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ABSTRACT

The objective of the present work was to develop methodologies to measure heat transfer within a
reacting gas turbine combustor. To accomplish this, an optically accessible research combustor
system was designed and constructed at Virginia Tech, capable of operating at 650 K inlet
temperature, maximum air mass flow rates of 1.3 kg/s, and flame temperatures over 1800 K. Flow
and heat transfer measurements at non-reacting and reacting conditions were carried out for
Reynolds numbers (Re) with respect to the combustor diameter ranging from ~ 11 500 to ~ 140
000 (depending on the condition). Particle Image Velocimetry (PIV) was used to measure the non-
reacting flow field within the burner, leading to the identification of coherent structures in the flow
that accounted for over 30% of the flow fluctuation kinetic energy along the swirling jet shear
layers. The capability of infrared (IR) thermography to image surface temperatures through a fused
silica (quartz) glass was demonstrated at non-reacting conditions. IR thermography was then used
to measure the non-reacting steady state heat transfer along the combustor liner. A peak in heat
transfer was identified at ~ 1 nozzle diameter downstream of the combustor dome plate. The peak
Nusselt number along the liner was over 18 times higher than that predicted from fully developed
turbulent pipe flow correlations, which have traditionally been used to estimate flame side
combustor heat transfer. For the reacting measurements, a novel time-dependent heat transfer
methodology was developed that allowed for the investigation of transient heat loads, including
those occurring during engine ignition and shutdown. The methodology was validated at non-
reacting conditions, by comparing results from an experiment with changing flow temperature, to
the results obtained at steady state. The difference between the time-dependent and the steady state
measurements were between 3% and 17.3% for different mass flow conditions. The time-
dependent methodology was applied to reacting conditions for combustor Reynolds numbers of ~
12 000 and ~ 24 000. At an equivalence ratio of ~ 0.5 and a combustor Reynolds number of ~ 12
000, the peak heat load location in reaction was shifted downstream by 0.2 nozzle diameters
compared to the non-reacting cases. At higher equivalence ratios, and more visibly at a Reynolds
number of ~ 24 000, the heat transfer distribution along the combustor liner exhibited two peaks,
upstream and downstream of the impingement location (X/DN = 0.8 — 1.0 and X/DN = 2.5).
Reacting PIV was performed at Re = 12 000 showing the presence of a strong corner recirculation,
which could potentially convect reactants upstream of the impingement point, leading to the
double peak structure observed. The methodologies developed have provided insight into heat
transfer within gas turbine combustors. The methods can be used to explore additional conditions
and expand the dataset beyond what is presented, to fully characterize reacting combustor heat
transfer.
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ACCOMPLISHMENTS

Major Goals
The overall objective of the project is to obtain experimental information on the flow features and

EXECUTIVE SUMMARY

convective heat transfer inside a realistic combustor model, in order to improve and optimize current

combustor cooling designs in the industry. Three main goals have been identified to achieve the final

Evaluate the swirling flow under non-reactive conditions and the corresponding surface convective

Evaluate the effects of swirling flow (non-reactive and reactive) on liner heat transfer in can

objective:
1.
heat transfer characteristics.
2.
combustors.
3.

combustors.

Evaluate the effects of swirling flow (non-reactive and reactive) on liner heat transfer in annular

Table 0-1 shows the list of milestones for the project and expected completion dates. In blue is the milestone
for which work was performed during the past quarter. The progress and achievements are covered in the

present quarterly progress report.

Table 0-1. Milestones and expected completion dates

Completion date

Milestone Planned Actual Verification method
Year 1:
. Con'lbustor Simulator 1/2014 7/2014 Technical drawings ready
Design
Comments: Miscellaneous irnpr.ovcmcnts. are ongoing: higher capacity acquisition
) system, safety circuit for the in-line heater, sensors for the fuel line.
2. Fabrication of 42014 42015 NA
apparatus
Modifications for continuous reactive experiments ongoing (do not affect
Comments: .
experimental schedule)
3. Shakedown and testing
of apparatus (non- 7/2014 6/2015 Data produced from the experiment.
reacting)
Comments: All data is completed for the non-reacting conditions
4. Baseline computations Computational 1‘esult.s ip agreement with
. 10/2014 12/2014 experimental data (within expected errors
on simulated combustor .
of the calculations).
Completed initial calculations for swirling flows in can combustors.
Swirling flow for the swirler geometry is accomplished with simplified
Comments: modeling methodology (inlet flow profiles) and are validated for peak
heat transfer location prediction with earlier experimental data. Study
summary will be published in IGTI conference (June 2015)
Year 2:




Design/modifications
necessary for reacting
flow testing in simulator

12/2014 9/2015 NA

Design modifications for continuous high temperatures are completed

Comments: and have been manufactured.
Improvements to the fuel line (better metering are being installed)

6 Shakedown/testuolg of 2/2015 NA Data produced from the experiment.
apparatus (reacting)

Initial flame envelope experiments were conducted to evaluate the
Comments: location for the flame. Reacting heat transfer data has been acquired at a
) limited number of conditions. Ongoing flow measurements (PIV) in

reaction.

7. Comparison of non- Relation that describes the non-
reacting and reacting flow 6/2015 NA dimensional reacting data in terms of the
apparatus data non-dimensional non-reacting data

Flame envelope data was compared to the isothermal aerodynamics. Heat
Comments: . .
transfer isothermal versus reacting was also compared for a few cases.

8. Comparison of turbulence 9/2015 NA Simulation data results

models
Comments: Complete for non-reactive studies, ongoing for simulations with reaction.

Year 3:

9. Retrofit of industrial
nozzles into apparatus 9/2015 6/2015 NA
design

The industrial fuel nozzle has been fitted into the design from the
Comments: . . .
beginning and is currently being tested.

10. Testing . o.f industrial 22016 092016 Capture behavior of the industrial swirler
nozzles in simulator nozzles.

Isothermal flow field and heat transfer have been characterized Reacting
Comments: . .
experiments are ongoing.

[1. Testing —in  industrial 7/2016 NA Data produced from the experiment.
apparatus

12. Comparison of Complete for isothermal flows; ongoin
computational effort to 7/2016 9/2017 p . - ongoing

. for reacting flows
experimental tests

Year 4:

13. Add cooling features to
the metal liner and The focus was shifted away from this
perform heat transfer . . .

. issue as there was considerable advice
analysis on the cooled 6/2017 .
. . from industry partner to study more
liner. Alternatively, add . .
) detailed heat transfer on the liner.
cooling features to the
optical liner.

14. Optimize cooling features The focus was on developing models for
studied for Milestone 13 predicting heat transfer on the liner and
introduce advanced 12/2017 understanding the flow and hence this
cooling features such as issue was not pursued during the duration
effusion cooling. of the project

15. Final report 2/2018 NA Deliverable







Chapter 1 NON-REACTING, LOW TEMPERATURE MEASUREMENTS
FOR THE ANNULAR COMBUSTOR MODEL

Three experiments were carried out: 1) Liner convective heat transfer calculations, 2)
Particle image velocimetry for the annular combustor, 3) Dome heat shield backside cooling heat
transfer and its effects on the liner convective heat transfer. The experimental test sections are first
presented, followed by the methodologies and results obtained.

Most of the data in this chapter were taken in a representative two times scaled-up
combustor model capable of operating at ambient pressures and temperatures, with provisions to
install heaters along the walls for heat transfer measurements. The flow field induced by the radial
swirlers (swirl number of 0.8 at the swirler outlet) inside the primary zone of the model annular
combustor was characterized using two dimensional Particle Image Velocimetry (2D PIV).
Measurements were taken at a number of (based on the combustor total hydraulic diameter, this
definition differed from that used in Chapters 4 and 5) to study the recirculation zone and the
formation of the vortex in the swirling flow. Measurements of the vortex were also acquired for
several Re numbers ranging between and to study the vortex behavior at higher combustor inlet
velocities.

Infrared (IR) thermography was used to measure the steady state convective heat transfer
coefficients along the liner walls for three Re numbers including ~ 70000, ~ 125000, and ~
165000. Heat transfer augmentation with respect to the Dittus-Boelter correlation for internal

turbulent flow was calculated in order to study the enhancement due to the swirling flow.

A representative heat shield was also installed on the dome plate of the combustor model
to reproduce industrial combustor arrangements and study the effects of the outflow from the
combustor heat shield on the liner heat transfer. The heat shield back-side heat transfer was also

characterized using a separate test section.



EXPERIMENTAL TEST SECTIONS USED

The main setup used for this study models the liner walls of one quarter of an annular
combustor, scaled up by a factor of two to reduce the airflow required for similarity. A schematic
of the setup is shown below. As seen in the figure, the model is fitted with three radial swirlers.
PIV and heat transfer measurements were taken relative to the middle swirler, which better
reproduces engine flow conditions since it is not bounded by adjacent walls. Following Fig. 1.1
depicts the position of the windows used for the PIV and thermal IR acquisitions. For the heat
transfer measurements, thin heaters were attached to the concave and convex wall (not shown in
the diagram). The inner and outer radii of the annular section are 43.4 and 78.5 cm respectively,
corresponding to a combustor hydraulic diameter (Dy or D) of 70.2 cm.

The combustor model was connected to a wind tunnel equipped with a Cincinnati Fan
SQAF-180 blower operated with a 15 HP AC electric motor. Immediately after the blower, intake
air diffused into a settling chamber, after which the flow went through a flow straightener, a
converging nozzle, and a second settling chamber with the same annular shape as the combustor

model. The resulting flow was uniform at the intake of the test swirlers.

Swirlers

Convex (inner) wall

ter) wall

Windows for the |

Figure 1-1 One quarter model of an annular combustor with radial swirlers. From [1], reprinted by
permission of the American Institute of Aeronautics and Astronautics, Inc.



ANNULAR COMBUSTOR MODEL WITH HEAT SHIELDS INSTALLED ON THE
DOME PLATE

To characterize the effect of the outflow from the heat shield on the liner heat transfer, experiments
were performed in the same two times scaled up annular combustor model as shown below in Figure 1-2.

The difference in this setup compared to that shown in were the added heat shields and the impingement

hole array on the dome.

Radial fwi rlers # e

— .
er liner wall

Insulating foam
Outer 1i__er wall

Figure 1-2 Experimental setup for the liner heat transfer measurements in the presence of secondary flows
from the heat shield cooling. IR viewports also present on the opposite (inner) wall

The impingement array and heat shield design, shown in Fig. 1.3, were partially based on designs
by Solar Turbines, Inc. (see for instance [60]). A total of 160 impingement holes were drilled around the
middle swirler, with hole sizes of D; = 1.524 mm and D, = 3.048 mm. The ratio of the swirler outlet area
to the total area of the impingement holes was 10.33. The model heat shields were 6.35 mm thick and were
placed 6.35 mm (H) away from the dome wall; hence X/D = 0 in the results corresponds to 12.7 mm away
from the dome wall (Fig. 1.4). The gap between the end of the shield and the liner wall was approximately

6.35mm as indicated in Figure 1-4.



Gap was blocked

Gap was blocked

Figure 1-3 Detail of heat shield and impingement hole array (heat shield is transparent to display the
impingement holes on the dome wall)

Separation
of 6.35mm

Impingement
holes

Figure 1-4 Cross-sectional view of the annular combustor model. The coordinate system for the data analysis
is also shown



Reynolds numbers of approximately 50000, 90000, and 130000 were tested based on the hydraulic
diameter of the combustor annulus and the mean flow velocity upstream of the swirl nozzles as measured
by a pitot probe (traversing the pitot yielded constant velocities upstream). The static pressure drop across
the combustor model was 317.6Pa, 1047.4Pa, and 1814.6Pa respectively for increasing Reynolds numbers
(AP/P, = 0.3%, 1%, 1.8%).

HEAT SHIELD IMPINGEMENT COOLING EXPERIMENTAL SETUP

The impingement hole arrangement used was an approximation of an array provided by Solar
Turbines, Inc. and is shown in Figure 1-5. The hole array features 103 holes of 0.762 mm diameter arranged
circumferentially around the swirl fuel nozzle. The distance between the outlet of the impingement hole

and the target heat shield surface () was 4.166 hole diameters.

Figure 1-5 Impingement hole array for heat transfer measurements on the backside of the heat shield.
Locations where the plenum temperature was measured are shown as TC1-TC4. The areas over which
averaging was done to compare with correlations are shown as A1 and A2.

The experimental setup constructed is shown in Fig. 1.6. The orifice plate and heat shield models
were constructed using plexiglass (k = 0.19 Wm-1K-1 and a = 1.11046 X 10~7 ms™?2) minimizing any
conduction errors and providing optical access. The airflow was quantified and controlled upstream of the
mesh heater using an orifice meter, yielding mass flow accuracies of 3%. A 0.7m long cylindrical settling
tube with a 0.2m diameter was placed downstream of the mesh heater and served as a mixing plenum for
the heated airflow. Approximately 0.3 m upstream of the hole plate, a honeycomb was used to straighten
the flow. The setup was arranged vertically because the buoyancy of the heated gases led to significant

stratification while testing horizontally.

Fine wire (0.076 mm wire diameter) T-Type thermocouples (TCs) were used for all temperature
measurements, with an accuracy of K per the manufacturer specifications. The temperature at four different

locations approximately 1.3cm upstream of the hole plate for two experimental runs are shown in Figure



1-7. The locations where the plenum temperatures were sampled are indicated in Figure 1-5. The mean
temperature measured was used for the analysis, the difference between the calculated mean and the

measurements for a given run were on average K.

Settling and
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Figure 1-6 Experimental setup to measure impingement convective heat transfer on the backside of the heat
shield. From [3].
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Figure 1-7 Plenum temperature for two different runs at the four different locations identified in Figure
1-5(TC1-TC4).

METHODOLOGIES FLOW AND HEAT TRANSFER
Particle Image Velocimetry (PIV)
A Dantec Dynamics 200 mJ Nano-L dual laser system with a Flowsense EO 4M camera

was used to acquire the PIV data. The system includes two Nd:YAG lasers with emission

wavelengths at 1064 and 532 nm. 50 image pairs were taken for each PIV run, and a minimum of



two runs were taken per plane to ensure repeatability. The data presented combines at least two
runs to reduce the random errors in the mean velocity profiles (a total of 100 images).

2D PIV data were collected along the length of the combustor, parallel to the liner walls (XY), to study
the recirculation zone (RZ) and the formation of axial eddies. The XY axial plane at the centerline of the

swirler is shown in Fig. 1.8. Axial plane measurements were taken up to X/Dy =~ 0.85.

To study the formation and development of the vortex introduced by the radial swirlers, 2D
PIV measurements were also done at planes perpendicular to the liner walls, also shown in Fig.
1.8. The X/Dy locations for the YZ cross-section planes are X/Dy =0.14, 0.28, 0.43, 0.57, 0.72,
and 0.86. The cross-sectional and axial planes depicted in Fig. 1.8 are representative of the position

and size of the actual measuring planes.

Plane at swirler's centerlin

Figure 1-8 Location of the axial (left) and cross-section planes (right) for the 2D PIV measurements

The data acquisition methodology started first by calibrating and aligning the PIV system. The
wind-tunnel was then set to the test Reynolds number. The airstream was seeded at the intake of the blower
with a Rosco aerosol generator (model 1700). The seed particles consisted of glycol droplets with a diameter
ranging from to um and a specific gravity with respect to water of . Once the seeded flow reached the
combustor model, the PIV acquisition was started. The time between laser pulses was varied between and
us, depending on the measured mean flow velocity and the estimated velocity component perpendicular to
the measuring plane. To determine the appropriate time between pulses, an initial measurement was done

to estimate the flow velocity. Based on the maximum measured velocity and the desired spatial resolution,



the final time between pulses was calculated. Care was taken to choose a delay between pulses that

minimized the particles exiting the light-sheet due to the out of plane component of the velocity.

The data was analyzed using Dantec Dynamics’ DynamicStudio v3.2 software package. The
Flowsense camera provides 2048 x 2048 pixel (4 Megapixels) images with 4096 intensity levels per pixel.
The image pairs were preprocessed with a threshold filter to eliminate any pixels with intensities within the
background noise, minimizing spurious velocity correlations. After the threshold filter, the mean image was
calculated (from the 50 image-pairs of the run) and subtracted from each individual image-pair. This
eliminated any illuminated background in the image-pairs (particularly important close to the liner walls)
and increased the contrast of the illuminated particles for more accurate correlations. The final image pairs
were analyzed using an adaptive correlation procedure with a final interrogation area of 32 x 32 pixels and
an initial interrogation area of 64 x 64 pixels. Neighborhood validation (3 x 3 median validation) was used
to reduce the number of unphysical vectors for each correlation result. No window filters were

implemented, and for this reason no overlapping of the interrogation areas was necessary.

From each PIV acquisition, vorticity () and turbulent kinetic energy (TKE) were derived and
averaged together. Following equation corresponds to the formulation for the vorticity.
avVy 0V

1] = |V X Vi =5 oy

(1)

where is the del operator and is the velocity vector in the measured plane with and components. The

definition for TKE is given by following equation,

1 1
TKE = (V)7 + E(vy')2 (2)

where the over-bar indicates mean and the apostrophe refers to the unsteady component.

Maximum uncertainties in the time-averaged velocity field measured were and for the axial and
cross-section planes respectively. A large portion of this uncertainty in the mean flow field is the result of
the inherent variability in the vortex dominated flow. The actual experimental and data processing

uncertainty was of .

Steady state heat transfer using IR thermography
To measure the steady state heat transfer coefficient, a thin heater was placed along a liner wall and
the temperature was imaged using either a FLIR SC325 or FLIR SC640 IR camera through viewports on

the opposite wall. The heater provides a constant heat rate determined from the relationship where P is the



power consumed by the heater (equal to the heat rate provided at the liner wall , is the voltage applied to
the heater and is the electrical resistance of the heater. A portion of the heat rate is lost by conduction to
the liner wall, to minimize this loss an insulating layer was placed between the heater and the metallic liner
wall. The conduction loss (), emissivity of the heater, transmissivity of the IR window, and overall reflected
temperature were characterized prior to the measurement. For the first experiments, with no heat shield, the
heater was set to a heat flux between 1900 and 3300 W m ™ depending on the test Reynolds number,
resulting in wall temperatures of K. The second set of experiments, once the heat shield was included,

were performed at K to reduce the uncertainty in the results.

A thin (<100m) polyurethane plastic film was used as windows for the IR viewports. Both the
emissivity of the heater surface and the transmissivity of the window changed depending primarily on the
wall temperature. Although the calibration was performed at several temperatures, to minimize errors, the
surface temperature during the experiment was maintained close to a calibration temperature for all the
runs. The estimated uncertainty in the wall temperature associated with the calibration was K. The plastic
film slightly distorts the IR image, hence a correction was implemented. The correction involved taking IR
images of a constant temperature target with and without the plastic film. The images were adjusted to
match the correct temperature reading. Additionally, the calibration of the IR camera was performed before
each measurement, including the determination of the emissivity, surface reflected temperature, and

transmissivity of the plastic film.

The wall temperature () acquisitions were taken once the system reached steady state, after at least
60 minutes. Once steady state was reached, the wall temperatures showed random oscillations of £0.2 K.
A T-type TC was used to monitor the air temperature inside the combustor model (). The heat transfer

coefficient was calculated from following equation, where corresponds to the area of the surface heater.

Qw - Qloss

"= AT, —T.)

(3)
The corresponding Nusselt () number was defined in terms of the hydraulic diameter of the entire
annular combustor model (m) as shown below.

hD
Nu = 4)
kair

where K, is the thermal conductivity of the air at the operating temperature (Kajr @ 21:c = 0.0258 Wm™'K"

1. To obtain the heat transfer enhancement induced by the swirling flow, Nu was normalized by the Dittus-



Boelter correlation for internal turbulent flow (Eq. 12), since modifications of it are generally used to

estimate convective heat transfer within combustors.
Nug = 0.0235Re, *8pr04 (5)

Where the Reynolds number for these measurements was defined according to following equation,
based on the hydraulic diameter () of the entire annular combustor (0.7 m), the velocity upstream of the

dome plate (U), and the properties of dry air at the combustor model inlet temperature.

UD
Rey, = — 6
€A o (6)

The addition of the heat shield modified slightly the internal geometry of the combustor model. In
particular, the expansion of the swirling jets exiting the nozzle is delayed by the thickness of the shield and
its support structure. Since the objective was to study solely the effect of the coolant outflow and not of the
delayed expansion, two experiments were conducted once the heat shields were installed: with and without
coolant outflow. For the baseline cases with no outflow from the backside of the heat shield, instead of
blocking the impingement holes, the outflow was redirected away from the liner to the top and bottom walls
of the combustor model. This was done to maintain approximately the same pressure drop characteristics

and overall mass flowing through the swirlers at a given combustor Reynolds number.

Heat losses were characterized by supplying power to the heater at different levels and measuring
the average heater temperature with no flow imposed (wind tunnel turned off). Since there is negligible
convection and radiation losses, the observed mean temperature was due to the balance between the heat
flux supplied and the losses due to conduction (radiation losses would also be accounted for by this
analysis). The results obtained for the outer and inner walls relate the average heater temperature to the
equivalent heat loss at the particular temperature. Heat transfer measurements were taken through the first

4 windows made on the liner walls, from X/D = 0to ~ 0.6.

Transient heat transfer using thermochromic liquid crystals

TLCs are used to record the response of the surface temperature to a sudden change in the gas
temperature. This transient response is then numerically modeled to obtain the heat transfer to the surface.
For the present experiment, a 0.3 mm thick thermochromic vinyl sheet was procured from LCR Hallcrest
coated with a 5 K wide TLC band ( K - K). The sheet was attached to the target plate (12.7mm thick) with
the coating facing the impinging flow. The experiment consisted of setting the appropriate mass flow rate,
followed by introducing a sudden temperature jump in the airflow via a mesh heater while recording the

color change of the target surface. A CMOS video recorder was used at 30 frames per second with an image
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resolution of pixels. The frames were transformed from the Red-Green-Blue (RGB) to the Hue-Saturation-
Value (HSV) color model. The hue in the HSV model is defined from 0 to 360 and monotonically increases
with temperature for TLCs. During each experiment, the TLCs were calibrated using a T-type TC. The

curve describing the equivalence between hue and surface temperature () is shown in Fig. 1.9, along with a

5™ order polynomial fit.

Tgr (1) = 2.603 X 107 1°Hue(t)®> — 1.665 x 10~ 7Hue(t)* + 4.067 x 10~>Hue(t)3
— 4.450 x 1073Hue(t)? + 0.2188 Hue(t) + 304.37 (7

316
Data

Polynomial Fit
Error (1std)
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Figure 1-9 TLC calibration curve (308 K- 313K band). Spread in the data corresponds to different
calibration runs.

The data for the calibration corresponds to different calibration runs which accounted for slightly
different illuminations, and the hysteresis of the TLC band (calibration while going from low to high
temperatures and vice-versa). The one standard deviation error in the polynomial fit is K at all hues. The
same TC was used for all the calibration tests, hence the difference in calibration is not due to TC biases
(although it is related to the precision error in the TC). The total uncertainty in the calibration was estimated

at K, accounting for two standard deviations in the polynomial fit, and an independent thermocouple error
of 0.5 K.

The target plate was approximated as a 1D semi-infinite solid. The analytical 1D semi-infinite

solution for a step change in the convective boundary condition at time is given by following equation.

Tsec (D) — T (hzasfct> (hJOleCt)
- — =Y(t) =1 —exp|—=—|erfc| ————— 8
Too(t) - Ti P ksfcz f kaC ( )
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To account for the varying mainstream gas temperature (), Duhamel’s integral method was implemented as

given by Eq. 16, with the step response function equal to and , where is a time step index. Note that for .
n
Toe(t = to) =T = (T(to) = TOW(E—t0) + ) Fic (¥(t —to ~ kAD) )

The time ( taken for each pixel in the video recording to reach a given reference hue (equivalent to
a reference temperature was extracted. The mathematical model given by above equation was then
evaluated for different heat transfer coefficients () until within a tolerance of K. The advantage of using
a broadband liquid crystal was that it provided a wider view of the surface temperature response and allowed
for the selection of different reference temperatures. The results presented correspond to the average
obtained from five reference temperatures including 309.2, 309.8, 310.4, 311.2, and 312 K (encompassing
the entire band). The 1D semi-infinite assumption was maintained by keeping the video recordings shorter

than 100 seconds (). The semi-infinite assumption is taken to be valid for .

Numerical simulation for the heat shield backside cooling heat transfer

This portion of his work is included in this dissertation because the discussion of the experiments partially
relied on these numerical results. Fig. 1.10 shows the generated mesh for the domain, including a close up
view of the mesh over the target plate (a 4 million elements mesh is shown for clarity). The computational
domain reproduced only one half of the geometry owing to its symmetry. Moreover, given the limited
available computational resources, the heat shield (target surface) was further reduced in size compared to
the experimental geometry. Only a part of the settling tube was modeled, with the inlet to the domain placed
at approximately one-third of the diameter of the plenum tube. The target surface on the heat shield was
modeled as a wall, with a constant heat flux of 12 000 Wm™. Heat transfer coefficients were calculated
from the target surface temperature and the plenum bulk flow temperature (300 K). The pressure outlet
condition in Figure 6 extends approximately 3 times the radius of the settling tube from the top edge of the
target plate. No-slip wall boundary conditions were applied to all the faces of the target plate, the sides of
the settling tube and the walls of the impingement holes. Since the configuration consisted of the holes
embedded as an array within a plate, no slip walls were provided at the surfaces where the inlet and outlet
to the holes lie. Constant static pressures of 1484.6 Pa and 3326.6 Pa were supplied as inlet boundary
conditions, corresponding to impingement hole Reynolds numbers of ~ 1500 and ~ 2500 respectively. A
turbulence intensity of 0.5% was provided at the inlet and the length scale used was the diameter of the
hole. A separate investigation found that the results were insensitive to different turbulence intensity and

length scales at the inlet boundary.
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Figure 1-10 Computational domain and meshing strategy.

Among the different RANS models, the v2-f and the SST k- models have yielded the most
accurate predictions in jet impingement studies [4-6]. The k- SST model was chosen for this work due to
its relatively smaller computational cost in comparison to the v2-f model. A grid per each Reynolds number
case was generated to satisfy the wall requirement of the k- SST model for each of the two Reynolds
numbers simulated. The computational mesh was generated using ANSYS Mesh®. The inflation layers
kept the maximum wall for the first cell smaller than 1.5 in the entire surface of the target plate. Moreover,
a reasonably good grid resolution in the other two coordinate directions was obtained in this region by
maintaining the aspect ratios of the cells at ~ 25. . The computational grid consisted of approximately 8
million elements and 26 million elements respectively for the two hole Reynolds numbers. A fine grid
resolution in the other two coordinate directions was maintained in the region near the target face, to retain

the quality of the mesh and improve convergence.

Steady state simulations were performed in ANSYS® Fluent® 14.5. The SIMPLE algorithm was
used for pressure velocity coupling and the equation for momentum, energy, and turbulent variables were
solved to second order accuracy. Air as an incompressible ideal gas was modeled in order to account for
any density variation due to temperature changes. The calculations were stopped when the residuals
dropped by five orders of magnitude for the energy equation, three orders of magnitude for all other

conservation equations, and when the wall temperature on the target plate reached a steady value.

The Grid Convergence Index (GCI) was also calculated by Deepu Dilip. Based on the average heat
transfer coefficient on the target plate for three different meshes, the GCI for the fine grid was 0.47%.

However, the uncertainty in the average value of the heat transfer coefficient gives no information regarding
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the local variation of discretization error, particularly in the vicinity of the impingement location where

higher uncertainties are expected. Local GCI were also analyzed and were found to be < 15%. .
RESULTS OF ANNULAR COMBUSTOR STUDIES

Flow Field

The cross-sections at and are shown in Fig. 1.11 for . The swirler location is indicated by the
white outline of the swirler outlet in the figures. A strong counter-clockwise rotating vortex was observed,
slightly offset vertically from the center of the swirler and with tangential velocities up to 7.1 times the

combustor inlet velocity.

From the PIV measurements, the radial and tangential components of the velocity were derived.
The radial and tangential velocities were determined with respect to the center of the swirler exit. The
results of the circumferentially averaged velocity components for different Reynolds numbers at X/Dy =
0.14 are shown in Fig. 1.12, where rg indicates the radial distance from the swirler center in the
measurement plane. The profiles were approximately constant independent of Reynolds number. The
tangential velocity was always positive, indicative of the strong vortex at this X/Dy location. The extent of
the vortex can be deduced from the position of the peak tangential velocity, which was observed at ry /Dy =
0.1. Further corroboration of this was that the flow converged towards the swirler center for rg/Dy < 0.07
(negative radial velocities), consistent with a strong recirculation zone. The vortex was expanding from
rg > 0.07 with a peak normalized radial velocity at rg/Dy = 0.15 of 2.5 (V,./Vy). The normalized radial
velocity away from the swirler center appeared to be larger for lower Reynolds numbers (normalized TKE
also hints to follow this pattern close to the walls). The difference between cases was however within the
errors of the PIV measurement, and therefore additional measurements would be needed to verify this
observed trend. Normalized TKE and vorticity also remained relatively constant independent of Re (not

shown).
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Figure 1-11 Velocity field of the first (left) and second (right) YZ cross-sections, showing the formation and
development of the counter-clockwise rotating vortex.
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Figure 1-12 Circumferentially averaged radial (left) and tangential velocities (right) with respect to the
swirler center. Cross-section taken at X/D_H=0.136. From [1], reprinted by permission of the American
Institute of Aeronautics and Astronautics, Inc.
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Since the flow features were independent of Reynolds number, the remainder of the measurements
were done only for Re = 70 000. It is important to highlight however that the flow was approximately
incompressible for all the Re numbers studied, and that the flow features may change as compressible

effects become significant.

Measurements observed a strong recirculation zone immediately at the outlet of the swirler,
consistent with the expected results for swirl numbers greater than 0.6-0.714. The RZ is not symmetric with
respect to the Y/Dy = O line, expanding faster for Y/Dy < 0. Close to the swirler outlet, the experiments

showed that the recirculation zone extended from Y/Dy = —0.06 to 0.04; a total extent of ~ 0.1Dy.

The vertical extent of the RZ increased in the Y/Dy direction as the swirl induced vortex expanded
into the primary zone of the combustor. The RZ zone in the experiment was noticeably weakened by
X/Dy = 0.28, indicating a decay of the vortex as it interacted with the liner walls. The vortex decay was
also corroborated by the second YZ cross-section at X/Dy = 0.28 shown in Fig. 1.11 (right), and by the

lower circumferentially averaged vorticity and TKE shown in Fig. 1.13.

The result from the first YZ cross-section was in agreement with the features observed for the flow-
field along the combustor, with the central location of the vortex shifted by about 0.02D in the negative
Y /Dy direction and with a matching RZ extent.
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Figure 1-13 Circumferentially averaged quantities for Re=70000 at different axial locations. Top left: Radial
velocities. Top right: Tangential velocities. Bottom left: Vorticity. Bottom right: Turbulent kinetic energy.
From [1], reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc.

The circumferentially averaged tangential and radial velocities for the YZ cross-sections along the
length of the combustor are shown in Fig. 1.13. By X/Dy = 0.28 the flow had expanded completely into
the combustor. The strength of the tangential velocities had also decayed significantly and shifted closer to
the edge of the vortex. Past X/Dy = 0.28, positive tangential velocities were maintained, and a relatively

constant value of V1 /V,, = 1.5 was observed close to the liner walls.

Liner Convective Heat Transfer without heat shield effects

The resulting Nusselt number distributions for Re = 70 000 are shown in Fig. 1.14 for the
concave and convex liner walls. The distributions were similar for Re ~ 130000 and~ 170000,
except that the Nusselt number had higher magnitudes. The independence of the distribution of

Nusselt numbers with Reynolds number is consistent with the corresponding independence of the
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normalized flow field with Reynolds number. The magnitude of Nu however was expected to

increase because the magnitude of the mixing within the flow field also increased.

Nusselt Number Re=68775
Convex (inner) wall annular combustor

0.10

0.05 4
[ -
‘;:. 0.00—:

-0.05 -

—-0.10 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6
X/D
1000 1500 2000 2500
Nusselt Number
Nusselt Number Re=68775
Concave (outer) wall annular combustor

0.10 3 = —= S .

0.05 4
€ o0.00

-0.05

-0.10 3 o

0.0 0.3 0.4 0.5 0.6
X/D
1000 1500 2000 2500

Nusselt Number

Figure 1-14 Heat transfer distribution along the liner walls. Top: Convex (inner) liner wall. Bottom: Concave
(outer) liner wall. From [1], reprinted by permission of the American Institute of Aeronautics and
Astronautics, Inc.

The averages of the normalized Nusselt number distributions for the three Reynolds
numbers tested and the numerical results are shown in Fig. 1.15. The numerical calculations again
provided a qualitative comparison with the heat transfer results, reproducing approximately the
location of the peak heat transfer. The magnitude of the heat transfer enhancement predicted by
the numerical calculation is however much larger than the measured augmentation values. The
trend of decreasing augmentation with Reynolds number was also reproduced by the CFD. As the
swirl-induced vortex decayed along the length of the combustor, the augmentation in heat transfer
also decreased.

A decrease in augmentation with Reynolds number implies that at higher Re numbers, the
increase in heat transfer due to the swirling flow is smaller compared to the expected increase in

turbulent mixing intrinsic to the flow at these numbers. This decrease in augmentation may also
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be related to the suggested decrease in normalized radial velocities close to the liner walls with
increasing numbers as seen in Fig. 1.15.
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Figure 1-15Y/D_H average heat transfer enhancement at different Re for the CFD [7] and experiment. Top:
Convex (inner) wall. Bottom: Concave (outer) wall. From [1], reprinted by permission of the American
Institute of Aeronautics and Astronautics, Inc.

For both walls, the peak heat transfer (without normalization) increased approximately
linearly with Reynolds number, although additional data is required to better assess the relationship
(Dittus-Boelter predicts Nusselt number to be proportional to Re®®). The location of the peak heat
transfer at the convex (inner) wall moves farther from the swirler outlet as the Reynolds number
increases. The behavior is opposite for the concave wall with the position of the peak heat transfer
moving closer to the combustor inlet with increasing Reynolds number. These trends can be
explained by looking at the velocity field for the X/Dy = 0.14 and 0.28 cross-sections (Fig.
1.14), showing that the vortex shifts towards the outer wall (Z/Dy = —0.2). This induces a higher
turbulent kinetic energy close to the concave (outer) wall, and hence higher heat transfer. The

skewedness of the vortex at the outlet of the swirler seems to increase at higher Reynolds numbers,
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as suggested by the opposite direction of the shift in the location of maximum heat transfer

enhancement for the liner walls.

Dome heat shield back-side cooling heat transfer
The normalized Nusselt number results from the experiment and computations for the heat shield cooling
heat transfer are shown in Fig. 1.16 for hole Reynolds numbers of ~ 1500 and ~ 2500

hyeDy, 1—2.2Vf

NUpef = = Pro42/f Re;
T Ky 1+ 0.2(H/Dy — 6)VE

2/3 (10)

The correlation is valid for 2000 < Re < 100 000, H/Dy, < 0.6//f, and 0.004 < f < 0.04 . The
relative hole area is the ratio of the impingement hole cross-sectional area to the target surface area covered
by a single jet (given by a square of side ).

T[Dh 2

The target surface area per jet was calculated from the total area of the shield model (7938 mm?) divided

by the total number of impingement holes (f = 0.0059).

The CFD reproduced the overall pattern and magnitudes observed in the experiment. Fig. 1.17
shows semi-quantitatively the relative heat transfer at the impingement point (indicated by the index )
between different jets. Both experiment and CFD predicted lower heat transfer rates for the inner circle of
jets. The highest heat transfer rates in the experiment were observed between the inner and outer jet circles
for the top and bottom of the array, which was also approximately observed in the CFD. The jets located
farthest away from the nozzle (at the corners of the impingement array) were in general lower in the

experiment, which was not properly captured by the simulation.
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Figure 1-16 Normalized Nusselt number distributions for the heat shield backside.
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Figure 1-17 Qualitative diagram for the impingement point relative magnitude with respect to the maximum
impingement point heat transfer observed for the simulation at Re = 2500

Two crossflow phenomena were at play in the tested impingement array, effects due to the radial
pressure gradient generated as the spent flow exited the backside of the shield (impacting the inner jets),
and jet distortion due to the crossflow occurring at larger radii. The back-pressure effects were also observed
by the semi-enclosed jet impingement experiments conducted by Obot and Trabold. The authors observed
that jets close to the bounding wall (in a maximum crossflow condition) displayed lower heat transfer
coefficients than the jets located close to the outlet of the test section for a jet Reynolds number of 11 000.

