462 Hz at all three locations (Fig 3.15a, b and ¢). Thus, the event associated with
this frequency is associated with strong dynamics in the flow-field. Based on this observation of
the characteristic frequency of the wake and the instantaneous velocity magnitude and «,
magnitude, it is hypothesized that the associated dynamics are the result of wake vortex shedding
around the jet. This hypothesis will be further supported by the POD analysis on the vector field
discussed in the next section.
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Figure 3.14 The flow field at z= 5 mm for J =3 and ¢;.; = 3, is divided into three regions, upper
shear layer (USL) (Region 1), recirculation region (RR) (Region 2) and lower shear layer (LSL)

(Region 3).
10 10
(a) USL
8 e 8
z g
< 6 26
) =)
I o
3 E
E 4 E 4
o0 ol
s =
2r 2
0 200 400 600 800 1000 200 400 600 800
Frequency(Hz) Frequency(Hz)

1000

Magnitude [(m!s)zfli?.]

10

=]

2

B

400

600 800 1000

Frequency(Hz)

Figure 3.15 The power spectral density (PSD) of the fluctuating part of the x- component of
velocity (V) for the three locations: (a) upper shear layer(USL) (location 1), (b) recirculation
region (RR) (location 2) and (c) lower shear layer (LSL) (location 3). The plots indicates
presence of a single peak frequency at =462 Hz.

3.3.4. Wake Strouhal number of the RJICF

The wake Strouhal number (S?#,..) is based on the wake frequency (fua), jet exit
diameter (D) (the internal diameter of the protruding injector), and the area averaged mean

upstream crossflow velocity magnitude (U..), as defined below in Eq 2,
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Within the wake region of the jet the wake Strouhal number depends on the mode of injection of
the jet into the crossflow. In an experimental study, (Moussa et al. 1977) derived important
conclusions on the wake field of an isothermal transverse jet issuing from a nozzle protruding
into the crossflow. One of the main findings of the study was that the wake Strouhal numbers
for protruding transverse jets closely matched the wake Strouhal numbers for a cylindrical bluff
body, and differed from those of the flush mounted jets. In another study of an isothermal
transverse jet (Fric and Roshko 1994) a flat rectangular metal plate or ‘skirt’ was mounted flush
with the nozzle’s upper edge; found that the wake Strouhal number deviates from that of a
cylindrical bluff body by as much as 50%. Fric and Roshko (1994) hypothesized that the
vortices generated within the boundary layer of the nozzle wall are responsible for the wake
vortices. In the current work the flow field is more complex than that of Moussa et al. (1977)
and Fric and Roshko (1994) due to the presence of swirling motion in the crossflow and
chemical reactions leading to instantaneous heat release. However, the velocity measurements
within the wake of the RJICF show a very similar behavior in the wake dynamics. Our analysis
shows that the wake Strouhal number of the non-reacting jets was 0.132 and it was found to be
invariant of the jet momentum flux ratio. In the case of the reacting jets the wake Strouhal
number is found to be dependent on the jet equivalence ratio, which is indirectly related to the
local heat release. For §jec = 0.9, Styake 1s 0.150 and 0.147 for the J=3 and J=8 cases,
respectively. In the case of e = 3.0 it is found to be 0.128 and 0.122 for J = 3 and §,
respectively. The exact nature of dependence on the local heat release is still unknown.
However, as a conjecture it is proposed that in the case of ¢;; = 0.9, due to higher local flame
temperature the wake vortical structure is found to be smaller as compared to ¢jec = 3.0. As a
result the flow field will exhibit afaster shedding frequency and hence a higher Sty... The
values of the wake Strouhal number computed for all of the JICF/RJICF cases are shown in
Table 3.2.

Table. 3.2 Strouhal number, Sty corresponding to the wake vortices frequency for all the test
cases.

Case  TYPE Fl\ﬁ;mlfgttl‘;mj Jet b {ﬁ;) Stonke
I NR 3 Air NA 172 0132
2 NR 8 Air NA 172 0132
3 R 3 Premixed NG 09 540 0.150
4 R 3 Premixed NG 3.0 462 0.128
5 R 8 Premixed NG 09 530 0.147
6 R 8 Premixed NG 3.0 440 0.122
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SubTask 3.4: High-Speed PIV Measurements for HHC Gas Jets Injected Into Vitiated and
Nonvitiated Crossflows

2D PIV measurements are performed along the jet cross-section to extract the prevalent flow
structures and to understand their influence on the jet flame. Time averaged velocity vectors
measured at z = 10mm for the reacting jet case of J=8 and 40%H,/60%N, are shown in Fig. 3.16.
Fig 3.16a shows the time averaged velocity vectors overlaid on top of the x-component of
velocity (V). The two concentric circles centered at x= 0 mm and y = 0 mm shows the physical
location of the nozzle exit plane. The mean direction of the velocity vectors indicates a strong
influence of swirling crossflow on the reacting jet. The jet and crossflow fluid form a shear layer
that surrounds the wake of the jet. Within the two shear layer there are two distinct regions with
high velocity. A strong recirculation region is evident between the two high speed flow regions.
The recirculation region is a characteristic feature of the wake of the jet. The velocity vectors
overlaid on top of y-component of velocity, shown in Fig 3.16b, indicates a strong negative y
velocity component confirming the swirling crossflow is pushing the jet in a net downward
direction. The out of plane vorticity component, ®,, shown in Fig 3.16c provides a strong
evidence of the presence of a steady wake structure enveloped between the top and bottom shear
layer. The wake vorticity entrains the jet fluid and the crossflow fluid within the wake of the jet,
leading to chemical reactions and stabilization of a reaction zone. The time averaged flow
streamlines provide a different visualization of the wake of the jet, as shown in Fig 3.16d. Two
counter-rotating flow structures are observed at x =5 mm, y = 0 mm and x = 25 mm and y = -20
mm.

J =8, H,/N, : 40%/60% J=8, H,/N, : 40%/60%
20 z=10 mm 200 z=10 mm

_____
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Figure 3.16 Time averaged velocity vectors for reacting jet case of 40% H,/60% N, J=8
measured at z= 10mm. The velocity vectors are overlaid on top of (a) x-velocity, V, (b) y-
velocity, Vy and (c) z-vorticity, o,, (d) time averaged streamlines colored by velocity magnitude.

A consecutive sequence of instantaneous vector field for the reacting jet case of J = 8 and
40%H,/60%N, measured at z = 10mm is shown in Fig 3.17. In Fig. 3.17a a sequence of
instantaneous velocity vectors overlaid on top of x-component of velocity vector is shown. The
x-component of velocity clearly shows that the flow field comprises of three main regions, the
upper and lower shear layer marked with high velocity and the inner recirculation region. These
sequences of velocity field could very well capture the time evolution of the wake vortical
structure. At time t = 0.2 msec, a vortex structure appears at x = 0 mm and y = -10 mm. At time
t = 0.4 msec this flow structure has convected downstream and a second structure appears at the
same location. The time resolved PIV measurement could successfully capture these wake
structures and their spatio-temporal evolution. These flow structures can be seen clearly in the
instantaneous vorticity and flow streakline plots as shown in Fig. 3.17b and c. Based on visual
inspection the size of the flow structure appears to be 6 — 8§ mm in diameter. Similar flow
structures are observed on the upper shear layer part of the flow field. When compared with the
instantaneous OH-PLIF images (discussed under Task 4), the wake vorticity seems to be
responsible for providing the characteristic structure to the flame front. It entrains the hot gases
and reactants and helps stabilizing a reaction front within the core of the jet which has relatively
lower velocity magnitude and hence lower compressive strain rates. As the high repetition rate
PIV and OH-PLIF experiments are done separately only qualitative conclusions can be drawn
from this study. In order to extract quantitative information, HRR simultaneous PIV/PLIF
experiment needs to be conducted which is a part of future work in the current research.
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Figure 3.17 Instantaneous velocity vectors for the reacting jet case of 40% H,/60% N,, J=8,
measured at z= 10mm. The consecutive sequence of velocity vectors are 0.2 msec. The
velocity vectors are overlaid on top of (a) x-component of velocity (Vy), (b) z-component of
vorticity (®,) and (c) instantaneous flow streaklines colored by velocity magnitude.

The velocity fluctuation statistics is extracted from the recirculation region for J = 8; 40%
H,/60% N case at z = 10 mm measurement plane. To characterize the dynamics of the jet wake
it is necessary to investigate whether the wake vortical structures flow past a fixed point at a
characteristic frequency. The power spectra of the x component of velocity (Vy) indicate a peak
in the frequency at approximately 410 Hz, as shown in Fig 3.18. The flow field is phase
averaged based on this frequency. Phase averaged flow-streamlines, as shown in Fig 3.19, shows
the evolution of wake structure at various phase angles, it appears at a phase angle of 120°,
which then rotates in plane in a clockwise direction and eventually disappears at 330°. Since, the
velocity measurements shown in this study is based on 2D PIV, not much can be stated about the
dependence of the flow field on out of plane component of velocity. In order to fully understand
the spatial evolution of wake structures stereo PIV based three component velocity
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measurements are necessary; however, due to the limited optical access it was not feasible for
this study.
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Figure 3.18 Power spectral density (PSD) of the fluctuating part of the x- component of velocity
(Vy) extracted from the recirculation region for the reacting jet case of 40% H,/60% N, J=8,
measured at z= 10 mm. The plot indicates presence of a single peak at a frequency, f=410 Hz.

case at z = 10mm.
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TASK 4.0: HIGH-SPEED OH PLIF STUDIES

The OH PLIF system consists of a high repetition rate diode-pumped, Q-switched
Nd:YAG slab laser (Edgewave — IS8IIDZ) that pumps a frequency-doubled dye laser (Sirah
Credo). The fundamental output of the dye laser system is frequency doubled and tuned to
excite Q1(7) transition line of the A-X (v’ = 1, v"=0) band of OH at 283.2 nm.The laser system is
operated at 10 kHz with pulse energy of 0.5 mJ/pulse at 283.2 nm. For OH-PLIF measurements
the laser beam is collimated and is expanded into a sheet that is 30 mm wide and 250 pm thick.
The OH-PLIF signal is focused onto a high-speed image intensifier (LaVision IRO) using a UV
enhanced camera lens (Soden Cerco 2178) with an f number of 2.8. The intensified signal is
detected using a high-speed camera (Phantom v411). The intensifier time gate is set to 75 nsec
to suppress noise due to OH* chemiluminescence. The OH-PLIF measurements were performed
in two different configurations, one to visualize the jet flame trajectory in the x-z plane and
second to visualize the jet flame cross-section in the x-y plane.

PIV Planes

(b)

Swirling
Vitiated
Crossflow

[ | \
m=  283nm
I' Laser sheet

Heated N, shield flow

Figure 4.1 Schematic of the windowed combustor with an extended nozzle. The region shaded
with blue color indicates the location of the 283nm laser sheet for OH-PLIF measurements of the
flame trajectory and the lines in green indicate the locations of 532nm and 283 nm laser sheet for
both PIV and OH-PLIF measurements, respectively.

The raw OH-PLIF images were post-processed in order to remove background noise and correct
the non-uniformity in the laser sheet intensity profiles. Three main steps were followed in order
to process the OH-PLIF images. Firstly, the images were multiplied by the calibration to convert
them from pixel to physical space. The calibration process also included rotational correction in
case of any minor tilts in the images. In the next step the calibrated images were background
subtracted. The background images were collected by taking images at the same measurement
planes by blocking the laser sheet. Finally, the background subtracted images were normalized
by the OH-PLIF images of only the vitiated crossflow for laser-sheet correction.

SubTask 4.1: High-Speed OH PLIF Measurements for Natural Gas Jets Injected Into
Vitiated and Nonvitiated Crossflows

A time averaged OH-PLIF intensity field is shown in Fig. 4.2, highlighting the jet flame
trajectory and the extent of penetration of the jet flame into the crossflow. These measurements
were performed along the x-z plane which is normal to the PIV measurement planes. The
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injector is shown in a grey box protruding into the flow field. The crossflow moves from left to
right in the figure. The time averaged images show that there is no reaction in the windward side
of the jet and the jet flame is anchored along the leeward side of the jet. The unreacted part of
the jet core for the J = 8 case, as highlighted in Fig. 4.2, is longer than the reacting jet case of J =
3, indicating deeper penetration of the reacting jet for higher momentum flux ratio. For both the
reacting jet case, J=3 ¢j.c = 3 and J=8 ¢;r = 3, it can be clearly seen that the wake of the jet
exhibits a strong OH-PLIF intensity field, hence, justifying the focus of current paper on
understanding the flow-field within the wake of the jet.

20

Z (mm)

Figure 4.2 Time averaged normalized OH-PLIF intensity field for reacting jet cases of J=3 ¢je; =
3 and J=8 ¢jci = 3 measured at y = 0 mm, indicating the jet flame trajectory under the influence of
swirling crossflow.

A consecutive sequence of OH-PLIF images each 0.2 msec apart is shown in Fig. 4.3 for J=3
and ¢jc = 3 case at the mid-plane. The yellow rectangle represents the extended nozzle. The
crossflow direction is from left to right of the image. The images exhibits clear distinction
between the reacting and non-reacting part of the flame. The flame structure is highly
convoluted with occasional flame shedding being observed. There seems to be distributed
reaction fronts in this case, one being attached to the core of the jet and another one being further
deep into the crossflow as a result of flame shedding-off the jet. The jet sheds off unreacted gas
which reacts further deep into the crossflow. The flame is seen to anchor on both windward as
well leeward side of the jet, with a broader PLIF signal being seen on the leeward side of the
nozzle exit, which is most likely due to the wake stabilization of the reaction zone.

In case of higher momentum flux ratio of J =8, a similar sequence of OH-PLIF images
shows that the core of the jet penetrates further into the flow field as compared to J = 3 case,as
shown in Fig. 4.4. The jet flame similar to the J = 3 case exhibits two reaction zones, one on the
windward side and the other on the leeward side. The broader PLIF signal in the leeward side of
the flame seems to be a characteristic feature of RJICF, which is again attributed to the wake
stabilized reaction zone. Unlike the J=3 case the flame front in J=8 is connected to the jet core,
although multiple reaction zones are seen, but distinct flame shedding-off the main jet flame
structure is not seen. This could be because much more mixing of the premixed NG fuel is
achieved in case of J=8 case as compared to J=3 for the same jet equivalence ratio, as a result
some of the premixed fuel escapes in case of J =3 and reacts in a separate reaction zone located
deep in the crossflow.
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Figure 4.3 Consecutive sequence of single shot OH-PLIF images for the reacting jet case of J =3
djet = 3, measured at plane y = 0 mm.
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Figure 4.4 Consecutive sequence of single shot OH-PLIF images for the reacting jet case of J =8
diet = 3, measured at plane y = 0 mm.