The computations predicted this phenomenon qualitatively well. Per the numerical calculations for the 2500
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Reynolds number case, the jets for (innermost jet circle) had a mean pressure differential (inlet to outlet)
of .1 Pa compared to the jets located at with 1051.7 Pa, further supporting the inner jets experiencing a

larger backpressure.

The results from the correlation, experimental measurements, and computational results are
compared in Table 1-1. The averages over the entire heat shield for the data available are shown as and .
The computations overpredicted the mean Nusselt numbers obtained in the experiment by 44% and 28%
for the 1500 and 2500 Reynolds number cases respectively. For the 1500 Reynolds number case, the flow
is in a transitional turbulent regime and hence it was expected that the experimental data would yield lower
heat transfer than both the simulations and correlations (which apply to fully turbulent flows). The
correlation result for the two turbulent Reynolds numbers (2500 and 4000) were 72% and 57% larger than
the overall heat shield Nusselt number. The averaging however is significantly sensitive to the area
considered, and this is an important aspect to consider while estimating practical heat transfer rates from
correlations. Averaging over the entire shield incorporates areas under different crossflow and jet
interaction conditions, as well as areas with reduced flow away from any impingement holes. Averages
over smaller areas surrounded by jets yielded mean Nusselt numbers closer to the correlation, with a

maximum overprediction of 18% and 22% for and .

Table 1-1 Comparison between averaged Nusselt numbers for correlations, CFD and experiments

Re # Nupr Nigyp Nugyp  Nugyp Nucep Nucep  Nugpp
Al A2 Al A2
1500 7.4 3.8 5.2 4.5 5.5 6.7 6.3
2500 10.5 6.1 8.9 10.5 7.8 9.7 9.2
4000 14.3 9.1 11.7 125 NA NA NA

Experimental uncertainty for the TLC measurements

Yan and Owen analytically derived the relative error in the heat transfer coefficient from idealized TLC
experiments. Based on the authors’ formulations for a perfect step in the convective boundary condition for
a semi-infinite plate (which neglected errors in the time synchronization and material properties), the
minimum amplification of the errors occurs when, h.[tags. /kszc ~ 0.82 , which corresponds to a ¥, =
0.52 . These analytical errors were also inversely proportional to T,, — T;. For the presented experimental
results, the TLC band was selected to maintain most of the target surface normalized temperatures ()

between 0.4 and 0.6, while keeping the gas temperature at the maximum allowed by the mesh heater in the
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setup (~ 325 K). At the impingement location, because of the high heat transfer rates, ¥ was in general

>(.6, leading to the highest errors in this area.

The errors considered in the uncertainty analysis included adding a random variation of +0.5K to the
plenum temperature, a constant bias +0.5K of to the plenum temperature, a bias in the hue-temperature
calibration of +1.11K, changes to the material properties («) of +10%, and synchronization errors of 0.3
seconds. These perturbations were individually applied to the data and the results were recalculated to
obtain the error introduced. These errors were added in quadrature (assumed independent of each other) to
yield the total uncertainty. The averaged error contributions from each source are shown in Table 1.2, with
a total uncertainty of 10%. As an alternative to the perturbation results shown in Table 1.2, an empirical
estimate of the uncertainty can also be obtained from the standard deviation of the five reference
temperatures analyzed, which was on average 7.4% for the entire target plate. Near the impingement
location, the high heat transfer rates minimized the difference between the gas and the surface temperatures,

yielding larger uncertainties. The total uncertainty at the impingement location was on average 34%.

The total uncertainty in the impingement hole Reynolds numbers () throughout a run was ,
accounting for variations in the dynamic viscosity of the air as the gas temperature was increased, mass

flow errors, and tolerances in the hole diameter of .

Table 1-2 Uncertainty estimate for the heat transfer measurements on the backside of the heat shield

Uncertainty source HTC Error
T bias £0.5 K 2.7%
T, random 0.5 K 0.3%
TLC calibration bias £1.11 K 9.1%
Thermal properties +10% 2.9%
Synchronization (0.3 sec.) 1.5%
Total Uncertainty 10%

Effect of Dome Cooling Outflow on Liner Heat Transfer

The normalized Nusselt numbers measured along the liner walls with and without the spent air from the
heat shield cooling are shown in Figs. 1.18 and 1.19 for the outer (concave) and inner (convex) liner walls
respectively. The X and Y dimensions were normalized to the hydraulic diameter of the entire annulus

(m). X/D = 0 corresponded to the top surface of the heat shield. In terms of swirler diameters (D) the
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measurements included Y/Dg = £0.32 and extended up to X/Dg =3 . The Y/D averages for the

normalized Nusselt numbers along the combustor are shown in Figure 1-18.

The flow field within gas turbine combustors has been extensively studied [8]. The rotating flow
exiting the swirler fuel nozzle outlet expands into the combustion chamber and impinges on the liner wall
creating a local convective heat transfer maximum. Between the point of impingement and the dome wall,
a corner recirculation vortex is formed. This corner recirculation is associated with a local minima in heat
transfer along the liner as observed in the presented results. In the absence of outflow from the backside of
the heat shield, the location of the local convective heat transfer minima remains constant at X/D < 0.015
for the inner liner and X/D =~ 0.035 for the outer one. When the spent air from the heat shield exited
along the liner, the local minima was pushed downstream by 0.05 — 0.07D. . This behaviour was expected
since the outflow generates a crossflow along the liner that shifts the impingement location and the corner
recirculation vortex. In the absence of outflow, the impingement location remained relatively constant at
X/D = 0.18and X/D = 0.28 for the convex and concave walls respectively. When outflow was present,

the impingement location was shifted downstream by 0.03 — 0.07D..

With dome outflow

Re = 50000

Re ~ 90000

0.3 0.4 0.5
X/0
Re ~ 130000
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
X/D X/D
8 10 12 14 16 8 10 12 14 16
Nu/Nu, Nu/Nu,

Figure 1-18 Nusselt number enhancement along the outer (concave) combustor liner wall with and without
spent cooling from the backside of the heat shield
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Figure 1-19 Nusselt number enhancement along the inner (convex) combustor liner wall with and without
spent cooling from the backside of the heat shield.

Analysis of the uncertainty for the steady state heat transfer measurements
The sources of error for the liner heat transfer measurements included errors in the characterization

of the optical properties for the surfaces/windows involved, uncertainty in the bulk flow temperature, and
errors in the estimation of the heat loss. The IR camera was calibrated at different temperatures yielding
different surface emissivities and window transmissivities. The total error of (Tyy — T, ) was estimated as
+1.5 K accounting for calibration errors (<0.4 K), and TC errors of 0.5 K. Table 3 includes the average
uncertainty introduced by each error component following the method of Kline and McClintock. Note in
Fig. 1.19 that the uncertainties are larger at the impingement location (larger relative errors for Ty — To).
The measured combustor Reynolds numbers (Re,) were 51000 + 5000, 88000 + 4000, and 129000 +
3000.

The convective heat transfer measurements on the liner wall were lower than what would be
expected in a reacting combustor, particularly after the flame front, due to the increased turbulence levels
associated with combustion. The impingement locations and relative shifts due to the presence of the spent
air along the liner are hence expected to be similar at reactive conditions, nevertheless this has to be
experimentally verified. In a reacting combustor, the flame stabilizes in the inner shear layer of the swirling
annular jet exiting the fuel nozzle. Downstream of the flame front, mass flow is conserved and axial
velocities increase due to the reduced gas density. Moreover, the viscosity and thermal conductivity of the
gas increase due to the high temperatures. Although the axial velocities increase downstream of the flame
front, the Reynolds number decreases (viscosity) and hence Nusselt numbers would be impacted at reacting

conditions compared to those measured isothermally. The reduction in Reynolds number is however
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counteracted with the increased turbulence in reacting swirling jets. Experiments in Chapter 5 will focus

on characterizing combustor convective heat transfer under reacting conditions.

Table 3. Uncertainty estimate for the liner heat transfer measurements

HTC Error HTC Error
Uncertainty source
Inner wall Outer wall
(Tw — Teo) £1.5K 10.4% 12.3%
Qjoss €rror 1.7% 3.2%
Qw £ 1% 1.1% 1.2%
Total uncertainty 10.6% 12.8%

CONCLUSIONS ON ANNULAR STUDIES

The flow features induced by a radial swirler in a model annular combustor, as well as the corresponding
heat transfer distribution along the liner walls with and without a heat shield, were experimentally
investigated. The normalized flow was proven to be approximately constant independent of inlet Reynolds
number (Re = 36000 to 189000), consistent with results from Patil et al. [9]. The measurements suggest
that there is a slight decrease in the average normalized radial velocities with increasing Reynolds numbers,

potentially impacting the expansion of the vortex and the impingement of the flow on the liner walls.

A recirculation zone was observed, consistent with the formation of a strong counter-rotating vortex
within the primary zone of the combustor. The evolution of the vortex was captured, showing an
asymmetrical development, most likely due to the annular shape of the combustor and the convex versus

concave curvature of the opposite liner walls.

Heat transfer along the liner walls exceeded the calculated values from turbulent internal flow
correlations, with maximum enhancements between 11 and 16 depending on the liner wall and Reynolds
number. Moreover, the distribution of the convective heat load on the liner was not uniform, with a peak
convective heat transfer at X/Dy ~ 0.16. The location of the maximum heat transfer appeared to shift
slightly with varying Reynolds number. The magnitude of the enhancement also decreased with increasing

Reynolds number.

The heat transfer coefficient on the backside of an industrial combustor heat shield design was also
measured experimentally and simulated using the k-w SST turbulence model. The CFD calculations

overpredicted the measurements on average by 28% for a fully turbulent Reynolds number of 2500. Both
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the experiment and CFD calculation yielded lower spatially averaged Nusselt numbers compared to the
correlation for multiple circular nozzles by Martin by at least 57% with respect to the experiments). It is
shown that this discrepancy indicates that the correlation may not be applicable over the entire area of
interest. Averaging at locations with conditions closer to those captured by the correlation yielded a
maximum difference with the correlation of 22% (some locations in fact showed no difference with the
correlation). These observations match the overprediction of 25% observed by Spring et al. [10] for a similar

realistic heat shield study.

The effect that the spent air from the heat shield impingement cooling had on the liner convective
heat transfer was also analyzed in the annular combustor model. Comparisons between the case with
outflow and the case without outflow showed a >50% increase in the convective heat transfer close to the
dome wall and a shift downstream in the maximum and minimum heat transfer of 0.03D — 0.07D along
the combustor liner wall. The impingement location and the extent of the corner recirculation vortex were

approximately constant with Reynolds number.

The present study contributes to the understanding on the performance of realistic industrial
designs. The development of advanced combustor systems that satisfy future emission and efficiency
requirements depends on understanding the convective loads within the burners and properly characterizing

realistic cooling technologies.

NOMENCLATURE
A Area [m?]

D Diameter. No subscript refers to the hydraulic diameter of the combustor model annulus [m]
d Target plate thickness [m]

F Forcing function (Duhamel’s integral)

f Relative hole area

Fo Fourier number Fo=ta/d?

G, Axial flux of axial momentum

Gy Axial flux of tangential momentum

H Spacing between heat shield and dome wall [m]
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h Heat transfer coefficient [W m? K™']

k Thermal conductivity [W m™ K]

L Square root of the surface area covered by a single impingement jet [m]
Nu Nusselt number

P Power [W]

P; Static pressure [Pa]

P2 Static pressure at the inlet of the combustor [Pa]

P3 Static pressure at the outlet of the combustor [Pa]

Pr Prandtl number

Q Heat rate [W]

R Heater resistance [€2]

Re j  Reynolds number with respect to the impingement hole diameter (for impingement studies)

Re A Reynolds number with respect to the hydraulic diameter of the annular combustor (for liner heat

load studies)

Ty Radial distance from the center of the swirler
Ry Outer radius of the swirler hub
S Swirl number

T Temperature [K]

t Time [s]

TC Thermocouple

TKE  Turbulent kinetic energy
U Velocity [m s™]

VvV Voltage [V]
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Ve, Air velocity at the inlet of the combustor

Ve Tangential velocity (from the center of the swirler)
|74 Radial velocity (from the center of the swirler)

Vs Air velocity component along X

|4 Air velocity component along Y

Vyy Velocity vector in the X-Y plane

X Horizontal coordinate orthogonal to the mainstream [m]
Y Vertical coordinate orthogonal to the mainstream [m]

Z Coordinate in the mainstream direction [m]

o Thermal diffusivity [m? s']

AP Static pressure drop across the combustor (AP=P; — P,) [Pa]

v Kinematic viscosity [m? s™']

Q Vorticity

v 1D-semi-infinite solid response function to a step change in the convective boundary condition.
Subscripts

Air Air properties

H Impingement hole

H Hydraulic diameter

1,0,ref Initial or reference, impingement point
J Impingement jet

K Time index
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loss Thermal losses

S Swirler

sfc, w Surface, wall

o Mainstream flow
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Chapter 2 DESIGN OF FACILITY FOR REACTING
MEASUREMENTS

The design of the facility at Virginia Tech included provisions for operation at higher pressures.
The design of the facility is described in this chapter, partially including the high pressure operation for
future reference. This chapter only briefly comments on the design considerations; additional technical
drawings are included as an appendix. It is important to point out that while these may help other groups or

students while designing their systems, they should subject their designs to rigorous analysis of their own.

The strategy for the design of the test section is outlined in Fig. 2.1. The first phase of the test rig
involved building a low pressure combustor. Phase two consisted of building a pressure vessel to encase
the low pressure design. In this way, the low pressure design does not see large pressure loads across its

walls and the system can be built in relatively independent steps of incremental complexity.

High-pressure,
Low-pressure, Lova e cold experiment High-pressure,
- reactive experiment : :
cold experiment sL ausichiainn +  Backpressure valve reactive experiment

i Pressure vessel

Low pressure design High pressure design

Figure 2-1 Design strategy for the optical combustor facility showing the different phases of the experimental
campaign.

DESIGNED FLOW SYSTEMS FOR THE FACILITY

The facility was constructed within the Advanced Propulsion and Power Laboratory (APPL) at
Virginia Tech. The laboratory houses two Boge compressors that provide a total of 1.27 kg/s (2.8 Ibm/s)
air massflow at an absolute pressure between 1.135-1.273 MPa (150-170 PSIG). The two compressors
operate in a cyclic load-unload mode to control pressure, loading the system when the pressure drops below
1.135 MPa (150 PSIG) and unloading when the system reaches 1.273 MPa (170 PSIG). Downstream of the
compressors, the air passes through an air dryer followed by a 18.93 m’® receiver tank that attenuates large
pressure excursions and provides capacity for blowdown tests. A schematic of the main air line is shown

Fig 2.2, where the components highlighted in blue represent the APPL equipment and the remainder
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corresponds to the systems designed for the test cell and research combustor. The air system in Fig. 2.2
consists of a flow metering section, after which the flow is separated into a main air and a cooling line. The
cooling air is metered and regulated in a similar way as the main air line before delivery to the critical
burner components in direct contact with the flame. The pressure in the main air line is regulated using a
80 mm DN (3 inch NPS) Fisher EZR pressure reducing regulator, which can be bypassed for high pressure
runs. The main air mass flow is throttled using a 100 mm DN (4 inch NPS) Fisher ES globe valve before
passing through an electric pre-heater and going through the burner. The burner exhaust goes through a
quenching system that injects water into the main gas path to generate steam and cool down the gases before
reaching the backpressure valves. The backpressure valves generate a controllable flow obstruction that

allows for operation at different burner pressures.

Figure 2-2 Simplified piping and instrumentation diagram for the research combustor test rig

The design of the system allows for simultaneous and independent control of the pressure and mass
flow to the burner. For safety reasons, all the valves are remotely actuated using electronic positioners that
are activated from a separate room. The valves in the system were sized following the calculations listed in
the ISA-75.01.01 standard for control valve sizing. The standard provides several formulations to calculate
the valve flow coefficients depending on the units used and the available information on the working fluid.
Per the standard, the valve flow coefficient, C,,, for compressible gases (assuming non-choked, turbulent

flow, and no fittings attached to the valve) is proportional to the massflow through the valve, W, and
approximately inversely proportional to ./P; AP (1 — AP/P;). AP /P, is in general < 1 and hence the flow
coefficient is roughly inversely proportional to ./P; AP. The backpressure valves operate at a constant

pressure differential defined by the test section and the exhaust pressures (atmospheric). This leads to a

large range of required valve flow coefficients as the back pressure system must handle both low flowrates
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at high pressure differentials and high flowrates at low pressure differentials to maintain a broad range of
possible operating conditions. In order to provide appropriate control of the backpressure at all cases, the
backpressure system was designed to operate with two control valves in parallel (one with a low and the
other with a high C, rating), as shown in Fig. 2.3. Fisher V150 Vee-Ball rotary control valves were selected
for the back pressure system because of their lower cost and faster response. A 150 mm (6 inch) rupture
disc prevents any dangerous pressure buildup upstream in case the valves are incapable of handing the

steam generated in the quenching unit.

The main air inlet valve was specified under the assumption of a fixed pressure differential between
its inlet and outlet; the size of the valve opening (percentage open) thus modifies the mass flow delivered.
The pressure differential across the main air valve is determined by the upstream pressure reducing
regulator and the test section pressure (controlled by the backpressure valves). Note that using a single
valve to throttle the flow (i.e without the pressure reducing regulator upstream) would lead to a large range

of required coefficients and hence an inadequate control of the mass flows.

For the metering section, a turbine flowmeter was selected due to its accuracy, price, and turn down
ratio. A 65 mm DN (2% inch NPS) HO-series turbine flowmeter from Hoffer Flows Incorporated with a
signal amplifier was used for metering the main air supply to an accuracy of 2% over the entire repeatable
range extending from 0.024 kg/s (0.052 Ibm/s) to 1.81 kg/s (4lbm/s) (turn down ratio of ~ 77). The meter
was placed upstream of any changes in pressure in the line (immediately downstream of the process air
delivery point to the test cell). This was done to prevent sizing over different operating pressures. Turbine
flowmeters measure the volumetric flowrate and must be sized according to the actual volumetric flow
through the meter, operation at low and high pressures unnecessarily extend the required operating range.
Temperature and line pressure measurements are sampled 10 diameters downstream of the meter to derive
the mass flow. Similarly, the air used for cooling is metered using a 50 mm DN (2 inch NPS) HO series
turbine flowmeter from the same company. The cooling air line includes a thermal mass flowmeter from
Eldridge Products, Inc. (EPI) for redundancy. The different meters in the line allow for periodic consistency

checks between devices.
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Coarse control
valve

Figure 2-3 Design of the back-pressure system to control the burner operating pressure.

Upstream of the test section an inline 192 kW electric pre-heater manufactured by OSRAM
Sylvania was installed. The heater has a maximum temperature rating of 750 K (900 F) with a maximum
allowable working pressure of 1.48 MPa (200 PSIG). The heater is operated from a control box that
includes a PID controller with multiple set-point and control strategies, as well as safety shutdowns in case

of low air flow or a prohibitively high temperature condition.

Piping was selected and specified based on the applicable ASME B31 codes for different portions
of the pipe. Black carbon steel pipe schedule 40 (SA-53 Grade B type E) was used for all the components
upstream of the burner. Stainless steel 316L was specified for the quenching and backpressure systems to
withstand the higher temperature exhaust gases as well as the presence of water condensate (and the diluted
carbonic acid forming from the combustion products). Material information was obtained from the ASME
Boiler and Pressure Vessel Code (BPVC) section Il and pipe stresses were calculated from ASME B31 and
BPVC formulations. Balancing material costs with corrosion and manufacturability was a major challenge
during the design phase, primarily for the high temperature components. Limited information is available
for the performance of engineering materials at typical gas turbine exhaust conditions. The work by Lai
provides an excellent summary on different tests that have been conducted for materials ranging from
carbon steels to proprietary nickel alloys at high temperatures. Other ASME standards and codes were used
for flange ratings (ASME B16.5), buttweld fittings (ASME B16.9), and forged fittings (ASME B16.11).
The entire design of the facility is shown in Fig. 2.4. A flexible metallic hose connects the backpressure
system to the quenching unit to allow for the thermal expansion of both components. An expansion joint is
also located downstream of the main air valve to allow for the expansion of the heater piping during
operation. The spools are anchored at defined locations either before or after the expansion joints to direct

the pipe movement in the appropriate direction.
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Figure 2-4 Test cell design for the combustor rig including high pressure components (preliminary designs).

Inert gas supply

Methane supply

N
d gl ]

Main gas line

»e< >~ =5
Flame arrestor
C\/:T:: ASSV ASSV High massflow . Pressure reducing Check valve
Leak meter }i‘ regulators Control valves
test 3
Pilot gas line
g »>< > pes P E—
Medium massflow Checkvalve Flame arrestor
meter }J{
4 e
TN

—Hl

Low massflow
meter

Figure 2-5 Simplified gas train diagram with the component arrangement for control of the main and pilot
gas lines.

A schematic of the fuel system is shown in Fig. 2.5, which was designed for operation with methane
at an inlet pressure of 1.135 MPa (150 PSIG), either from stand-alone cylinders or from a natural gas
compressor. The fuel line was based on the recommendations from NFPA code 37 (Standard for the
Installation and Use of Stationary Combustion Engines and Gas Turbines [11]). The fuel line controls and
delivers the appropriate main and pilot fuel mass flows. Three EPI thermal mass flowmeters are used for
metering the gas flow, calibrated for different ranges providing metering between 0.33 and 163 kg/hour
(0.0002 and 0.1 1bm/s) with at least 6% accuracy. The automatic safety shutoff valves (ASSV) consist of

normally closed solenoid valves that close in the event of power loss or signal interruption due to any fail
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condition in the system. The check valves and flame arrestors provide additional protection in case any
pressure buildup in the combustor test section (due to the steam overheating in the quenching unit) forces

air flow back into the fuel line. An inert gas line is also included to purge the system for maintenance.

BRIEF ACCOUNT OF THE EVOLUTION OF THE BURNER DESIGN
This section is included to justify the final burner design decisions and to add perspective to any

future work on the facility by briefly commenting on the ideas that were considered during the design. One
of the first design concepts is shown in Fig. 2.6. It replicated a typical combustor consisting of a metal
casing and liner, with the swirler nozzle directly mounted on the casing pipe. The main problem with this
design was that it was impossible to properly isolate the swirler flow. Actual gas turbine engines are
designed to achieve the appropriate combustor inlet air split, dividing it into the main gas path and coolant
flows. For the experiment however, it was critical to meter the mass flow rate through the swirler nozzle to
be able to run the burner at specific equivalence ratio and mass flow conditions. This could only be
accomplished with independent coolant and main gas paths. Another problem with the design was the lack
of flexibility. The casing pipe would only be suitable for a swirler with a particular length and mounting
flange. The conceptual metal liner at this point included holders for square quartz windows. Sealing would
have been difficult in this kind of arrangement, as well as properly cooling any metal exposed to the flame.
One important idea that was taken from this concept was the casing setup. The casing was designed with
openings that could hold either a window or a blank boss plate (alternatively with fittings for
instrumentation). These metal plates would lower the cost (and risk) of multiple windows, without limiting

the optical access to different parts of the burner.

One of the initial designs of the inner test section is shown in Figure 2-7. To maximize optical
access to the primary zone, it was decided to make the liner out of two concentric quartz cylinders. The
inner liner would be in contact with the flame and would handle the thermal stresses, whereas the outer
liner would contain the coolant flows that would keep the inner liner at an acceptable temperature. Using
quartz had the added benefit that this material can operate at high temperatures (softening point is 1683C)

and can sustain thermal shocks, making
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Figure 2-6 One of the initial conceptual designs for the burner test section.

Figure 2-7 Initial design for the internal low pressure burner.

it ideal for the primary combustor zone. It has the disadvantage that it cannot sustain large tensile stresses
(tensile strength is around 7000PSI, with a recommended maximum tensile load of 2000 PSI). Pressurizing
the quartz liner was then impossible given the high safety risk involved if the liner were to brake. It was

hence a priority to minimize the pressure drop across the thickness of either liner. In this preliminary design,
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the coolant passing through the liners was not directly connected to the main gas path, which would had
made difficult to adequately match the coolant pressure to that within the burner. The final test section was
designed to dump the liner coolant flow to the main gas path at the exit of the burner. In this way, any
pressure excursions within the primary zone (at ignition for instance) would also be approximately seen on
the coolant side, minimizing the pressure load on the quartz. Another idea for this burner was to use water
for cooling the dome and transition piece (after the quartz liners). This was later discarded as described in
the following section, due to the resulting large thermal stresses and potential accumulation of steam. If
water were used for instance on the dome plate, the metal on the coolant side would almost be at the water
temperature (even at low water flow rates), while the metal on the flame side would be (depending on
material/thickness/assumed heat transfer coefficients on the flame side) at several hundreds of degrees
Celsius. This large thermal gradient across the dome plate would require very thin metal pieces to keep the
thermal stress within acceptable levels (minimize metal warping). The following section describes the final

test section design and considerations.

COMBUSTOR TEST SECTION
The industrial nozzle provided by Solar Turbines® Incorporated was designed for operation within

an annular combustor. Given the space and budget constraints, a can combustor was designed with a
diameter of 203 mm (8 inches), approximately matching the expansion observed in the annular combustor.
Numerical models can then be validated using the simplified can combustor and future numerical studies

can explore the interaction between adjacent nozzles in an annular arrangement.

As mentioned in the introduction to this chapter, it was recognized that a combustor with small
pressure differentials across its walls can be developed relatively independently from the optical pressure
vessel that will eventually be used to increase the operating pressures (similar to the liner/casing
arrangement in actual gas turbine combustors). This motivated the split of the test section design into the
two construction phases: Phase 1 consisting of the inner combustor (minimal pressure loads), and Phase 2,
incorporating the enclosing pressure vessel. The design of the inner combustor however accounted for the
thermal loads at final operating pressures which allow for higher mass flows (larger convective heat transfer

coefficients), and which lead to increased flame radiation.

A cross-section of the designed test section for continuous operation at high temperatures is shown
in Fig. 2.8. The burner consists of a rectangular plenum chamber, where the dome assembly and fuel nozzle
were mounted. The dome assembly consists of two dome plates attached directly to the plenum chamber,
which compress a ceramic rope gasket around the fuel nozzle to minimize air leakage across the nozzle

outer diameter. The primary combustion zone downstream of the nozzle is contained within two concentric
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cylindrical quartz liners in between which cooling air flows to maintain the internal quartz liner temperature
below the annealing point of the material (K). The coolant flow from the quartz liner then flows through
the transition piece, cooling a SS 310S jacket, finally impinging on the exit choke and mixing with the main
gas path. The transition piece connects to the flange of either the pressure vessel (construction phase 2) or

the quenching system (phase 1).

Pilot
. —>
Fuel line

- Mal.n
Fuel line

Compression
springs

Cooling
Jacket

Plenum Outer liner

Fuel Additional
nozzle coolantport

Figure 2-8 Test section cross-section. The blue and red arrows indicate the inlet and outlet respectively. The
white arrows indicate the path taken by the liner coolant.

The plenum was made of carbon steel (ASTM A516, selected for its machinability while still being
able to operate at the required combustor inlet temperatures). Ports on the side walls of the plenum allow
for seed injection, and provide the capability to measure nozzle inlet temperature, pressure, and turbulence.
The sharp edges of the plenum (where stress concentration occurs) were not a concern, since the test rig
was designed to maintain small pressure differentials across the plenum walls (the inlet air pressure is

approximately the same as the surrounding pressure).

The design of the dome pieces that attach to the plenum chamber is shown in Fig. 2.9. The channels
highlighted in blue are for coolant air flow and the channel highlighted in red is where the two concentric
liners sit. Between the quartz liners and the dome pieces, a ceramic gasket was placed to achieve an airtight
seal. The dome piece on the settling side includes channels that deliver coolant flow tangentially to the
space between the quartz liners. The additional swirl velocity component due to the tangential coolant entry
is expected to increase the backside heat transfer to the coolant and consequently lower the coolant

requirement (calculation of the backside cooling heat transfer was performed assuming uniform, non-
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swirling flow through the channel). The thickness of the flame shield was decided based on the thermal
stress it had to withstand. The calculated thickness (0.61 mm) was hard to achieve by machining a thicker
metal piece, thus the flame shield was instead designed to be welded to the flame side dome piece, sealing
the flame shield cooling channel. The cooling channel (blue region) highlighted for the central part of the
flame side dome piece, is a recess of 3.2mm machined into the part to carry the coolant for the flame shield
(the gap height was sized to keep the required heat transfer coefficients). This coolant enters and exits the
central cooling chamber from the backside of the dome. Water cooling was initially considered for the
flame shield, but the large heat transfer rates achieved with water led to prohibitively high thermal stresses.
Moreover, water cooling was discarded due to the potential accumulation/formation of steam leading to hot
spots and potential failure. Thermal stresses were also critical for the quartz liner, thus the cooling flowrates,
as well as quartz thickness, were designed to maintain a maximum liner temperature of K and temperature
differentials of at burner design conditions. The tensile strength of fused quartz can be as high as 48.3 MPa
( PSI), but design practice is to keep tensile stresses below 13.8 MPa (PSI), the calculations yielded thermal

stresses MPa.

The quartz liners are compressed between the dome and the transition piece using a set of springs,
similar to the UC Irvine design, to allow for the expansion of the quartz liner while minimizing leakage.
Four guiding threaded rods extend from the dome to slightly past the start of the transition piece (the rods
were fixed at the dome end). The transition piece was mounted on these guides and pressed against the liner
and dome by compressing the springs at the end of the rods with a tightening nut. Similar to the dome side,
alumina ceramic gaskets were placed between the liner and the transition piece to accomplish a proper seal.
The springs were sized to provide a minimum sealing pressure of 0.238 MPa (20 PSIG). The compressive

stress on the optical quartz was not a concern given its large compressive strength of .

The length of the transition piece was defined based on the recommended allowances between
welds for the pressure vessel (currently being designed), as well as the sizes of the required vessel flanges
and optical windows. Both the dome and transition piece were also instrumented on the backside with K-
Type thermocouples for health monitoring of the equipment. Supplementary cooling ports on the transition
piece were also included. The coolant flow to the dome piece, liner, and transition piece jacket can be
independently metered and throttled, allowing for operation at different thermal states. It is speculated that
different wall temperatures may modify the heat transfer characteristics along the liner by changing the
local aerodynamics or by modifying the reaction rates close to the wall. Axial speeds along the liner are
increased in reacting flow conditions due to the density gradients across the flame front (conservation of
mass). Different wall temperatures could potentially impact the axial speed close to the liner and hence its

heat transfer. This in addition is coupled with large gas property gradients close to the liner. The dynamic
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viscosity and thermal conductivity of air for instance increase by from the design liner temperature ( K) to
typical adiabatic flame temperatures at the lean conditions tested ( K). Liner temperatures could also affect
the reaction rates close the wall and the quenching distance of the flame, impacting the thermochemical

heat release to the liner.

Dome flame side

Flame shield
cooling channe

Ports for pressure
annels directing n's sampling and
liner coolant ignition wires

Figure 2-9 Dome pieces exploded view. Flow would travel from left to right. The nozzle would be placed on
the central opening.

The thermal loads were estimated following the calculations and analysis given by Lefebvre and
Ballal [12] for the dome, liner, and transition piece. The analysis outlined by Lefebvre and Ballal includes
estimates for the convective and radiative loads. Zirconia thermal barrier coatings from Aremco were
procured to coat the dome flame shield and transition piece to improve the life of the pieces. The thermal
barrier coatings were accounted for (assuming mm thickness) in the calculation of the thermal loads and
stresses. The allowable stresses of the different materials as obtained from the ASME BPVC Section II
account for creep failure and are comfortably below the yield point at the operating temperatures as they
already incorporate a safety factor. Material selection for the different pieces was based on cost, processing
required (machining/welding), and properties (corrosion, high temperature resistance, strength). Stainless
steel (SS) 303 for instance was specified for the upstream dome piece (settling side) due to its free-
machining properties, while SS 304L and SS 316L were specified for welding the flame shield and dome
on the flame side. The low carbon variety was used to prevent any sensitization problems during long term

operation at high temperatures. Thermal expansion compatibility was also considered while selecting bolts
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and welds between materials. To prevent high stresses at the weld points of the flame shield, care was taken
not to select a stainless steel with larger expansion coefficients compared to the base metal (SS 310 for
instance). The different circumferential thermal expansion between the sitting metal and the quartz liner

was also accounted for.

A picture of the first construction phase state showing the low pressure combustor directly

connected to the pre-heater line is shown in Fig. 2.10.

Figure 2-10 Phase 1 test section built and installed with the pre-heater in the background.

DISCUSSION ON THE OPERATION OF THE RIG
An initial concern during the design phase was the use of cylindrical liners instead of planar

windows. Refraction of the laser sheet or acquired images are known to cause issues in some experiments,
and corrective lenses are applied to cylindrical liners for beam steering. The measurements (particularly
PIV) showed no significant image distortion. It is expected that during reacting conditions, the large density
gradients could lead to larger errors in the PIV acquisitions. PIV acquisitions in some planes did show
variations in the laser sheet intensity attributed to a combination of liner fouling and refraction across the
glass. However, the effect was small and the error was removed by image pre-processing (background
removal and normalization of the image intensity at all pixels). The drawbacks for the rectangular windows
were the requirement for a holding structure on the liner, increased stresses (during ignition, rectangular
windows could experience excessive stress particularly at the corners and edges), limited optical access,
and the increased complexity of the numerical domain for simulations (different materials, no longer
axisymmetric). Fouling of the windows is a recurrent issue for PIV measurements and accessibility to the
window is paramount in these experiments. An entire cylindrical quartz liner can hence be more time

consuming to clean or replace than a set of rectangular windows.
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Chapter 3 CHARACTERIZATION OF THE ISOTHERMAL
FLOW AND HEAT TRANSFER IN THE OPTICAL COMBUSTOR

This chapter presents the heat transfer and flow field measurements performed on the developed
test rig at atmospheric and isothermal (single temperature, non-reacting) conditions, as a baseline for the
subsequent reacting experiments. These experiments expand on the methodologies presented in Chapter 1.
The velocity field measurements using PIV were taken one step further by performing a tripe decomposition
to differentiate stochastic from the periodic fluctuations in the flow field. This is critical to understand the
anisotropy generated by swirling flows and the instabilities that develop. The heat transfer measurements
are similar to the steady state heat transfer measurements performed in Chapter 1 with the additional
complication of imaging the infrared radiation through optical quartz, which is only partially transmissive
in the IR (optically thin for wavelengths below 2.5 m). A FLIR SC6700 IR camera was used for this
measurement as its detector is sensitive for wavelengths between m and m. In this chapter, first the flow

experiments are presented, followed by the heat transfer measurements.

FLOW FIELD WITHIN THE OPTICAL COMBUSTOR
Particle image velocimetry (PIV) measurements were taken at three different normalized mass

flows, one of which was equivalent to the nozzle design point, matching the corresponding inlet Mach
numbers. This information is critical for designers using numerical tools and for the validation and

development of computational codes.

To fully understand the unsteady features observed in the flow, the coherent and stochastic temporal
components of the flow field were determined by means of a methodology based on Proper Orthogonal
Decomposition (POD). In light of the vast amounts of data generated by modern measurements, it is
essential to further develop and foment the use of exploratory data analysis techniques that can summarize
the available information. Proper Orthogonal Decomposition (POD), also known in different fields as
Principal Component Analysis (PCA) or Empirical Mode Decomposition (EMD), is known to be a suitable

tool to study coherent structures in turbulent flows.

Flow field experimental setup
As areference, a schematic of the test section used to characterize the isothermal flow field is shown in Fig.

3.1. Note that the transition piece described in Chapter 2 was not included to simplify cleaning and
replacement of the optical liner. The mass flow rate was calculated from the readings of the turbine flow
meter upstream of the setup, with coincident temperature and pressure measurements. The uncertainty in

the mass flow measurement was ~ 2.03% for all cases. However, the compressor in the laboratory
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provided a cyclic loading that led to a low frequency oscillation (< 0.005 Hz) on the supplied mass flow
to the combustor of +1.4%. Accounting for the compressor oscillation, the overall uncertainty in the mass

flow delivered to the test section was +2.5%.

Figure 3-1 Schematic the test section.

As described in Chapter 2, the test section consisted of a settling chamber where the swirl nozzle
was mounted flush with the dome plate, followed by a cylindrical quartz liner with an internal diameter of
203 mm and a length of 216mm. The primary zone of the combustor was purposely designed to be as simple
as possible, with no film or effusion cooling, in order to simplify the validation of numerical models.

Pressure and temperature were monitored upstream of the nozzle in the settling chamber.