A sequence of processed OH-PLIF images corresponding to the reacting jet case for J =3
and ¢je = 3.0 is shown in Fig. 4.5. This sequence of images is based on measurement along the
cross-section of the jet, lying in the x-y plane. The measurement plane shown here corresponds
to z=5 mm. The grey concentric circles represent the physical location of the nozzle, centered
at x = 0 mm and y = 0 mm, with the smaller circle corresponds to the jet exit diameter (D = 10
mm). The natural gas jets do not show any OH-PLIF intensity on the windward side of the jet.
This could be due to large compressive strain rates prevalent on the windward side of the jet
making it difficult to sustain a stable reaction front. However, the leeward side and wake region
of the jet seem to be favorable in sustaining a stable reaction zone. This sequence of images is
an illustrative of the complexity of the flame structure prevalent in an RJICF. An interesting
transient behavior is observed between time t = 0.1 msec to 0.4 msec. The flame front is being
pushed downstream at locations x = 15 — 20 mm and y locations corresponding to y = -5 mm and
-20 mm. Eventually, part of the flame front breaks-off from the main body of the reaction zone.
This observation highlights the importance of obtaining velocity, vorticity and strain rate field
simultaneously at these locations in order to identify the role of fluid dynamics in local
extinction leading to flame break-up.
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Figure 4.5 Instantaneous OH-PLIF intensity field overlaid on top of the flame front edge for the
reacting jet case of J = 3, ¢je = 3.0 at plane z = 5 mm.

SubTask 4.2: High-Speed OH PLIF Measurements for HHC Gas Jets Injected Into
Vitiated and Nonvitiated Crossflows

Four reacting jet conditions are investigated in this study, corresponding to two different
fuel compositions (40% H,/60% N, and 50% H»/50% N;) and two jet momentum flux ratios J=3
and J=8. However, results from reacting jet case of J = 8 and fuel 40%H,/60%N; are discussed
in this paper. The RJICF is visualized at 17 planes in steps of 4 mm along the x-z plane to obtain
a steady three dimensional structure of the jet flame. In order to capture the sequence of auto-
igniting H; jet, the camera and laser system are synchronized with the secondary fuel valve
actuation. This is performed only at the center plane (y = 0 mm) of the jet flame trajectory. A
series of instantaneous processed OH-PLIF images showing the temporal evolution of the auto-
igniting jet is shown in Fig 4.6, for the reacting jet case of J = 8 and fuel 40%H,/60%N,. In
these sequences of images every second image is shown and the yellow rectangle represents the
physical location of the injector. Consider, at time T = 0.0 msec the first flame kernel appears in
the leeward side of the jet attached to the nozzle exit. This flame kernel propagates 40 mm into
the crossflow within 1.2 msec when a thin reaction front appears along the windward side of the
jet. It takes approximately 3.6 msec to establish a fully connected jet flame that penetrates 50 —
60 mm into the crossflow. During the entire sequence of auto-ignition the reaction front along
the windward side stays thin and the OH-PLIF intensity is observed to be the lowest in the entire
reaction front. In this side of the jet the reaction occurs mainly within the jet and crossflow shear
layer and it takes about 1.2 — 2.0 msec to attain a chemically reactive mixture in the windward
side. The thin reaction front in the windward side is mainly due to high levels of compressive
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strain rates leading to high scalar dissipation rate. On the other hand, the leeward side and the
near wake region of the jet sees a dramatic increase in the intensity of OH-PLIF. Most of the
heat release and fuel-air entrainment occurs in the wake of the jet, leading to super-equilibrium
concentrations of OH radical owing to high fluorescence intensity in these regions. Thus, we can
see that the wake of the jet is able to provide flow condition that leads to efficient fuel-air mixing
and a stable reaction zone. Consecutive sequence of processed OH-PLIF images at the center
plane for 40% H»/60% N, J=3case is shown in Fig. 4.7. The flame front shows a diffusion flame
like sharp gradients in the OH-PLIF signal, clearly distinguishing between the reacting and non-
reacting part of the flame. The signal to noise ratio in case of Hy/N, jet flame is found to be
much higher as compared to the premixed NG jet flame. The flame front is thin and highly
convoluted both along the windward and leeward side of the jet. When compared to the natural
gas reacting jets, the H,/N, jet flame appears vastly different, especially, in terms of flame
thickness along the windward and leeward side of the jet. The premixed natural gas flame is
seen to have a much broader a diffused PLIF signal as compared to extremely well defined flame
boundaries for the Hy/N; jet flames. In case of lower momentum flux ratio, J=3, both natural gas
and Hy/N; jet flames share similar characteristics, where both jets shed off unreacted gas from
the main jet and have a flapping nature. Again at higher momentum flux ratio, J=8, higher levels
of mixing is achieved as result the wake stabilized reaction zone is comparable to that of the
premixed NG jet flame, as shown in Fig. 4.8.
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Figure 4.6 OH PLIF single-shot images for the reacting jet case of 40% H,/60% N,, J=8 ameasured at the
jet center plane (y = 0 mm). The sequence of images indicates the initiation of auto-ignition and temporal
evolution of the flame front.
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Figure 4.7 Consecutive sequence of OH PLIF images for the reacting jet case of J=8 40%
H,/60% N, measured at the jet center plane (y = 0 mm).
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Figure 4.8 Consecutive sequence of OH-PLIF images for the reacting jet case of J =8 40% H2
and 60% N2 measured at plane y = 0 mm.

We have also performed OH-PLIF measurements along the cross-section of the jet flame.
The OH-PLIF measurement planes correspond to the same planes where HRR-PIV
measurements are performed. A sequence of instantaneous OH-PLIF images of the jet flame
cross-section is shown in Fig 4.9 for the reacting jet case of J=8 and 40%H,/60% N, at the
measurement plane z = 10 mm, where z indicates the distance from the nozzle exit plane. The jet
flame reaction front is observed to have a highly distorted flame structure. The direction of the
mean crossflow is shown by the white arrow in the first image, which is based upon the PIV
measurements discussed in the subsequent section. Under the influence of swirling crossflow the
jet flame is anchored at an angle to the nozzle exit plane. The white concentric circles represent
the inner and outer diameter of the injector. It is observed that the flame front tries to wrap
around the core of the jet entraining hot products and unburnt fuel air mixture into the wake of
the jet. The flame structure can be described as two arm like structure the envelopes a region
with a broad OH-PLIF intensity field of the jet flame. From image 1 at time T = 0.2 msec — 1.2
msec this region between the two arms of the jet flame moves towards the nozzle in a direction
opposite to the mean flow field, indicating the presence of a recirculation region that pushes the
products and fuel-air mixture in this region towards the nozzle. The flame is always anchored on
both the windward and leeward side of the jet. Similar to the observation along the jet flame
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trajectory, along the cross-section of the jet flame too the OH PLIF signal in the windward
region is much weaker than the OH PLIF signal on the leeward side. This behavior could be
attributed to the local compressive strain rates that are much higher on the windward side as the
jet encounters the crossflow.
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Figure 4.9 Instantaneous OH PLIF images for the reacting jet case of 40% H, 60% N, J =8 along
the cross-section of the jet flame visualized at z= 10mm. The consecutive sequence of OH-PLIF
images are 0.2 msec apart.

TASK 5.0: SIMULTANEOUS HIGH-SPEED PIV/PLIF STUDIES

SubTask 5.1: Development of Optical and Data Acquisition Systems for Simultaneous
High-Speed PIV/OH PLIF Measurements

5.1.1 Measurement Techniques

Two component PIV and OH-PLIF technique are applied simultaneously at a repetition
rate of 10 kHz to study the dynamics and turbulence-chemistry interaction in a reacting jet
injected into a swirling vitiated crossflow. A brief description of these techniques is provided in
this section.

OH-PLIF System

The OH PLIF system consists of a high repetition rate diode-pumped, Q-switched
Nd:YAG slab laser (Edgewave — IS8IIDZ) that pumps a frequency-doubled dye laser (Sirah
Credo) that produces a 283 nm beam in UV. The laser system is operated at 10 kHz with
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ultraviolet pulse energy of 0.5 mJ/pulse at 283 nm wavelength. The laser beam is directed into a
reference leg featuring a bunsen burner to tune the fundamental frequency of the dye laser in
order to excite the Q1 (6) transition of the OH molecule. After this the laser beam is collimated
and is focused using a 1000 mm focal length positive spherical lens, a cylindrical lens of -25.4
mm focal length and finally by a 300 mm focal length positive cylindrical lens forming a laser
sheet that is 30 mm wide and 250 um thick. The PLIF laser sheet is oriented in such a way to
visualize the cross-section of the jet flame. A 3D schematic of the simultaneous PIV/PLIF
system (Figure 2) shows the orientation of both the 532 nm and 283 nm laser sheet going into the
window combustor. The OH-PLIF signal is focused onto a high-speed image intensifier
(LaVision IRO) using a UV enhanced camera lens (Soden Cerco 2178) with F/2.8.and detected
using a high-speed camera (Phantom). The intensifier is set to a gating of 75 nsec in order to
reduce noise due to OH* chemiluminescence.

PIV System

The PIV system consists of a high repetition rate, dual cavity, diode-pumped solid state
Nd:YAG laser (Quantronix Dual Hawk 80-M) and a high speed CMOS camera (Photron-
FASTCAM SAS5). Each of the cavity outputs a pulse energy of 3.5 mJ/pulse at 10 kHz and 532
nm. A picture showing the experimental test rig illuminated with the 532 nm laser beam during
the test operation is shown in figure 8 indicating the locations of the two camera systems,
dichroic mirrors and sheet forming optics. The time delay between the two pulses is optimized
to 10 psec in order to account for the high and slow speed flow field and a strong out of plane
component of the jet velocity prevalent in the RJICF. A collimated laser beam is focused using a
1000 mm focal length positive spherical lens, a cylindrical lens of -50 mm focal length and a 250
mm cylindrical lens forming a laser sheet that is 35 mm wide and 500 um thick. A dichroic
mirror that transmitted 532 nm wavelength and reflected 283 nm wavelength was used to overlap
the two laser sheets before entering the combustor. The two camera systems (OH-PLIF and PIV
camera systems) were installed perpendicular to each other as a result another dichroic mirror
was used that transmitted 532 nm scattered light from the PIV particles and reflected the 310 nm
PLIF signal to the high speed IRO-camera system. The flow field was seeded with TiO,
particles with nominal diameter of 250 nm. The scattered light from the particles were collected
using a 105 mm Nikon lens. The test rig has two locations to seed the flow field, i) Upstream of
the LSB and i1) along with the jet. For the experiements discussed in this paper only the jet fluid
was seeded. The time delay in the PLIF laser was adjusted so that it lied in between the two
pulses of 532 nm. The high speed controllers for the PIV and PLIF camera systems were synced
to an external function generator (Quantum Composer 9520 Digital Delay Pulse Generator) that
provided the input signal and necessary time delay to the laser systems. A 3D dot target was used
to calibrate the images. Calibration was always performed just before beginning the experiment.
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Figure 5.1 A three dimensional CAD schematic of the high repetition rate simultaneous PIV/OH-
PLIF experimental system.

Figure 5.2 Photograph of test rig under operation, with the laser sheets going from top window of
the combustor.

51



5.1.2 Data Post Processing
OH-PLIF Image Processing

The raw OH-PLIF images collected needed to post-processing in order to correct some
experimental factors, remove background noise and increase the signal to noise ratio and finally
correction of the non-uniformity in the laser sheet intensity profiles. Three main steps were
followed in order to process the OH-PLIF images. Firstly, the images were multiplied by the
calibration to convert them from pixel to physical space. The calibration process also included
rotational correction in case of any minor tilts in the images. In the next step the calibrated
images were background subtracted. The background images were collected by taking images at
the same measurement planes by blocking the laser sheet. Finally, the background subtracted
images were normalized by the OH-PLIF images of only the vitiated crossflow for sheet
correction and then the normalized intensity was multiplied by a constant factor to further
enhance the OH-PLIF signal. A total of 500 background images were collected from all the
measurement planes. Each of the raw images were subtracted by the time-averaged background
image, similarly the background subtracted images were normalized by the time averaged PLIF
image of the vitiated crossflow for laser sheet correction. A MATLAB image processing
algorithm was developed for flame front/edge detection.

Vector Field Computation

The PIV imaging was performed using the high speed camera integrated with a LaVision
high speed controller. The controller was synchronized to an external function generator that
provided the time delay for frame straddling between the two laser pulses. A 3D dot target was
used to calibrate the PIV images before each experiment. The vector field was computed using
the LaVision 8.1.4 software. A detailed analysis, based on the particle density, the time delay
between the two laser pulses and cross-correlation technique, was carried out to maximize the
cross-correlation value. A multi-pass cross correlation technique was adopted for vector
computation with the first pass window size was chosen to be a square 64 X 64 pixel window
followed by an auto adaptive window of 16 X 16 pixels for the second pass. Since, the jet was
seeded for the PIV measurements only a portion of the particle images could be used for vector
computation and rest of the image is masked. The field of view utilized to perform cross
correlation was 35 mm x 55 mm, with a vector resolution of 0.8 mm x 0.8 mm. Also, in order to
account for the influence of the out of plane velocity component of the jet the laser sheet
thickness and At between the image pairs were optimized to, 500 um and 10 psec respectively.
Based on these parameters the total number of rejected vectors varied between 15 — 25 % and a
signal to noise ratio was always greater than 1.2. In order, to capture the turbulent statistics a
total of 10,000 image pairs were captured at each measurement planes at a rate of 10 kHz.

SubTask 5.2: Simultaneous High-Speed PIV/OH PLIF Measurements for Natural Gas Jets
Injected Into Vitiated and Nonvitiated Crossflow