The tests were performed at ambient pressures, which prevented any decoupling between Reynolds
and Mach numbers for the setup. In the current work, both Mach and Reynolds numbers increased
simultaneously for increasing mass flows. However, the Mach number is often a more relevant variable for
the study of turbomachinery as it will determine the pressure loss characteristics and overall component
performance. This is as long as the corresponding Reynolds number remains away from any critical
transition points for the flow or boundary layer. For this reason, the design non-dimensional mass flow

(myp) [12] for the fuel injector was matched in the experiments.

/RT3

A P3 (12)

Myp =

The design conditions of the fuel injector correspond to myp = 0.1359. Additional measurements

were taken for normalized mass flows (at ambient conditions) including 0.0377 and 0.0753. The three
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mass flows tested correspond to Reynolds numbers with respect to the fuel nozzle throat diameter of ~
50 000, ~ 100000, and ~ 180 000. The measured static pressure drops across the combustor were
0.52%, 1.37%, and 4.13% respectively with increasing mass flow.

Particle Image Velocimetry (PIV) methodology followed
Two dimensional planar particle image velocimetry (PIV) measurements were taken at the planes

indicated in Fig. 3.2. Planes A-C are referred to as axial planes (XZ planes) and planes D-G are referred to
as cross-sectional, radial-tangential, or azimuthal planes (ZY planes). Planes C-G were located at X /Dy =
~ 0.01, 0.16, 0.9, 1.54, and 2.4 respectively. Plane C captured the swirler exit profiles and plane D the
initial jet expansion into the primary combustion zone. Planes E and F are before and after the impingement
of the jet on the liner respectively, and Plane G was taken to capture the dynamics close to the outlet of the
combustor. The coordinate system origin was defined at the center of the swirl nozzle (the figure shows it
displaced for clarity). The measurements were performed using a Nano-L 135-15 dual Nd:YAG laser
system, with a Flowsense 4M MKII camera (2048 x 2048 pixel resolution), and Dantec Dynamics®
acquisition software. Glycol droplets were seeded into the settling chamber upstream of the swirl nozzle to
act as tracers for the PIV measurement. The seed particle sizes delivered to the test section were estimated

to be < 2.5um yielding an expected velocity delay of ~ 20us.

The image pairs (frame A and B) were analyzed using an adaptive correlation procedure with a
final interrogation area of 32 X 32 pixels and an initial interrogation area of 128 X 128 pixels.
neighborhood (3 X 3 median) and peak (1.2 maximum to minimum peak correlation ratio) validations
were used to identify unphysical vectors. The PIV software substituted the removed vectors based on
neighboring velocities. This however can lead to a velocity bias close to walls or shear layers and hence no
substituted vectors (replaced by the peak or neighborhood validation) were used in the analysis. 50%
overlapping was used to increase the vector resolution and a total of 800 image pairs were acquired per
plane. To acquire the data as accurately as possible, the acquisitions were split into 200 image pair runs,
cleaning any fouling of the walls and optical liner between runs. Given the extent of the dataset, an
automatic procedure to discriminate invalid velocity fields was implemented. This procedure consisted on
removing any vector fields that had more than 80% substituted vectors, indicative of poor seeding, or

incorrect background subtraction
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Figure 3-2 Measurement planes. The origin of the coordinate axis is located at the center of the nozzle
(displaced in the figure for clarity).

Challenges of PIV in confined spaces involve the presence of light reflections (glare) and
background images in the acquisition which may bias or entirely prevent any reliable data retrieval.
Variations in the laser intensity and seeding distribution prevent the satisfactory elimination of the
background by the subtraction of the time averaged image. Moreover, because of uneven seeding in the
flow, local normalization procedures, such as those suggested by Mejia-Alvarez and Christensen [13] for
instance, are unsuccessful, as these amplify the noise in regions with few particles. The background removal
procedure implemented consisted in 1) subtracting the local minimum for each image (9 X 9 pixel sliding
local minimum), 2) calculating the time averaged corrected image, and 3) normalizing all the corrected
images with respect to the averaged image (times a constant factor to increase contrast). An example of the
implemented background removal procedure applied to an acquisition of Plane D is shown in Fig. 3.3.
Another important challenge to note when measuring complex swirling flows is the large range of speeds
that must be resolved. Too large a time delay between laser pulses led to particles exiting either the
interrogation area or the laser sheet (due to the strong out of plane motion in swirling flows). Too short a
delay on the other hand led to negligible movement of the particles. The higher mass flow measurement
represented the more difficult acquisition because of the larger quantities of PIV seed required and the
consequent quick fouling of the optical liner. The glycol accumulating on the walls changed the laser glare
as the experiment progressed, causing errors in the background removal and limiting the observations close

to the liner and dome.
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Original Local min. removed Mean normalized

Figure 3-3 Background removal procedure example for PIV measurements.

The correlation algorithm yields an estimated subpixel accuracy of 0.1 pixels, which results in an
error between 0.01V.¢¢ and 0.06V,.¢ depending on the plane imaged. The data were also checked for
consistency at the intersection between cross-sectional and axial planes, where the radial (Z) velocity was
sampled twice independently. The average absolute difference in the radial velocities at the overlap between
planes was 0.023V,..¢, consistent with the expected velocity accuracies. Additionally, the time-averaged
axial velocity profile at X/Dy = 0.05 was used to estimate the airflow delivered to the test section

(assuming axisymmetric flow) with an average discrepancy with the metered mass flows of 5.6%.

Analysis using Proper Orthogonal Decomposition (POD) to identify coherent structures
The PIV system was capable of acquiring image pairs at a rate of 7.4 Hz, which cannot resolve the high

frequency oscillations in the data (such as the PVC) or the convective transport of vortices. Since the
measurements taken were not time resolved, separation of the stochastic and coherent structures in the flow
was accomplished using a POD methodology as outlined by Lengani and coworkers. The instantaneous

flow fields (f) were divided into three temporal components (triple decomposition) including a time

average (f), a periodic (f) and a stochastic (f) part as described as follows.

f=f+f+f=f+f (13)
Where f” is equal to the total fluctuation with respect to the time averaged field.

The velocity vector data for each time snapshot was originally arranged in a matrix, with and
corresponding to the horizontal and vertical locations where a velocity vector was obtained. To perform
POD, the data for each time snapshot was first vectorized, that is arranged as a single data vector of length

, where each element corresponded to different locations within a single acquisition. The vectorization for
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snapshot of the velocity field is shown by Eq. 21 (/is not restricted to a velocity component, as the analysis

can also be applied to any other field such as vorticity or turbulent energy).

= [Vn,lrvn,z vn,p] (14)

The columns of matrix V contain a single snapshot at a given time, whereas the rows of the matrix contain

all the observations at a single acquisition point.

V11 V21 = VUna
Vi2 V22 = VUpp

V= [VllVZ""an] = . . . . (15)
Vip V2p *° Unp

. . . = _T . .
Subtracting the time-average of the dataset at all locations, V = [vl, Uy, ey vp] , yields the total fluctuation

V.

V’=V—I71=V(I—1T—1) (16)

Where 1 represents a row vector containing n ones and I is the n X n identity matrix. The goal in POD is
then to obtain the coefficient column vector y; of length n that yields the maximum variance when the
fluctuation dataset is projected onto it. In other words, the objective is to find the linear combination y; of
the n flow field snapshots, such that V'y; has maximum variance. The sample variance of V'y; is

calculated from Equation 24.

V' =;V’ Ty’ _ Ty Ty 17
var(V'yn) = — V)" V') = — ( x1) (17)
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Recognizing that the covariance matrix, , of the flow field fluctuations, above equation can be reduced to

the following equation,

_ 1 1T yr1
T=—— (V'V) (18)

var(V'x,) = x1 Ex; (19)

The eigenvectors of X provide a set of p independent (i.e. uncorrelated) linear combinations y;, of the PIV
snapshots. The eigenvector with the highest eigenvalue 4, is equal to y;, the eigenvector that yields the

maximum projected variance var(V'y,).

The covariance is a measure of how observations of a variable change with respect to simultaneous
or equivalent observations of a different variable. In this analysis, each velocity location is treated as an
observation and each time snapshot as a different variable. Physically, the covariance matrix is a measure
of how the fluctuations in the velocity field are related between acquisitions. It calculates how consistent
are the features in the different snapshots (either overall positive or negative covariance). Periodic vortical
structures convecting with the mean flow will show maximum positive covariance for two snapshots that
capture the vortex in the same location (in phase), and decreasing covariance when the vortex signal is
shifted (out of phase). The eigenvalues (A;) and eigenvectors (yj) of the covariance matrix yield the
significance of each PIV snapshot to the variance in the data. The eigenvalue represents the relative amount
of variance captured by the corresponding eigenvector, while the eigenvectors weight each snapshot
according to its significance. A geometric description of this process can be attained by visualizing each
flow snapshot representing an axis in an n-dimensional space, where the entire velocity fluctuation data is
plotted (e.g. the first point, corresponding to the location i = j = 1 in all the snapshots would have
coordinates vj,V51 ...V, ). The eigenvectors of the covariance matrix identify an orthogonal

(independent) set of directions along which the plotted data is aligned.

The k™ POD mode (¢ ) represents the projection of the entire velocity fluctuation dataset (V') into

the k™ eigenvector as calculated as follows.

b =V'xk (20)

The elements of the eigenvector indicate how each PIV acquisition contributes to the corresponding
mode. The first mode (formed with the eigenvector of the highest eigenvalue) represents the velocity field

that captures the highest amount of time variability in the dataset. Subsequent modes (lower eigenvalues)
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capture decreasing amounts of time variability. The data can then be decomposed according to the matrix
multiplication of the full eigenvector matrix (y) and the POD mode matrix (¢p) as shown by following

equation.

V, = [¢1, ¢2' ¢n] X [XerZI "'Xn]_l = ¢X_1 (21)

This formulation can be used to filter a portion of the variation in the data according to selected
POD modes, by setting the corresponding unwanted eigenvectors to zero. Other researchers have removed
the low energy modes from the dataset to eliminate random errors during the measurement or the
contributions of turbulence to the data. Since identifying the turbulence is of importance for the current
investigation, and POD is unable to differentiate between random errors in the acquisition and actual low

energy flow perturbations, all the modes were retained.

Fig. 3.4 shows the first two POD modes for the axial velocity in plane A (Re = 180 000). The patterns in

these two modes are consistent with propagating vortices.

X/Du

0 0.5 1.0 0 0.5 1.0
Z/Dw Z/0u
| | | |
-0.15-0.10-0.050.00 0.05 0.10 0.15 -0.15-0.10-0.05 0.00 0.05 0.10 0.15

Figure 3.4 The two most energetic POD modes for the axial velocity component (u) observed for the
measurements in plane A.

Regions of the velocity field where stochastic turbulence dominated, did not show a strong pattern.
Hence, to extract the phase of the periodic oscillation in the flow, it was important to select locations in the
flow field where the oscillation signal was highest. As done by Lengani et al. [14], a point in the region
where each POD mode showed the highest signal was selected to extract the oscillation. Lengani and
coauthors [ 14] showed that in order to obtain the appropriate propagation direction for the extracted vortical
features, the location of lowest signal (most negative) in the first POD mode and the location of the highest

signal (most positive) in the second POD mode must be selected.
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The velocity components (u, v, w) are the actual variables that fluctuate, and hence the data was

first projected to the two eigenvectors that carry the oscillation signal (following two equations),
Viay = (@1 d2, - Pnl X [x1,02, .. 05]71 (22)
Vi = @1, b2, o bl X [04, 22, .. 0] 77 (23)

and then the phase 6,, associated with each PIV snapshot within the oscillation was calculated (following
equation) from the assumption that the first eigenvector represented the sine component, and the second the

cosine component of a convecting oscillation in the flow.

(24)

V! .y max(V/
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Figure 3-5 Filtered axial velocity measurements at the location of highest oscillation signal arranged
according to the calculated phase.

The POD modes help in two ways, first to identify the location where the oscillation signal was
most significant (highest variance in the data), and second to specify the corresponding eigenvector that
defines how each PIV snapshot is contributing to the oscillation. After calculating the associated phase for
each PIV snapshot, the data was rearranged according to the phase. Fig. 3.5 shows the arranged filtered
velocity at the location of highest oscillation signal (Vf’,(l) and Vf'_(z)). Note that the signal reproduces the

assumed sinusoidal pattern.
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After identifying the phase of each PIV snapshot, the entire dataset was arranged according to its
phase within the oscillation. To perform the phase averaged velocity measurements, Lengani et al. suggest
to fit a 5™ order polynomial to the velocity history at each pixel location. A limitation of using a 5™ order
polynomial is that the fit may be heavily biased by outliers in the dataset, particularly at the end/start of the
oscillation period. An alternative that was adopted in the current investigation was to instead use a Fourier

polynomial at each pixel location as defined by following equation.

V'(0) = ay + a, cos(6)
+ by sin(0) + a, cos(20) + b, sin(20) + a3 cos(30)
+ b3 sin(30) (25)
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Figure 3-6 Comparison between Sth order and Fourier polynomial fits to the measured data arranged
according to the calculated phase within the oscillation.

The advantages of the Fourier polynomial model is that the results are not heavily biased by the
data points close to the end and start of the oscillation period (6 = —m and 8 = m), and that the fitted model
is in better agreement with the underlying physical phenomenon of convecting periodic oscillations. Fig.
3.6 compares the results obtained using a 5™ order polynomial fit and the Fourier model herein suggested
for an arbitrary pixel in plane D that showed a significant oscillation signal. At a phase angle of —m, the
polynomial and Fourier model differ by ~ 30%. The noise introduced by the polynomial fit yielded a less
uniform velocity field, compared to that obtained from the Fourier model. The disadvantages of the Fourier
model were its complexity and the potential lack of convergence in regions where no oscillation was

present.

The POD modes for the horizontal and vertical velocities for each plane were calculated, the decision

between choosing either the horizontal or vertical velocity modes for phase identification was based on

52



which captured the highest fluctuation energy percentage in the flow (based on the eigenvalues for the first

and second eigenvectors).

FLOW FIELD RESULTS
The analysis of the time-averaged velocity fields is first presented, followed by the analysis of the

total velocity fluctuations and unsteady fluid dynamics. Given the extent of the dataset, only measurements
that were deemed relevant were discussed. For simplicity, the three operating conditions tested are referred
to in terms of the equivalent Reynolds number. The velocity fields were normalized with respect to a
reference velocity corresponding to the ideal average axial velocity exiting the swirler at the target mass

1

flows. The reference velocities were equal to 11.01, 22.02, and 39.64 m s~ respectively for increasing

operating mass flows.

The total fluctuating velocity components (u’, v, w") were readily available from the instantaneous
measurements after the mean field (i, 7, w) had been computed. An overall turbulence (total fluctuation)
kinetic energy (TKE), per the traditional Reynolds decomposition, was calculated according to following

equation.

1—,2 1—,2 1—,2
TKEXYZ = Eu + EU + EW (26)

The TKE was normalized with respect to the square of the reference velocity (V.2 £) to maintain same order

scales between the three operating mass flows tested. When only two components of the velocity field were
available, a two-dimensional TKE was calculated (which underestimates the total three dimensional
fluctuation energy at any given point). The total TKE as calculated, is not representative of the actual
turbulent field as it includes the contribution of coherent periodic structures in the flow. To obtain the
underlying stochastic turbulent field, the overall TKE was separated into its coherent and stochastic

components (triple decomposition).

The main non-dimensional parameter to characterize combustor rotating flows is the swirl number.

The definition used in this study is given by following equation.

Gg

S =
RG,

(27)

Where Gy is the axial flux of angular momentum, Gy is the axial flux of axial momentum and R is the throat

radius of the fuel nozzle. The calculation of the momentum fluxes was simplified as is typically done in the
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available literature. Fluctuating components were not accounted for, and the axial pressure distribution was

not considered for the axial momentum.

Time averaged results: Effect of increasing mass flow
Figs. 3.7 and 3.8 show the time averaged results for the maximum and minimum Reynolds numbers

measured at planes A and D. The white outline in the velocity field of plane A indicates & = 0, matching

the mean location of the shear layers and the stagnation point at the combustor liner wall.
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Figure 3-7 Time averaged results for Plane B at the minimum and maximum mass flows, flow direction is
bottom to top.

Other authors have reported that the normalized impingement location and overall flow field is
approximately independent of mass flow after a self-similarity threshold. The reason for the self-similarity
is that the mechanisms that dominate the flow field within the combustor become inertia dominated (viscous
effects are negligible). This self-similarity is of practical importance because it implies that the isothermal
combustor flow field can be numerically simulated at lower Reynolds numbers, incurring in a lower
computational cost, without significantly sacrificing the scalability of the results. For the range of mass
flows tested, the time averaged results were approximately self-similar, with only small differences related
to a slightly larger central recirculation zone with increasing mass flow as observed from the azimuthal
cross-sections in Error! Reference source not found. 3.8. The larger recirculation bubble further forced t
he swirling jets radially outward (barely observable in the time averaged flow of plane B). This larger
recirculation for the Re = 180 000 case was not related to a significant upstream shift in the recirculation
bubble. An analysis of the maximum and minimum time-averaged axial velocity along the combustor
(planes A and B) showed that the maximum recirculation velocity occurred at X/Dy = 0.6 — 0.7 with a
magnitude of —0.48V,.o¢ for the three mass flows tested. The maximum axial velocity decayed linearly from

the nozzle outlet to X/Dy = 1.4 and asymptoted to a constant value of ~ 0.26V,.¢. Past X/Dy = 1.4, the
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maximum radial velocity also decayed to approximately 0.03V,..¢, indicative of the swirling jet reaching an

equilibrium in radial expansion as it was constrained by the liner wall.

v/0.
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Figure 3-8 Time averaged results for Plane D at the minimum and maximum mass flows.

At individual planes only two dimensional velocity components were available. However, at the
intersection between axial and azimuthal planes, the three dimensional profiles were calculated. The time
averaged velocity profiles and the total fluctuation kinetic energy (including both stochastic and coherent
structures) are shown in Figs. 3.9 and 3.10 respectively for different axial stations along the combustor. The
X /Dy = 0.01 location approximately captured the nozzle exit profiles (for the 180 000 Reynolds number
case, the closest axial data available was at X/Dy = 0.05). The axial and tangential velocity profiles for
Re = 180 000 had a shift in the radial direction (~ 0.02Dy) for X/Dy = 0.16. The radial shift resulted
from the slightly larger central recirculation zone at the highest mass flow as previously explained. The
profiles in general are consistent with the self-similarity assumption. The swirl jet broadens from X /Dy =
0.16 to 0.91 due to shear and entrainment with the surrounding flow as it exits the nozzle and expands
into the primary combustion zone. Based on the X /Dy = 0.01 profiles, the swirl number at the exit of the
nozzle (Eq. 16) was on average 0.7410.04 based on the three mass flows measured. Similarly, the mean
flow turning angle @ = tan™1(Vy/Vy) was 47.4° + 2° which compares well with the nozzle vane design

angles.

The total fluctuation TKE shows strong anisotropy at all axial locations. It is now well understood that
combustor flows feature strong asymmetry due to the presence of coherent structures close to the fuel
nozzle, particularly the PVC [15,16]. For the cross-section at X/Dy = 0.16, the highest total fluctuation
energy was located in the core of the vortex (dominated by the radial component), dropping abruptly

across the jet. A second peak in the total TKE was observed at the outer shear layer of the swirl jet,
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associated with oscillations of the corner recirculation and separation at the edge of the nozzle. Within the
jet (shifted slightly to the inner shear layer side), the main component of the fluctuations was in the axial
direction. This will be shown in the following section to stem primarily from the coherent structures in the
flow. The recirculated mass flow in the recirculation bubble appears to have fairly isotropic total turbulence

beyond X/Dy = 0.9.
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Figure 3-9 Velocity profiles at several axial locations along the combustor.

After impingement on the liner (estimated at around X /Dy = 1.2 per plane B measurements), the
swirl jet attached to the wall until the flow exited the combustor. Measurements at representative axial
locations past the impingement point of X/Dy = 1.54 and 2.40 show a distinct decay in the maximum
TKE. Prior to the jet interacting with the liner wall, the total maximum TKE decayed due to viscous
dissipation and expansion of the coherent vortices from ~ O.ZSVTZef to ~ O.16Vrzef over a distance of
0.9Dy. Interaction with the wall led to further attenuation of flow oscillations (dissipation of vortices),

decreasing the maximum turbulent energy to 0.05 by X/Dy = 1.54.
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Figure 3-10 Total fluctuation kinetic energy including stochastic and coherent fluctuations at different X/D_N
locations along the combustor.

COHERENT STRUCTURES IN THE FLOW: THE PRECESSING VORTEX CORE

The total turbulence calculated from the time averaged velocity fields only provides a partial view
of the system dynamics as it fails to distinguish between the flow variations introduced by coherent
structures and the underlying stochastic turbulence. The distinction is relevant for the modeling of
combustor flows. Coherent structures are periodic and arise due to instabilities in the flow that can be
partially predicted by three dimensional unsteady RANS solvers. Large Eddy Simulations (LES) predict
both the stochastic and coherent structures, as well as their interaction, at a higher computational cost.
Computational models can hence be optimized with information on the scale of the stochastic and coherent
structures and the location where either plays a primary role. This information is also relevant to understand

how the coherent structures impact the mixing within the burner and the asymmetry of the flow.

As described in the methodology section, the periodic oscillations were extracted from the velocity
field using a POD methodology. Swirling flow studies have shown that the center of the swirl generated
vortex is not located at the geometric center of the swirl nozzle, as would be suggested by the time averaged
fields, and actually precesses around the axis of the combustor. This is a well-known oscillation in swirling
flows known as the Precessing Vortex Core (PVC). The PVC constitutes a periodic, non-random oscillation

that is enhanced in burners operating with premixed fuel.
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Fig. 3.11 shows the result of the POD analysis for the measurements at Plane D for the highest
mass flow. The progression of the vortex center along the inner shear layer was identified as it precessed
around the geometric center of the swirl nozzle (with a precession radius of R, ~ 0.17 — 0.2Dy). As it
rotated, it convected a portion of the swirling jet mass towards the axis of the combustor. This led to a
depleted swirl jet immediately downstream of the PVC, and to a degradation of the tangential velocity fields
by 19 — 25% with respect to the time averaged velocities. Similarly, upstream of the vortex core the PVC
strengthened the swirling jets by the same amount by convecting flow from the axis of the combustor to the
swirl jet. This enhanced entrainment generated by the PVC in and out of the central region of the combustor
is critical to properly predict the mixing between the recirculated gases and the fresh air/fuel mixture carried

by the nozzle exit swirl jet.

A convecting radial/axial vortex was also observed on plane A, as depicted by the phase-time
progression shown in Fig. 3.11 for the design mass flow case. The red outline shows the location of zero
axial velocity for the instantaneous time-phase displayed, while the white outline shows that obtained from
the time average. The red outline traces the path of the shed axial/radial vortex along the shear layer. From
Fig. 3.10, the PVC location can be identified in an axial/radial plane (XZ) by the change in the radial
velocities within the recirculation bubble that occur as the PVC crosses the plane. Negative radial
velocities indicate the start of the PVC, and positive radial velocities its end. Going back to the axial/radial
eddies, it is then clear that these form as the PVC crosses the plane, with the center of the PVC matching
the center of the axial eddies. These measurements however provide no evidence that the vortices are
actually following an axial path (constrained only to the XZ plane) as suggested by Fig. 3.11. The three
dimensional nature of the flow cannot be neglected. The flow features observed in the instantaneous PIV
measurements are more likely explained by an axial/radial vortex that rotates with the PVC along the inner
shear layer while propagating downstream. The vortex would then follow a spiral pattern as has been

previously reported in literature.
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Figure 3-11 Phase progression showing the PVC at plane D for Reynolds number 180 000.
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Figure 3-12 Phase progression at plane A showing the downstream convection of axial/radial vortices.
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The identified vortex propagates axially following a sinusoidal pattern around the time-averaged
shear layer location. The shedding spatial wavelength, defined as the distance between two consecutive
vortices along the inner shear layer, was ~ 1.14D,. The axial vortex dissipated fully at approximately
X /Dy =1.2, as the vortex interacted with the liner wall. Between successive vortices there was a region of
strong shear separating the swirl jet and the recirculation zone, similar to Kelvin-Helmholtz instability

patterns.

The flow continues to be asymmetric until the jet collides and attaches to the wall. A strong coherent
asymmetry was observed until X/Dy = 0.91, but no periodic flow oscillations could be identified for
X /Dy = 1.54, as shown in Fig. 3.12. This result suggests that the large coherent structures associated with

the PVC are only relevant prior to interaction with the liner wall.
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Figure 3-13 Extracted oscillations from plane E and F (left and right respectively) measurements. Plane E
(left, X /Dy = 0.9) showed a significant propagating oscillation, Plane F (right, X/Dy = 1. 54) showed no
oscillation patterns. Note the different color scales.

An additional consequence of the PVC was an oscillation of the axial and radial velocities (and
momentum) at the outlet of the fuel nozzle. For the phase-time 1< 8 < 2 radians in Fig. 3.10, the mean
axial velocity exiting the swirl nozzle was maximum (1.06 — 1.14 V,..¢), decreasing on average by 44%
for all mass flows tested at a phase-time of —1 < 8 < —2 radians. This decrease in axial flow speeds
coincided with a simultaneous increase in radial speeds at the outlet of the nozzle as the trailing portion of

the PVC pushed the jet radially outward.

THE STOCHASTIC TURBULENT FIELD
The total fluctuation kinetic energy was separated according to its coherent and stochastic components. Fig.

3.13 shows the areas dominated by coherent structures for planes A and D respectively. The coherent

vortices play a significant role in the inner shear layer and recirculation zone close to the nozzle (> 40% of
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the total TKE in both the XZ and YZ planes). Close to the liner wall and beyond X /Dy = 1.5, the stochastic

turbulence dominated (< 20% contribution to the total fluctuation kinetic energy was attributed to coherent

structures). Profiles of the stochastic turbulent kinetic energy at the different cross-sections are shown in

Error! Reference source not found. Figure 3-14.

1.5
2 1.0
~
x

0.5

0.0

0 0.5 1.0
Z/D,
| o |

0O 10 20 30 40 50 60
% Coherent fluctuation

Y/D.

1.0
0.5
0.0
-0.5

-1.0

1.0 05 0
Z/0.

-0.5-1.0

0O 10 20 30 40 50 60

% Coherent fluctuation

Figure 3-14 Coherence structure contribution to the total fluctuation kinetic energy (including coherent and
stochastic components) for planes A (left) and D (right). Two dimensional.

Close to the combustor outlet, at X /Dy = 2.4, the stochastic turbulent kinetic energy is ~ 7 times

smaller than the average observed at the nozzle outlet, but the turbulence intensity was on average 47% due

to the low flow velocities (the recirculated intensity was 67%). The exiting flow along the combustor walls

at X/Dy = 2.4 carries on average ~ 1.3 times higher stochastic turbulent energy (0.011V,2, ) than does the

flow recirculating back to the combustor (0.0084V,% £)- The difference between the total and stochastic

turbulence at X /Dy = 2.4 was ~ 10%, indicating that the coherent structures only play a small role in the

fluctuations at the combustor outlet.
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Figure 3-15 Stochastic turbulence properties at downstream locations along the combustor. The stochastic
TKE was calculated according to triple decomposition.

HEAT TRANSFER ALONG THE LINER
Similar to the flow field experiment, the isothermal (non-reacting) heat transfer along the optical

can combustor equipped with the SoLoNOx nozzle from Solar Turbines Incorporated was characterized at
atmospheric pressure. Measurements were taken for Reynolds numbers between 11 500 to 140 000 with
respect to the combustor inner diameter (Re¢). In terms of the nozzle diameter, as defined in the flow field
section, these Reynolds numbers were equivalent to ~ 50 000 and ~ 600 000. The observed combustor
static pressure drops (1 — P,/P;) at these flowrates were between 0.61% and 30.42%. The lower mass flow
cases reproduced typical combustor pressure drops (< 3%), while the higher mass flow cases reproduced

typical combustor Reynolds numbers (Rec> 100 000).

While the data presented at this point does not account for combustion effects, the results are still
a necessary prerequisite to understand convective heat transfer within burners without the added
complexities introduced by reaction, such as sharp property gradients and multiple heat transfer
mechanisms. The optical combustor model developed is capable of operation at reacting conditions, which

will be the focus of the next Chapter.
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Experimental setup for the heat transfer measurement
The experimental setup used for the heat transfer measurements is shown in Fig. 3-16, and matches

the setup used for the isothermal flow field studies. As previously described, upstream of the main control
valve there was a ~ 2% accurate flow metering section and a pressure regulator (not shown in the diagram).
The pressure reducing regulator lowered the pressure to the required operating conditions and the main
control valve throttled the flow to the desired mass flow rate. An inline 192kW heater was also installed

but was not used for the current experimental results.

Industrial fuel
nozzle

Lirier 1 Heater (192kW)

Test section Main control valve

Figure 3-16 Experimental facility diagram.

The test section and coordinate system used for the heat transfer results is shown in Figure 3-17.
The coordinate system was defined at the axis of the combustor but is again shown displaced in the figure
for clarity. The heat transfer characteristics were observed to be axisymmetric and hence only a small
portion of the liner was used for the measurement of the convective heat transfer. The area used for the heat
transfer measurement is plane A as highlighted in Figure 3-17. To support the heat transfer observations,

the PIV measurements from Plane (B) in Figure 3-17.

Figure 3-17 Test section. The coordinate system was defined at the axis of the combustor but is shown
displaced for clarity. Measurement planes: (A) Heat transfer with IR thermography, (B) flow field with PIV.

HEAT TRANSFER METHODOLOGY
To measure the heat transfer along the liner wall, a thin surface heater (5 cm X 28 cm) was attached

to the inner wall of the quartz liner providing a wall heat input (Qy,). The wall heat input was determined
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from the electrical resistance of the heater and the voltage supplied (P = Q,, = V?/Rg). The inner wall
temperatures (Ty,) were derived from infrared (IR) measurements using a FLIR SC6700 camera, with a
detector spectral range of 1 to 5 um. The acquisitions were taken after at least 60 minutes to ensure thermal

equilibrium with the surroundings was attained..

A schematic of the heater placement on the liner is shown in Figure 3-18. The heater was covered
with thin aluminum tape to evenly distribute the heat flux generated and coated with a high emissivity paint
(emissivity of ~ 0.88) to increase the IR emission from the inner wall. The IR camera was positioned on
the acquisition side, past the liner wall opposite to where the heater was placed. The inner wall thermal
radiation from the heater is partially transmitted through the quartz glass, reaching the IR detector along

with the emission of the quartz liner itself.

Transmitted
emission

o

Figure 3-18 Top view schematic of the experimental setup for the heat transfer measurements.

During the experiment, air at ambient conditions was supplied to the test setup. The heater power
was adjusted to achieve the maximum allowable temperature at the given air flow. The heat transfer

coefficient, h, along the combustor liner wall was determined from following equation.

0ty — Qliss
n = 29
(Tw —T.) (29)

Where the wall temperature Ty, was determined from the IR acquisitions, Qyy is the heat flux applied to the
surface, T, is the air flow temperature, and the heat flux lost to conduction Q;, . was calculated from

experiments detailed in section 4.2.2.2 (Qrss = Qrossr + Qrossx + QLosse)- Teo Was estimated from the
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average of two thermocouples, one immediately at the outlet of the fuel nozzle and another at the outlet of
the combustor. The heat transfer coefficient acquisitions close to the combustor dome (X/Dy = 0), had
large heat losses, making the data for X/Dy < 0.2 unreliable. The large heat losses were due to a
combination of a lower heat flux distribution (that area corresponds to the edge of the surface heater) and

higher lateral conduction losses (to the dome metal pieces).

CALIBRATION OF THE INNER WALL EMISSION
It was important to demonstrate that the IR camera could measure the inner wall emission reliably,

without being overwhelmed by the quartz liner IR emission. Selection of the appropriate heater setting was
based on maximizing the inner wall signal received by the IR detector (transmitted emission) without
exceeding the allowable temperature for the heater materials. The emissivity of the black coating (€y,) was
estimated as 0.88 (at all wavelengths), while the spectral emissivity (€;,) and transmissivity (t; o) of the
quartz liner were estimated from Lambert’s and Kirckhoff’s laws (Equations 36 and 37 respectively),

neglecting the reflectivity of the quartz (typically less than 2%).
1-— aA'Q = tA,Q = eXp(_KA'QL) (29)
aA,Q = EA,Q (30)

The spectral absorption coefficient K, was taken from [17] for their KI glass at 1073 K (absorption
increases with temperature, hence this represents a worst case scenario), and L was equal to the quartz liner
thickness (4 mm). The total emission from the inner wall was calculated by integrating Planck’s Law of
spectral radiance over the IR detector spectral range as given by following equation, accounting for the

optical properties of the wall and liner.

2hpc? 1
Bi{AT) = —3 hoe (3D
exp (AKBT) -1
5um
1pm

The result of the ratio of transmitted emission (R;) to total radiation received by the detector (Ry)
for different quartz and inner wall temperatures are shown in Fig. 3.18. During the experiment, the lowest
wall temperature (at the point where the swirling jets impinge on the liner) was ~ 360 K, while the quartz
temperature was approximately equal to the combustor flow temperature T, and maintained below 293 K

for all the cases tested. This implies that the transmitted inner wall emission contributed at least 50% to the
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total radiation received by the IR camera. The maximum temperatures observed along the liner were ~

420 K, corresponding to >80% of the acquired signal due to the transmitted emission from the inner wall.

To characterize the effective emission from the heated inner wall surface, the IR readings were
compared against in-situ thermocouple measurements. All the TCs used were T-Type (errors of 0.5 K)
with diameters of 0.08 mm for faster response times. The results, shown in Fig. 3.19, were fitted with a 6™
order polynomial to obtain the calibration curve for the inner wall surface temperature in terms of the IR

temperature reading.
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Figure 3-19 Estimated ratio of transmitted to total emission received by the IR detector, to validate that
measurements of the inner wall are possible through quartz glass.
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Figure 3-20 Calibration of the IR reading to the thermocouple reading of the inner wall temperature.
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Ty = —1.06415 x 10~ T& + 7.63843 x 107 "Tj; — 1.23544 x 10~3T/% + 8.06158 x 1071 T
— 2.63483 x 102Tf% + 4.30780 X 10*T;g — 2.81716 x 10° (33)

Where T,, is the wall temperature measured by the thermocouples and T;yis the reading from the IR camera,
both in Kelvin. The total uncertainty band (three standard errors) in the fitted curve for calibration was

+9.54 K as shown in the figure.

THREE DIMENSIONAL HEAT LOSS CHARACTERIZATION

The heat lost to the quartz liner and surroundings (Q0ss) Was measured by applying a heat flux to the wall
while there was no flow through the combustor. Since there is no flow, the heat flux applied is primarily
dissipated by the wall on the backside of the heater. Several heat loss experiments at different heat inputs
were carried out to obtain a loss curve that relates the heat lost, to the temperature difference between the
surface of the heater and the ambient air (the heat sink temperature). The energy balance for a heat loss (no
flow) experiment is given by Equation 41, where the supplied heat is lost to natural convection within the

combustor and to conduction losses in the radial, azimuthal, and the axial directions.

Qw.no flow = Qrossr T QLossx + QLoss,e + MnatA(Tyw — Teo) (34)

For the heat loss calculations, the azimuthal component was approximated as a vertical component to
simplify the analysis, i.e. Qo559 = QLossy- The natural convection component within the combustor was
estimated according to standard correlations for free convection from a vertical surface as given by
following equation.

1/4

L
(1 + (0.492/Pr)®/16 )#/9 (35)

_ 0.67 Ra
Nu, = 0.68 +

Where Ray, is the Rayleigh number (L = 51 mm), with properties evaluated at the corresponding
film temperature. According to the calculations, hp,¢ ~ 8.4 Wm™?K"', which on average accounted for the
dissipation of 14.5% of the total heat load applied to the wall. A conservative uncertainty of 20% was
assumed for the natural convection dissipation while calculating the errors associated with the heat loss

characterization.
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Figure 3-21 Temperature distribution of the heater surface during a no-flow experiment to calculate the
conduction heat losses.
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Figure 3-22 Radial heat flux lost due to conduction.

An example of the heater temperature distribution after a steady state heat loss measurement is
shown in Fig. 3.20. Close to the center of the heater a temperature maximum was observed, indicative of
significant conduction in the X and Y directions, assuming Qu no fiow provided by the heater was uniform.
The point of maximum temperature during any heat loss experiment corresponds to zero conduction heat
losses along the azimuthal and axial direction (Qpssy = QLossx = 0), there is only conduction into the
quartz liner (Qpss r) and natural convection occurring. This is because the temperature gradients along Y
and X at that location are zero. Error! Reference source not found. shows the measured Qg5 g curve o

btained from the maximum temperature area for the six heat loss measurements taken for this study. It is
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important to note that while the radiative heat loss is not explicitly accounted for, it is part of Q1 pss . The

radiative heat transfer from the surface contributes at most 30% to the total radial heat loss.