The subtask involved simultaneous PIV/OH-PLIF based planar measurements for
premixed natural gas jets injected into vitiated crossflow. A sequence of flame front edges
(based on maximum OH-PLIF gradient), from time t = 0.1 msec — 0.8 msecs, overlaid on top of
the processed OH-PLIF images corresponding to reacting jet case of J = 3 and i = 0.9 are
shown in Fig. 5.3a. The measurement plane corresponds to z =5 mm. The sequence of images
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captures various flame dynamics like, flame break-up due to local extinction, re-ignition etc. The
grey concentric circles represent the physical location of the nozzle, centered at x = 0 mm and y
= 0 mm, with the smaller circle corresponds to the jet exit diameter (d = 10 mm). The natural
gas jets do not show any OH-PLIF intensity in the windward side of the jet. This is due to large
compressive strain rates prevalent at these locations making it difficult to sustain a stable
reaction front. However, the leeward side and wake region of the jet seems to be extremely
favorable in sustaining a stable reaction zone. The reaction zone is stabilized slightly
downstream of the nozzle within the near wake region of the jet. This sequence of images is an
illustrative of the complexity of the flame structure prevalent in an RJICF. Between time t = 0.1
msec to 0.8 msec it is observed that the flame front particularly in the lower shear layer region of
the jet gets elongated and eventually breaks-off from the main reaction zone. The reaction zone
has a characteristic kidney like shape that could be imparted due to the interaction of the flame
front with the wake vortices. Figure 5.3b shows the flame edge and velocity vectors overlaid on
the contours of axial velocity. The contour map ranges between -60 m/s - 60 m/s. The red
contour represent strong positive x velocity and blue represents strongly negative x velocities.
The interface between inner and outer wake regions of the jet sees highest magnitude of positive
x velocity and the recirculation region sees a strong negative x velocity with velocity vectors
pointing against the direction of swirl. The high positive x-velocity pushes the reaction zone
downstream and the negative x velocity within the recirculation region pushes the reaction zone
towards the nozzle exit. The sequence of velocity vectors between time t = 0.1 msec — 0.8 msec
shows strong x-velocity within the upper and lower shear layer of the jet which correlates very
well with the flame transient of localized displacement and elongation of the reaction front
followed by breaking off from the main flame body. Figure 5.3d shows the sequence of out
plane vorticity magnitude ( -15000 s' — 15000 s™) which provides a much better picture of
vortex and flame interaction. The vorticity plot in the sequence of vector field seems like shear
layer vorticity with an alternate positive and negative vorticity magnitude seen at the USL and
LSL. The counter-rotating wake vortex structure is seen which wraps the reaction front around it
and pushes it downstream until it the reaction zone detaches at time t = 0.8 msec. The observed
local extinctions could be due to a combined effect of higher instantaneous values of vorticity
magnitude (which in this case exceeds 15000 s™) coupled with significantly higher instantaneous
compressive strain rates. Thus, it is clearer that the observed flow structures which are
essentially the wake vortices of the jet have a significant effect on the reaction zone. It entrains
the surrounding hot product or unburnt fuel air mixture into the recirculation region which has a
relatively lower magnitude of velocity and stabilizing a reaction zone within it. The
instantaneous flow structures seen in the wake region of the jet are approximately 5 — 10 mm in
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Figure 5.3 Instantaneous sequence of (a) Reaction fronts overlaid on top of OH-PLIF images—
time separation = 0.1 ms. (b) Reaction fronts overlaid against contours of x-velocity and velocity
vectors, (¢) Reaction fronts overlaid against contours of vorticity, for the reacting jet case of J =
3 dje= 0.9 at z=5 mm.

SubTask 5.3: Simultaneous High-Speed PIV/OH PLIF Measurements for HHC Gas Jets
Injected Into Vitiated and Nonvitiated Crossflows

The subtask involved simultaneous PIV/OH-PLIF based planar measurements for Hy/N;
jets injected into vitiated crossflow. A sequence of flame front edges (based on maximum OH-
PLIF gradient), from time t = 0.1 msec — 10 msecs, overlaid on top of the processed OH-PLIF
images corresponding to J = 8 case and visualized at z = 10 mm are shown in Fig. 5.4a . The
sequence of images captures various flame dynamics like, flame break-up due to local extinction,
re-ignition, flame holes, etc. The black concentric circles is the physical location of the nozzle,
centered at x = 0 mm and y = 0 mm, with the smaller circle corresponds to the jet exit diameter
(d = 10 mm). There is a faint OH-PLIF signal present right above the location of the nozzle in
almost all the images. This is an indicative of the fact that in case of an H, diffusion flame there
is some amount of reaction occurring within the windward side of the jet, however, due to large
compressive strain rates prevalent at these locations it’s difficult to sustain a stable reaction front.
However, the leeward side and wake region of the jet seems to be extremely favorable in
sustaining a stable reaction zone. This sequence of images is an illustrative of the complexity of
the flame structure prevalent in an RJICF. The first image sequence indicates a strong OH-PLIF
signal level at y = 10 mm and between x = 0 to 10 mm, which could be an indicative of super
equilibrium concentration of OH radical. There is a discontinuity between the highest OH-PLIF
concentration at this location and rest of the flame body. But the reaction front re-attaches to the
main body of the flame either due to through plane flame propagation or due to auto-ignition of a
fresh mixture of fuel and air at around x = 10 mm and y = -10 mm. A similar behavior is
observed between frame 6 — 10 at location x = 18 mm and y = 0 - 10 mm location where
alternately there is local extinction and re-ignition but behavior could be mainly due to through
plane flame propagation or bulk transport of OH. There is another interesting transient observed
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between images 3-6 a sudden necking of the reaction zone which eventually breaks-up from the
main body of the reaction zone convecting away downstream. By the look of this transient
behavior it is now important to have velocity, vorticity and strain rate information at that location
in order to identify the exact region of location extinction leading to flame break-up. The flame
structure has a characteristic shape that could be imparted due to the vortex-flame interaction
which will be discussed in the subsequent sections.

Figure . 5.4b shows the flame edge and velocity vectors overlaid on the contours of axial
velocity.. The contour map ranges between -60 m/s - 60 m/s. The red contour represent strong
positive x velocity and blue represents strongly negative x velocities. The interface between
inner and outer wake regions of the jet sees highest magnitude of positive x velocity and the
recirculation region sees a strong negative x velocity with velocity vectors pointing against the
direction of swirl. The high positive x-velocity pushes the reaction zone downstream and the
negative x velocity within the recirculation region pushes the reaction zone towards the nozzle
exit. The image sequences 1 — 5 shows strong x-velocity within the upper shear layer which
correlates very well with the flame transient of necking of the reaction front followed by
breaking off from the main flame body. The same sequence of velocity vectors and flame front
are overlaid on top of the y-velocity magnitude, as shown in Fig. 5.4c which provides a clearer
picture of strong positive y-velocity between image 1 — 5 within the USL, which again correlates
well with the flame front necking behaviour. The lower shear layer (LSL) sees high magnitudes
of negative y-velocity, which is attributed to the incoming swirling crossflow. Again, between
the images 6 — 10 there is an increase in the magnitude of y-velocity within the recirculation
region that pushes the reaction front closer to the location of the nozzle. Figure . 5.4d shows the
sequence of out plane vorticity magnitude ( -25000 s — 25000 s™') which provides a much better
picture of vortex and flame interaction. The vorticity magnitude seen in the image sequence 1 -2
seems like shear layer vorticity with an alternate positive and negative vorticity magnitude seen
at the USL and LSL. However, at image 3 a vortex structure (with a counter-clockwise rotation
represented by red contour) located just below the nozzle at x = 5 mm and y = -15 mm is seen
which wraps the reaction front around it and pushing it downstream until frame 8 after which the
lower reaction front detaches from the main reaction zone at location x = 16 mm and y = -24 mm
due to local extinction. The observed local extinctions could be due to a combined effect of
higher instantaneous values of vorticity magnitude (which in this case exceeds 25000 s™)
coupled with significantly higher instantaneous compressive strain rates. Thus, it is clearer that
the observed flow structures which are essentially the wake vortices of the jet have a significant
effect on the reaction zone. It entrains the surrounding hot product or unburnt fuel air mixture
into the recirculation region which has a relatively lower magnitude of velocity and stabilizing a
reaction zone within it. The instantaneous flow structures seen in the wake region of the jet are
approximately 5 — 10 mm in size.

56



-30 : Intensity
- 10 20 30 4010 0 1w 20 30 4010 0 lll_ 20 30 4010 0 lll_ 20 30 40 10 lll_ 20 30 1.0
X (mm) X (mm) X (mm) X (mm) X (mm) 0.8
— - 0.6
‘ '.- y' 0.4
_ : 0.2
£ 0.0
E
S
S
10 20 30 4010 0 1w 20 30 4010 0 1w 20 30 40 10 " w20 30 4010 0 w20 30 40
X (mm) X (mm) X (mm) X (mm) X (mm)
Dl e : AR V_(m/s
’ Lo e L " Lo h Sy Lo e " L X
0 10 20 30 4010 0 10 20 30 4010 O 10 20 30 4010 O 10 20 30 40 60
X (mm) X (mm) X (mm) X (mm) X (mm) 36
20; i e Qiits 12
; 12
AIO* 36
E o -60
o e
>.I-Zl]- T
-30p ol 3 ; | .. % ] Lo i~ T s | L IS F ; o R
-10 0 10 20 30 4010 0 1 21 30 4010 0 10 20 30 4010 O 10 20 30 4010 0O 10 20 30
X (mm) X (mm) X (mm) X (mm) X (mm)
R oo S SRR Vy(m/s)
10 20 30 4010 0 10 20 30 4010 0 10 20 30 4010 0 10 20 30 40 60
X (mm) X (mm) X (mm) X (mm) X (mm) 36
20 R ) - , o 12
12
AIO* 36
E o 60
E
-

00

10 20 30 40 10 0

10 20 30 4010 0

10

X (mm) X (mm)

X (mm)

57

- 1 L -
20 30 4010 0

10 20

X (mm)

3040 i 0

20 30

hot
10

X (mm)



10
_—
E 0
\.E.-lﬂ
~.20
RN = S - - A« ®,(s")
1m0 1 20 30 4010 O 1 20 30 4010 O 1 20 30 4010 O 1 20 30 25000
X (mm) X (mm) X (mm) X (mm) 15000
20 5000
. N B e 2000
SR
’_\Il] =\ 15000
£ 0 ; -u -25000
Eo o
-
)

s e AR ot e e 7 o . 27 L o e L.
w o 1w 2 30 4010 O W 2 30 4010 0 W 220 W 401 0 W 20 W 40w 0 W 20 30 4

X (mm) X (mm) X (mm) X (mm) X (mm)

Figure 5.4 Instantaneous sequence of (a) Reaction fronts overlaid on top of OH-PLIF images—
time separation = 0.1 ms. (b) Reaction fronts overlaid against contours of x-velocity and velocity
vectors, (c) Reaction fronts overlaid against contours of y-velocity and velocity vectors. (d)
Reaction fronts overlaid against contours of vorticity, for the reacting jet case of J = 8
40%H,/60%N, at z= 10 mm.
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TASK 6.0: PIV/PLIF MEASUREMENTS OF COUPLED COMBUSTION DYNAMICS

SubTask 6.1: Modification of the Reacting Jet in Crossflow Apparatus for the Combustion
Instability Studies

A proven means for producing combustion dynamics has been used for performing
combustion instability studies on the reacting jet in crossflow configuration. The method used to
provide an unsteady flowfield into which the transverse jet is injected is a unique and novel
approach that permits elevated temperature and pressure conditions. A model dump combustor is
used to generate and sustain an acoustically oscillating vitiated flow that serves as the crossflow
for transverse jet injection studies. A fully optically accessible combustor test section affords full
access surrounding the point of jet injection. High speed 10 kHz planar measurements OH PLIF
and high frequency 180 kHz wall pressure measurements were performed on the injected
reacting transverse jet and surrounding flowfield, respectively, under simulated unstable
conditions.

6.1.1 Combustion Dynamics Rig Hardware

A schematic of the combustion dynamics transverse jet combustor hardware is shown in
Figure 6.1. The combustor configuration consists of two main components: a dump combustor
that generates and sustains the acoustically oscillatory vitiated crossflow, and an optically
accessible transverse jet injection test section to visualize the injected jet. The dump combustor
burns a premixed, preheated air and fuel mixture. Preheated air at 0.40 kg/s is premixed with
ambient temperature natural gas (NG) fuel in the dump premixer, where the massflow rates of
the air and the fuel are independently metered upstream of the premixer test section. The NG is
issued into the premixer using a fuel peg, which is a small sealed quarter inch stainless steel tube
with four 1.3 mm (0.05”) diameter holes: two pointing into and two pointing perpendicular to the
incoming air flow. Four cylindrical bluff bodies in the dump premixer arranged in an alternating
pattern of horizontal and vertical orientations enhance the mixing of the air and fuel. The natural
gas is sourced on site and its composition is provided by the Panhandle Eastern Pipe Line
Company for the Tuscola East segment. A choked orifice plate precedes the premixer. The
orifice plate contains 9 square edge orifice holes with an orifice diameter of 4.42 mm and a
length to diameter ratio 5.75. The orifice plate serves as a boundary condition satisfying two
requirements: it provides a large pressure drop to minimize coherence between the dump
combustor resonant acoustics and the premixer, and was nominally designed to provide
relatively high acoustic impedance in the resonator inlet to effectively ensure high reflection
efficiency, i.e. an acoustically closed boundary. Following the orifice plate, the premixed
preheated flow enters the half-wave resonator section, a constant cross sectional area tube section
that serves as the inlet to the dump plane of the combustor. The premixed flow enters the
backward facing step dump plane, is ignited and burned. A Champion igniter is used to ignite the
premixed flow, is located 0.08 m downstream of the dump plane and is turned off once ignition
is achieved. Combustion is stabilized at the dump plane rearward facing step due to the
recirculation zone created by the sudden flow expansion. The combustor has a constant cross
sectional area of 0.0056 m”. The combustor is terminated with a linearly converging exit nozzle
with an orifice throat diameter Dy = 0.027 m. The exit nozzle backpressures the combustor to a
nominal combustor pressure of 0.9 MPa, and the exit nozzle gas is exhausted directly to the
atmosphere.
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The dump combustor and half-wave resonator inlet are assembled from smaller length
module test sections, where the lengths of both can be discretely and independently varied by
either removing or adding module test sections. For the transverse jet injection studies, a module
test section is replaced with a transition section and an optically accessible combustor test
section, referred to as the cube, which houses the transverse jet injector. The transition section is
77 mm in length and smoothly converts the corner radii of the modular test sections to the
rectangular cube cross section while maintaining a nearly constant cross sectional area to avoid
any significant adverse pressure gradient. Figure 6.2 shows a schematic of the optically
accessible test section. The rectangular cube cross section affords full optical access of the
transverse jet injection and surrounding flowtfield with three of the four cube walls containing
quartz windows. The windows are 125 mm by 72 mm in the streamwise and spanwise direction,
respectively, and sit flush with the inner cube surface. Full optical access of the jet injection
point is afforded with this configuration. The fourth wall contains a multi-purpose and
generically designed port feature that accommodates both flush mounted and elevated transverse
jet injection. For data presented on the combustion dynamics rig, a flush mounted 5.8 mm exit
diameter jet nozzle was used resulting in optical access of 24.9 mm upstream and 101 mm
downstream of the jet orifice exit centerline. The upstream edge of the jet orifice is 163 mm
downstream of the start of the cube test section. The transverse jet injector assembly consists of
a premixing chamber, a choke plate, a settling plenum and the jet nozzle (see Figure. 6.2). Figure
6.6 shows a schematic of the transverse jet injector. The transverse jet is a premixed preheated
60/40 mixture of hydrogen and nitrogen, respectively. Three separately controlled and metered
propellant lines feed the jet injector assembly: a primary nitrogen circuit, a hydrogen circuit and
a secondary nitrogen circuit. The secondary nitrogen flow connects with the PIV fluidized bed
through the use of a needle valve: for PIV testing a portion of this flow is routed through the
fluidized bed, while for PLIF only testing the secondary N, flow bypasses the fluidized bed. The
primary nitrogen circuit is heated and used to set the resultant jet injection temperature. Mixing
is achieved in the premixing chamber with cylindrical bluff bodies arranged in an alternating
pattern of horizontal and vertical orientations to enhance the mixing. A 6.65 mm thick orifice
plate with twenty two 0.043 mm diameter holes provides a large nominal pressure drop
(P /F — ¢.54) between the premixing chamber and the injector. This ensures that the mass flow
rate from the premixing chamber is constant (i.e. only a function of the premixing chamber
conditions) and therefore independent of any pressure oscillations which occur inside the jet
nozzle. Downstream of the orifice plate, the orifice jets mix out in a discretely variable length
circular settling plenum of constant diameter that matches the starting diameter of the nozzle
contour. The discretely variable length settling plenum is designed as a tuning parameter to
adjust the resonant characteristics of the injector, and for the jet studies here the plenum length
was fixed at 30 mm. The circular jet nozzle has a fifth order polynomial contraction contour, a
5.8 mm diameter orifice exit, an inlet to jet exit contour area ratio of 14, and a contour length of
66 mm. The nozzle contraction contour is an academic JICF style injector used in other subsonic
transverse jet research groups and is associated with a top hat velocity profile at the jet exit with
a relatively small jet momentum thickness (Megerian 2007, M’Closkey 2002).
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Figure 6.1 Combustion dynamics combustor configurations. The transverse jet injection is near
the fundamental (near 200 Hz) pressure node (Configuration A) and anti-node (Configuration B).
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Figure 6.3 OH PLIF optical setup surrounding the optically accessible test section. This setup is
for the X-Z cross sections of the transverse jet.