At any other point on the heater surface, the remainder of the heat supplied after removing the
convective loss and Q;pss g Was due to the azimuthal and axial heat losses. To estimate these components,
the locations along the heater where the axial and azimuthal temperature gradients were zero were
identified, which equal to zero heat loss in the respective direction. The zero azimuthal temperature gradient
corresponded to the point of maximum temperature at each axial location. At these locations there was no
azimuthal heat loss and the axial conduction loss could be estimated. This was similarly done for the
azimuthal component of the heat loss. For the case of the radial heat loss, the temperature potential driving
the heat flux could be clearly identified (ambient temperature constitutes the sink temperature), this
however is not the case for the axial and azimuthal heat loss components as these components depend on
the instantaneous temperature gradient in those directions. The noise in the raw experimental data
complicated the extraction of the local temperature gradient. For this reason, the maximum temperature
profiles along X and Y (where the alternate heat loss component was zero) were fitted with a 6" order
polynomial from which the temperature gradient was determined. Fig. 3.21 shows the resulting heat loss in
the axial and azimuthal directions as a function of Ty,dTy,/dL (where L is either Y or X for the azimuthal
and axial heat loss components respectively) from the different heat loss experiments. The discrepancies
between cases and directions are due to non-linear effects (conductivity changes with temperature), errors
in the temperature gradient, and non-uniformities in the heat flux applied. The heat losses calculated are
representative of an effective conductivity in each of the directions. For a constant conductivity case, it
would be expected that the heat loss curves shown in Figs. 3.20 and 3.21 would be linear, which is

approximately satisfied by all the heat loss components.

Using the calculated heat loss characterization for the pixels that were subjected to the three heat
loss components resulted in less than 2% unaccounted heat flux. While the errors in the axial component
of the heat loss are large, its contribution to the total heat loss is one order of magnitude smaller compared

to that of the radial heat loss.
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Figure 3-23 Axial and azimuthal heat flux lost due to conduction.

TOTAL UNCERTAINTY FOR THE HEAT TRANSFER MEASUREMENT

The overall uncertainty in the heat transfer experiment was attributed to errors in Ty, Te, Qyy, and Q;p -
Errors in the inner wall temperature (Ty,) were 9.62 K, accounting for the calibration error (three standard
deviations, 99% of the observations) and the thermocouple accuracy of 0.5 K. The total uncertainty for
the combustor flow temperature (T, ) was 1.92 K, including the difference between the combustor inlet and
outlet temperature and the accuracy of the thermocouples. The wall heat flux error was calculated from
errors in the heater electrical resistance of £0.3 () and errors in the voltage supplied of +£0.5 V, this error
was also considered during the heat loss calculation. The heat loss errors were estimated according to the
errors shown in Figs. 3.21 and 3.22. The total relative error for the heat transfer coefficient was on average
between 5.1% and 10.8% depending on the mass flow case. The majority of the error was due to the inner
wall calibration uncertainty. Errors in Q;,s and Qy, combined accounted for at most 3.2% uncertainty in

the HTC.

Experiments were tested for repeatability at different heater settings (lower temperature) with
statistically insignificant differences smaller than 2%. It was also verified that the steady state condition
was reached after 60 minutes by comparing results for data acquisitions after 60, 120, 180, and 240 minutes;

the results were on average within £1.3% of the 60 minutes result..

EXPERIMENTAL RESULTS
Results are presented in terms of the Nusselt numbers (non-dimensional HTC) as given by Equation 43.
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Nu = & (36)
ko

The Nusselt number introduces an ambiguity to the result when defining the reference temperature for the
calculation of gas properties. In the case of the experiment, the bulk flow properties were used for the
Reynolds number and Nusselt number following the convention adopted by modern turbulent pipe flow
correlations [18-20]. The Nusselt numbers were normalized with respect to the Dittus-Boelter correlation
for fully developed turbulent pipe flow and the result is reported as an enhancement along the combustor
wall as done by Patil et al. [9] and Andreini et al. [21]. Other correlations for turbulent pipe flow are shown

to yield only small differences, with increasing significance at higher Reynolds numbers..

HEAT TRANSFER AND COMPARISON TO THE FLOW FIELD

The heat transfer distribution on the liner was observed to be invariant along the azimuthal dimension, as
expected from the symmetry of the swirling flow and test setup. For this reason, the HTC obtained from
the IR imaging was vertically (azimuthally) averaged and only the variation along the axial dimension is
reported (vertical variability was <1.5%). The Nusselt numbers obtained for Reynolds numbers extending
from 12 000 to 138 000 are shown in Fig. 3-24. The normalized Nusselt numbers with respect to the fully
developed flow correlation is shown in Fig. 3-25 (fluid properties were evaluated at the estimated bulk flow

temperature).

Andreini also showed coincident enhancements away from the impingement location, with only a
small decrease in peak enhancement with increasing Reynolds. This is an important observation, because
it implies that measurements at lower Reynolds numbers can capture the location of maximum heat transfer
along the combustor and the approximate distribution of isothermal convective heat loads. The data suggest
that the area of high heat transfer broadened at higher Reynolds numbers, extending from X /Dy = 1 to 1.3,
however this could also be due to experimental uncertainties. The highest mass flows required high heat
inputs (electrical currents) leading to significant heater non-uniformities that caused the apparent axial

oscillations observed in the data.

While Fig. 3.24 suggests that there is a slight decrease in maximum enhancement with increasing
Reynolds, this is possibly related to the limitations of the Dittus-Boelter equation. Modern correlations for
fully developed turbulent pipe flow heat transfer such as those proposed by Gnielinski (based on the work
of Pethukhov) and Sleicher and Rouse apply to a broader range of conditions and have been validated
against more extensive sets of experiments. While the difference in the heat transfer result is small between

correlations (<10% for the conditions in the current investigation), there is a noticeable difference at higher
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Reynolds numbers. Fig. 3.25 shows the spatially averaged and maximum enhancement with respect to
different formulations for fully developed pipe flow heat transfer. The lower enhancement at higher
Reynolds numbers as suggested when using the Dittus-Boelter equation, weakens when normalizing with
respect to other correlations. This seems to imply that the decrease in enhancement may be partly due to
errors in the scaling with Reynolds number as given by the Dittus-Boelter equation (Re®®), compared to
that of for instance Sleicher and Rouse [22] (Re®83). Evaluating the Nusselt number with properties at the

film temperature further reduced this apparent decrease in enhancement.
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Figure 3-24 Experimental Nusselt numbers for several Reynolds numbers
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Figure 3-25 Normalized Nusselt numbers (enhancement or augmentation) with respect to the Dittus-Boelter
correlation for fully developed pipe flow.
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Figure 3-26 Maximum and axially averaged enhancement with respect to different correlations for fully
developed turbulent pipe flow.

Based on the normalized flow field, the point of flow reattachment on the liner was observed at
X /Dy = 1.15, downstream of the location of peak heat transfer, which was observed at X/Dy = 1.03 +
0.02 for all mass flow cases. A consistent observation was also made by Dellenback et al [23], with their
peak heat transfer on average ~ 0.33 step heights (0.16Dy, for their setup) upstream of their re-attachment
point. For the current experiments the peak heat transfer appeared to match the location where corner
recirculation flow starts at around X /Dy = 1. The mismatch between the reattachment point and the peak
heat transfer was not reported in other investigations [9,21]. This mismatch could be due to the increased
shear (and mixing) as the flow at the impingement location turns into the corner recirculation. The
normalized flow field studied, suggested that the flow is self-similar for the range of Reynolds numbers
measured. This is further supported by the constant heat transfer distribution and peak location at all mass
flows, implying that there were no significant transitions in the fluid dynamics at higher Reynolds numbers

as has also been reported by others.

CONCLUDING POINTS ON THE ISOTHERMAL AERODYNAMICS AND HEAT TRANSFER
In this chapter, the isothermal steady and unsteady fluid dynamics generated by an industrial low

emission fuel nozzle at atmospheric pressures were characterized. A triple decomposition of the velocity
field was performed based on a POD methodology, resulting in the separation of the instantaneous velocity
into its time-averaged, coherent (periodic), and stochastic components. The methodology allowed for the

study of the PVC and its downstream propagation.
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It was observed that the coherent structures account for over 30% of the total fluctuation kinetic
energy along the inner shear layer and within the recirculation zone close to the nozzle exit plane. No
dominant coherent fluctuations were identified beyond the point at which the swirl jet impinged on the
combustor wall. These results imply that to properly capture mixing between the swirling jet and the

recirculated gases, coherent structures must be accounted for in numerical models.

The anisotropy in the stochastic turbulent properties was observed to be most significant within the
jet (particularly the axial component of the fluctuations) while the inner recirculation had relatively
isotropic stochastic turbulence. The coherent structures further magnified the anisotropy in the total
fluctuation. Strong asymmetry was also observed in the flow velocities, with the PVC causing oscillations
compared to the time-averaged results in the axial and tangential velocities close to the nozzle exit of 44%
and over 19% respectively. The data presented is critical to understand turbulent mixing and the dynamics

within combustors, and to develop accurate models of combustor flows.

Furthermore, the non-reacting heat transfer for the optical gas turbine combustor model was
characterized experimentally. The experiments were carried out for Reynolds numbers with respect to the
combustor diameter between 12 000 and 138 000. The obtained Nusselt numbers were normalized with
respect to several correlations for fully developed turbulent pipe flow to study the heat transfer
augmentation with Reynolds number. The augmentation results in general were approximately constant,
indicating that the correlations captured the increase in heat transfer with operating Reynolds number
properly. A slight decrease in enhancement was suggested by the augmentation results, however this
decrease is barely outside the uncertainties in the measurements. The decrease in augmentation is further
diminished when using modern correlations, instead of the traditional Dittus-Boelter equation. This result
implies that the characterization of the isothermal heat transfer at lower Reynolds numbers can be
adequately scaled to other operating mass flows according to the Reynolds scaling given by the correlations.
The experimental heat transfer results were compared with the annular combustor measurements from
chapter 2 yielding a difference of ~ 6.1% for the maximum observed heat transfer along the liner. The
laterally averaged Nusselt numbers from annular combustors at the location of maximum enhancement
were within 10.5% of the average Nusselt numbers observed axially along the can combustor in this
investigation. The agreement between the lateral average from annular combustors and the axial average
for the can combustor model can be explained if the decay in the augmentation laterally and axially are

similar.

The maximum and average heat transfer were also correlated according to a modified Gnielinski

correlation to account for the augmentation within the combustor primary zone. The study presented in this
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chapter highlights the need for additional data to characterize combustor heat transfer for different burner
geometries. In particular, there is no comprehensive data set on the simultaneous impact of nozzle to

combustor expansion ratio and nozzle swirl number on the liner heat transfer.

NOMENCLATURE

A Cross-sectional area of the fuel nozzle or area of the surface heater [m?]
a,b Fourier polynomial coefficients

a Absorptance

B; Spectral radiance from Planck’s Law [W m™ sr’']

c Speed of light [299 792 458 m s']

CRZ Central Recirculation Zone

D Diameter

Dy Nozzle diameter

f Generic field (velocity/turbulence)
f Time averaged field

f Coherent/periodic field

f' Stochastic field

G Axial flux of momentum [N]

h Heat transfer coefficient [W m? K™']

hp Planck’s constant [6.62607004 X 1073* m? kg / s]

ii Total number of vectors in the i direction
Jj Total number of vectors in the j direction
K Absorption coefficient
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k Conductivity

Kp Boltzmann constant [1.38064852 X 10723 m? kg s K]

L Thickness of the quartz liner [4 mm]/reference length or direction [m]
m Mass flow [kg/s]

myp  Non-dimensionalized mass flow

Nu Nusselt number

PIV  Particle Image Velocimetry

POD  Proper Orthogonal Decomposition

PVC  Precessing Vortex Core

P Power [W]

P, Pressure at the combustor outlet

Ps Pressure at the combustor inlet

Pr Prandtl number

P Static inlet pressure to the combustor

Q Heat rate [W]

Q” Heat flux [W m™]

R Radiance [W m™ st™']
R Nozzle throat radius
Rq Resistance [Q]

Re Reynolds number

S Swirl number

TKE  Turbulent Kinetic Energy
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T, Static inlet temperature to the combustor

T Temperature

t Transmittance

u X-velocity component

1% Velocity [m s'], bold indicates matrix of all points

A" Voltage [Volts]

Ve  Reference velocity for different mass flows [m s

v Y -velocity component

w Z-velocity component

X Axial coordinate along the combustor axis (direction of the bulk flow) [m]
Y Vertical coordinate perpendicular to the combustor axis [m]
Z Horizontal coordinate perpendicular to the combustor axis [m]
X Eigenvector , bold indicates matrix of eigenvectors

€ Emissivity

A Wavelength [m]

[0) POD mode, bold indicates matrix of POD modes

0 Phase within the period of the coherent fluctuation

u Dynamic viscosity [kg m™ s7']

) Covariance matrix

Subscripts

C Combustor primary zone

F Evaluated at the film temperature
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IR Refers to the infrared camera
k Eigenvector index

LOSS Refers to thermal conduction heat losses

n Snapshot index (PIV)

N Nozzle

nat Refers to natural convection

Q Refers to the quartz liner

R Radial component

w Evaluated at the wall or at the wall temperature
X Axial component

Y Vertical component (perpendicular to axial)

Z Horizontal component (perpendicular to axial)

0 or ¢ Tangential component
A Spectral

00 Evaluated at the flow bulk temperature

79



Chapter 4 REACTING STUDIES OF HEAT TRANSFER AND
FLOW

HEAT TRANSFER EXPERIMENTS FOR SURFACES AT LOW TEMPERATURES
A schematic of the main components used for these experiments is shown in Fig. 4-1. No transition

piece or exhaust systems were installed for these measurements (to reproduce the results obtained in
Chapter 4). The reason for the simplification was to facilitate instrumentation of the primary combustion

zone (using thermocouples) and cleaning of the liner (soot fouling, or coating failures).

Industrial fuel
nozzle

Liner 1 Heater (192kW)

Test section Main control valve

Figure 4-1 Experimental facility diagram.

The simplified test section consisted of a single quartz liner optical can combustor, equipped with
the industrial low emission, fuel pre-mixed swirl nozzle provided by Solar Turbines Incorporated
(SoLoNOx ® nozzle). A cross-section of the test section is shown in Fig. 4.2, where the blue and red
arrows indicate the test section inlet and outlet. Details of the liner and fuel nozzle can be found in Chapters
3 and 4. As a brief summary, the liner was made out of a fused silica (quartz) cylinder with an inner diameter
of mm, a thickness of 4 mm, and a length (including the end metal piece) of 216 mm. The fuel nozzle
consisted of an axial swirler with fuel injectors immediately downstream of the swirler vanes for fuel pre-
mixing. Fuel was delivered to the nozzle through a pilot and a main fuel line, both of which were

independently controlled and metered.

Initial measurements of the liner wall temperature displayed an axisymmetric pattern (no variation
along the circumferential direction). This allowed for the simultaneous acquisition of the inner and outer
liner wall temperature profiles by measuring both at different azimuthal locations on the liner wall. The
inner (flame side) and outer (coolant/ambient side) liner walls were coated with a high temperature opaque
black paint (Rust-Oleum®). The outer black coat was only applied to the top half of the imaged liner
surface, allowing for acquisition of the inner wall temperature on the bottom half. Because of the

axisymmetric heat load, both measurements were assumed to be concurrent and collocated along the liner.
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All the surface temperatures were derived from infrared (IR) measurements using a FLIR SC6700 camera,

with a detector spectral range of 1 to 5 .

black coat

Inner blacli
coat

Figure 4-2 Schematic the setup for the heat transfer measurements.

As described in the following section, the temperature at the inlet of the combustor changed
throughout the time-dependent experiments, modifying the gas viscosity and by consequence the Reynolds
number. The Nusselt number (Nu) was defined similarly, in terms of the combustor diameter and using

properties at the combustor inlet temperature.

A non-reacting experiment was carried out to validate the methodology by comparing the results
to the steady state measurements using a thin wall heater presented in Chapter 4. The validated methodology

was then applied to representative reacting cases.

UNSTEADY NON-REACTING EXPERIMENTS
Non-reacting unsteady measurements were performed for burner Reynolds numbers with respect

to the combustor diameter of approximately 11 500, 24 000, 43 000, and 72 600. These experiments
consisted of setting the appropriate mass flow, followed by increasing the working fluid temperature
steadily until a set point of ~ 475 K was reached. The ramp up period lasted between 120 and 200 seconds
depending on the controller settings of the inline 192 kW heater (to maintain stability the response had to

be slower for the higher mass flow cases). The unsteady non-reacting experiments lasted 240 seconds.
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The temperatures within the combustor model for the non-reacting cases were monitored using 40
AWG gage T-type thermocouples (TCs), with an accuracy of 0.5 K and response time constants of ~ 0.05
seconds (for air at a speed of 20 m s per the manufacturer specifications. Two TCs were placed at the fuel
nozzle outlet (one at the top and the other at the bottom of the nozzle), with a third TC located approximately
1 cm normal to the liner wall at the location of peak heat transfer based on preliminary measurements (this
TC was to estimate the impinging jet temperature close to the liner wall). The temperature at the top of the
nozzle was taken as the reference to calculate the heat transfer coefficient. Particularly for the lower
Reynolds cases, what appeared to be temperature stratification was observed (differences between the top
and bottom temperatures were 12K). The temperature at the exit of the nozzle for the highest and lowest

mass flow cases are shown in Fig. 4-3.

500 500
Nozzle (Top) Nozzle (Top)
—_ Nozzle (Bottom) —_ Nozzle (Bottom)
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Figure 4-3 Temperature during an unsteady experiment at different locations within the combustor model for
a Reynolds number of ~12 000 and 73 000 (left and right respectively).

At the highest Reynolds numbers, turbulent mixing minimized the temperature difference
compared to the lower Reynolds number. The discrepancy can be further attributed to the uncertainty in the
location of the thermocouple with respect to the exit temperature profile from the nozzle. While the
thermocouples were placed at the centerline of the nozzle annular channel, the combustor flow was
sufficient to shift the thermocouples out of position. While for the top thermocouple the shift would keep
the TC within the jet area, the bottom TC could have potentially moved into the inner shear layer (because
of the jet expansion angle and where the thermocouples were pivoted). Assuming the pre-heater exit profile
is approximately uniform, the difference was attributed to experimental error and the maximum temperature

observed was used for the analysis.
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Steady state non-reacting validation experiments
The steady-state measurements taken in Chapter 4 served as validation for the unsteady results.

Readers can refer to that chapter for a complete description of the experiment. As a summary, the validation
experiments consisted of applying a surface heat flux to the inner wall of the combustor using a thin heater
(Fig. 4-4). The heat transfer coefficient was evaluated according to Equation 35 (Chapter 4). The heat flux
lost to conduction Q;ss Was calculated from a separate set of experiments (Q)ss Was on average
0.32Qyy). T, was estimated from the average of two thermocouples, one immediately at the outlet of the
fuel nozzle and another at the outlet of the combustor. The heat transfer coefficient acquisitions close to the

combustor dome (X/Dy = 0), had large heat losses, making the data for X/Dy < 0.2 unreliable.

wall
heater |

Imaging
through liner

Figure 4-4 Side view schematic of the setup indicating the location of the wall heater for the steady state
validation experiments.

Unsteady reacting experiment

A single reacting experiment to test the methodology was taken. The IR camera sensor saturated at
575 K, which limited the measurements to low wall temperatures. Adding a neutral density (ND) filter to
the IR sensor could have increased the maximum measurable range but would have prevented accurate
acquisitions near ambient temperatures. The methodology developed relied on the complete temperature
history of the liner and thus these initial measurements were taken without the ND filter. Section 5.2 details

experiments with a guessed initial condition when using a filter to measure higher temperatures.

The reacting experiment was taken at the lowest Reynolds number with respect to the combustor
diameter (11 500) for an equivalence ratio of ~ 0.5. This was done to maintain low wall temperatures for
a longer period of time, increasing the amount of data available to characterize the heat transfer. The air
and fuel mass flows, as well as the equivalence ratio throughout the experiment are shown in Fig. 4-5 and

fig. 4-6. Fig. 4-7 shows different time snapshots of the flame at important transition times in the flame
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structure. The peak in fuel at around t = 40 s (Figure 4-5) corresponded to the activation of the fuel valves

prior to ignition.
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Figure 4-5 Air and fuel mass flows during the reacting experiment. The scales for the air and fuel are shown
on the left and right axis respectively.
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Figure 4-6 Equivalence ratio calculation based on the mass flows during the experiment.
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Sudden cone

Figure 4-7 Flame pictures at times when the flame structure changed. The conical structure at t=70 s was
maintained for less than 4 seconds.

First the pilot flame was ignited with no air flow, at around t = 52 s. Once the pilot flame was
ignited, the air flow was slowly increased to make the pilot flame lean, followed immediately by the gradual
introduction of fuel to the main air path for pre-mixing. At around ¢ = 70 s, the conical flame structure
formed by the pre-mixed swirl jets exiting the nozzle first appeared, lasting for only a few seconds as the
main air was further increased to reach the air mass flow set point. The equivalence ratio time series plotted
in Fig. 4.6, also shows a peak at around t = 70 s. The magnitude of the peak was likely higher but was not
properly captured due to the time resolution of the air flow meter. At around t = 87 s, the final flame was
obtained which lasted for approximately 30 seconds before the wall temperatures reached the calibration

limit of the IR camera.

ANALYSIS METHODOLOGY FOR UNSTEADY HEAT TRANSFER

The analysis consisted of acquiring the time evolution of the inner (flame side) and outer (ambient/coolant
side) wall temperatures on the combustor liner. These temperatures were then used as boundary conditions
in a finite difference model to calculate the temperature distribution across the liner thickness. From the
inner wall temperature gradient in the solved temperature distribution, the heat flux from the working fluid
into the material was estimated. This heat flux was finally used to calculate the heat transfer coefficient

based on a reference temperature of the working fluid.
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As mentioned previously, it was observed experimentally that the heat transfer characteristics were
invariant along the azimuthal direction. That is, there were no variations in the temperature around the liner
circumference at any given axial location. This was an important observation, because it allowed the
modeling of the combustor liner as a two dimensional solid with only temperature variations along the axial
and radial coordinates. The azimuthal boundaries in the numerical model were considered adiabatic
surfaces (0T /00 = 0). The solution of a two-dimensional cylindrical solid temperature distribution is a
standard problem in conduction heat transfer, where the heat equation for the temperature of an inner point

within the liner thickness at a given time is expressed by the following equation.

aT 6( aT) 1 6( 6T> 37)

Pooge = ax\Vax) Y7o ar
The conductivity of the quartz y, and the product pC, are a function of temperature, and hence
implicitly a function of location and time. Equation 47 was discretized using the implicit Euler method,
with first order finite differences in time and second order in space. The discretized equation is given by
Eq. 48 in terms of the space node indices i and k (x and r coordinates respectively), and time index n. To
simplify the numerical solution, the thermal properties of the quartz where assumed to be constant for the
evaluated time step, with their values updated based on the temperature from the previous time step. The
model radial dimension extends from 1, = 101.5 mm (at the inner liner boundary) to 13, = 105.5 mm (at
the outer boundary). The axial dimensions extend from the dome plate at x, = 0 mm to x;; ® 160 mm
(limited by the field of view of the IR camera).
T — TR
(o)

e (T = 2T + T
- yi,k Ax?

+1 n-1 Tlerr — Tik-1
r Vik 2Ar

et Tiker = 2T + Tik—q
tVik' T A2

(38)

After rearranging unknown terms to the left of the equation and known terms to the right, the formulation

at each node in the solid becomes as follows.
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The coefficients for the unknown temperatures were input into a square matrix of size ii * kk X ii *

n-1
(pcp) i k _
b = —Atl' Tt (39)

kk with a solution vector given by the right hand side of Eq. 49. The system of equations was solved using
the Armadillo C++ library (based on the LAPACK library). The constant temperature boundary conditions
atk = 0 and k = kk were given by the IR readings and the axial boundaries were modeled as adiabatic
(To = Tiy and T}, = Tjj_; ;). The heat flux normal to the inner liner wall (from Fourier’s law) was
equated to the heat transfer from the working fluid according to an energy balance at the boundary as shown

by following equation.

oT

_VE _— = h(Trzro - Too) (4'0)

In terms of the discretized variables and node indices, the heat transfer coefficient was evaluated

according to the following equation.

n n
ko — Tik1 1

Ar (TL.’}) — OO)

n_ _.n-1
hi = Vik

(41)
Where kO and k1 are the reference elements taken to estimate the temperature gradient. For the results
presented kO = 0 and k1 = 2 were used in the grid with a total of kk = 15 elements along r. Using k0 =
1 and k1 = 3 significantly lowered the variability of the results but also lowered the heat transfer

coefficients and heat fluxes by ~ 5% and ~ 8 respectively.

The implicit Euler method was selected due to its stability and simplicity. However, because the
material properties were evaluated based on the previous time-step, a conservative grid resolution of nn =

1000, kk = 15, and ii = 50 was selected for experimental runs 240 seconds long. This grid yielded
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acceptable spatial resolution at reasonable computational times (solving for the entire time evolution would
take approximately 2 hours with a personal computer using an Intel® Core™ i7-2620M 2.70MHz

processor).

INFRARED ACQUISITION THROUGH QUARTZ GLASS
The SC6700 FLIR infrared (IR) camera spectral sensitivity range between 1 and 5 overlapped with

the fused silica absorption spectrum. A similar spectral radiance analysis as that presented in Chapter 4 was
used to evaluate if the wall temperatures could be reliably acquired across the quartz glass. A schematic of
the setup in the experiment is shown in Fig. 4.8. The schematic shows the black opaque coating for both
the inner and outer liner walls, however it is important to reiterate that the outer black coating was only
applied to half of the liner (the inner coat was for the entire liner, see Figure 4-8). In other words, from the
perspective of the IR camera, the top and bottom halves of the liner are representative of the outer and inner
wall temperatures respectively. As previously discussed, given the symmetry of the system, this allows for

the simultaneous acquisition of the inner and outer wall temperatures.

P

Quartz liner (T )

ToIR Black coat (T j)

camera Black coat (T o)

RL,I

-

Figure 4-8 Top view schematic of the combustor setup for the unsteady heat transfer measurements showing
the relevant components of the radiance received by the IR detector.

Calibration of the inner and outer walls was accomplished by comparing the IR measurement to
coincident surface thermocouple data (T-Type, 0.5 K accuracy). Quartz glass has low transmittance and
high emittance for wavelengths above ~ 2.6 pm. Without any provisions to limit the quartz emission in the
IR recording, the calibration of the inner wall would be heavily dependent on the instantaneous quartz
temperature. For this reason, a filter, with spectral transmittance 7, r and emittance €, r, was added for the

inner wall temperature measurement (as shown in Fig. 4.8). The filter would then reduce the radiance from
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the quartz liner and improve the calibration consistency throughout the experiment. This was only necessary
for the inner wall emission, since the outer wall emission was not contaminated by the thermal radiance
from the quartz liner. Kirckhoff’s law of thermal radiation (Eq. 52) states that the spectral emittance (€;)

and absorptance (a;) of a material are equal to each other when in thermodynamic equilibrium.
a, = €y (42)

Hence, a suitable filter material to absorb the radiation from quartz at high temperatures (emitting
according to €, o) could be another piece of quartz at low temperature (a; r = a; 9 = €;,9), which would
preferentially absorb at the wavelengths were the quartz liner emittance is highest. In turn, given the filter
is at approximately a constant temperature, it would emit a relatively constant (and lower) radiation
throughout the experiment, therefore improving the calibration for the inner wall. Using a cold piece of
fused silica as a filter assumed that the spectral characteristics of the quartz do not vary significantly for the
range of temperatures in the experiment [ 17, 24]. Prior to the experiment, it was important to determine the
viability of measuring the inner wall temperature by filtering the quartz liner radiation. Detailed absorption
coefficient data for fused silica (quartz) at 293 K were taken from [24] to estimate the spectral emittance

(€2,0) and transmittance (7o) of quartz according to Lambert’s (Eq. 53) and Kirckhoff’s laws (Eq. 52).

Reflectance was neglected and the material thickness L was 4 mm for the liner and 6.4 mm for the filter.
1—ayg=130= exp(—KA,QL) (43)

The total radiance (Ry) received by the IR camera from the filter (Rg), quartz liner (R,), and
coatings at the surface walls (R, ; and R ;) was determined by integrating Planck’s Law (B,, Eq. 54) over
the IR detector spectral range, accounting for the spectral emittance and transmittance of the different
materials. Equations 55 and 56 are the total radiance formulations for the inner and outer liner respectively

(for this theoretical analysis atmospheric transmission was neglected).

2hpc? 1
BTy =2 L (44)
eXp(AKBT)_l
RT,I = RL,I + RQ + RF (4‘5)
5pm
f TA,FTA,QEWBA(/L TL,I)dA+ TA,FEA,QBA(A: TQ)dﬂ + GA,FBA(/L Tp)dl (46)
lpm
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S5um
RT,O = RL,O = f EwBA(A, TL,O)dA (47)

1pum

The emissivity of the black coating () was estimated as (at all wavelengths). Since the filter material
analyzed was also quartz glass, and . The relative spectral radiance over the IR detector range for the inner
wall measurement with and without filter is shown in Figure 4-9 for K with K. Figure 4-10 summarizes
the results for two other temperature cases as well. Figure 4-9 indicates that without the filter, the quartz
radiation would dominate (72-84%) the total signal received by the IR camera. The addition of a filter

lowered the contribution of the quartz liner to the total detected radiance to below 38% per this theoretical

analysis.
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Figure 4-9 Theoretical calculation of the radiance from the fused silica (quartz) liner and the inner wall with
and without the filter. The liner radiance was significantly reduced.
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Figure 4-10 Calibration of the inner and outer wall IR temperature readings as measured from five
experimental runs.

Table 4-1 Estimated radiance detected by the IR camera for the inner combustor wall measurement with and
without filter at different temperatures.

With filter [W m? sr'! m™] Without filter [W m? sr'! m’]

Temperature case Ry R, Rp Rp /Ry Ry Ry

Ty =T,, = 320K, Ty = 293K 026 016 13 1.63 0.58 3.02
To =T, =385K,Tr = 293K 2.49 1.12 1.3 2.22 4.62 16.31
T, =T, = 450K, Ty = 293K 129 467 13 277 21.43 55.0

The radiation from the outer liner wall had no contamination (other than absorption from the
atmosphere) and the calibration was straightforward with surface thermocouples. The calibration curves for
the inner and outer walls are shown in Fig. 4.10 from five experiments at different heating rates and
temperature ranges. The standard error in the inner and outer wall calibration polynomials was respectively

1.5 K and 0.56 K.

Uncertainties in the measurement
The calculation of the heat transfer coefficient at the wall was obtained from Eq. 51. The total

uncertainty in the heat transfer coefficient was calculated by propagating the error from the different

variables in the formulation. The total uncertainty was hence given by uncertainties in the temperature
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gradient (dqr/q4r), the thermal properties of the material (o, = 5%), and the surface (o,; = 3.0K, as a
worst case scenario) and flow temperatures (o, = 0.5 K). The uncertainty in the temperature gradient was
estimated from the maximum uncertainty in the difference between the inner and outer liner wall
temperatures and the liner thickness; resulting in an estimated uncertainty of 900 K m™. The resulting total
uncertainty for the heat transfer coefficient varied depending on the time step. Close to the start of the
experiment, the heat flux to the liner wall was negligible and no accurate heat transfer coefficients could be
acquired. For a wall heat flux of 5 kW m™, the uncertainties were ~ 25%, decreasing to below 14% for

heat fluxes greater than 10 kW m™.

UNSTEADY NON-REACTING COMBUSTOR HEAT TRANSFER

The 42 800 Reynolds number case corresponded to the design Mach numbers through the Solar
Turbines Incorporated fuel nozzle used and was taken as the baseline for the analysis of the results (equal
to Rey = 180 000 in Chapter 3, with respect to the nozzle diameter). The calculated temperature profile
across the liner thickness for different time steps is shown in Fig. 4.11. Each black line corresponds to a
different axial location along the liner. The approximation of the temperature gradient near the inner wall
(radial distance equal to zero) for the heat flux calculation is shown in red. The experiment started at t =
60 s. As the experiment progressed, the temperature in the inner and outer wall increased, maintaining a

logarithmic profile across the liner (as expected from the cylindrical geometry).
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Figure 4-11 Temperature profile (black) across the fused silica liner at different time steps as calculated from
the Re=42 800 case. The linear fit near the wall is also shown and extrapolated through the entire liner
thickness (red).

The heat flux result for the Re = 42 800 experiment, including temporal (vertical axis) and spatial
(horizontal axis) variability, is given by Fig. 4-12 according to the heat flux formulation included as part of
Eq. 51. For this Reynolds number, the wall reached the calibration temperature by t ~ 205 s (the processing
stopped when the temperatures were greater than the calibration limit) and it did not show the decrease in
the heat flux as the mainstream temperature stabilized. For this reason, the result for the Re = 11 500 case
is also shown (right). The convective heat load reached a maximum around t = 177 s for the low Reynolds
number case, when the mainstream temperature reached the set point and the temperature of the wall kept
increasing (decreasing the temperature potential between the wall and the mainstream). This was an
important verification of the method capturing the temporal evolution of the heat load after the flow

temperature became constant.
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The heat transfer coefficient depends not only on the heat flux distribution but also on the
temperature potential (T;.—,, — Te,). The obtained heat transfer coefficient (HTC) distribution is shown in
Fig. 4-12 for the Re = 42 800 experiment. The HTC was relatively constant after the heat flux reached a
minimum value of ~ 5 kW m™. Below this heat flux, the temperature signal was small and no accurate

measurement was possible.

During the non-reacting experiments the Reynolds number decreased significantly for a given mass
flow, primarily due to changes in the gas viscosity. The kinematic viscosity (v) of air at 450 K (heater set
point) is 2.08 times higher than at ambient conditions (293 K). Moreover, as the temperature of the
mainstream was increased, conservation of mass led to higher air flow velocities in the test section, and
consequently higher pressure losses in the system. Since the main control valve opening was kept constant
throughout, this led to a reduction of ~ 4% in the air mass flow delivered to the test section with increasing
temperature (this reduction was also partially due to 1.5% oscillations in the compressor loading used in
the air supply line). A constant HTC with decreasing Re as shown in Fig. 4.12 may at first appear
inconsistent with typical correlations for turbulent flow heat transfer. However, correlations relate the
Reynolds number to the Nusselt number. The latter also decreased during the experiment as the temperature
increased, due to the rise in the thermal conductivity of the working fluid (by a factor of 1.45 from 293 K
to 450 K). The maximum and average Nusselt number variation with Reynolds number for all the non-

reacting experiments are shown in Fig. 4-13.
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Figure 4-12 (a) Heat flux contour for the Re=42 800 (left) and Re=11 500 (right) cases. The lower Reynolds
number case is shown because it captured the decrease in the heat flux as the working fluid temperature
reached its maximum temperature.
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Figure 4-13 Heat transfer coefficient (HTC) obtained for the Re=42 800 case.
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Figure 4-14 Heat transfer coefficient (HTC) obtained for the Re=42 800 case.

A comparison between the results obtained from the four unsteady experiments and the validation
steady state experiments (Chapter 4) using the surface heater is shown in Fig. 4-14. The blue, black and red
lines correspond respectively to the steady state data, the instantaneous HTC result, and the instantaneous

heat flux. The time steps plotted correspond to that at which the unsteady and steady state experimental
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Reynolds numbers were approximately equal. The differences between the two independent experiments

were between 3.0% and 17.3%, in general within the uncertainties of both measurements.
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Figure 4-15 Comparison between the unsteady results and the steady state validation experiments for four
different mass flow cases. The time snapshot from the unsteady results that most closely approached the
steady state Reynolds number (based on combustor inlet temperatures) was selected.

EFFECTS OF TIME AND SPACE GRID SIZE ON THE ISOTHERMAL RESULTS

The sensitivity of the finite difference solution to different grid sizes, both in space and time, were
investigated, with no significant difference observed between the results. The output of the finite difference
methodology is the wall heat flux, and is only dependent on the IR temperature acquisitions (no dependence
on thermocouple flow temperature measurements). The heat flux distribution was hence compared for
different grid resolutions for the Reynolds number ~ 43 000 baseline case. Figure 4-16 shows the results
using twice the space grid resolution (kk = 30 and ii = 100), with no change to the time resolution. The

difference compared to the results in Figure 4-12 was negligible.
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Figure 4-16 Heat flux time and space distribution for a spatial grid with twice the resolution (kk=30 and
ii=100) compared to that used for the presented results. Negligible differences were observed.
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Figure 4-17 Heat flux time and space distribution for different time resolutions. The left, center and right
plots correspond respectively to the results using nn=100, 1000 and 5000.