Figure 6.4 OH PLIF optical éetup surrounding the optically accessible test section. This setup is
for the X-Y cross sections of the transverse jet. Beam path is denoted by blue arrows.
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Figure 6.5. Optically accessible combustor test section on the test stand. From this perspective,

the jet at the orifice exit is out of the page. This setup is for OH PLIF of the X-Z cross sections of
the transverse jet.

Instrumentation and Controls

The massflow rates of all gases, including nitrogen purges, are metered using choked
ASME MFC-7M toroidal sonic venturis. Mass flow rates of gases are controlled using the sonic
venturi, an upstream thermocouple gas temperature measurement and a computer controlled
electronic regulator (ER 3000) to set the static pressure upstream of the venturi. Nitrogen purge
flows are present for the dump fuel peg, dump igniter and jet hydrogen peg, are metered using
the sonic venturi method, and account for less than 1% of the dump combustor air mass flow
rate. The nitrogen purges are flowing at all times for the igniter and on the three-way fuel run
valves when fuel is off. Control and low frequency data acquisition at 100 Hz is performed
using a labview 2012 virtual instrument (VI) program. Pressure measurements for mass flow
rate calculation and system health monitoring were made using Druck PMP 1260 transducers
with 0.25% full scale accuracy. Temperature measurements were made using Omega grounded
type-K thermocouples with 0.75% error and are rated up to 1523 K. Analog input of pressure and
temperature are signal conditioned using, respectively, and read in with the ADC PCI-6052E.
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Analog output and digital output control are provided by NI PCI 6733 cards and NI PCI-6534,
respectively.
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Figure 6.6. Transverse jet injector assembly.

Control and low frequency data acquisition at 100 Hz is performed using a labview 2012
virtual instrument (VI) program. Pressure measurements for mass flow rate calculation and
system health monitoring were made using Druck PMP 1260 transducers with 0.25% full scale
accuracy. Temperature measurements were made using Omega grounded type-K thermocouples
with 0.75% error and are rated up to 1523 K. Analog input of pressure and temperature are signal
conditioned using, respectively, and read in with the ADC PCI-6052E. Analog output and digital
output control are provided by NI PCI 6733 cards and NI PCI-6534, respectively. The rig
hardware is highly instrumented with high frequency pressure transducers (Kulite models
EWCT-212M-10BARA and WCT-212M-70BARA) to spatially and temporally characterize the
non-reacting and reacting gas phase acoustics. The HF transducers are wall mounted in cavities
for improved survivability. The cavity design was carefully chosen to ensure the resonant
characteristics of the cavity do not constructively or destructively interfere with the measured
acoustics. Figure 6.7 shows a schematic of the HF transducer cavity; all cavities are designed
with bulk resonant frequencies around 10 kHz, based on a 0D Helmholtz relationship and
verified with an FEA analysis. The HF pressure transducers are recorded on a separate 16
channel high speed data system (DSPcon DataFlex 1000A, Control Module S/N 104024 and
Analog Module S/N 105933) sampling at 180 kHz per channel. Synchronization between the HF
data system and the low frequency data system is achieved with a square wave TTL pulse
simultaneously sent to both data systems. Additionally, all camera triggers, frame strobes,
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synchronization signals as well as laser pulse timing are phase locked (i.e. simultaneously
recorded on the HF data system). For a typical test sequence, ten HF channels are reserved for
the HF pressure transducers and the remaining data system channels for the imaging diagnostics
timing signals.
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Figure 6.7. High frequency pressure transducer instrumentation port.

6.1.2 Laser Diagnostic System

The combustion dynamics optically accessible combustor test section is designed to
afford increased visualization and interrogation of the reacting jet flowfield from multiple
directions. Planar laser induced fluorescence of the hydroxide radical (OH-PLIF) is used to
identify and characterize the reaction zones and surrounding burned gas region, and to
qualitatively describe the spatial-temporal behavior of the jet structure and dynamics.

Planar Laser Induced Fluorescence System

For OH-PLIF measurements, a frequency doubled (532 nm) Nd:YAG laser (Edgewave
1S200-2-L) was used to pump a tunable dye laser (Sirah Credo) operating with Rhodamine 590.
The 566.7 nm output beam was frequency doubled and tuned to excite OH near 283 nm at the
QI1(8) transition of (0,1) vibrational line of the A2-X2 system. The average laser pulse energy at
10 kHz was 6.10 W. The laser sheet was formed using two cylindrical lenses (f = -25 mm and f =
300 mm) resulting in a 50 mm collimated sheet height, and a third cylindrical lens (f= 750 mm)
to focus the sheet. The OH fluorescence was collected perpendicular to the laser sheet using a
UV sensitive lens (Cerco Sodern Type 2178, £ = 100 mm focal length, £/2.8), high speed image
intensifier (LaVision HS-IRO), and a high speed CMOS camera (Phantom v411). An optical
band pass filter (Semrock 320/40) was placed in front of the UV lens to suppress background
radiation, and a 100 ns intensifier gate width was used.
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A ridged tiered optical rail structure is mounted over the combustion dynamics optical
test section to accommodate up to simultaneous laser diagnostics. Adjacent breadboards
accommodate additional optics and camera systems. All final turning mirrors are placed on 2-
axis translational stages and utilized between tests to vary the flowfield interrogation region.
Similarly, camera systems are mounted on 2-axis translational stages and travel accordingly as
interrogation region changes in order to preserve camera focus.