Similarly, the effects of the time resolution were investigated with a spatial resolution of kk = 15
and ii = 50. The results using a total nn time steps of 100, 1000, and 5000 are shown in Fig. 4-17. No
appreciable difference was observed beyond nn = 1000. Even the results using nn = 100 correctly
capture the heat flux and do not show signs of instability. The main concern for the lowest resolution result
was the larger errors at the axial boundaries (these are also present using the other time resolution, but are
not as prominent). The main advantage of using higher time resolution is the ability to study phenomena
that occur within shorter time-scales. However, given the IR camera acquisition rate of 15Hz, for a 4 minute
run, more than 3600 time steps provides no additional information. The fact that the time resolution has no
impact on the stability of the result was one of the main reasons for selecting the implicit Euler method for

the solution of the conduction problem.
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APPLYING THE VALIDATED MEASUREMENT TO AN UNSTEADY REACTING
COMBUSTOR CASE

The heat flux distribution throughout the reacting experiment at low wall temperatures is shown in
Fig. 4-18. The increased heat load at t = 70 s and again at t = 90 s is consistent with the appearance of
the main flame (cone). As expected, due to the higher temperatures in the reacting case, the heat flux was
in general ~ 1.6 times higher compared to the non-reacting case at the same air mass flow. To put the heat
flux in perspective, shows the heat flux normalized with respect to the equivalent maximum flame heat flux
that could be delivered to the wall. The maximum flame heat flux was calculated using the total fuel heat
release (lower heating value of methane assuming 100% combustion efficiency) divided by the inner wall

surface area of the liner.
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Figure 4-18 Heat flux results for the reacting case at a mass flow equivalent to a combustor inlet Reynolds
number of ~12 000.
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Figure 4-19 Liner heat flux normalized with respect to the fuel heat release according to its lower heating
value (LHV), divided by the total liner inner wall surface area.

The portion of the liner wall imaged (74% of the liner length) accounted on average for 46.4% of
the total heat release after s. Assuming the same amount of heat rate is applicable for the remainder of the
liner, the liner heat rate accounted for approximately 63% of the fuel heat release. The theoretical flame
temperature (using GRI-MECH 3.0 [25]) after removing the liner heat loss was 775.5 K (for reference, the
adiabatic flame temperature for the average equivalence ratio after t > 90 s was 1450 K). The measured
temperature at the outlet of the combustor reached a maximum value of ~ 650 K, still below the calculated
flame temperature accounting for the thermal loss through the liner. However, this is possible since dome
wall heat transfer was neglected, 100% combustion efficiency was assumed, and the thermocouples were
not corrected for time delay. These heat loads are only applicable during the combustor startup, when the
liner wall temperatures are cold. Once the liner wall temperatures reach a steady state value, the heat losses
to the liner would be smaller. This is also suggested by the available data in Fig. 4-18 for s, showing a
decreasing maximum heat flux with time. Nevertheless, calculation of the instantaneous heat loads during
ignition is critical to predict the durability of the liner, as these will determine the maximum thermal

gradients during startup and hence a large thermal stress the liner must withstand.

One challenge for reacting experiments is choosing a reference gas temperature for the calculation
of the heat transfer coefficient, given the sharp temperature and composition gradients across the flame
front. Different empirical and theoretical definitions are often used in internal flow experiments, including
the bulk flow or the log-mean temperatures. Calculating the temperature potential for the wall according to
an empirically defined temperature is acceptable as long as the heat transfer coefficient is not changing with
time and the heat loads are evaluated with respect to the same reference temperature. Strictly speaking

however, the adiabatic wall temperature observed for a given flow provides an unambiguous definition for
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the reference gas temperature. The adiabatic wall temperature accounts for compressibility effects in high
speed flows, and in reacting flows it can account for near wall thermochemical heat release. For non-
catalytic combustor walls (as is the case in this study), the adiabatic wall temperature would approximately
equal the adiabatic flame temperature for the instantaneous equivalence ratio. However, using this as a
reference may be inappropriate as the actual flow temperatures during the reacting experiment were lower
than the adiabatic flame temperature. Calculating bulk flow temperatures at every axial location and time
step was also impractical, and would not aid gas turbine designers as they do not have access to detailed air
temperature measurements in the combustor. For the results presented in this section, two reference gas
temperatures were considered. The first was the instantaneous average of the temperature observed in the
recirculation zone and the combustor outlet (near the liner wall), shown in Fig. 4-19 (left). While this
definition was arbitrary, it was partially representative of the entire burner and reflected approximated
temperatures throughout the experiment. However, the main disadvantage of this reference was the
response times for the thermocouples, which severely affected the results near flame transition points. The
bead diameter of the TCs used was 0.762 mm, which per the manufacturer’s data has an approximate time
response of 1.5 seconds. Thinner thermocouples could not be used during the flame experiments due to
breakage at the high temperatures. Also important to note is that the thermocouple leads were covered by
ceramic tubes (to protect them from the hot combustion gases) which could further lead to flow stagnation

at the bead and hence higher response times.
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Figure 4-20 Reference temperatures considered for the calculation of the reacting heat transfer coefficient.
Thermocouple measurements at the outlet of the combustor and in the recirculation region (left), compared
to the adiabatic flame temperature based on GRI-ME
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As an alternative, the second reference temperature considered for the heat transfer coefficient
calculation was the instantaneous average of the adiabatic flame temperature (Fig. 4.20 —right-) and the
inlet temperature to the combustor, the latter assumed to be ambient as measured at the beginning of the
experiment. This definition can be easily evaluated by designers, based on their inlet conditions and
operating equivalence ratio. Further investigation is required to identify a reference temperature that best
correlates the data, including non-reacting and reacting results. For reacting cases, effects such as flame
quenching near a cold wall, thermochemical heat release, and incomplete combustion may make the
adiabatic wall temperature reference inappropriate. In an adiabatic wall, no flame quenching would occur,
and incomplete combustion would be less likely (no heat losses). Moreover the distribution of near wall
thermochemical heat release would change, as reaction of incomplete combustion products may occur
further downstream on the liner in a non-adiabatic burner. These issues highlight the importance of detailed
flow temperature (either experimentally or computationally) to better understand the instantaneous

temperature difference driving the heat transfer to the wall.

The obtained heat transfer coefficient profile for t = 96 and 110 s is shown in Figure 4-21 using
the reference flow temperature from the average of the measured combustor recirculation and outlet
temperatures. Figure 4-22 shows the heat transfer coefficient at approximately the same instantaneous
times, using the average of the adiabatic flame temperature and the inlet temperature as the reference. Both
figures include as well the non-reacting steady state measurement used for validation at the same air mass
flow (in blue The peak heat transfer location shifted by ~ 0.2Dy, consistent with the expected increase in
the pre-mixed swirl jet axial velocities as the gas temperature increases across the flame front and matching

the approximate location where the flame attached to the wall according to flame imaging (see section 5.3).
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Figure 4-21 HTC distribution at a single time step as calculated with respect to the average of the outlet and
recirculation temperatures, measured with a K-Type thermocouple.
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Figure 4-22 HTC distribution at a single time step as calculated with respect to the average of the adiabatic
flame temperature and combustor inlet temperature.

The difference between the two reference flow temperatures used was observed both in the
structure and magnitude of the heat transfer coefficient distribution. Figure 4-23 shows that using the first
reference led to a decreasing heat transfer coefficient with time, which occurred because of the time
response of the thermocouple. Near fast temperature transients, the thermocouples registered a lower
temperature than what was actually driving heat transfer in the burner, leading to an overestimation of the

HTC. Once the thermocouple temperature stabilized, so did the HTC. This problem was not present when
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using the second reference, as shown in Fig. 4.22. While the HTC decreased with time, the effect was much
smaller. The problem with using the second reference, is that the magnitudes were on average 2 times lower
than those observed at isothermal conditions. Moreover, because the second reference temperature was
much larger than the wall temperature during the experiment, small wall temperature changes along the
liner did not impact the heat transfer distribution. This again highlights the importance of acquiring detailed

flow temperature distributions, to correctly account for the temperature potential driving the heat transfer

to the wall.
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Figure 4-23 Time series of the maximum and average HTC and heat flux using the outlet-recirculation, and
the adiabatic flame temperature-inlet reference temperatures (left and right respectively). The high heat
transfer coefficients during flame transitions when using the outlet-recirculation reference are due to the time
response lag of the thermocouple.

The time series of maximum and average HTC and heat flux using the two different reference flow
temperatures are shown in Fig. 4.23. The heat flux was continuous, except at around 70 s, when the conical
flame structure first appeared for a few seconds. The peak heat transfer coefficient based on the first flow
reference temperature changed abruptly during flame structure transitions at t = 70 s and t = 85 s due to
the unaccounted time delay in the thermocouple response. The magnitudes however were in better
agreement with the isothermal measurements. Using the second flow reference (based on the adiabatic
flame temperature) yields results that were independent of thermocouple errors, but that unfortunately may
not capture the actual temperature driving the heat transfer to the wall. Given the time delay in the
thermocouple temperature measurements, the reference gas temperature calculated from thermocouple data

was not considered for the remainder of the reacting experiments.
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Figure 4-24 Theoretical calculation of the contribution from inner wall, quartz liner, and KG1 filter to the
total radiance received by the IR camera for different temperature scenarios.

EXTENDING THE HEAT TRANSFER MEASUREMENTS TO SURFACES AT HIGH

TEMPERATURES
As described in the previous section, one of the limitations of the heat transfer measurement in

reaction was the maximum temperature that could be recorded with the IR camera (~573 K). Another
potential opportunity to improve the method was in the amount of quartz radiation received by the IR
detector, which was reduced but not completely eliminated by the cold quartz filter. Research on different
optical filters led to the identification of the Schott KG family of glasses as a potential filter to remove the

quartz radiation almost entirely, and increase the maximum temperature measurable by the IR camera.
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A theoretical analysis of the radiance received by the IR camera (described in section 5.1.4.1) was
performed using a KG1 glass, 3 mm thick, as a filter; with spectral absorption given by [26]. The results
are plotted in Fig. 4.24. The filter practically eliminated the contribution to the total radiance from the quartz

liner, but limited the lowest detectable temperature by the IR sensor to K.
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Figure 4-25 Calibration curve of the IR temperature readings with respect to actual wall temperatures
according to a K-Type thermocouple. The results were also compared against the theoretical calculation for a
3 mm thick Schott KG1 glass filter.

As observed in Fig. 4.24, for an inner wall and quartz temperature of 373 K, the filter radiance dominated
the spectral range of the detector and the wall signal was within the noise. Above Ty, =T} ; = 473 K the
inner liner wall signal was detectable. The error in T}, ; incurred when neglecting the radiance from the
quartz (assuming it is part of the inner liner radiance) is < 2 K for temperatures (T, = T;,;) < 1273 K. The
inner liner radiance, per the theoretical calculations, is between 11.6 and 23.8 times larger than the quartz
radiance (at 473 K and 1273 K respectively), a significant improvement compared to the results using a

cold quartz as the filter.

The calibration of the emissivity of the paint was done in a separate experimental setup where a K-
Type surface thermocouple (flat bead) was clamped between two pieces of quartz glass (same manufacturer
as that used for the quartz liners). The black coating was applied to the backside of the top quartz piece.
Four calibrations of the paint were performed, two behind the glass and the other two with the paint exposed
directly to the IR detector. All calibrations were consistent as shown in Fig. 4.25. The lowest temperature

captured by the IR camera corresponded to thermocouple temperatures of ~ 450 K.
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Fig. 4.25 shows, in addition to the thermocouple calibration, the calculated theoretical curve for a
black coating emissivity of 1, taking the transmission of the KG1 Schott glass' according to the data
provided in [26]. The theoretical results matched with the thermocouple data up to Ty = 830 K, further
evidence supporting that the calibration was accurate. The calibration curve was extrapolated up to 1000 K
(Trc) based on the linear trend observed in the data. Any results that rely on wall temperatures beyond
950 K are based on the extrapolated calibration. Fitting the curve with a polynomial was not successful (the
polynomials failed to accurately capture the sharp step in the calibration temperature at Tjp — Tig(t = 0) <

10 K) and an interpolation table was created to correct the IR acquisitions.

EXPERIMENTAL RESULTS USING SCHOTT KG1 GLASS FILTER
Two Reynolds numbers were measured including ~ 12 000 and ~ 24 000 based on the combustor

diameter and inlet temperature. The objective of these measurements was to study the behavior of the burner
at equivalence ratios of 0.6-0.8 and the heat flux produced during shutdown. Shutdown represents the most
dangerous condition for the combustor in terms of stresses, as the liner wall strength is lowest (highest
temperature), and shutdown introduces high thermal loads (thermal stresses). Due to the lower detectable
temperature limit, results during the fuel/air ramp-up and results for lower equivalence ratios were not

available.

Similar to the low wall temperature experiments described in section 5.1.3, these experiments
started first with ignition of the pilot flame with < 0.01 kg s™" air mass flow, followed by a ramp up of the
air and main fuel. To avoid stability problems during ignition of the main flame, sufficient main fuel mass
flow was introduced to raise the equivalence ratio between 0.6-0.7 leading to a sudden high temperature
state, that was approximately maintained until the air mass flow target was achieved. The equivalence ratio
hence started high when the main flame was ignited and was lowered to about an equivalence ratio below

0.6 when the experiment began.

These experiments lasted more than 6 minutes and had sharp condition changes. For this reason, a
total of 3000 time steps were used, which resulted in a time step resolution of at least 0.15 seconds.
Moreover, these experiments imaged a longer portion of the liner (up to X /Dy = 2.7) and hence the number
of grid elements in the axial direction was increased from 50 to 63 in order to maintain the same spatial

resolution as in the measurements at low wall temperatures.
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Figure 4-26 Flame photographs at different times throughout the experiment for Reynolds number ~12 000
based on combustor inlet conditions.

RESULTS FOR 12 000 REYNOLDS NUMBER

Photographs of important transitions in the flame structure throughout the run are shown in Fig. 4-
26. The wall temperature signal throughout the experiment is given in Fig. 4-27, indicating that only data
beyond t = 250 s was above the minimum temperature threshold for the entire imaged liner. Even at
t =210 s, most of the imaged liner had a significant temperature signal, and partially provides data for the

0.6 equivalence ratio (¢p). The equivalence ratio and massflows during the run are plotted in Figs. 4-29.
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Figure 4-27 Surface temperature throughout the high temperature run for Reynolds number of ~12 000. The
calibration is only valid for temperatures greater than 450 K and hence the color scale starts at that value.
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Figure 4-28 Air and fuel mass flows for the high temperature case at Re_C=12 000.
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Figure 4-29 Equivalence ratio for the high temperature case at Re_C=12 000.

The normalized heat flux (with respect to the total fuel heat release divided by the liner inner surface area)
is plotted in Figure 4-30. High relative heat fluxes were starting at X/Dy = 0.8, extending throughout the
length of the liner, between t = 255 s to 290 s, matching with times at which the equivalence ratio was
raised in the burner. In other words, when the equivalence ratio was raised, the heat flux increased for a

short period of time as the liner wall heated up.
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Figure 4-30 Normalized heat flux along the liner with respect to the lower heat of combustion of the fuel
introduced divided by the inner surface area of the liner. Re_C=12 000.
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Figure 4-31 Heat transfer and heat flux spatial distribution at different instants in time for the experiment at
a Reynolds number of ~12 000. The top and bottom row correspond respectively to equivalence ratios of ~0.7
and 0.8. The left and right column represent the time when the equivalence ratio was first obtained and the
moment before the net state in the flame, showing a decrease in the reference heat transfer and the heat flux
as time progressed.

Without an appropriate flow reference temperature, the heat transfer coefficient calculated is not
representative of steady state conditions. In fact, for the results at low wall temperatures (shown in Section
5.1.7), where the heat flux was closer to steady state, the heat transfer coefficients had less than half the
magnitude observed in this experiment. The shape of the distribution however is similar as shown in Figure
4-22, except that the heat transfer coefficient appeared to peak upstream of where the isothermal peak was
observed. As will be shown in Section 5.4, when the reacting flow field is briefly described, this may be

due to combustion products carried into the corner recirculation.

At the moment of shutdown, the heat flux was on average over 43 kW m?* The observed heat
transfer coefficient rapidly converged to the measured shape at isothermal conditions (Fig. 4.32). The air
mass flow was increased during shutdown to cool down the liner walls, which resulted in a higher Reynolds

number than the baseline during the reacting case. The fact that the shape was consistent with that at
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isothermal conditions was further evidence of accurate time-dependent heat transfer retrievals by this
methodology (it will be even clearer for the higher Reynolds number run, when the air mass flow was not

significantly increased during shut down).
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Figure 4-32 Heat transfer coefficient distribution during shutdown, reproducing the isothermal shape
obtained. The mismatch in magnitude is due to the Reynolds number during shutdown being 1.8 times higher
than the isothermal measurement shown.

RESULTS FOR 24 000 REYNOLDS NUMBER

The progression of flame transitions is shown in Fig. 4.33. An interesting feature in the photographs
is the presence of two peaks in high temperature along the liner wall, as seen at t = 420 s and 450 s. This
was also observed with the IR detector and is reflected in the heat transfer coefficient at this Reynolds

number.
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Figure 4-33 Flame photographs at different times throughout the experiment for Reynolds number ~24 000
based on combustor inlet conditions.
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Figure 4-34 Inner wall surface temperature for the reacting experiment at a Reynolds number of ~24 000.
Temperature range truncated at 450K, the lower limit measurable when using the KG1 filter.
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Figure 4-35 Equivalence ratio for the reacting experiment at a Reynolds number of ~24 000.
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Figure 4-36 Equivalence ratio for the reacting experiment at a Reynolds number of ~24 000.
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Figure 4-37 Same as Figure 4-34. for a Reynolds number of ~24 000.
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Figure 4-38 Same as Figure 4-31 for the experiment at a Reynolds number of ~24 000.

The liner wall surface temperature, for t > 300 s the temperature was above the minimum
calibration and only those results were valid. The equivalence ratio and mass flows during the experimental

run are plotted in Figs. 4-35 and 4-36.

Contrary to what was observed for the Rec = 12000 experiment, at this Reynolds number a two
peak heat transfer structure was observed. The normalized heat flux contour in Fig. 4-37 shows a peak in
heat flux at X/Dy = 0.8 and another beyond X = 2.4D),, with a minimum heat flux observed at around
X /Dy = 1.75. This structure suggests that the flame is being quenched at the impingement location and
combustion is completed upstream and downstream of the impingement point. This structure persists

beyond t = 400 s, as evidenced by the distribution of the heat transfer coefficient at different snapshots
shown in Fig. 4-38.

At shutdown, the heat flux along the liner was on average greater than 43 kW m™. The heat transfer

coefficient distribution, rapidly converged to the results at isothermal conditions as shown in Fig. 4-39.
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This further corroborated that the methodology was robust, reproducing the isothermal result when the wall

temperatures were over 700 K and while using the Schott KG1 glass filter.
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Figure 4-39 Heat transfer coefficient distribution during shutdown, reproducing the isothermal results
obtained at approximately the same Reynolds number with respect to the combustor inlet temperature.

EFFECT OF THE INITIAL CONDITIONS

The main disadvantage of using the KG1 Schott glass as a filter was that it did not allow for the
measurement of temperatures below 450 K. To capture the time dependence of the heat loads, the
methodology developed relied on the complete temperature history of the material (which is not available
using the KG1 filter). In order to investigate the effect of the initial condition on the results, the data was
processed assuming two initial conditions. Results at these different initial conditions match after an inner
wall temperature of 450 K is reached as demonstrated by Figure 4-40. The reason for this is that regardless
of initial condition, after a finite amount of time, the material would reach a pseudo steady-state where the
temperature across the material would not be changing significantly. Past this point, the measurements
would be accurate. This was verified experimentally in Fig. 4.39 by analyzing the data using two different
initial conditions. In one case the temperature of the quartz liner was assumed to be ~ 295 K at all times
until the filter minimum temperature threshold was crossed. In the second case, the initial temperature of
the quartz liner liner was maintained at ~ 450 K until the detected signal was equivalent to a higher

temperature. The results are indistinguishable once the wall temperature was above 450 K.

151



400

300
=
v 200§
E
=
100
0
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
X/D. X/Dy
[ — : ] [ — : ]
0 10 20 30 40 50 0 10 20 30 40 50
Heot flux [kW m?] Heot flux [kW m?]

Figure 4-40 Comparison of the heat flux results from the finite difference methodology using two different
initial conditions. No sensitivity to initial conditions once the minimum calibration temperature is reached.

FLAME IMAGING TO STUDY FLAME SHAPE
The initial attempt to study the flame structure and dynamics was done by looking at images of the

flame. A picture of the combustor during operation for an inlet air mass flow of 0.034 kg/s (0.0751bm/s)
and equivalence ratio of 0.7 (2% of the total fuel mass flow going through the pilot for flame stability) is
shown in Fig. 4.41. The pilot flame was barely visible, with a clear image of the high intensity flame formed
by the exiting premixed swirling jets. A shape of the flame structure was conical. To qualitatively
characterize the flame envelope and relate it to the isothermal velocity field, images of the flame with the

Flowsense 4M MKII camera were taken.

Figure 4-41 Operational research combustor. The pilot flame is barely visible along the axis of the combustor,
the main flame is conical and impinges on the combustor wall.

A total of 200 images of the flame were acquired and the average normalized intensity (normalized
against the detector maximum pixel intensity) is shown in Fig. 4.42. The images represent a line of sight
average as the depth of view was large (aperture was small to prevent saturating the camera sensor). The
radiation intensity is an arbitrary quantity but gives a qualitative idea of the flame location. A strong

asymmetry of the flame was observed, with the intensity at Y /Dy < 0 broadening around X /Dy = 1.5, this
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could point to uneven fuel distribution or an asymmetric flow field. The standard deviation for the pixel
intensity, normalized in the same way as the mean averages, shows that there is high absolute variation
along the flame outer edge and at the pilot location (Fig. 4.43). The flame also appeared to liftoff from the
dome plate, with the flame emission intensity being significant only after X/Dy between 0.15 and 0.25.
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Figure 4-42 Time averaged intensity for the recorded flame images (normalized with respect to the maximum
possible pixel intensity).
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Figure 4-43 Absolute standard deviation for the flame image acquisition normalized as in Figure 4-42
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Fig. 4-44 shows the normalized TKE, at isothermal conditions with the location where large
vortical structures were observed (along the inner shear layer) and labels for the jet and recirculation. To
relate the flame location with this isothermal field, Fig. 4.45 shows the emission intensity from the flame
with the shear layer location overlaid (white contour line), and three contour lines for the normalized

TKE,p, corresponding to 0.05, 0.1, and 0.15 from dark to light grey respectively.
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Figure 4-44 Normalized isothermal turbulent Kkinetic energy as the jet exits the swirl nozzle (from results in
Chapter 4). Overlaid are schematics of the vortices forming at the exit of the nozzle as the recirculating flow
interacts with the swirling jet.
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Figure 4-45 Time-averaged intensity with overlaid shear layer and representative contours of turbulent
kinetic energy. Shear layer is indicated in white and was defined as the zero axial velocity contour line.

The flame does not follow the location of the shear layers as is often suggested, however it seems

to follow the turbulent kinetic energy contour. The data also suggest that the flame variability was aligned
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with the turbulent kinetic energy contours for the isothermal measurements (Fig. 4.46). High turbulent
kinetic energy is indicative of strong mixing. As suggested by these observations, the location where the
hot recirculated gases mixed with the fresh incoming mixture was where ignition occurred and where the
flame front was established. This is also corroborated with the data from Fig. 4.46, which indicates that the
maximum variability in the flame matches the location of maximum time-averaged variability in the
isothermal flow field. The agreement observed between the isothermal and reactive cases is only qualitative

however.
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Figure 4-46 Radiation intensity standard deviation.

An important distinction between the isothermal and reactive cases is that the isothermal
measurements did not include any pilot flow. For the reactive case however, the pilot mass flow corresponds
to ~ 0.08% of the total massflow delivered to the burner. Terhaar and coauthors have recently studied the
effects of axial air injection on the structure of the central recirculation zone generated by a swirler. Their
measurements indicated only small flow field differences in the swirling jets when injecting up to 10% of
the flow axially (most of the changes in the flow field were constrained to the central recirculation), for this
reason the pilot injection was considered not to have significantly impacted the conical structure. This
however may not be the case at higher pilot flowrates, which may distort the central recirculation and impact
the expansion of the swirling jets into the primary combustion zone. An expected result of reaction however
is that the combustion products and associated gas temperatures will increase the axial flux of axial
momentum (conservation of mass), and cause a concurrent decrease in the effective swirl number, S, as
defined by Eq. 34. The decrease in the effective swirl number is expected to lead to a weaker central
recirculation zone and again a potential shift downstream of the jet impingement location (as the central

recirculation becomes smaller).
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This measurement is being taken forward by other researchers and is in essence a form of simple
chemiluminescence that does not target any particular molecular species. In other words the line of sight
emission detected corresponds to several emission lines from the flame and cannot be used to quantitatively
identify the flame front or any species concentration. However, the data was successfully related to the
isothermal flow field measured in Chapter 4, demonstrating that the flow characteristics at isothermal

conditions may provide information of the flame location and shape.

REACTING PARTICLE IMAGE VELOCIMETRY
Particle image velocimetry was setup in the laboratory and has been used to study the reacting flow

field. This however will be fully characterized in future research and only the initial measurements are
shown here, highlighting some of the challenges faced. For these measurements, the test section transition
piece and exhaust systems were connected, to limit researcher exposure to the fine particles. The test section
including the transition piece and quenching systems is described in Chapter 2, no back-pressure systems
or pressure vessel were installed. This differs from the heat transfer measurements taken, and future heat

transfer measurements will be taken with the closed test section.

A photograph during laser alignment on the test section is shown in Fig. 4.47. A set of photographs
during the acquisition, including before and after seed injection, as well as while firing the laser, are shown
in Fig. 4.48 (different perspective, from the top). The seed consisted of titanium oxide (TiO,) particles, with
a diameter of 1-2m; introduced into the settling chamber upstream of the nozzle using a cyclone seeder
designed in house. The flame is more luminous during injection of seed particles. This is expected due to
the emission from the particles at high temperatures. Note that the emission is constrained primarily to the
inner shear layer of the exiting jets and the central recirculation zone, consistent with the expected location
of the highest temperatures. Since no soot deposits were observed on the optical glass, it is unlikely that the
increased emission is due to soot formation when introducing the TiO, (the seed particles could act as

nucleation sites for soot particles).

The increased emission however led to glare issues in the acquired PIV snapshots. A narrowband
filter centered around 532 nm (MIDOPT BN532) was used to attempt to isolate the scattered laser light
from the flame emission, with acceptable results. There was however still some contamination due to the
flame, attributed to either near infrared emission from the flame (the filter does not block wavelengths
beyond 1 that can still be detected by the CCD camera) or C, emission (Swan bands) in the 500-550nm
wavelength range. Current work in the test setup includes design and procurement of a filter with a shorter

bandpass to obtain more reliable flow data within the flame.
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Figure 4-47 Photograph during laser alignment along the combustor center line.

Figure 4-48 Photographs at different stages during the PIV measurement including before injection of seed
particles (left), during seed injection (center), and while firing the laser (right).

Comparison of closed versus open combustor flow fields
The response time constant for the TiO; particles following changes in the flow direction and speed
due to drag is given by Equation 60 (assuming Stokes flow).

p
v = di 7 (48)

The time delay (z5) was of 51 ps, assuming a worst case scenario particle size of 2 um (d,), a
particle density (p,) of 4230 kg m>, and an air viscosity (i) of 1.845 x 107> kg m's™. The seeding used

in Chapter 4 had a time delay of ~ 20 ps and hence was better able to capture the dynamics of the flow. In

reaction however, the viscosity of the fluid increases (by a factor of 2 at 800 K), decreasing the time delay.

To investigate any potential changes to the flow introduced by fully closing the test section,
isothermal (non-reacting) measurements were taken at the lowest Reynolds number and compared against
the measurements presented in Chapter 4. The results of the non-reacting flow field with a fully closed test
section are shown in Fig. 4.49. For comparison, the results from Chapter 4 are shown again in Fig. 4.50. It
appears that the impingement location was pushed downstream to X/Dy =~ 1.4, compared to X/Dy = 1.2

observed for the setup with no transition piece. This appears to indicate that the central recirculation became
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weaker. This is supported by the shift in the inner shear layer closer to the combustor centerline. The

velocity magnitudes and overall features however were retained.
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Figure 4-49 Isothermal flow exiting the swirl nozzle for the closed test section using the TiO2 seed particles.
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Figure 4-50 Isothermal flow exiting the swirl nozzle for the closed test section using the TiO2 seed particles.
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Figure 4-51 Isothermal flow exiting the swirl nozzle for the closed test section using the TiO2 seed particles.

The isothermal dynamics obtained in the closed burner were also investigated, yielding very similar

results as those obtained in Chapter 3. Fig. 4.51 shows the results at three different phase angles of the

propagating vertical structure along the inner shear layer.

The distribution of the total turbulent kinetic energy was also similar (Fig. 4.52), with the maximum

fluctuation energy shifted to the inner shear layer due to the developed axial-radial eddies.
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Figure 4-52 Distribution of the total turbulent kinetic energy (total fluctuation including stochastic and
coherent flow features) for the closed combustor.

REACTING FLOW FIELD
The time-averaged flow field measured for a combustor Reynolds number of ~ 12 000 (based on air

properties at the inlet combustor temperature) is shown in Fig. 4.53. The most salient feature is the pilot

flame observed along the centerline of the burner. The data in this region is not accurate because of the
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difficulty in getting enough seed into the area (only the premixed jets were seeded). The pilot flame
generated a second shear layer and the central recirculation occurred between the exiting swirl jet and the
pilot flame. The velocity magnitudes along the jet were ~30% higher than observed for isothermal
conditions. The angle of the jet however remained almost identical to the isothermal case, with the jet
appearing to impact the wall slightly upstream compared to the isothermal condition. Near wall flow
measurements were obscured by the glare from the wall (flame+laser), hence identifying the location of
flow reattachement on the wall at reacting conditions was not possible. Another important feature of the
time-average flow field was the large velocity magnitudes of the corner recirculation speeds near /Dy =
0.7 , implying potential transport of combustion products along the wall. This could partially explain the
double peak heat transfer distribution observed at high Reynolds numbers, however further measurements

are still required.

The total fluctuation energy normalized with respect to the mean bulk velocity within the nozzle
(based on the mass flow supplied) is shown in Fig. 4.54. The distribution is drastically different to that
observed isothermally. Given the glare, and lack of available data, the results near the liner wall and in the
pilot flame region were unreliable and are not shown. The maximum fluctuation energy was observed along
the inner and outer shear layer (equal distribution), suggesting that no significant axial-radial eddies were
formed. Given the relationship between the axial-radial eddies and the precessing vortex core (PVC), this
results can an indication of the suppression of the PVC. This is possibly associated with the high axial

velocities near the centerline of the burner introduced by the pilot flame.
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Figure 4-53 Reacting flow field for a combustor inlet Reynolds number of ~12 000 and an equivalence ratio
of 0.7.
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Figure 4-54 Total fluctuation kinetic energy observed for the reacting combustor with an inlet Reynolds
number of ~12 000 and an equivalence ratio of 0.7.

This is however only a small sample of data and further work will be performed to improve and
expand the dataset. Flow field data is critical as part of the continued research efforts to understand the

reacting flow field and relate it to the heat transfer characteristics observed

CONCLUSIONS
The main objective of this chapter was to describe the development of the measurement technique

for combustor heat loads at reacting conditions. Given the prohibitively high fuel costs of running steady
state experiments, a transient measurement method was designed. The measurement relied on the
acquisition of the inner and outer surface temperatures of the liner wall, and using these data to estimate
the heat flux from the gas to the liner. The heat flux was calculated using a time-accurate finite difference

code, using the surface temperature acquisitions as the boundary conditions.

The methodology was first validated at isothermal conditions, by comparing an experiment with
variable heat transfer to the steady state results obtained in Chapter 4. The results in the time dependent
heat transfer experiment differed from the steady state measurements by 3.0 to 17.3% depending on the
mass flow case. Once the methodology was validated it was applied to a reacting combustor case. The peak
heat load was shifted downstream by 0.2D, in reaction compared to isothermal conditions. Moreover,
contrary to the isothermal heat transfer coefficient, which quickly decreased downstream of the
impingement location, the reacting peak heat load decreased slowly downstream. These initial results were
performed at low wall temperatures, limited by the maximum temperature that the IR detector could

measure.
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To overcome the temperature limit imposed by the saturation of the IR camera, an optical filter
(Schott KG1 glass) was used. An additional benefit of this filter was that it almost entirely blocked the
emission from the quartz material making the temperature measurement of the inner and outer surfaces of
the liner more robust (not dependent on the liner temperature). Two measurements at two different
Reynolds numbers (~ 12 000 and ~ 24 000) were taken to verify the performance of the technique using
the Schott KG1 filter glass. The results yielded a two peak heat transfer structure for the higher Reynolds
number, which was associated with the quenching of the combustion reaction at the location where the jet

impinged on the wall.

To further support the heat transfer measurements, initial reacting flow measurements were
presented. The reacting flow field was still a work in progress at the time of writing and will be the topic
of investigation of future students. Representative results for a Reynolds number of ~ 12 000 were
included to show that the milestone of reacting flow field measurements had been achieved (part of the
objectives for this portion of the project). The flow field showed that the pilot flame had a significant impact
on the central recirculation zone dynamics. The annular swirl jet velocity magnitudes were higher by ~

30% compared to the isothermal flow field, attributed to the gas expansion across the flame front.

It is important to note that the reacting heat load presented includes the contribution due to both
radiation and convection. In the same way, the heat transfer coefficient reported is in fact an effective heat
transfer coefficient which also includes the radiative load. For the current conditions (atmospheric pressure
and lean equivalence ratios), the radiative heat load is estimated to be small. Flame impingement studies at
similar conditions have reported a radiative contribution to the total heat load < 10%. Per the correlations
given by Lefebvre and Ballal, the estimated radiative heat load to the liner (at atmospheric conditions and

design mass flows) was 14% of the total.

The heat transfer measurements presented in this chapter highlighted the importance of selecting
an appropriate reference temperature for the gas, which is not trivially defined for reacting flows. This
motivates the pursuit of a full understanding of the temperature field within the burner, to properly define

the gas temperature driving the heat loads to the wall.

5.6 NOMENCLATURE

A Area[m’]
By, Spectral radiance from Planck’s Law [W m~ sr™']

c Speed of light [299 792 458 m s™']
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IR

il

kk

nn

Specific heat at constant pressure
Diameter [m]

Axial flux of axial momentum [N]
Axial flux of tangential momentum [N]

Heat transfer coefficient [W m? K]

Planck’s constant [6.62607004 X 1073* m* kg / s]

Infrared

Total number of axial nodes

Total number of radial nodes

Boltzmann constant [1.38064852 x 10723 m’ kg s K]

Mass flow (air) [kg s']
Nusselt number

Total number of time steps

Radial dimension along with origin at the combustor axis.

Combustor primary zone radius [m] or radiance [W m™ sr™']

Swirl number
Reynolds number
Temperature [K]
Time [s]

Heat flux [W m™]

Axial dimension along the axis of the combustor.

Step size (can refer to axial, radial or time steps)

Absorptance
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€ Emittance

y Thermal conductivity

p Density

o Error

T Transmittance

Tg Time delay for seed particles

u Dynamic viscosity [kg m™ s']

v Kinematic viscosity [m? s™']
Subscripts

C Refers to the combustor primary zone
F Refers to the any filter.

IR Refers to temperatures acquired through the Infrared camera.
i Axial node index

k Radial node index

LOSS Refers to losses

LI Liner, inner surface

L,O  Liner, outer surface

N Refers to the nozzle (diameter)

n Time step index

p Refers to the seed particles

TC Refers to temperatures obtained from thermocouples
Q Refers to the quartz liner itself (not the surfaces)

W Refers to the liner wall
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00 Refers to the working fluid/gas

A Spectral (varies with wavelength)

Chapter S FLOW FIELD MEASUREMENTS UNDER REACTING AND
NON-REACTING CONDITIONS

EXPERIMENTAL SETUP

The PIV measurement setup comprises of a light source and an image capturing device. Fig. 5.1
is a schematic of the PIV system installed at the combustor rig. A double pulse Nd:YAG laser (Nano-L-
135-15 double cavity Q-switched) with maximum pulse energy of 140 mJ at 532 nm and a PIV camera
(FlowSense 4M MKkII) were used. An optical band pass filter (Omega Optical 532BP10, 10 nm
bandwidth at 532 nm) and a neutral density filter (ND 8) were attached in front of the 76 mm lens system
of the camera. The control of the measurement system and data acquisition was performed by Dantec

Dynamic Studio software. The collected data were pairs of images with a 2048%x2048 resolution.

PIV Camera l Laser
/ 1
Y i LY

/T \

2 : [
Settling L)x—/v |
Chamber

‘ Quartz liner ‘

‘ Transition piece

Measurement plane
(Axial-radial)

Fig. 5.1 Schematic of PIV flow field measurement at the model combustor rig
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Fig. 5.2 Region of interest for PIV measurement

For seeding, a cyclone seeder was designed, consisting of a cylinder sealed at both ends with an
inlet port on the side surface (tangential air entry), and an outlet port on the top surface. The particles at
the bottom are agitated and carried by the air flowing from the inlet, thus providing the seeding for the
PIV experiments. The inlet airflow can be controlled to increase/decrease the particle density for the
experiment. Titanium oxide particles (diameter 1-2 um) were injected to the main air at the settling
chamber for seeding from upstream of the fuel nozzle. The relaxation time of the particles, defined by

T, = dzz,am-deppartide / (18 uﬂuid), provides a measure of the capacity of the seeding particles to

follow the fluid [27]. The relaxation time was 13-52 us for the 1-2 pm TiO, particles used at 1 atm air
and 293 K. This relaxation time satisfied the required time response to represent the flow field from the
seeding particles velocities. Relaxation time reduces at higher flow temperature due to increased flow

viscosity.

TEST CONDITIONS

Experiments were designed to investigate differences in the flow fields depending on combustion
parameters. Control variables were fuel-air equivalence ratios (¢), pilot fuel split ratios, and nozzle
Reynolds numbers. To completely compare effects of pilot fuel ratios, equivalence ratios, and Reynolds
numbers, a total of 7 cases were carried out. For each control variable, three different cases were
compared as shown on Table 5.1. The characteristic length for non-dimensional scales and Reynolds

number calculations was the fuel nozzle diameter.

Steady and stable operation of the burner was achieved when the combusting flow avoided any
strong thermo-acoustic instabilities or near blowout conditions. Therefore, the set points of the control
variables were chosen within the stable flame regimes for the combustor setup. The stable equivalence

ratios at a Reynolds number of 50000 were within 0.5-0.8, but this uppermost limit in equivalence ratio
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was reduced for a Reynolds number of 110000. To maintain a stable flame regime consistent with the

other cases, the equivalence ratio set point of case 7 (Reynolds number 110000) was set to 0.55.

Table 5-1 Test matrix of PIV velocity field measurement in reacting flow (k: x [10] ~3)

Case Pilot% Re#t

R1 0.65 6 50 k

R2 0.55 6 50 k

R3 0.78 6 50 k

R4  0.65 0 50 k

RS 0.65 4 50 k

R6 0.65 6 75k

R7 0.55 6 110 k

Flow Fields in Non-Reacting Flow and Reacting Flow

Flow structures inside a swirl combustor are shown in Fig. 5.3. The premixed air fuel mixture expands
forming a conical main jet flow until it interacts with the wall. Jet impingement location is where axial
velocity component equals to zero near the liner wall. After the impingement, the main flow is attached
to the liner wall, and moves downstream. A small portion of the flow moves upstream from the
impingement towards the dome, which formed corner recirculation (outer recirculation). Due to swirl
effect, another recirculation occurs in the center as well. Central recirculation (inner recirculation) is
formed by vortex breakdown process when swirl number is more than a threshold value. This condition
is determined by the swirler geometry. In this work, the swirl number of the flow was 0.74. Therefore,

central recirculation was formed for all tests in this work.
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Figure 5-1 Features in PIV time average and TKE.

The characteristics of reacting flows are distinctly different from non-reacting flow. Fig. 5.4
compares snapshots of instantaneous PIV measurements in non-reacting flow and reacting flow. The

color scale represents magnitudes of velocity vectors for each pixel.

Figure 5-2 Features in PIV time average and TKE.

The lean premixed swirl stabilized fuel nozzle was located on the left side of each figure, the
bottom of each contour corresponds to the axis of the burner, and the liner wall would be located on the
top of the contours. The measurement plane (1.7 Dy X 1.7 Dy) included the fuel nozzle and the main
flow impingement locations. The flow field was measured 2-dimensionally on the axial-radial plane, and

the 2D velocities vectors can be denoted with two components.
Vyr = 0 X + 1,7 (48)

Large scale vortices were recurrently observed in the non-reacting flow. In comparison, smaller
vortices were distributed throughout the reacting flow. This vortex breakdown is consistent with previous
flow field studies on reacting swirl flow. An annular main flame is shown as a straight jet in the
measurement plane. It is clear from these instantaneous images that the two regimes produce different

flow behavior. The energization of the flow due to combustion is very strong for the reacting flow case.
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The central small jet shown on the bottom of the figure in reacting case is a pilot flame. When there is
no particle signal at an interrogation area instantaneously, velocity value was not measured for the

corresponding pixels, which are white spots in the Fig. 5.4. These are excluded in averaging.

The fluctuation part (v') was used to calculate the turbulent kinetic energy (TKE). This TKE
distribution represents local velocity fluctuation, which is an important factor for flame stability and for
convection heat transfer at the combustor liner. TKE in 2-D is characterized by the root-mean-square
(RMS) of axial and radial velocity fluctuations, or the turbulence normal stresses in the measurement
plane. This represents the mean kinetic energy associated with eddies in turbulent flow that were captured

in the 2-D data.

k=5 (w" +v?) (48)

The magnitude of normalized velocity is presented in color scale. The reference velocity was the

mean nozzle velocity, which was calculated from the inlet air flow rate divided by area of the nozzle
(annular area between outer perimeter at the nozzle casing and inner perimeter at the center hub).

Vref = (49)

PairAnozzie

Fig. 5.5 a and b show contour plots of mean vector fields in non-reacting and reacting flows
respectively. Combustor parameters of the reacting case were 50000 Reynolds number, 0.65 equivalence
ratio and 6% pilot fuel ratio. The annular jet velocities in general were higher in the reacting case because
of the combustion reaction causing flow energization and forward volume expansion in the flow (high

density gradient across the flame front). The maximum velocity in the main flow was about 1.1 v,.f in

non-reacting flow and 1.6 v, in reacting flow.
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Figure 5-3 Mean velocity and TKE comparison between non-reacting and reacting flow; (a, c) Non-reacting
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Figure 5-4 Velocity component profiles comparison; (a) Non-reacting NR1, Re 50 k, (b) Reacting R1 ¢: 0.65,
Pilot: 6%, Re 50 k (Fixed condition: Reynolds number: 50 k)

Axial and radial velocity components at multiple axial locations are shown in Fig. 5.6 in non-
dimensionalized scales. Three axial locations are shown in different colors. Axial velocity profiles were

normalized with respect to the reference velocity at the fuel nozzle. Both the axial and radial velocity
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decayed down quickly in the non-reacting flow, but the rate of decay was slower in reacting flow. This
indicates that the reacting main jet flow expands due to heat release from combustion and the density
decreases as the jet flows downstream. Another notable difference is the radial location of the velocity
peaks. The peaks on the reacting flow were farther from the center at the same axial locations, which
indicates that the annular jet dissipates less and expands faster in reacting flow. This was contrary to the
expectation, which assumed that the inner recirculation bubble was the main driving mechanism for the
annular jet expansion. This inner recirculation was broken down by the pilot flame, and in spite of this,

annular jet expansion was faster in the reacting case.

Self-Similarity in Reacting Flows under Different Conditions
Self-similar flow features were observed in reacting flow under different equivalence ratios.

Flame size, shape and magnitude of velocity in the main flame at different equivalence ratios are
compared with the mean velocity contours. The TKE contours were qualitatively compared to understand

the effects of the test variables in the turbulence properties.

Figure 5-5 shows comparisons of mean velocity fields and TKE distributions under different
fuel-air equivalence ratios (0.55, 0.65, and 0.78). Pilot fuel split and Reynolds numbers were maintained
constant for the three cases. Different equivalence ratios affect the flow inducing minor changes on the
flame shape. The main annular flame was larger and more intense at the highest equivalence ratio (c).
The width of the annular jet was also larger at this condition, suggesting that the higher equivalence ratio
leads to a more rapid exchange of momentum with the surrounding flow, broadening the annular jet. For
the low equivalence ratio (d), TKE was higher because of two reasons, first being the damped vortices,
and second the flame was slightly less stable leading to larger oscillations. The recirculation intensity
also increased at higher equivalence ratio. Apart from these observations, the flame shape in general,

including swirl impingement locations on the liner wall, were similar for all tested equivalence ratios.
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Figure 5-5 Mean velocity and TKE comparison with different equivalence ratios (Fixed conditions: Reynolds
number: 50000, Pilot: 6%)

TKE was relatively high for an equivalence ratio of 0.78. TKE was also high with low
equivalence ratio, because flame structure vibrates in time due to slight instability. Among these cases,
the most stable flame was observed with an equivalence ratio 0.65. High TKE locations near liner

impingement were similar.

The second control variable was the pilot fuel split ratio. The self-similarity also holds for
different pilot fuel flow cases. Pilot fuel ratio had an insignificant effect on the main flow as observed in
the mean flow field. The mean velocity field and TKE were almost identical for different pilot fuels.

TKE at the boundary regions slightly increased as pilot fuel flow decreased, because of reduced stability

of the main flame.

There was no pilot fuel supplied during the zero pilot case (c, f), but there was still forward flow
downstream of the pilot nozzle. This is because a few percent of the flow in the main annular premixing
portion of the nozzle flows through pilot. This leads to a central jet flow, even with the pilot fuel valve

closed completely. This was an interesting phenomenon that was not previously noted in previous

studies.

Within the range of studied pilot set points (0 — 6%), there appears to be only minor effects on

the mean and fluctuating flow. Usual conditions of operation for low-emission gas turbine combustors
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maintain low pilot fuel ratios to reduce emissions, since the local equivalence ratios in the pilot flame

are generally higher than in the main flame.

The last control variable was Reynolds number, or mass flow rate. The self-similarity was also
observed for different Reynolds numbers in Fig. 5.9 consistent with observations at non-reacting
conditions [28]. Reynolds numbers with respect to the fuel nozzle diameter were set to 50000, 75000
and 110000. In the 110000 Reynolds number case (¢ and f), a stable flame could not be achieved at an
equivalence ratio of 0.65. In consequence, the main flame zone was thinner due to a lower equivalence
ratio. The peak main flow velocity increased with Reynolds number, but the normalized velocity fields
were self-similar with Reynolds number. After the velocity was normalized with respect to the velocity

at the fuel nozzle, the magnitudes of the peak were almost the same.

U/ Ve

. z/Dy ) x/Dy z/Dy
(d) Pilot 6%, TKE

?“/ Dy

0.5
z/Dy @/Dy x/Dy

Figure 5-6 Mean velocity and TKE comparison with different pilot fuel split ratio (Fixed conditions:
Reynolds number: 50000, ¢: 0.65)
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Figure 5-7 Mean velocity and TKE comparison with different Reynolds numbers (Fixed conditions: Pilot 6%,
¢: 0.65 for a, b, d, e, ¢: 0.55 for c, f)

Self-similarity with respect to the different combustor operating conditions can also be observed
in the mean velocity component profiles. The velocity components at different conditions (R2-R7 in
Table 1) are compared in Fig. 5.10, which can also be compared with R1 in Fig. 5.6. Top figures are
axial velocities and bottom ones are radial velocities for each case. Cross-section locations are the same
as those shown in Fig. 5.6. Most of the observable features in the flow velocity were independent of pilot
fuel ratio, equivalence ratio, and Reynolds number. In other words, the reacting flows show small
differences, compared to the differences observed between non-reacting and reacting conditions as
shown in Fig. 5.6. The equivalence ratio changed the magnitudes of the peaks and width of the main
annular flame jet (a, b in Fig. 5.10). The recirculation velocity was also higher with high equivalence
ratio. However, there was no consistent effect observed in the locations of the velocity peaks suggesting

that the flame expansion was independent of all tested conditions.
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Figure 5-8 Velocity component profiles comparison with different conditions: R2-R7. x/DN=0.4(Blue),
0.8(Red) 1.2(Yellow)

Impingement Locations of Reacting Flows on the Liner Wall

The reacting flow impingement locations on the liner wall were compared in reacting flows under
different conditions. Zero axial velocity crossings at several axial velocity profiles were identified near
the wall, and then the zero axial velocity location at the wall (r = 1.45 Dy) was determined from a line
fitting extrapolating the jet expansion trend observed. This procedure is exemplified in Fig. 5.11. Four
lines were used near maximum radial location available in the data. The reason for extrapolating the
location of impingement was that the data near the liner wall was unreliable due to the intense glare and

reflection from the laser sheet in PIV experimental data.

15 : : : 1.46

1.44 1
Q 142

—-e-x (u=0)
1.4 —Linear fit
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1.38
1.05 1.1 1.15 1.2

Figure 5-9 Procedure to determine impingement location; Left: Axial velocity profiles (along the x/DN
direction) near the maximum radial location (rmax), Right) Extrapolation of zero velocity location.

The impingement locations found at different combustor operating conditions are shown in Table
5.2. In this study, the locations were consistent around with standard deviation of 7% (0.08) in the 7 reacting
cases. Impingement locations found in two non-reacting measurements are given as a reference as well. In
the non-reacting case, impingement locations were at a farther downstream axial location (). As observed

in Fig. 5.6, the main flow expands more in reacting flow. As a consequence, impingement locations are
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different in reacting flows. This is an important finding as liner cooling geometry design will depend on

this impingement location.

Fig. 5.12 shows the mean axial velocity near the wall as a function of axial location (radial
locations within 1.3 Dy < r < 1.4 Dy range). Although the zero crossing on this plot could not
accurately measure the jet impingement location, the difference in the reacting flow and non-reacting
flow is clearly visualized. This was also contrary to the speculation of the flow expansion across the

flame front leading to a downstream impingement location compared to the non-reacting case.

This observation conflicts with the results in numerical investigations. This could be due to the
limited data close to the liner wall in the experiment. The effect of reaction to the flame structure needs

to be studied further both experimentally and computationally to draw a firm conclusion.
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Figure 5-10 Averaged near wall profiles; Left: axial velocity, Right: TKE in non-reacting flows (Blue) and
reacting flows (Red), for radial location 1.3 Dy <r < 1.4 Dy,.

DISCUSSION
Flow fields were measured with planar PIV for reacting flow in a lean-premixed swirl-stabilized

can combustor. Significant differences between non-reacting and reacting flows were observed in mean
flow fields and TKE fields. The rate of velocity decay along the main annular jet flow was higher in non-
reacting case. Size of vortices decreased in reacting flow. Flow energization due to heat release expanded
the flow and generated strong density gradients at the jet boundary in reacting flow. This work has
addressed the effects of important combustor parameters on the reacting fluid dynamics and self-similar
characteristics of reacting flows observed in a realistic gas turbine combustor with an actual industrial
fuel nozzle. An observation of practical importance in the current study was the self-similarity in reacting
flows. Regardless of the combustor operating conditions, the normalized flow fields and TKE were

similar.
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Table 5-2 Jet impingement locations on the liner wall in non-reacting flows (NR) and reacting flows (R)

Case Pilot% Re# x/Dy Deviation
RL 065 6 50k 118  +1.9%
R2 0.55 6 50 k 1.01 -12.8 %
R3 0.78 6 50 k 1.10 -5.0%
R4 0.65 0 50 k 1.17 +1.0 %
R5 0.65 4 50 k 1.23 +6.2 %
R6 0.65 6 75 k 1.25 +7.9%

R7 0.55 6 110k  1.17 +1.0 %

NRI - - 50k 134 -

NR2 = = 50 k 1.32 =

Observations within our group have shown that the geometry downstream of the combustor
primary zone has a significant impact on the flow field and heat transfer within the combustor. If the
heat transfer characteristics depend on the transition piece shape and size; it is important for the design
of combustors to characterize this dependence. For this reason, future work should focus on reacting PIV

measurements of the flow field using different geometries downstream of the combustor primary zone.

PIV MEASUREMENT AND POD ANALYSIS

The second set of PIV measurement used propane fuel. After a rig upgrade, control and
measurement were more accurately performed. Effects of equivalence ratio, air mass flow rates and inlet
air temperature on the flow features were tested. An attempt of POD analysis was applied to capture the

coherent structure.

Test Conditions
The test matrix for experiments is shown in Table 5-3. Four different air mass flow rates were

selected for non-reacting flow cases. The Reynolds number is a parameter representing air mass flow
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rate. Control variables for reacting flows are air mass flow rate, fuel-air equivalence ratio, and inlet air
temperature. 2-3 cases of different conditions were compared to a base case for each property. Pilot fuel
split ratio was constant at 6% of the total fuel flow. The measurements were conducted when the flame

is steady and stable by observing acoustic noise and flame luminosity.

Table 5-3 Test matrix of PIV measurements

Control Tinlet Re ; Case
variable (°C) 0 i
Re (NR) 23 50 Cl

23 70 C2

23 920 C3

23 110 C4

Re (R) 23 50 0.60 R1
23 70 0.60 R2

23 90 0.60 R3

23 110 0.60 R4

6 (R) 23 50 0.55 RS
23 50 0.60 R1

23 50 0.65 R6

23 50 0.70 R7

Tinter (R) 23 50 0.60 R1
100 50 0.60 R8

200 50 0.60 R9

Reynolds numbers for air mass flow rates were calculated with respect to fuel nozzle throat

diameter (Dy ). Characteristic length for non-dimensional length scales was the nozzle diameter as well.

PIV Measurement Results
The flow field was measured 2-dimensionally on the axial-radial plane, and the 2D velocities

vectors can be denoted with two components.

Vyr = VX + v, 7 (50)
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The mean velocity field in reacting flow was obtained from PIV measurements in reacting
condition. The arithmetic mean of the 400 snapshots () was used for each mean vector field. A 33 median
filter was applied to the mean vector field to remove unphysical values (due to noise). Reynolds

decomposition, as given by Equation 2, was then used to extract the fluctuating velocity component.

v=v+7 (51)

The fluctuation part (v') was used to calculate the turbulent kinetic energy (TKE). This TKE
distribution represents local velocity fluctuation, which is an important factor for flame stability and for
convection heat transfer at the combustor liner. TKE in 2-D is characterized by the root-mean-square
(RMYS) of axial and radial velocity fluctuations, or the turbulence normal stresses in the measurement

plane (Equation 3). This represents the mean kinetic energy associated with eddies in turbulent flow that

were captured in the 2-D data. Root of TKE vk was normalized with the reference velocity and used for

the plots.

k=3 (v +v") (52)

Vorticity is another flow property obtained from PIV data. Equation 4 shows definition of
vorticity in this 2D measurement plane. Vorticity was calculated from the instantaneous snapshots, and

then time averaged.

— —Ovr_ Ovx
Q=|Vxv|= % o (53)
The magnitude of normalized velocity is presented in color scale. Field properties such as
velocity were scaled with reference velocity, which is mean nozzle velocity (Equation 4), which was
calculated from the inlet air flow rate divided by the area of the nozzle (annular area between outer

perimeter at the nozzle casing and inner perimeter at the center hub).

Mair
Vypef = 54
ref PairAnozzle ( )

EFFECT OF REACTION ON THE FLOWS

Significant differences were observed by comparing non-reacting flow and reacting flow with mean
velocity, turbulent kinetic energy, and vorticity in Figure 5-11. Flow direction is from left to right with

the nozzle on the left side (x =0, -0.5 < r/<0.5).
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Figure 5-11 Axial velocity (a, e), velocity vector (b, f), turbulent kinetic energy(c, g), vorticity (d, h),
distributions of non-reacting flow (a, b, ¢, d) and reacting flow (e, f, g, h)

The magnitudes of time-averaged axial velocity for non-reacting flow (a) and for reacting flow
(e) are compared in Figure 5-11. Black dotted contours show the location where axial velocity is zero..
These zero axial velocity curves were used to determine impingement locations. Plot (b) and (f) show
time-averaged velocity vectors and velocity magnitudes in color scale. Plot (c) and (g) are TKE
distribution in non-reacting and reacting flows. Time-averaged vorticity plots are shown in (d) and (h).

The area where the noise covers the signals from the particle were marked in white.

The maximum normalized velocity in the main flow was about 1.1 in non-reacting flow and 1.6
in reacting flow. The annular main jet velocities were higher in the reacting case because of the
combustion causing flow energization and forward volume expansion in the flow. In other words, the
reacting main jet flow expands due to heat release from combustion and the density decreases as the jet
flows towards downstream. During this process, the density of the fresh air-fuel mixture is higher than
surrounding fluids. The density ratio of reactant to product was estimated as 5-7 from combustion
calculations. Main jet flow in non-reacting case decays quickly, and axial velocity is lower at the wall

attached flow.

Pilot jet is not visible in the PIV data, because of low momentum of pilot flow. It seems to be

not high enough to be detected or the measurement plane was not positioned exactly at the flow axis.

Shear layers are observed in the TKE plots and also vorticity plots. High turbulent regions lie on
shear layers in case of reacting flow, contrary to the non-reacting case with high turbulence is located
near the dome. High vorticity of the opposite direction is more prominent in reacting flow. High TKE
region inside inner shear layer of non-reacting flow can be explained with precessing vortex core (PVC).

PVC is usually found near the inner shear layer in non-reacting swirl flow, but not in reacting flows.
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Propagation of the flame into the incoming mixture and heat release from the flame breaks down the

vortex. Vortices in reacting flows are turned to small eddies and then dissipates.

Effects of Conditions on Reacting Flows
Flow fields were not affected by air mass flow rates. Flow structures observed in normalized

mean velocity fields with different Reynolds numbers are compared for non-reacting flows and reacting

flows (Figure 5-12). Expansion angle of jet flow, the magnitude of normalized velocity are very similar

for four different Reynolds number cases for both non-reacting and reacting flows.

(b} (c) , (d)
i 15

(a)

/Dy /Dy z/Dx

Figure 5-12 Velocity vectors of reacting flows with different air mass flow rates,
Re =50000 (a), 70000 (b), 90000 (c), 110000 (d) with respect to the nozzle diameter.
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Figure 5-13 Velocity vectors and flame images of reacting flows with different air mass flow rates, Re = 50000
(a), 70000 (b), 90000 (c), 110000 (d) with respect to the nozzle diameter.

Cases with different equivalence ratios are compared in Fig. 5.16. Flow structures, in general,
were invariant, but velocities at wall attached flow were higher with high equivalence ratio. Normalized
magnitudes of velocity at location x/Dy= 1.8, #/Dy=1.2, were 0.7, 0.9, 1.0, and 1.1 for equivalence ratios
0.55, 0.60, 0.65 and 0.70. Velocities at the main jet flow from the nozzle showed the same trend implying
high density gradient across the flame front. There was no significant difference in the velocities
observed in the other regions. Size of corner recirculation zone and central recirculation zone in the

measurement plane were similar as well.

The flow fields were not sensitive to inlet air temperature. In Fig. 5.17, the flow structures are similar,
but the velocity is higher for high inlet temperature case. Velocity in the inner recirculation also increases
with inlet temperature increase. The increase was expected because the reference velocity did not account
the volume expansion due to preheating. If the actual mean velocity at the nozzle were used for

normalization, the flow fields would have been almost identical.

Figure 5-14 Velocity vectors and flame images of reacting flows with different equivalence ratios, ¢ = 0.55 (a),
0.60 (b), 0.65 (c), 0.70 (d)
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Figure 5-15 Velocity vectors and flame images of reacting flows with different inlet air temperatures, T =23
°C (a), 100 °C (b), 200 °C (c).

A notable observation in the equivalence ratio test and inlet temperature test is that the trends of
central recirculation velocities are different. Normalized magnitudes of velocity at the center
recirculating flow (x/Dy= 1.7, r/Dy= 0.5) were consistent at 0.3 for equivalence ratio variations, but they
were more than 0.4 for preheated cases. This is the color difference in the contour. Although both control
variables provides thermal expansion in the flow, but their effects are different. Flow expansion by heat
from reaction inside the combustor is more complex to explain than the incoming expanded air by

preheating.

Impingement Locations
The jet impingement on the liner wall is important in confined reacting flow because the heat transfer is
closely related to the flow structure. In this work, zero axial velocity location near the wall (r =

1.45 Dy) is defined as impingement location.

The impingement locations found at different combustor operating conditions are shown in
Figure 5-16. In this study, the locations were consistent around x = 1.14 Dy, with standard deviation of
3.5% for 11 reacting cases. The impingement locations in 6 non-reacting cases were around x = 1.39 Dy
with standard deviation of 2.1%. Repeatability of the locations was checked with multiple measurements.
Standard deviations of impingement locations with 3 non-reacting runs and 3 reacting runs were 0.026

Dy (1.8%) and 0.019 Dy (1.6%) respectively.
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Figure 5-16 Measured jet impingement locations on the liner wall of non-reacting (NR) and reacting (R)
flows

The impingement occurs closer to the dome in reacting flow than non-reacting flow. Size of
corner recirculation zone changes due to different flow structures and the impingement location changes
at the same time. Other combustor operating conditions, which are Reynolds number, equivalence ratio,
or inlet air temperature, did not show a significant effect on the impingement location. The location is

function of swirl number and combustor geometry only.

POD Analysis

There are three components in the instantaneous flow fields, which are time average, coherent, and
random components. Total fluctuation of the flow is combination of coherent and random components.
The PIV system can be operated at 7.4 Hz acquisition rate, which is not able to resolve high-frequency
phenomena in the flow. Proper orthogonal decomposition (POD) method can extract information about
coherent structures in the flow even though the data is not time-resolved. POD first computes
eigenvalues, eigenvectors from autocovariance matrix of PIV data. The eigenvalues represent fluctuation
energy contributions, and the eigenvectors provides temporal information of the modes. POD mode is
obtained by projecting the original data on the eigenvectors. The POD modes are ordered by energy
contributions to identify spatial information of the most energetic coherent structures in the flow. PIV
data were analyzed by POD. One non-reacting case and two reacting cases with different equivalence
ratios were selected. Mode energy contribution and three most energetic modes for selected cases are
shown in Figs. 19-21. The first reacting case is a typical condition (R1, base reacting case), and the other

reacting case is a lean condition.
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Figure 5-17 Mode energy contribution and three most energetic POD modes for case C1 non-reacting flow

First two modes contained most of the turbulent energy in the non-reacting flow, which is about
19% and 12% for each component. The first and the second POD modes are spatially correlated, from
which can be interpreted as the dominant coherent structure. This coherent structure is related to the
periodic shedding of the flow which appears to be related to PVC in a similar way as in TKE plots. This

observation agrees with the previous results of POD analysis on non-reacting flow PIV measurement.

In the previously reported results, POD analysis of reacting flow was not reported. Figure 5-18
shows mode energy contributions and POD modes contours for reacting flows (R1). Reacting case (R1)
was very stable condition with ¢ = 0.60. The first two modes contained about 5% of turbulent energy.
POD modes shows random fluctuations due to small eddies at the flame front, and also measurement
noise. Due to damped PVC and small energy contents of periodic structures in reacting flows, coherent

structures was not captured even with this POD analysis. Most of other reacting flow cases showed

similar results.
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Figure 5-18 Mode energy contribution and three most energetic POD modes for case R1 reacting flow
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Figure 5-19 Mode energy contribution and three most energetic POD modes for case C1 non-reacting flow

In this report, POD analysis was used to investigate coherent structure by comparing reacting

flow and non-reacting flow. Further attempts including phase identification and reconstruction will

provide more temporal information of the reacting flows.

One exceptional reacting case was observed for RS case (Fig. 5.19), while most of the other

reacting cases showed similar structures and energy contributions to R1 case. The total energy

contribution is similar to non-reacting case, by looking at energy contents in mode 1 and mode 2 of axial

velocity (v, blue in the mode energy plot). Peaks of these modes are located in the central recirculation

zone in the POD mode plots. Periodic fluctuations of the flow in the recirculation zone formed dominant

coherent structure. This unstable behavior could not be noticed in the mean / TKE plots. Using POD

analysis, the coherent structure inside central recirculation zone was revealed for a lean operation case.
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DISCUSSION
A set of measurements was performed with a 2-D PIV system. Time-averaged flow velocity,

vorticity and turbulent kinetic energy (TKE) were obtained from PIV data and flow structures under

different conditions were compared. Jet impingement location on the liner wall was determined as well.

For reacting flows, cases of 4 Reynolds numbers, 4 equivalence ratios, 3 inlet air temperatures
were selected to examine the effect of combustion operating conditions on the flow field structure. Flow
structures observed in PIV measurement were significantly affected by reaction. Structures of non-
reacting flow and reacting flow showed distinct structures. The flow structures were invariant with
combustor operation variables for reacting flows when the geometry was fixed, because the flame shape

and flow structure are functions of geometry such as swirl number and contraction ratio.

Main jet impingement location in the liner wall was one of the main focuses of the experiment.
The impingement locations on the wall were experimentally found to be closer to the dome plate in case
of reacting flows compared to non-reacting flows. This observation agrees with LES numerical

simulation results known in the literature.

POD mode comparisons between non-reacting and reacting flows showed significant
differences. Reacting flows under lean condition contained more coherent periodic fluctuation in the
central recirculation zone, which was not observed in the mean flow field. From the POD analysis, it
was found that the operation of combustor was very stable for most of typical reacting flow conditions
for this particular swirler nozzle and combustor geometry. Comparing this result with pressure data will

also be interesting.
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Chapter 6 FLOW TEMPERATURE MEASUREMENT

This chapter reports experimental flow temperature measurements in a research combustor under
reacting condition. Thermocouple scanning system was built and mapped the spatial temperature
distribution on a 2-D plane for the swirl flow under reacting condition in an optical model gas turbine
combustor. The probe was designed to be inserted into the model combustor from exhaust side opening.
The measurement was conducted at methane flame stabilized with lean-premixed swirling nozzle inside
an optical model can combustor rig. Features of premixed swirl flame were observed in the measurement.
Non-uniformity of temperature profiles were observed at combustor outlet as well. The thermocouple
measured temperature distribution was compared to an infrared radiation map measured with a
thermographic camera. The experimental data can be used to validate CFD calculation, and also to
understand flow structure and heat transfer in a swirl type combustor. The result shown for a particular
swirl combustor is useful information to study the structure of swirl flames and associated heat transfer

to solid surfaces.
EXPERIMENTAL SETUP

Scanning Thermocouple Probe

A home-made probe was designed to be inserted into the model combustor from exhaust side
opening. Type B (PtRh/Pt) thermocouple wires were used for this setup which can measure 1700 C at
maximum. The length of the thermocouple ceramic insulation rod was about 45 cm (18 inches) from the
tip to the connector. And the rod was mounted at the tip of an end of a 1 m long steel rectangular tube
for extended reach. The steel support was installed on a 2D traversing stage system. The setup was made
to avoid damage during the measurement. Hot burnt gas flows to the exhaust side opening where the
probe setup is located. Exposure to flow at high temperature easily breaks the mounting structure of the
thermocouple probe if it is not made with proper high-temperature material. Thus, the thermocouple
connector side has to be protected by blocking heat transfer from surrounding to the connector with an
insulation box. The box was made with ceramic tiles, and zirconia paste which can sustain at higher than

1200 °C. The enclosed connector mount inside an insulation box could stably secure the thermocouple.
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Figure 6-1 Thermocouple scanning probe setup in reacting flow

Air cooling of the connector is also necessary to prevent the thermocouple junction temperature
from rising. According to Seebeck effect principle, two different type of material of thermocouple
generates a voltage signal proportional to the temperature difference between two ends. For type-B
thermocouple, reference junction location is at thermocouple wire connection to copper extension wire.
If the reference junction temperature rises more than 200 °C, about 3% error will be added to the
measured temperature assuming the tip at 1200 °C. An air hose was connected to the insulation box and
supplied cold air continuously to cool down the thermocouple connector and the insulation box. In this

way, maximum reference temperature was lower than 200 °C during the measurement.
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Figure 6-2 Example of copper wire thermocouple extension(cf: T/C type is not the same for this research)
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Figure 6-3 Thermocouple probe with 2D traversing stage

Figure 6-4 Thermocouple inserted to optical combustor during temperature measurement

Automated Data Acquisition

A custom integrated LabVIEW application operated motor controller and acquired
thermocouple data. To measure spatially resolved temperature, the linear stage system moved the
position of the probe by a distance while the rig is operated with flame. This capability enabled the test
fully operable from a remote location. Spatial resolution determined the distance of each motion. The
total duration of operation was limited to about 2 hours by our current fuel supply system. Optimum

resolution of scan was selected by trade-offs. A USB thermocouple data acquisition device from National
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Instrument TCO1 was connected to the extension wire from the probe. Three sets of samples were
acquired at each point at 2 Hz. Data was saved when the standard deviation of samples was less than the
threshold value (typically 0.5%) to automatically find equilibrium state of the probe tip temperature.
After data saving, the thermocouple moved to next location in the radial direction. The process was

repeated at the different axial location.
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Figure 6-5 LabVIEW application (virtual instrument) for traverser control and thermocouple acquisition

Combustor Operation

For all temperature field measurements reported herein, combustor was operated at one typical
combination of set points which is at Reynolds number 50000, overall equivalence ratio 0.65 and pilot
fuel split ratio 6-7%. Air split ratio between the pilot nozzle and annular main nozzle is not designed to
be controlled by the operator. It is known that a few percent of air flows through the pilot nozzle. For

thermocouple measurement, the liner and transition piece were disconnected during thermocouple

scanning in the primary zone.

COMBUSTOR EXIT TEMPERATURE

Radial temperature distribution was measured at different axial locations in transition piece. Flow
temperature coming out from the transition piece is important design factor of combustor because it is
closely related to turbine inlet condition. The capability of measuring accurate flow temperature in our

test rig will also be helpful in the future for a more detailed study about geometry effect to combustor

characteristics.
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Five axial locations from A (x/D. = 1.64) to E (x/D. = 3.34) were selected as labeled in Figure
6-6. The axial distance was measured with respect to the fuel nozzle location. The length of our

combustor was about x/D. = 3.3 at the exit of the transition piece.
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Figure 6-7 Radial temperature profiles of reacting flow at combustor exit

Measured radial distribution was shown in Fig. 6.7. The black curve which was measured at the
closest location from the nozzle showed highly non-uniform temperature profile. Peak temperature was
found at 7/Dr = 0.17. Lower temperature at the center » = 0 might be caused by an error from slight
reference temperature increase. Flow temperature was measured until 7/Dr = 0.45. The temperature at
the outer region was lower than the center. A possible explanation might be heat transfer to
liner/transition piece wall and corresponding, although the solid walls were not actively cooled. Inner
recirculation might also contribute to non-uniformity. Burnt hot gas from the conical flame recirculates
to the center as the flow moves to the downstream. More uniform radial distributions were observed at

the downstream locations due to continuous mixing in the combustor, as well as reduced swirl.

192



Bulk averaged temperature was calculated under the assumption of ideal axisymmetric
distribution and uniform density using the measured profiles at each axial location. The average
temperature did not significantly vary along the axial locations at 1300 K. Non-symmetric temperature,

and non-uniform density/composition are sources of error.

Pattern factor is widely used to study the durability of hot sections downstream of the combustor.
In this study, extended definition of pattern factor was used to compare the degree of non-uniformity of
the temperature profiles. Pattern factor is defined as following equation where 73 is combustor inlet
temperature.

Pattern factor (PF): Imax~Tmean (55)

Tmean—T2

The pattern factor was measured inside combustor was shown in Figure 6-8. is bulk mean
temperature at each axial location. As location moved downstream, the pattern factor decreased
monotonically from 0.1 to 0.04. The pattern factor is known to be a function of axial length, liner
diameter and pressure-loss factor. The relation to the axial length is shown in this result for this type of

swirl combustor.
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Figure 6-8 Mean temperature and pattern factor at transition piece
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PRIMARY ZONE TEMPERATURE

Axial Direction Linear Scan
Temperature distribution was measured with axial direction traversing in combustor primary zone.
Radial locations are chosen at the center, half liner radius and near the wall. Length scales are

dimensionless with respect to fuel nozzle diameter. The inner radius of tubular liner was 1.45 Dy.