Data Post Processing Procedure

The high frequency pressure data is analyzed post-test for frequency content by
performing a power spectral density estimate using the Matlab PSD function with a hann
window. Once a frequency peak is determined from the PSD, an estimate of the peak to peak
pressure oscillation amplitude, i.e. p’, is determined as follows: the Matlab function Butter was
used to design a bandpass filter around the frequency peak from the PSD. The Matlab function
filftilt implements the Butter transfer function and performs zero-phase digital filtering of the
data, i.e. preserves phase information. Raw pressure data is compared against bandpass filtered
pressure data to ensure that phase and amplitude are accurately captured. All filter parameters are
fixed for the data analysis. After recording a set of high speed images, the images are converted
from raw pixels to engineering units using a dot target calibration procedure. The calibration is
performed using a LaVision Type 5 dot target and the LaVision calibration software.
Additionally, the dot target calibration corrects for minor angular misalignments between the
camera and the test article that are still present despite a careful setup of both. This is especially
important so as to minimize any spatial bias of the jet structures. Images are averaged on a pixel
basis to determine the location and size of mean jet flowfield structures. Additionally, dynamic
mode decomposition (DMD) analysis is used to identify and track dynamic coherent structures in
a sequence of OH PLIF images. DMD is an extremely useful data processing technique that
permits reduction of extremely large experimental datasets to much more manageable reduced
order descriptions of the fluid flow. DMD identifies the dominant frequencies and associated
spatial modes shapes contained in the image dataset. This technique permits decomposition of an
OH PLIF dataset into jet responses as a function of time (i.e. frequency). The DMD method
implemented here is derived from Schmid (Schmid 2010).

Combustion Dynamics Rig Acoustics

The half-wave resonator inlet section in combination with the dump combustor is
designed to provide combustion-driven axial instabilities at frequencies determined by the
overall length of the chamber. The combustor design was formulated using a quasi-one-
dimensional linearized Euler solver, LEE, to predict longitudinal acoustic mode shapes and
frequencies for a given geometry and set of gas properties (Yu 2010). This configuration results
in a self-excited thermoacoustically unstable dump combustor that generates harmonic acoustic
oscillations superimposed on the mean vitiated combustor crossflow. For this study, the
dominant unsteady crossflow resonant acoustics in the combustor are the 2L (near 200 Hz) and
its harmonic 4L (near 400 Hz). The oscillation amplitude and dominant modes relative to one
another are manipulated by varying the combustor geometry, e.g. inlet resonator length, and
dump combustor inlet operating conditions. The dump combustor inlet operating conditions used

67



for manipulation of the chamber acoustics are the inlet preheated air temperature and the dump
plane equivalence ratio.

Figure 6.8 shows typical instantaneous and averaged pressure mode shapes for the 2L, 4L
and 6L acoustic modes, where for convenience a sinusoid solid line has been drawn over the data
points to make the highlight the mode shape. Due to the self-excited nature of the dump
combustor, the 6L (near 600 Hz) is occasionally present along with the 2L and 4L, but is
typically at lower amplitude. Starting at the dump plane, the top plots show one pressure node
and two anti-nodes out of phase relative to one another by T/2; this is the 2L mode of the dump
combustor and inlet resonator combination. Starting at the dump plane, the 4L mode contains
two nodes and three anti-nodes, and the 6L mode contains three nodes and four anti-nodes.
While the 6L will naturally and occasionally sprout up in the chamber, data post processing will
focus on time slices where the 6L is minimal. The 2L and 4L are the dominant chamber
crossflow acoustics. The locations of transverse jet injection for this study are 1.12 m and 1.68
m from the dump plane: the location 1.12 m is close to the 2L node and 4L anti-node, and the
location 1.68 m is close to the 2L anti-node and the 4L node. By changing the axial location of
the transverse jet injection, the jet can be introduced at different locations in an acoustic pressure
mode shape in the combustor, e.g. the jet can be injected at a pressure node or a pressure anti
node. This strategy permits separate investigations of the jet structure and dynamics in response
to a local pressure anti node flowfield (corresponding to a velocity node) and local pressure node
flowtield (corresponding to a velocity node) near the point of transverse jet injection. The
injector nozzle cavity will have natural acoustic resonances associated with it that are a function
of the geometry, gas properties, and boundary conditions. These natural resonances are
unavoidable and have the potential to bias the response of the transverse jet to the crossflow
forcing events. Therefore, the injector geometry and gas properties are strategically chosen to
avoid overlap with the crossflow frequencies and those associated with the JICF dynamics, e.g.
jet shear layer rollup. An FEA acoustic analysis was run to meet this objective and Table 1
shows the resultant jet conditions chosen for this study. The bulk Helmholtz style resonance of
the injector is calculated to be 671 Hz, which is half way between the combustor 6L and 8L
acoustics. This ensures minimal overlap. Pressure and image data analyzed during post
processing displays an occasional ~670 Hz injector resonance, but is not consistently excited and
displays orders of magnitude lower power in the calculated pressure or image spectra.

Testing Sequence

The combustion dynamics transverse jet rig is not a continuously combusting test rig and
reacting flow hot-fire tests are performed over a short duration, nominally 15-30 sec. This
significantly reduces the cost of design and manufacturing of a model combustor since active
cooling of hot combustor parts is unnecessary for short durations. Also in this manner, between
tests the large gigabyte sized image sets (typically 15-20 GB per test) are transferred off of the
cameras in preparation of the next test. Figure 6.9 shows a typical testing sequence. At 0 s
preheated air at the set test condition (massflow and temperature) flows through the rig,
preheating the combustor to approximately the air temperature. During this time, the transverse
jet fluid consists only of the nitrogen at the set test condition. At 2 s, the transverse jet hydrogen
run valve is actuated and all jet feed line and manifold pressures are allowed to become steady
before crossflow ignition occurs. At 5 s the dump plane igniter is turned on and at 6 s the dump
combustor fuel natural gas run valve is actuated. Once dump combustor ignition is confirmed (7
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s), the igniter is turned off and the crossflow and transverse jet fuel run valves are left open for
an additional 11 s to ensure chamber pressure and temperatures steady off. At 18 s, the camera
systems are triggered and images are recorded of the reacting transverse jet in an unsteady
crossflow. Once the imaging is complete, the dump combustor fuel run valve is closed (22 s)
followed by the closing of the jet hydrogen run valve. At this time, the combustor continues to
flow preheated air in the crossflow, and the targeted nitrogen flow rate through the jet.
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Figure 6.9. Dump combustor pressure trace for a typical test sequence for the reacting jet
injected in an unsteady crossflow using the combustion dynamics rig configuration.

Pressure (MPa)

o
o

o
Q1

69



10 * ftime=0 _10
m tlme:TZLIZ ©
o
X gt
Sr o
- ©
© = 6f
o x
~x 0 c
i o
.Q_ CU 4,
=
_57
S
<
-10 ‘ ] < 0 ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 0 0.5 1 1.5 2
X (m) X (m)
e time=0 6
L s time=T /2 <
6 4L & ol
47 —
5 4
-c L
T 2 =
o =
X Or c 3
g g
Q -2r S 2!
)}
4L > 1t
<
-6 -
, , ! , QO . . , ,
0 0.5 1 1.5 2 0 0.5 1 1.5 2
X (m) X (m)
® time=0 6
6- = time:TGL/Z
ar SKe .
2t 4
0,

N

=

p' Avg Magnitude (kPa)
w

OO

1 15 2 05 1 15 2
X (m) X (m)
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6.1.3 Results and Discussion

The combustion dynamics JICF studies at Purdue under the UTSR program have focused
on 60/40 hydrogen/nitrogen fuel transverse jets. High speed 10 kHz OH PLIF on the reacting
transverse fuel jet was performed simultaneously with 180 kHz high frequency pressure
measurements in the jet injector and throughout the crossflow flowfield. For the OH PLIF tests,
focus was placed on cross sectional slices of the jet core to investigate the structure and
dynamics of the reacting shear layer between the vitiated crossflow and the fuel jet. Figure 6
shows a transverse jet injection schematic highlighting side and top views of the jet and the cross
sectional OH PLIF planes.
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