Liner
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Figure 6-9 Axial line temperature profile measurement

Fig. 6.9 shows three axial temperature profiles at different radial locations. The maximum and
minimum temperature were measured at the half radius (/Dy =0.71). The lowest temperature was about
400 K, which is close to the fresh air-fuel mixture. The location of (/Dy = 0.7, x/Dy = 0.4) was close to
the nozzle. The peak temperature of 1600 K was found at 0.3 Dy downstream of lowest temperature
location. Most of the heat is released from a chemical reaction at the flame front which lies on the shear
layer between the fresh mixture and recirculating hot gas. Location of highest temperature increase (7/Dy
= 0.7, x/Dy = 0.6) agrees with previously measured flow field. Sources of mismatching of flame front
location are thermal expansion of probe and downstream geometry effect on flow field structure. There
are sections of different profile features. First is low temperature section (1000-1100 K) at 0 <x/Dy < 1.
Second section shows increasing temperature at 1.1 < x/Dy <1.8. Last high-temperature section (1300-

1400 K) was found at 1.8 < x/Du.

This thermocouple measured temperature profiles can provide insights on the driving
mechanism of convection heat transfer. The previous experimental study in the same swirl combustors
reported the flow velocity characteristics and heat transfer. Unlike uniform temperature flow, reacting
flow in the combustors shows strong non-uniformity. As in Figure 10, temperature ranges more than 400
K at near wall. This non-uniform flow temperature can significantly contribute to the convection heat

transfer to the liner wall.
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Figure 6-10 Axial profile of temperature of reacting flow

2-Dimensional Map
A complete 2-D mapping of reacting flow temperature was conducted at the same combustor operating
conditions. Number of nodes are 320 in total. Covered area was within 0 < »/Dy < 1.36, 0.14 < x/Dy <

0.29 region. Fig. 6.10 shows the area of measurement.

Liner

Figure 6-11 Axial-radial plane temperature measurement

Selected 6 out of 20 lines of axial profiles are shown in Fig. 6.11. Radial profiles are shown in Fig. 6.12
in a similar way. Same features were observed as in previous axial line measurement. Maximum and
minim temperature are almost the same as 400 K and 1600 K. Propagating main jet flow was noticeable
in radial profiles. The jet impingement location on the wall seems to exist between 1.1 <x/Dy < 1.4. This

observation agrees with flow field result.

195



1600 1
1400 1
1200 1

< 1000 1

-

800 -
600 -

400 1

Axial profile

0.5 1 1.5 2

ND

Figure 6-12 Axial profile of temperature of reacting flow
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Figure 6-13 Radial profile of temperature of reacting flow
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Temperature distribution in 2D map is plotted to help visualization of temperature field. Fig.
6.14 is contour plot of raw data in 16 20 resolution. Blue region of low temperature is the fresh fuel-air
mixture incoming jet from the annular main nozzle. The jet forms a cone before the jet impinges on the
liner. The flow impinges on the wall at an angle where expected impingement location is at x/Dy ~ 1.1.
As the flow approaches the wall, the temperature increased due to reaction. The flow temperature in the

outer recirculation zone is lower than the other area due to quenching and heat loss.
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Figure 6-14 Radial-axial plane temperature distribution in reacting flow
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Figure 6-15 Interpolated radial-axial plane temperature distribution in reacting flow

Comparison with CFD

Fig. 6.16 is numerical simulation result from the previous work carried out at our laboratory.
The temperature of corner recirculation zone (100K-1200 K) is lower than that of CFD (1500-1700 K).
This seems to be caused by ideal heat transfer condition at the boundary of the CFD, which is not easy
to measure in the real world. If CFD utilizes measured heat transfer data as a boundary condition, more

accurate simulation will be achieved.

The conical shape of main flame jet agrees for both experiment and CFD. However, angle of
main jet flow shows small difference. It was reported from our team that the downstream geometry

affects the size of central recirculation zone and shape of the conical mainstream jet. Due to the limitation
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of intrusive type of temperature measurement technique using thermocouple probe, it might not possible
to repeat temperature measurement with different combustor downstream geometry. This effect can be

studied further, with non-intrusive techniques, such as optical flow temperature measurement.
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Figure 6-16 Radial-axial plane temperature from CFD result for comparison

The flow temperature field agrees with the flow velocity field in terms of geometrical structure
and quantified jet impingement location. Interpolation was applied to better visualize the raw data.
Roughly speculated extension of low temperature jet flow lies near the flow impingement location at
x/Dy ~ 1.1, Highest temperature was observed on inner shear layer. There is smaller peak temperature
on the outer shear layer as well. It is noted that heat release without visual wavelength light occurs on
the outer shear layer, because luminous flame was not observed on the outer shear layer for this

combustor operation condition.

MEASUREMENT ERROR

Transient error was estimated by traversing the thermocouple multiple times in a steady state flame.
Scanning was performed in two directions and the mean values and deviations are shown in Figure 6-17.
There is notable hysteresis depending on scan direction. This means that thermal equilibrium of the probe
tip could not perfectly be accomplished. Nevertheless, the true value is between the error bars which is
top and bottom bounds of the true temperature (excluding other sources of error than time response).
Transient error is within 10%. Thermocouple reference junction temperature is another cause of error.
The junction temperature was 200 C at maximum, which can cause 3% bias error reducing the
measurement value. The amount of junction temperature related error is approximately -30 K at 1000 K.

The effect of other sources of error (radiation, conduction) are shown on the Table 6.4.
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Figure 6-17 Estimated error of thermocouple measurement

Table 6-1 Uncertainty of thermocouple measurement

Source

Calculation

Estimated Max. Error

Conduction error

Radiation error

Transient error

Thermocouple error
Reference junction

error

o T, — Ty
€™ cosh L(4h./dkg)'/?

_ KRUEAR(T]4 — Tyy)

. heAc
dT; pcd
By =T = Y V6(STD)

Maximum ref. jct. T : 430 K
Voltage error: 0.1 mV /8.2 mV

0.15 K (at 1600 K)

11.1 K (at 1600 K)

0.0016 K (at 1600 K)

+0.05K

1.2% ~ -19.2 K (at 1600K)

DISCUSSION
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Flow temperature in a lean-premixed swirl combustor was measured with a scanning thermocouple
probe. A home-made thermocouple scanning probe setup was described. Radial profiles were measured
in a transition piece and at the combustor exit to determine pattern factor. The relation of calculated
pattern factor to the axial length is shown. The pattern factor at the exit was 0.04. Axial temperature
distribution was presented inside the primary zone of the combustor. The temperature ranged from 400-
1600 K in the combustor. The profile near wall was 1000-1400 K, which shows significant contribution
of the flow temperature to the convection heat transfer to the liner wall. This can be studied further, with
non-intrusive techniques, such as optical flow temperature measurement. Further comparison with PIV

measured flow field will make more comprehensive data about the swirl flow in this model combustor.
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Chapter 7 FLAME INFRARED RADIATION MEASUREMENT

This chapter describes a proposed diagnostic concept of flame infrared radiation measurement. Infrared
radiation measurement was demonstrated for a model gas turbine combustor. An IR thermographic
camera and a filter glass were used to capture the infrared signal from the flame through the glass liner
during reacting condition. Schott KG glass filtering enabled flame measurement through a quartz
combustor wall within wavelength of 1-2.7 um. Feasibility of the technique and potential value for
combustor systems are shown in this work. Flow characteristics in the infrared measurement agreed with
flame luminosity observation. Features including double shear layers, fresh mixture flows could only be

captured with infrared measurement.

EXPERIMENTAL SETUP

The IR camera measured the signal from one side of the test section through the quartz glass liner. A
FLIR SC6700 camera was used with a 3 mm thick Schott KG?2 filter (Fig. 7.1). The KG glass is a heat
absorbing filter and can also be an optical short pass filter. The wavelength range of measurement was
determined by the response range of infrared camera and absorption curve of quartz material. The camera
sensor responds to infrared signal from a wavelength range of 1-5 um. Infrared signals with wavelengths
longer than 2.8 um are blocked by the KG filter. Transmittance curves accounting for the material
absorption and surface reflection are shown in Fig. 7.2. This filtering enables the camera to measure the

IR signal through the quartz glass window.

Figure 7-1 Thermographic camera and KG glass filter for flame measurement

Fused silica material typically does not show resonance bands at near infrared, but OH band of
a small amount of water content (less than 5 ppm in GE 214 quartz) emits infrared longer than 2.8 pm

at high temperature. When the long wave quartz radiation is sufficiently blocked, the quartz is transparent
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in the camera view. Thus, the flame physically contained in the combustor can be measured without
optical barriers in the measured wavelengths. Another advantage of using KG filter is to prevent

saturation of camera sensor by reducing infrared signal strength.
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Figure 7-2 Transmission curves of KG2 glass filters with different thicknesses.

Sources of optical radiation from chemically reacting flow can be soot particles or excited
molecules or radicals. Blackbody radiation from soot particle dominates in a rich flame with high carbon
ratio in the fuel. For a land-based power generation gas turbine engine, lean and stable flame is required
for higher performance and lower pollutant emission. Light radiations from molecules or radicals are in
narrow bands, in a lean flame. Strong bands are commonly observed in ultraviolet and visible ranges,
which are out of the measurement range of the infrared camera. The source of the infrared seems to be

H,O or CO; bands at the measurement range.

PROOF-OF-CONCEPT

A proof of concept measurement was conducted with a propane torch flame. TS-1500 low profile torch
was used to form a flame. The flame was fuel lean without visible soot radiation. The camera measured
infrared radiation from the flame through a quartz glass. Frame rate was 5 Hz and the data was averaged
for 30 seconds. Infrared radiation from the flame dominated over radiation signals from surfaces and
weak radiation was measured at metal part of the torch. Measured infrared emission and structures inside
flame are shown in Fig. 7.2. The filter reduced intensity of infrared radiation received by the camera.

Measured infrared radiation distribution represents distribution of high temperature combustion product.
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Figure 7-3 Proof of concept measurement with propane torch flame; (left) without filter (right) with KG2
filter. Color scales represent measured infrared intensity (a.u.).

COMBUSTOR FLAME MEASUREMENT

Fig. 7.4 shows a typical RGB camera image of a flame in the model combustor rig. Flow direction is left
to right. The fuel nozzle is installed at the center of a round dome plate shown on the left side. The main
flame is anchored at the hub of the fuel nozzle as a cone. Burnt gas enters a transition zone on the right

side, and then exits the combustor.

Impingement

Outer shear layer
Inner shear layer

Figure 7-4 Averaged projection image of infrared radiation from reacting flow (a.u.) and RGB image of flame
luminosity inside the combustor

Measured infrared radiation of the reacting flow in the combustor is shown Fig. 7.4. Data was
measured at 7.5 Hz rate for 60 s duration. Length scale was normalized with the fuel nozzle diameter
(Dy). Flow characteristics observed in the infrared data agree with the flame luminosity in general. The
main flame was observed as a cone, and strong intensity was radiated from the central recirculation zone.
Radiation from corner recirculation zone was relatively weaker as expected from the characteristics of

swirl flow.
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There are several features observed from the infrared measurement that could not be seen in
flame luminosity image in visible light. Two shear layers were observed from the infrared measurement.
The layer between corner recirculation and incoming cold jet (x/Dy~0.5, x/Dy~ £ 0.8) was observed
only in the infrared measurement and not visible in the regular image. Between those layers, fresh fuel
air mixture incoming from the nozzle is shown as low signal gaps. Another relatively low intensity region
was captured at the center near the fuel nozzle (x~0, y~0) due to fuel air mixture injected through a

circular pilot nozzle at the center of the fuel nozzle hub.

ABEL TRANSFORMATION

The infrared radiation image was further reconstructed with Abel transformation. Infrared radiant energy
density was spatially resolved, and inner structures of the reacting swirl flow were identified. The high
density region was observed near flame front where recirculated flow is mixed with fresh mixture. Area

of incoming mixture of main jet showed lowest density.

Assuming axially symmetric geometry, the data was further analyzed with a tomographic
reconstruction. Abel transformation is useful technique to convert line-of-sight averaged projection
images from axisymmetric objects to cross-section distributions at central axis. Similar techniques were
applied to infrared measurements of various laminar flames. In this study, averaged symmetric image of

a turbulent flame was reconstructed with Abel inversion.

The combustor is divided into concentric layers of different radiance densities (X;). A matrix (A)
was obtained from path length segments (/;;) and radial location (#;). Multiplication of inverse matrix to

the line-of-sight averaged projection (P) gives radial distribution of radiant energy density (X).
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Figure 7-5 Averaged projection image of infrared radiation from reacting flow (a.u.) and RGB image of flame
luminosity inside the combustor

The reconstructed image shown on Fig. 7.6 shows the infrared radiant energy density in radial
axis. The inner structures of swirl flame are more distinct compared to the projection image. The most
interesting observation is the flame front between incoming fresh mixture and central recirculation zone.

It is shown as a high gradient curve starting from x ~ 0, #/Dy ~ 0.3 towards upper right direction, until
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impingement on the liner wall at x/Dy~ 1.2, /Dy~ 1.4. The flame front divides the image into two zones,
one with low radiation that includes incoming main jet and corner recirculation zone, and the other with

high radiation at central recirculation zone.
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Figure 7-6 Reconstructed infrared radiant energy density (a.u.).

The highest density region was observed near the nozzle and lowest was at incoming fresh mixture at
main jet. The high density region was located at where heat is transported from the flame front. The
radiant energy density from the flame decreases as the flow moves to the downstream. On the other
hand, total radiant energy increases due to increase in total volume along the radial axis. The density at
the corner recirculation zone is very low, but higher than the incoming jet. Structure of the pilot jet at the
center of the flame (#~0) is shown better than the projection. Comparison of the infrared radiant energy
density with other diagnostic methods will help better understanding of the infrared diagnostics of

turbulent reacting flow.

EFFECT OF EQUIVALENCE RATIO

The reconstructed image on Fig. 7.7 shows the infrared radiant energy density in radial axis. The highest
radiation location is the flame front between incoming fresh mixture and central recirculation zone. The
flame front divides the image into two zones, one with low radiation that includes incoming main jet and

corner recirculation zone, and the other with high radiation at central recirculation zone.

The radiant energy density were compared for three equivalence ratios of 0.60, 0.65 and 0.77 in
Fig. 7.7. The result is difficult to understand, because it is opposite from anticipation. The highest peak
was found at low equivalence ratio. Area of high energy moved downstream with increase in equivalence
ratio. Structures such as diverging angles, locations of flame front, size of recirculation zones, were

invariant.

The equivalence ratio effect seems to have strong relations with optical emissivity of the partially

transparent flow. Although the comparison shows this infrared measurements are not directly related to
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flame temperature or a particular flow property, this novel technique will be useful to investigate flow

structures and information of reacting flow in gas turbine combustors and other high temperature flows.
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Figure 7-7 Reconstructed infrared radiant energy density (a.u.).

(a) ¢ =0.60 Axial location (b) ¢, =065 Axial location (C) ¢ =0.77 Axial location

150 + — 0.4 150 150 — 0.4
— o7 — 07
1.3 1.3
S0 — 29 100 '5100 — 2%

é 50 é 50 é 50

0 1] ]
] 05 1 ] 05 1 0 0.5 1
r/Dx /Dy r/Dy
Figure 7-8 Profiles of reconstructed infrared radiation
DISCUSSION

A concept of infrared radiation measurement was demonstrated for a model gas turbine combustor. Initial
experiments showed feasibility of the technique and potential value of similar measurements for

combustor systems. Flow characteristics in the infrared measurement agreed with flame luminosity
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observation. Features including double shear layers, fresh mixture flows could only be captured with

infrared measurement.

Abel transformation was applied to the measured projection. Infrared radiant energy distribution
was spatially resolved, and inner structures of the reacting swirl flow could be identified. The high
density region was observed near flame front where recirculated flow is mixed with fresh mixture. Area

of incoming mixture of main jet showed lowest density.

Future study will focus on the analysis of the infrared measurement and comparison with actual
temperature measurements. The emissivity of the partially transparent flow should be identified to
correlate the infrared measurement to temperature field. If correlations can be found, the infrared

technique will be more useful in the gas turbine research and other high temperature harsh environments.
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Chapter 8 HEAT TRANSFER MEASUREMENTS UNDER REACTING

CONDITIONS

This chapter covers heat transfer experiments to study the optical combustor at reacting conditions.
The heat transfer measurement technique using infrared thermography was developed previously. The heat
transfer data was analyzed by a finite difference model. The results showed the promising capability of
non-intrusive optical measurement of time-resolved liner heat flux and heat transfer coefficient

distributions.

EXPERIMENTAL SETUP
The measurements of the liner wall temperature displayed an axisymmetric pattern. This allowed

for the simultaneous acquisition of the inner and outer liner wall temperature profiles by measuring both
at different azimuthal locations on the liner wall. The inner (flame side) and outer (coolant/ambient side)
liner walls were coated with a high temperature opaque black paint (Rust-Oleum®). The outer black coat
was only applied to the top half of the imaged liner surface, allowing for acquisition of the inner wall
temperature on the bottom half. Because of the axisymmetric heat load, both measurements were
assumed to be concurrent and collocated along the liner. All the surface temperatures were derived from

infrared (IR) measurements using a FLIR SC6700 camera, with a detector spectral range of 1to 5 .

The previous setup was configured with open test section as seen in Fig. 8.1. Continuing the
established IR measurement technique, similar heat transfer measurement was conducted with closed

test section configuration.

Figure 8-1 Photographs of previous IR measurement setup with open test section (left) and new IR heat
transfer measurement setup with closed test section (right).
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Figure 8-2 Schematic of wall temperature measurement with infrared thermographic camera. Region of
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Figure 8-3 Region of interest in IR camera view

The liner wall temperature measurement setup of the combustor is shown in Fig. 8.2. A single
reacting case was selected (Reynolds number 50000, equivalence ratio 0.65 and pilot fuel split 6%). The
inner wall and outer wall of the quartz liner was coated with flat black high temperature paint, and the
outer wall was only partially painted so that the inner wall coating was visible from the outside. When
the liner heated up, the paint emitted thermal radiation. The radiated energy at infrared wavelengths was
captured with an infrared camera. Assuming the heat transfer was axisymmetric (verified by the

temperature distributions observed), the inside and outside wall temperatures were measured
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simultaneously. As shown in Fig. 8.2, only a portion of the outer liner wall was coated, and more than
half of the inner surface was coated. In the measured temperature data, the outer wall temperature region

is the area on the top of the contour.

The wall surfaces of quartz liner are coated with black spray paint. The inner wall is coated on
the full area of the region of interest (ROI). The outer wall is coated only partially, covering upper half
of the region. IR camera captures the surface temperature of inner wall coating and outer wall coating

simultaneously.

e Tl | ¥

i r -
Fuel nozzle

IR camera

: KG filter gl - =0
IITer glass i . | -

gt

Figure 8-4 Heat transfer measurement setup, Left: IR camera with KG filter, Right: Test section with pilot
flame

INFRARED LINER TEMPERATURE MEASUREMENT

An infrared thermographic camera (FLIR SC6700) was used to measure the combustor liner
temperatures at the inner and outer walls of the liner. A Schott KG2 glass with a 3 mm thickness covered
the lens of the IR camera to remove the quartz liner absorption and emission signal. The IR camera has
an spectral response range from 1 m to 5 m, and the KG glass filter absorbs 2.8 m to 5 m. Material
property shows that the quartz glass is transparent (without absorption or emission) in 1 m to 2.8 m range,
which was used for the inner wall and outer wall temperature measurement. Calibration of the IR data
to wall temperature was separately done with a thermocouple measurement. Further details of the
measurement technique, calibration of the temperature, and the effectiveness of the KG glass to block
the emission from the quartz liner. Fig. 8.6 shows the infrared derived surface temperatures on the liner
wall. The marked locations on the figures show the area used for averaging the results in the radial

direction.
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Figure 8-5 Example of IR camera data calibration
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Figure 8-6 Calibrated liner temperature field (color scale in K) measured with infrared camera, at outer wall
(0<r/DN<0.9) and at inner wall (r/DN<0). Dashed line rectangles show regions of interest for inner wall and
outer wall. TC1 and TC2 labels indicate thermo

Fig. 8.7 shows temperature profiles at the inner wall and outer wall of the quartz liner based on
the IR camera data shown in Figure 8-6. Combustor operating parameters are set to the same values as
R1 case of the PIV flow field experiment and maintained constant. The rate of temperature increase was
not uniform, nor constant. Regardless of the shape of the profile at different times, peak temperature
locations were constant at about x = 1.5Dy in the axial location, which is downstream of the flame jet

impingement location. A possible explanation for the increased liner temperatures downstream of the
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location where the maximum convective heat transfer coefficient is expected (at the impingement
location) is that the temperatures at the downstream annular flame jet (fully reacted) are presumably
higher compared to the temperature close to the flow impingement point. On the corner recirculation
zone upstream of the impingement location, the lower flow temperature and the relatively lower heat

transfer coefficients causes the slower temperature rise in the liner wall.
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Figure 8-7 Liner temperature profile at inner wall and outer wall. 2D measurements were averaged in
radial/tangential direction.
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Figure 8-8 Heat flux on the liner under reacting condition with quasi-steady state assumption (R1 condition)
Heat Flux: Quasi-steady State Assumption
Heat flux on the liner wall at an experimental time of 180 s was calculated from the temperature
difference between the inner and outer wall, and the thermal conductivity of the liner at the mean

temperature of the quartz. Quasi steady-state was assumed for the calculation, which is demonstrated by
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the relatively unchanging temperatures differentials observed for t = 160s, 170s, and 180s.
Measured peak heat flux on the liner in this case was approximately 23 kW/m? at x ~ 2.3Dy. A smaller

peak of 15 kW/m? observed at x ~ 0.5D, seems to be caused by corner recirculation.

Heat transfer rate is expected to be high where there are high local Reynolds numbers and high
fluid temperatures near the wall. Comparison of the heat flux with the flow field shows that the peak
heat flux location was far downstream from the flow impingement location in axial direction. This seems
to indicate that the increased temperature of the main flame jet at the downstream location increases heat
flux to the liner, which could not be observed in non-reacting heat transfer studies. Moving forward, heat

transfer measurements are planned to be performed for different reacting conditions.
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Figure 8-9 Radial temperature distribution within liner thickness for a selected axial location
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Figure 8-10 Time resolved radial temperature distribution of the liner wall

Heat Flux: Time-resolved Solution

Measured heat flux in longitudinal axis is shown in Fig. 8.11. Peak heat flux location is denoted with red
markers. Initially, high heat flux at low liner temperature was observed. As time moves, the peak heat
flux reduces from 60 kW/m? to 23 kW/m?, and the location also moved to the downstream from x/D =

1.8 to x/D = 2.4. Then, heat transfer is almost at steady state after 160 s. A smaller peak of 15 kW/m?
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was observed at x = 0.5Dy, due to heat release in the corner recirculation zone. The heat release in the
corner recirculation was minor, but it needs to be considered as one of the characteristics of swirl
combustors. The most distinct difference between this reacting heat flux profiles and the one at non-
reacting flow which was reported in previous terms is that the heat flux increase along the x axis at
0.9 < x/Dy < 2.3 due to heat release in reacting flow attached to liner wall. This feature was not
observed in the non-reacting measurement. It clearly means that the heat transfer measurement for

realistic testing should be done under the reacting flow condition to accurately measure its characteristics.
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Figure 8-11 Measured combustor liner heat flux profiles chaning in time

Another way to look at the temperature and heat flux is contour plots. The 2-d plots in Figure
8-10 and Figure 8-11 are explaining the temporal evolution of the heat flux profile. The vertical axes on
the plots are axial locations, and the horizontal axes are time. Color scales are for wall temperatures and
hot side heat flux respectively. For a selected time, vertical color change at a fixed horizontal axis in the
contour corresponds to the temperature or the heat flux profile at the moment. In those figures, Moving
peak locations are easily observed. For temperature, the peak location is constant at around x/D=1.5. The

peak location of heat flux, on the other hand, moves from x/D = 1.8 to x/D = 2.4.
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Figure 8-12 Hot side heat flux evolution in time

Azimuthal Temperature Variation

The wall temperatures measured in 2-dimension are averaged in the vertical direction, resulting
in one-dimensional temperature distributions along inner wall and the outer wall. For heat flux
calculation, temperature variation along an azimuthal direction is assumed to be small. The variation of
the wall temperature is shown in Fig. 8.13. Three axial locations were selected, and then instantaneous
azimuthal (or vertical) wall temperatures are plotted for three selected times. Each plot shows increasing
surface temperature profile in time. Each curve shows how the temperature varies along the azimuthal
direction. The lower temperature zone indicate outer wall painted area. Regions of interest for this
analysis are between gray dotted lines. Amounts of temperature variation were different at inner and
outer walls, and they also changes in time. Top locations of the wall (y > 0.5) should be avoided in the
future because of the most significant azimuthal temperature variation. Inner wall standard deviation is
lower than 3.5 K. Peak of outer wall standard deviation is about 12 K at x/Dy = 1.13. Curvature effect,
misalignment of geometry, non-uniform paint coat thickness or uneven natural convection at the outer

surface might cause the temperature variation.
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Figure 8-13 Azimuthal temperature variation for wall temperature measurement

A theoretical prediction of directional emissivity shown in Fig. 8.14 implies that the radiation

decreases when target surface is not perpendicular to the sensor direction. Directional emissivity reduces
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significantly after 50-60 degree angle, which corresponds to the radial location at about 80% of the radius.
The area we used for the analysis is within the theoretically valid area. However, due to surface roughness,
uneven heat transfer, etc., the measured temperature varies more than the theory. This issue should be
experimentally studied to quantify the uncertainty of the measurement. As the effect of directional
emissivity is symmetric, even with the error added to the temperature measurement, its effect on heat

transfer will be reduced.

Figure 8-14 Theoretical prediction of directional emissivity [JR Howell].

DISCUSSION

The transient liner wall temperature was measured with an infrared camera at one reacting condition.
Temperature distributions were measured at the inner and outer wall of the optical combustor liner. Peak
temperature locations were ~0.3 Dy downstream of the flame jet impingement location, attributed to
higher flow temperatures downstream of the flow impingement. The temperature rose up to 900 K after
3 minutes of operation. Heat flux transferred through the liner was measured as ~ 23 kW/m? at x ~

2.3Dy, with an assumption of quasi steady-state wall temperature.

The thermal load on the combustor walls is an important design parameter for optimization of
combustor cooling and emissions. Understanding the combustor wall temperature and velocity fields
will provide insight into the mechanisms driving the convective heat loads. Therefore, it is necessary to
improve experimental methods to experimentally corroborate the characteristics of reacting flow and to
predict heat transfer in reacting condition. The transient infrared liner temperature measurement
technique described in this study can be used as an accurate method for detailed 2D liner wall temperature
and heat flux measurements, which to date are accomplished with thermocouples or thermal paints (low

accuracy).
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Chapter 9 FLAME SHAPE AND STRUCTURE

This chapter discusses the flame shapes and structures. The flame shapes are studied using high-
speed imaging. The experimental setup for high-speed imaging is discussed earlier. The first section
discusses the stable flame structures. Proper Orthogonal decomposition (POD) was applied on the high-
speed images to study the flame shapes. The second part discusses the flame shapes during near blowout
oscillations. The final part discusses further analysis of the flame images taken during near blowout

oscillations.

STABLE FLAME

As discussed in the previous sections, pressure measurements and high-speed imaging were used
to analyze combustion oscillations. In the current section, application of POD on flame images acquired for
a stable flame is discussed. While various cases were tested as listed in Table 9-1, the following section

focuses on Test 1 as shown in Table 9.1.

Table 9-1 Stable Flame Test Cases

Test | Re# | Eq Ratio Pilot %
1 50K | 0.75 6
2 50K | 0.65 6
3 50K | 0.65 0
4 50K | 0.65 4
5 75K | 0.65 6

The number of samples considered is an important parameter for the analysis of POD. In all the
cases presented in this paper, more than 1800 samples were considered. To further assess the reliability of
the modes, a sensitivity analysis was performed. Two random ensembles of data, for example A and B,
were randomly chosen with 1000 samples in each ensemble. POD was applied to both the ensembles of

data and a correlation coefficient was calculated. The correlation coefficient is defined as shown below.
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Figure 9-1 POD Modes- sensitivity analysis

The correlation coefficient is an inner product of two modes of the same order but, from different
ensembles of the data. If the inner product of two variables is close to unity, it implies that the variables are
independent of each other. If the correlation coeffecient is close to one for a particular mode, it means that

the mode is independent of the ensemble. Discrepancies in the mode will result in decrease of the correlation

coefficient.
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Figure 9-2 Mean and POD modes - Test 1

Figure 9-1 shows the sensitivity analysis performed on one of the cases. It can be observed that the

correlation coefficient for the first six modes is close to one. This implies that the first few modes are
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ensemble independent. As the mode number increases, discrepancies in the modes also increase. This might

be due to the noise in the images acquired. As the mode number increases, the correlation coefficient

approached zero.POD was applied on all the 1800 available samples. Fig. 9.2 shows the mean image and

first five POD modes of Test 1. The mean image is often referred to as Mode 0 in literature. It should be

remembered that POD modes are the fluctuations to be added on top of the mean image. Since the images

are line of sight averaged, the mean image looks symmetrical. It is entirely different compared to

chemiluminescence images (which target particular species), where some asymmetry can be observed. In

this case, visible light (within spectral response of the camera sensor) from the flame was recorded without

filtering.
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Figure 9-3 POD mode energy distribution for Test 1
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Though the mean image suggests a V-shape flame (which is expected with a swirl-stabilized flame),
it does not provide a complete understanding of the flame structure or features. Furthermore, it can be
observed that the intensity of image, downstream of the combustor, is higher than that at the nozzle (x/D =
0). This might be because of the radiation from the burnt gases and slight flame liftoff from the nozzle.
Figure 9-3 shows the energy distribution of POD modes. As with any POD analysis, higher modes represent
most of the energy. While Mode 1 has most of the energy (9%), it can be observed that other modes up to

Mode 5 have at least 4% each, which can be representative of the useful dynamics within the flame.

Figure 9-4 shows the contour plot of Mode 1. The scale and signs of the contour plot are arbitrary
because the modes are to be multiplied by the mode amplitude coefficient. The structure shown in Mode 1
also indicates the central recirculation zone, which cannot be observed from the time-averaged mean image.
Mode 1 qualitatively suggests that the flame reattaches to the liner wall at axial location of 1.5 times the
nozzle diameter. In previous studies, it was found that the flow impingement location on the liner wall for
the non-reacting case was around 1.3 times the nozzle diameter. Flow impingement location is defined as
a point of zero axial velocity as the jet impinges on the combustor liner. The iso-lines observed in the
contour plot of Mode 1 indicate the highest variability of the light intensity in the region of central
recirculation zone and the shear layers. This corresponds to the region where the V-shape flame is

contained. Thus, Mode 1 indicates the size and extent of the central recirculation zone, albeit qualitatively.

Compared to the mean image, which looks symmetrical around the axis, Mode 1 shows the regions
of high and low intensities around the axis of the fuel nozzle (y/D= 0). This indicates the rotation of the
flame, which is an inherent nature of the swirl-stabilized flame. Mode 2 and Mode 4 appear to be paired
modes. They indicate longitudinal oscillations in the flame. Downstream of the fuel nozzle, near x/D=2.5,
it can be observed that both modes have opposite intensities. Further, the PSD of the two modes indicate a
similar pattern as shown in Figure 9-5. Computing a temporal phase shift between the two modes reveal a
phase shift close to 90° at around 39 Hz. Thus, it can be inferred that, these two modes indicate the
oscillations caused by the combustion reaction. In the following discussion, the mode amplitude coefficients

of Mode 4 were used to compare against pressure measurements.
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Figure 9-6 Power Spectral Density of pressure and POD Temporal Coefficient

For quantitatively analyzing the character of the stable flame, pressure measurements were recorded as
described in previous sections. PSD of the pressure measurements, when compared with PSD of the mode
amplitude coefficients of POD, is shown in Fig. 9.5. The frequencies of high-intensity oscillations were
observed and found to be consistent with both measurements. This suggests that both measurements are
capturing the same dynamics. Hence, one may conclude that the flame dynamics have significant
oscillations at 39 Hz for which the features were observed in Mode 2 and Mode 4. Similar longitudinal
observations were observed in previous studies, albeit at different frequencies corresponding to
experimental rig. The peak at 200 Hz, as discussed previously, was associated with the coolant air. The
PSD of the POD mode amplitude coefficients are limited to less than 250 Hz because of the acquisition of
high-speed imaging at 500 frames per second. Further analysis of the modes can help visualize the flame at
particular frequencies. Though, mode amplitude coefficients of the POD modes are consistent with the
pressure oscillations, phase averaging did not reveal any consistent pattern. This phenomenon might be
because of the line of sight averaged images, where existing patterns might be overshadowed by the

radiation from the gases in the same plane.
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STABLE FLAME — OTHER CASES
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Figure 9-7 Power Spectral Density of pressure and POD - Test 2-5

Other experiments at different conditions as listed in Table 9.1 are reported in this section. In all
the cases tested, the frequency of the variability observed in the high-speed imaging was consistent with
the pressure oscillations measured. For Test 2, 3 and 4, the pilot fuel to main fuel split ratio was varied
while keeping the Reynolds number and equivalence ratio constant. For Test 2 and Test 3, where the pilot
fuel was 6% and 4% respectively, it was observed that dominant frequency was 32 Hz. This observation
was consistent with both the POD mode amplitude coefficients and pressure measurements and can be
observed in Fig. 9.6 (A, B). However, when there is no pilot fuel (Test 4 — Fig. 9.6(C)), pressure spectra
reveal that the flame was not as stable, as indicated with an increase in the amplitude of low-frequency
oscillations. This behavior is expected because the additional pilot fuel helps to maintain a stable flame at
low equivalence ratios. It is interesting to observe that at a higher Reynolds number (75K Re - Test 5), but
with similar equivalence ratio (0.65) as that of Test 2, the PSD remained similar with dominating frequency
at 32 Hz. This may indicate that the oscillations are self-similar with Reynolds number, as has been

observed for the flow velocity similarity at isothermal conditions. However, additional pressure and flame
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imaging cases at different Reynolds numbers must be tested to infer and analyze if the pressure oscillations
are in fact independent of the mass flow conditions. The information about the mode shapes and
corresponding paired modes (as discussed for Test 1) are not reported in this paper for Tests 2, 3, 4 and 5.
This is because similar results were obtained for sensitivity study, mode energy distribution, and the phase
angle between coupled modes at dominant frequencies. In the next section, POD applied to high-speed

images acquired during instabilities is discussed.

Instabilities near Blowout Conditions
The dynamics and structure of the flame during the instabilities, caused as the equivalence ratio

reduced to near blowout conditions, were studied to complement the observations during a stable flame
operation. Near blowout regime was obtained by decreasing the fuel flow rate gradually, until strong
oscillations appeared. The experimental conditions for the instabilities discussed in this section are 50k Re
with 0.15E-3 Ib/s of pilot fuel mass flow. The pilot mass flow corresponds to 3% of the main fuel flow rate
when the equivalence ratio is 0.65. While conducting experiments, the authors were limited to controlling
the fuel flow rate of the main fuel, while keeping the pilot fuel flow rate constant. As the fuel flow rate was
decreased to near blow out conditions, instabilities were observed, and high-speed imaging was acquired
when the equivalence ratio was around 0.45. As the fuel flow rate was further decreased, complete blowout
occurred at equivalance ratio of 0.40. Near blowout instabilities comprise of blowout and re-ignition
occurring at low frequencies, causing a steady rumbling sound around the combustor. This can be observed

as the flapping of the flame.

Like previous sections, POD was calculated on the high-speed images acquired during instabilities
to extract the main mode shapes and the mode amplitude coefficients of the flame oscillations. Fig. 9.7
shows the mean image and first five modes. Mean image and Mode 1 look similar, except near the nozzle.
This phenomenon is probably because of the excessive radiation from the gases, captured by the high-speed
camera. Due to the blowout and re-ignition instabilities, the gases occupy most of the combustor region
which in turn was resolved in POD Mode 1 as the highest variation. Other POD modes, especially Mode 2

and Mode 4, give an indication of the blowout and re-ignition.

Figure 9-7 shows the power spectra of mode amplitude coefficients for POD Mode 1, compared
against the power spectra of the pressure measurements. It is evident that the POD and pressure data show
consistent results. Figure 9-8 shows the power spectra of pressure during near blowout instabilities
compared with power spectra of pressure during the stable regime. Low-frequency oscillations and

corresponding resonant frequencies, because of the instabilities, are evident.
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Figure 9-8 Mean and POD Modes, instabilities near blowout conditions

Fig. 9.10 shows the POD reconstructed images, which are arranged, based on the phase angle. The
POD reconstruction was performed based on first five modes of POD. Mean image of a stable flame can
also be seen in the Figure 9-10. As represented in the mean image, fuel nozzle is located on the right side.
This is true for the POD reconstructed images as well. The direction of the flow is from right to left. The
phase angles from -180 to 180 degrees are shown completing one full cycle of oscillations. One full cycle

represents a blowout and a re-ignition event.

At phase angle -180, 180 and 0 the flame shape and location indicates blowout events. The phase angles -
90 and 90, indicates re-ignition event. Phase angle -180 shows the flame location in the primary combustion
zone, during the oscillations, after the flame is blown off. It appears that flame is quenched at the nozzle
and reaction is concentrated in the central recirculation zone. Compared to stable flame, where various
flame structures are observed in the IRZ, during this phase of the near blowout oscillations, it appears as if
the flame is pushed radially inwards into the IRZ forming a region of reacting gases inside the IRZ. The

next image of phase angle -90 shows the flame concentrated close to the nozzle. Because of the swirl flow,
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the hot reacting gases can swirl back towards the nozzle. The hot reacting gases can potentially re-ignite

the fuel-air mixture near the nozzle. That could be the reason of the flame location as observed in the plot
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Figure 9-11 POD Reconstructed Images - Arranged in Phase

shown as phase angle 90. Comparing the phase angle plot of 180, it can be concluded that the reaction

cease to happen in the shear layers and that flame is pushed radially inside the IRZ.

Flame Shape and Location
During this process of re-igniting in the shear layers and blowout, it can be observed that flame

front pulsates near the wall at locations where the flame front generally does not appear in stable
combustion. Oscillating flame in such locations can potentially mean pulsating temperatures near the wall.
Though the global equivalence ratio is low, such pulsating flame fronts could mean alternating locally rich
combustion (very high temperatures) and cold non-reacting gases near the liner wall. Such pulsating flame
structures coupled with high amplitude pressure fluctuations can potentially damage the liner wall. In the
next chapter, heat loads during near blowout oscillations are studied. Having understood the flame shapes
and locations during near blowout oscillations, heat loads on the liner wall can be studied with flame

locations in perspective.
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CONCLUSIONS
This initial part of this chapter focused on the use of POD as a post-processing technique to

understand and visualize the flame dynamics produced by an industrial fuel nozzle operating within an
optical combustor. The experiments were conducted at equivalence ratios of 0.65, 0.75; different Reynolds
numbers of 50K, 75K; and three pilot fuel to main fuel ratios of 0%, 3%, 6%. Experiments were also
conducted under instability conditions originating due to the reduction of equivalence ratio into near
blowout regime. High-speed direct light images and pressure measurements obtained during the
experiments were compared to analyze the flame structure. POD using the snapshot method was applied
on the flame images to obtain the dominant features of the flame, which are not adequately represented by
the mean images. POD helped in the deconstruction of the flame images into a lower order model, thus
allowing for the visualization of the dominant flame shapes. It was found that the PSD of mode amplitude
coefficients of the POD are consistent with the pressure oscillations. Furthermore, the peak frequency was
consistent with the temporal phase shift of 90° between two modes, which suggests that the flame structures
shown in those modes correspond to flame oscillations at that frequency. This was true in all the cases
presented in this study, including the instability experiments. Thus, POD can be a helpful tool in visualizing
combustion oscillations. This is also true in the case of the instabilities that occur near lean blowout
conditions. This work proves that POD based tools can be used as part of the post-processing routines to
obtain valuable information from the data obtained with simple methods like high-speed direct light
imaging. Further, application of POD based tools on data obtained from OH* PLIF can reveal more

interesting dynamics of the flame.

The later part of the chapter focussed on the reconstruction of the flame images based on POD modes
(specifically during near blowout oscillations). The reconstrcuted images when arranged according to their
phase angle showed the flame location and behaviour during near blowout oscillations. The blowout and
re-igniton events can be observed. These observarions are further used to understand the flame and flow

behaviour during near blowout oscillations.
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Chapter 10 HEAT TRANSFER AND FLOW FIELD MEASUREMENTS

DURING COMBUSTION INSTABILITIES

This section discusses the heat transfer on the liner wall during near blow out instabilities. IR
thermography measurements on the liner wall gives information about the heat loads. Detailed description
of the heat transfer experimental procedure has been described in earlier chapters. The initial section of the
chapter discusses the heat load on the liner wall during near blowout oscillations at one particular
experimental conditions. Varying heat load on the liner wall during the near blowout oscillations is
discussed by showing the heat loads at various time instances. The next section of the chapter discusses the
heat loads at different experimental conditions. The conclusions and limitation of the experiment are later

discussed.

HEAT LOADS ON LINER WALL — MEASUREMENT 1
This section discusses the head load on the liner wall during near blowout oscillations at the

experimental conditions as shown in Table 10.1. Though the data is shown at equivalence ratio of 0.48, the
measurement of the data started with the stable flame. The stable state at which measurement started are at
same airflow and pilot fuel percentage, but at equivalence ratio of 0.65. Measurement of the data at stable
flame also acts a reference data set to normalize the heat loads during the near blowout oscillations. As the
equivalence ratio was further reduced, the heat transfer measurements continued until the experimental set

conditions shown in Table 10.1.

Table 10-1 The experimental conditions for the Heat Transfer measurements-1

Parameter Value
Air Flow 34 g/s ~ 50,000 Reng
Equivalence ratio 0.48

Pilot Fuel 6 %

Fuel Methane

IR Camera frequency 120 Hz
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It is known that near blowout oscillations happen at frequencies less than 15 Hz. For the heat
transfer measurement, the temperature measurements are made at a frequency of 120 Hz. Therefore, the
measurements should be able to resolve the change in temperatures observed on the liner walls during near
blowout oscillations. Since the acquisition rate is 120 Hz, it should be noted that the time resolution in the
finite difference model is 1/120 s. The spatial resolution in the axial direction is the limited by the pixel
resolution of the IR camera. Each pixel provided one data point. The reader is suggested to refer the

dissertation by David Gomez [29] for detailed description of the calculation methodology.

Fig. 10.1 shows the heat load on the liner wall during near blowout instabilities at five time
instances. The plot at time instance t =0.01 s, represents the heat load on the liner wall after an instantaneous
blowout. Because of an instantaneous blowout, delay of ignition of the fresh air-fuel mixture exiting out of
the fuel nozzle happens. The non-reacting gases, which are relatively cold surround the liner wall. Thus,
momentary cooling down of the liner wall happens and, this explains the negative heat load on the liner
wall at corresponding time instance. However, because of the existing swirl flow, the hot gases re-ignite
the air-fuel mixture at the nozzle. The re-ignition initiates the combustion reaction near the nozzle, which
causes a spike in the heat load on the liner wall near the nozzle, as observed at time instance t =0.03 s. The
combustion reaction engulfs the entire primary combustion region, because of the swirl flow, which
explains the spike in the heat load as observed at time instance t = 0.06 s. As discussed in previous sections,
because of lean operating conditions, the flame will not be able to sustain constant re-ignition and thus
initiating a blowout near the fuel nozzle. The blowout near the nozzle causes instantaneous reduction of the
heat load on the liner wall near the nozzle as observed at time instance t = 0.08 s. During that same instance,
the flame is pushed radially inwards and downstream simultaneously which explains the continued high
heat loads downstream. As the reacting gases move downstream, the non-reacting gases once again
surround the liner wall and the cycle continues. The variation in the heat loads at different time instances,
as discussed above, can also be explained from the flame locations. So it can be concluded that the
instantaneous heat loads during near blowout oscillations are result of the local blowout-re-ignition in the
primary combustion region. The next section discusses about the heat loads on the liner wall at one location

of the liner wall.

232



20|

q / qstable

-10

20 ¢

q / qstable

-10

——time = 0.01s| 20! —time = 0.03s|
o
8 10}
c_b‘)
7 0 ’/\'
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
Axial Length (x/D, ) Axial Length (x/D, )
[—time = 0.06s| a0l [—time = 0.08s|
o
c_b‘)
-10

0.5 1 1.5 2 25 3
Axial Length (x;’DN)

0.5 1 1.5 2 25 3
Axial Length (x;’DN)

20| —time = 0.11s| .
o
s 10}
U_U')
o ol |
M
-10 — ' ' ' '
0.5 1 1.5 2 2.5 3
Axial Length (foN)

Figure 10-1 Fluctuating Heat Load on the Liner Wall during Near Blowout Oscillations
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Fig. 10.2 shows the transient heat load on the liner wall at an axial location of x/D 2.5. A clear
sinusoidal trend of the heat load on the liner wall can be observed. The magnitude of heat loads during these
oscillations are point of concern. The heat loads during near blowout oscillations are normalized using the
heat loads at equivalence ratio of 0.65. Since, the near blowout happens at lower equivalence ratios (0.48
in this case), the adiabatic flame temperature of combustion will be low (thus the bulk temperature of the
combustion is also low). So the normalized heat loads more than 10 implies a huge magnitude for heat
loads. These kind of high magnitude fluctuations can potentially damage the liner wall by inducing creep.
Fig. 10.3 shows the power spectral density of the heat load on the liner wall. A clear peak at 7.8 Hz can be
observed and corresponding harmonic frequencies can be observed. This is similar to the POD temporal
coefficients and pressure measurements during near blowout oscillations, as reported in a previous
publication and shown in previous sections. This shows that the effect of near blowout oscillations can be
directly seen on the liner wall. It should be noted that the Biot number for the quartz glass is comparatively
higher than the metal liners traditionally seen in the gas turbine combustors. So, the effect of varying heat

loads can potentially be higher compared to the experiments shows in this work.
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Figure 10-2 Heat Load on Liner Wall at x/D 2.5
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Figure 10-4 Box plot for the temperature variation on the inner wall at x/D location of 2.5 at one time
instance.

For the sake of simplification, the azimuthal variation in the temperature was assumed non-varying.
This assumption may be justified very well in stable operating conditions. But during near blowout
oscillations, when the flame is unstable and rapidly varying this assumption might fall short of reality.
Nevertheless, analysis of temperature variation in the azimuthal direction in the region of interest was
observed to be very less as shown in Fig. 10.4. Therefore, the heat load calculation is not wrong, but the
physical phenomenon where the flame is not uniformly distributed (during near blowout oscillations) in
azimuthal direction can potentially give different results if multiple region of interests are measured
simultaneously on the liner wall. However, it should also be noted that, flow field during near blowout

oscillations suggested a strong axial fluctuation compared to radial components of the velocity fluctuations
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(discussed in next chapter), which indicates that the axial variation (as studied here) of heat transfer can be
more distinct than in other directions. Nevertheless, the study of heat loads as discussed in this work

provided insight of how near blowout oscillations effect the heat loads on the liner walls.

Table 10-2 The experimental conditions for the Heat Transfer measurements-2

Parameter Value
Air Flow 34 g/s ~ 50,000 Reng
Equivalence ratio 0.48

Pilot Fuel 3%

Fuel Methane

IR Camera frequency 120 Hz

HEAT LOADS ON LINER WALL — MEASUREMENT 2
Furthermore, heat loads during near blowout oscillations were also tested at different pilot fuel

percentage as shown in Table 10-2. Figure 10-5 shows the mean heat load on the liner wall during near
blowout oscillations at two different pilot fuel percentages of 6% and 3%. The mean heat loads show heat
load distributions very dissimilar to that of stable flame heat load distributions. At axial locations
downstream of the fuel nozzle, because of huge fluctuating magnitude (negative heat load as well), the
mean heat loads show less magnitude. Higher heat loads closer to the nozzle (in the corner re-circulation
zone) can potentially damage the liner walls, because of lack of cooling in such areas. The normalized
magnitude of less than one is expected because of the lean operating conditions. At two different pilot fuel
percentages, the mean heat loads remained almost constant. From the discussion in the previous sections,
the near blowout oscillation frequency remains same for both cases. While the changing of pilot fuel
percentages changed the stability limits, the overall effect on the heat load on the liner wall appears to be
less. In the next section, heat load on the liner wall as the pilot fuel was changed during one experiment

was discussed.
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Figure 10-5 Mean heat loads on liner walls during near blowout oscillations at different pilot fuel percentages

Table 10-3 The experimental conditions for the Heat Transfer measurements-3

Parameter

Air Flow

Value

34 g/s ~ 50,000 Reng

Equivalence ratio

0.48
Pilot Fuel Varied from 2% to 6%
during the experiment.
Fuel Methane
IR Camera frequency 120 Hz
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HEAT LOADS ON LINER WALL — MEASUREMENT 3
In this section heat loads on the liner wall for experimental condition shown in Table 10-3 are

discussed. Figure 10-6 shows the time variation of heat load on the liner wall at Di = 2.5 as the pilot fuel
N

vas varied from 2% to 6%. At time ~ 60s, the pilot fuel percentage was 2% and near blowout oscillations
started. The equivalence ratio was kept constant, and only pilot fuel was increased to 6%. It can be observed
that as the pilot fuel was increased, heat loads on the liner wall decreased. In the previous section it was
observed that heat loads did not vary in two separate experiments where two different pilot fuel percentages
were tested. From the measurements as discussed in previous chapters, increase in pilot fuel percentage
made the flame stable (near blowout oscillations stopped). So, in this current experimental case the flame
stabilization (decrease in the pressure oscillations magnitude) decreased the net magnitude of heat loads on
the liner walls. This provides a valuable information for the combustor design that the effect of heat loads
on the liner wall during near blowout oscillations can be minimized by instantly varying the pilot fuel

percentages.
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Figure 10-6 Heat load on the liner wall at x/D = 2.5 during near blowout oscillations as the pilot fuel was
varied
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CONCLUSIONS
Heat load on the liner walls in three different experimental conditions during near blowout

oscillations was studied in this chapter. The following conclusions are made:

* Fluctuating heat loads on the liner walls with same frequency as that of near blowout

instabilities was observed.

= The fluctuating heat loads when can be explained by the location of the flame as studied in

previous chapter.

= The magnitude of fluctuation was also observed to be very high, which can potentially damage

the liner walls.

*  Mean heat loads during near blowout oscillations at different pilot fuel percentages remained

similar.

* The magnitude of peak heat loads on the liner walls decreased with pilot fuel, when the pilot

fuel percentage was increased during the operation.
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Chapter 11 FLOW FIELD DURING INSTABILITIES

This section discusses the flow field in the primary combustor zone during near blowout
oscillations. Particle Image Velocimetry (PIV) technique on the combustion zone provided flow field to
understand the near blowout oscillations. Section 2.5 detailed the experimental setup used for the PIV
measurement. Section 3.4 described the methodology behind the PIV and the post processing methodology
used for the analysis. The initial section of this chapter discusses the mean flow field during the near
blowout oscillations. Since, the topic of discussion is near blowout oscillations, the mean flow fields does
not provide a lot of information regarding the flow during the oscillations. The instantaneous snapshots are
then discussed which show the limitations of the PIV measurement system used. The study of instantaneous
flow field also reveals that the mechanism of near blowout oscillations is not evident. Therefore, the next
section discusses the application of Proper Orthogonal Decomposition (POD) on the flow fields. Analysis
of the POD modes showed evidence of the flow structures that are evident during near blowout oscillations.
Therefore, POD reconstructed instantaneous snapshots of the velocity fields are presented in the later
sections. The reconstructed images gave insight in to the mechanism during near blowout oscillations. Table

11-1 shows the experimental conditions for the data discussed in this chapter.

. —
e

Table 11-1 The experimental conditions for the PIV

Parameter

Air Flow 34 g/s ~ 50,000 Rena
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Equivalence ratio 0.45

Pilot Fuel 6%

Fuel Propane

PIV frequency 7.5 Hz

No. of Snapshots 800

Seeding Material Titanium Oxide

MEAN FLOW FIELD — INSTANTANEOUS SNAPSHOTS
This section discusses the mean flow field during the near blowout oscillations. However,

understanding of flow field in stable conditions plays a major role in understanding flow field during near

blowout oscillations.
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Figure 11-1 Demonstration of flow structures in swirl stabilized combustor

Figure 11-1 shows a simplified explanation of the flow field in swirl-stabilized combustor. The salient
features are the central or inner recirculation zone (IRZ) and corner recirculation zone (CRZ). The IRZ
brings back the hot combustion gases towards the fuel nozzle and ignites the fresh fuel air mixture exiting
out of the nozzle. The IRZ allows for high intensity flames with high combustion efficiencies without the

need of a blunt body for flame stabilization. IRZ can be understood as the flow structure formed as the
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swirling jet exiting the fuel nozzle expands into the combustion chamber, recovering axial pressure, and
eventually triggering the breakdown of the vortex and subsequent backflow. Higher velocities and higher
Turbulent Kinetic Energies (TKE) were observed in the shear layers between the IRZ and CRZ. Due to this

complex flow, regions of low TKE’s inside the IRZ.

Fig. 10.8 shows the mean velocity flow field measured during near blowout oscillations. The velocity of
the flow field is normalized using a reference velocity. The reference velocity is the bulk velocity of the air

r

exiting out of the fuel nozzle. The location, (D ) = 0, represents the center of the fuel nozzle. Though the

N

primary combustion region occupies an axial-distance more that o= 3, the measurement region for the
N

PIV is less than DL = 2.8. It can also be observed that data is lost at the boundaries. It can be observed in
N

the plot that the data is lost or not visible between (DL) = —1.2 to — 1.5. The lack of the data is because
N

of the limitations during the experiments. The color scale shows the magnitude of the velocity. The arrows

show the direction and magnitude of the velocity.

Even during the near blowout oscillations, it can be observed from the mean flow field that the higher
velocities can be observed in the shear layers. Compared to the flow fields of the stable cases, the mean
flow field looks very similar. However, in reality, due to the constant blowout and re-ignition phenomenon
during the near blowout oscillations, the flow field will be disturbed. Nevertheless, the mean flow field
during near blowout oscillations projects the idea that the swirl flow exists even during the near blowout
oscillations. One other key observation is that, the magnitude of the velocity in the shear layers decreased
closer to the walls. This might be because of the averaged flow field. Thus, studying the mean flow field
during near blowout oscillations is not sufficient. The next sections discuss the instantaneous snapshots

instead of the mean flow field.
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Figure 11-2 Mean Velocity Distribution during Near Blowout Oscillations.

Figure 11-3 shows eight consecutive PIV snapshots. Each plot shows the velocity magnitude and direction.
It should be noted that the velocity magnitude and direction are calculated from the individual components

of
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velocity measured by PIV system. Only two components of the velocity are used to calculate the flow fields
at each snapshot because of the planar measurement of PIV. Axial-radial direction measurements are made

r

as discussed in previous sections.. Along the line (D ) = 0.5, it can be observed that the data was lost at

N

some locations. This loss of data is attributed to the experimental difficulties. The velocity magnitude is
normalized with the reference velocity as discussed in previous paragraphs.For the instantaneous snapshots
of Fig. 10.9, it can be observed that the flow field is disturbed during the near blowout instabilities. At
various time instances, the higher velocity magnitudes are distributed at various locations. In the snapshot
three of Fig. 10.9, very high magnitude of velocity can be seen in the IRZ, while at snapshot eight higher
magnitudes can be observed at downstream axial locations. Instantaneous snapshots show more dynamics
about the near blowout oscillations compared to the mean flow field. However, due to the rapid blowout
and re-ignition events happening during the near blowout oscillations, the PIV flow fields look as if they
are filled with noise. Therefore, it is very important to further analyze the PIV flow fields to understand the

flow dynamics during the near blowout oscillations.

PROPER ORTHOGONAL DECOMPOSITION OF FLOW FIELD
The objective here is to isolate different aspects of the flow field to better understand the flow.

Therefore, proper orthogonal decomposition (POD) technique was applied on the PIV measurements.
Detailed description of the POD was given in an earlier section. POD decomposes the given flow field into
various flow structures depending on their statistical significance. The flow structures are calculated from
the Eigen vectors of the covariance matrix of ensemble of data (PIV flow field fluctuation components).
While auto-covariance calculates the variance of the velocity fluctuation at each location in time, solving
the Eigen value problem for auto-covariance gives different Eigen values and corresponding Eigen vectors,
which explains the variance. Thus, the flow field is decomposed into various flow structures which are each
a solution for the variance observed in the flow field. However, eigenvalues, when sorted out in descending
order, gives numerical significance to the possible solution of the variance observed. Therefore, higher the
Eigen value, the more statistical significance assigned to the flow structure observed. When such a structure
is projected on to the actual data set, the derived vector (called POD time coefficient) gives the information
of how the structure varies in time. Therefore, POD time coefficients for each Eigen value stores
information of how each flow structure varies in time. Thus, POD decomposed the flow field into various

flow structures and their variation in time separately.

When the selection of decomposed structures (only the structures corresponding to bigger Eigen values)
are projected on to their variation in time, reconstructed flow fields are obtained showing the significance

of the structures observed.
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The next section discusses the application of POD on the PIV vectors obtained during near blowout
oscillations. POD is separately applied to the two velocity components obtained using PIV and the flow
field is reconstructed to observe flow structures (statistically significant) during the near blowout

oscillations.
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Figure 11-4 Mode Energy of u and v component

Figure 11-4 shows the mode energy distribution of top ten POD of the two velocity components.
As discussed in previous, mode energy is ratio of the Eigen value to sum of all the Eigen values. For both
the velocity components, the mode energy approached zero for lower modes (lower modes are structures
with low Eigen values). From this, it can be concluded that the structures decomposed, using lower Eigen
values, are statistically insignificant for both the velocity components. From the figure, for the axial
component of the velocity, top two Eigen values comprise 20% of the total energy. For the radial velocity
component, the mode energy is comparatively less significant for top modes. Though the mode energies
are low for the radial component of the velocity, POD decomposition is still significant because the radial
component of the velocity can decide the direction of the velocity vector. Figure 11-5 shows the mode
energy distribution of velocity components for the flow field in a stable combustion case. It can be observed

that both velocity components have similar mode energies. But during near blowout oscillations, axial
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component is more significant, because of blowout and re-ignition events impacting the axial component

of the flow.
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Figure 11-5 POD Mode energies of velocity components for a stable case: 50k Re#; 0.65 Eq; 6% pilot.

Figure 11-6 shows the top four modes of the axial velocity component of the PIV flow field during
near blowout instabilities. The color bar is arranged to an arbitrary scale. Mode 1 indicates the locations
where variance in velocity fluctuations for which there is highest statistical significance. The color bar of
Mode 1 only indicates relative change in variance compared to other locations in the same mode. Extreme
variance in the data can be observed in the shear layers (shown in red) and in the IRZ region (shows in
blue). It is interesting to observe that the variance observed in the shear layers does not extend all the way
to the wall. In a stable flame, the shear layers are very strong and little variances can be observed. Therefore,
strong variance in shear layers as observed in Mode 1 indicates that, during near blowout oscillations, the
flow in shear layers is not as strong (in terms of velocity magnitude) in axial direction. Mode 2 indicates
flow structures where extreme variance is observed in the IRZ and zones of other extremes engulfing the
IRZ. This indicates that the flow velocities are extremely varying in the inner recirculation zone. The
extremities of the variance can be perceived as the direction. Variation of the flow velocities mean changes

in the TKE and pressure at each location.
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Figure 11-6 Modes of U-component

A discussion of change in TKE is incomplete without studying the other components of the
velocities. Figure 11-7 shows the top four POD modes of the radial components of the velocity. Mode 1
shows highest variance in the radial velocity fluctuation observed in the shear layers. The two extreme
values in the shear layers indicate the direction. Having observed the different modes of both velocity
components, the next step is to reconstruct the flow field using the POD modes. As discussed in previous
paragraphs, POD reconstruction is the projection of POD modes to their corresponding temporal
coefficients. The original fluctuation component of the flow field can be reconstructed if all the POD modes
are used for reconstruction and added together. However, since it was established that top POD modes
showed most of the energy, POD reconstruction can be done with only few modes, which will highlight the

flow structures observed in the Figure 11-6 and Figure 11-7.
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Figure 11-7 Modes of V-component

For the sake of analysis of in this work, four POD modes of each component are used for
reconstruction of the flow field. Figure 11-8 shows eight consecutive snapshots of the reconstructed flow
field. The color bar indicates the magnitude of the velocity and arrows show both direction and magnitude
of the velocity components. It should be noted that the only fluctuating component of the velocity is plotted.
The total flow field can be obtained by adding the mean velocity flow field to each of the snapshot.
However, since the intention is to study the flow field during near blowout oscillations, studying the
fluctuating components can give better idea of the flow field. Compared to the instantaneous snapshots of
the original PIV measurement in Figure 11-8, the reconstructed snapshots show flow features that have
statistical significance. Thus, POD analysis on the field was able to decompose the velocity field into

various flow features and the reconstruction of the flow field highlighted the dynamics to be studied.
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Figure 11-8 Reconstructed PIV
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FLOW FIELD DURING NEAR BLOWOUT INSTABILITIES
The near blowout instabilities happen when the equivalence ratio is reduced to near lean blowout

(LBO) limits. The flame resistance to the velocity decreased as the equivalence ratio is reduced and flame
lift off might happen. Initial flame liftoff happens near the fuel nozzle and in shear layers since, the velocity
is high at the nozzle and shear layers. Therefore, the flame would be pushed radially inwards towards the
IRZ which instantly reduces the velocity near the shear layers and the nozzle. Because of the unburnt gases
in the IRZ, the flame can continue to burn in the IRZ and increase in the velocity magnitude locally can
take place. Snapshots marked three and four in Figure 11-8 indicate this phenomenon. Because of the
continued burning in the IRZ and reduced velocities in the shear layers, the unburned gases in the shear
layers are re-ignited in the shear layers. Combustion in the shear layers increase the velocity, while hot
burned gases swirl back into the IRZ reducing the velocity magnitudes. Snapshots marked five, six and
seven in Fig. 10.14 indicate this phenomenon. The study of these snapshots indicates how the flow field

varies during near blowout oscillations.

1.5

V/Vye s

x/Dn

Figure 11-9 A POD reconstructed Snapshot

A blowout event marked with reduced velocities in the shear layers, and increased velocities in the
IRZ towards downstream of nozzle, and a re-ignition event marked with increased velocities in the shear

layers was evident from the discussion in previous paragraph. However, a very interesting phenomenon can
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be observed in the snapshot marked one, two and eight. A closer look at the snapshot three can be seen in
Figure 11-9. It shows a straddled IRZ and higher back flow in the corner recirculation zone. Higher
velocities in these regions can only be possible because of the presence of the combustion. This might be
the after-effect of the flame liftoff in the shear layers. Increase in the magnitudes of velocities in these
regions can potentially quench the flame locally near the nozzle. But as discussed and shown in snapshots
marked three and four, sustained flame in the IRZ reignites the fuel-air mixture again. But when the reaction
with in the IRZ fails, there is a potential for the LBO to happen. Unfortunately, the PIV measurement was

not able to capture the blowout event.

CONCLUSIONS
In this chapter, flow field during near blowout oscillations was studied. Proper orthogonal

decomposition was to reconstruct the flow field which provided better insight into the near blowout

mechanism. The following conclusions can be made from this chapter

POD modes decomposed the flow field during near blowout oscillations into various

structures that represent the oscillations seen in the flow field.

= POD helped visualize the flow in low-order model, where each separate flow structure can

be studied separately based on statistical significance.

=  POD based reconstruction for the flow field during near blowout oscillation revealed the

flow dynamics that are otherwise engulfed with noise in original flow field.

=  The flow field showed the mechanism behind the near blow out oscillations.
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Chapter 12 LEAN BLOWOUT LIMITS

In this chapter, Lean Blowout (LBO) limits and near blowout, oscillations are discussed. The first
section of the chapter discusses the identification mechanism used for observing LBO limits. The second
section discussed the LBO limits of methane fuel. The third section discusses the LBO limits of the propane

fuel and the forth section discusses the LBO limits of various fuel mixtures.

EXPERIMENTAL METHODOLOGY
LBO limits are determined using the pressure measurements. The measurements are typically

carried out by achieving a stable flame with the desired fuel mixture. For all the cases discussed in this
chapter, the equivalence ratio was maintained at 0.65 initially. This corresponded to a stable flame. The
total fuel flow rate was then gradually decreased until blowout happens. While the fuel flow was decreased,
fuel mixture ratio (when fuel mixtures are used), pilot fuel percentage and air flow rate was kept constant.
Fuel mixture ratio was kept constant by re-calculating the set point of each fuel mass flow controller. The
set points are calculated based on the mixture ratio and pilot fuel percentage. During this process, ample
time was given for the fuel flow system to stabilize between each change in the fuel flow setting. This was
observed by corroborating the fuel set point and actual fuel flow reading for each of the fuel mass flow
controllers. As the fuel flow rate was decreased, the flame initially became unstable before the blowout
phenomenon happened. The equivalence ratios at which flame becomes unstable and blowout happened

were noted by matching the corresponding pressure measurements.

P, PSI

P, PSI

A=

_0.2 1 1 l 1 1
152 153 154 155 156 157 158
Time (s)
Figure 12-1 Time trace of pressure measurements showing where the flame enters unstable regime (denoted by
Oscillations start on the top plot) and where the LBO event happens (denoted by LBO on bottom plot)
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Figure 12-1 shows the time trace of the pressure signal during experiments involving methane
flame. Airflow rate was set at 34 g/s and pilot fuel percentage at 6%. The top plot of Figure 12-1 shows the
time instance when the flame starts to become unstable. Sudden change in amplitude of pressure fluctuation
acts as an indicator. This indicates the onset of near blowout oscillations. The event is denoted by
‘oscillations start (OS)’ henceforward. The bottom plot in Figure 12-1 shows the time trace of pressure
measurements as the blowout event happened after a sustained low-frequency high amplitude pressure
fluctuation. ‘LBO’ in the chart denotes the blowout event. The terms OS and LBO are used in this
dissertation to describe the events like the ones shown in Figure 12-1. The equivalence ratios for OS and
LBO in Figure 12-1 are 0.56 and 0.38 respectively. The adiabatic flame temperature was calculated for a
range of equivalence ratios using the open source Cantera software for each of the fuel mixtures. GRI 3.0
mechanism was used for the calculation of the same. The adiabatic flame temperature was noted for the OS

and LBO events.

METHANE FUEL
In this section LBO limits for the combustor with various operating conditions with methane fuel

is discussed. Various operating conditions such as varying pilot fuel percentage, varying air flow rates were
tested. The test matrix for the different cases tested is shown in Table 12-1. First six test cases deal with
varying pilot fuel percentages. For these cases, the pilot fuel vas kept constant at desired operating condition
and equivalence ratio is reduced until blowout happens. For test cases 7 and 8, higher LBO limits were
tested at higher air mass flows. For the test case 9, an initial pilot fuel percentage of 2% is kept constant
and equivalence ratio was gradually reduced until the near blowout oscillations started. Then, the
equivalence ratio was held constant and pilot fuel was gradually increased to 6%. This test case provides
an idea of how the pilot fuel percentage effects the stability of the flame. For all the cases, LBO limits and

OS start events are recorded using pressure measurements.

Table 12-1 Test matrix of different cases tesed for LBO limits — Methane Fuel

Test no Re # Pilot %
1 50k 0%
2 50k 2%
3 50k 3%
4 50k 4%
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5 50k 5%

6 50k 6%
7 75k 6%
8 100k 6%
9 50k varying
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Figure 12-2 LBO and OS limits for Methane Fuel at Different Pilot Fuel Percentages

Figure 12-2 shows LBO and OS limits for the methane fuel at 6 different pilot fuel percentages
ranging from 0-6%. The upper limits of 6% is selected based on the industry recommendations. Since the
nozzle used for this work is designed to work with pilot fuel for stable operation, at 0% pilot it can be
observed that the both OS events and LBO events happened very closely and at higher adiabatic flame
temperatures. Once the near blowout oscillations start at 0% pilot fuel conditions, the flame in the inner
recirculation zone will not be able to sustain combustion for longer time to have the re-ignition back in the

shear layers. So the LBO happens almost instantaneously after the OS events happens. It can be observed
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that as the pilot fuel increased, LBO happened at lower adiabatic flame temperatures, and thus increasing
the lean operational limit of the combustor. As the pilot fuel percentage increases, during the near blowout
oscillations, the combustion can sustain at lower equivalence ratios in the IRZ because of the increase in

the local equivalence ratio.

Figure 12-2 also shows that the critical adiabatic flame temperature for the OS event changed by only 2%
as the pilot fuel percentage decreased. Previous studies on same combustor have shown that the change in
the velocity fluctuations was insignificant with the change in the pilot fuel percentage. Therefore, the OS

event happened almost at same adiabatic flame temperature.
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Figure 12-3 LBO and OS events at varying air mass flows

Figure 12-3 shows the OS and LBO events at different mass flows. Three different mass flows were
tested. It should be noted that the pilot fuel was kept constant even though the mass flow rate was increased.
Similar to last section, OS events happened at almost same adiabatic flame temperature. Self-similarity in
the normalized velocity fluctuations (at same equivalence ratios and pilot fuel but different mass flows)
could be the reason behind this as well. Nevertheless, the LBO events happened at higher adiabatic flame
temperatures as the mass flow rate increased. At higher airflow rates, during the near blowout oscillations,

the local TKE’s could be much higher locally in the IRZ. That may lead to early LBO.

The next section discusses the pressure measurements during near blowout oscillations. Figure 12-4

shows the power spectral density of pressure measurements during near blowout oscillations at different
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pilot fuel percentages (Test number 1 to 6 in Table 12.1). Except for the case when there is no pilot fuel
percentage, the spectra indicates that the oscillations happen at the same frequency of 7.8 Hz. This 7.8 Hz
frequency corresponds to the blowout and re-ignition events happening during near blowout oscillations.
Figure 12-5 shows the power spectral density of the pressure measurements at different airflow rates (Test
number 6, 7 and 8 in Table 11.1). It can be observed that the frequency increased as the airflow rate

increased. The maximum Strouhal number that was observed in the cases tested is of the other 0.04.

PSD during near blowout Oscillations
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°
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Figure 12-4 Power Spectral Density of pressure measurements during near blowout oscillations at different
pilot fuel percentages
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PSD during near blowout Oscillations
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Figure 12-5 Power Spectral Density of pressure measurements during near blowout oscillations at different
air flow rates

The Strouhal number is based on the bulk velocity exiting out of the nozzle and nozzle diameter.
The Strouhal number is of order of magnitude less than expected Strouhal numbers for the jet vortex
shedding (around 0.1-0.3). It is known that the vortex breakdown helps in the formation of the inner
recirculation zone (IRZ). For comparison, the Strouhal numbers for the stable case flame as is around 0.12.
Therefore, as the equivalence ratio is reduced the frequency of the oscillations decreased which lead to the
failure of vortex breakdown. This explains the flow field observed during the near blowout oscillations.
While the explanation justifies the flow field and flame locations, the decrease in the frequency of

oscillations can be result of the decrease in the equivalence ratio which changes the flame properties.

The next section discusses test number 9 in Table 12-1. Pilot fuel variation during the near blowout
oscillations is studied. The pilot fuel percentage was two, when the near blowout oscillations started. The

equivalence ratio was kept constant and the pilot fuel was increased.

Figure 12-6 shows the time trace of the pressure measurements on left axis for the test case number
9 in Table 12-1. Pilot fuel percentage is displayed on the left axis. The equivalence ratio of the flame was
decreased while keeping the pilot fuel percentage at 2. Once the near blowout oscillation started, after
around time t=60s, the pilot fuel percentage was changed. The equivalence ratio was kept constant at 0.55.

It can be observed that as the pilot fuel flow rate was increases, the amplitude of pressure fluctuations
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decreased. It was observed that the near blowout oscillations also stopped as the pilot fuel percentage was

increased.
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Figure 12-6 Pressure measurement as pilot fuel ratio was increased from 2% to 6% during

PROPANE FUEL
In this section, experiments and results to identify LBO and OS events for the research combustor

when propane fuel was used in discussed. LBO and OS events for operating conditions with different pilot
fuel percentages was discussed as shown in Table 12-2. Near blowout oscillations when the propane fuel

was used is compared against the measurement made when methane was used.

Table 12-2 Test Matrix for LBO experiments with Propane Fuel

Test no Re # Pilot %
1 50k 0%
2 50k 2%
3 50k 3%
4 50k 4%
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50k 5%

50k 6%

Figure 12-7 shows the LBO and OS event for the combustor when the propane fuel was used at
different pilot fuel percentages. The corresponding data for the methane is also showed for comparison.
Similar to methane, OS events happened at similar threshold values. However it should be noted that OS
events started at lower equivalence ratios (thus lower adiabatic flame temperatures) than for the methane
fuel. Therefore, the stable operational limit is with propane fuel is better when compared with methane fuel.
More discussion on LBO limits and OS events are discussed in next section (Fuel mixtures). Figure 12-8
shows the power spectral density of the pressure measurements during near blowout oscillations with both
propane and methane showed together. It is interesting to observe that power spectra looked similar for
both fuels. This indicates that near blowout oscillations are not because of the heat release fluctuations (heat

release is different for propane and methane). So the near blowout oscillations are hydrodynamic

instabilities.
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Figure 12-7 LBO and OS limits for propane Fuel at Different Pilot Fuel Percentages
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PSD during near blowout Oscillations
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Figure 12-8 Power spectral density comparison for near blowout oscillations — Propane and Methane

CONCLUSIONS
Lean blowout limits and near blowout oscillations are studied in this chapter. Following conclusions

are drawn:
* LBO limits improved with increasing pilot fuel percentage.

*  The critical flame temperature at which the flame becomes unstable remained constant at various

conditions tested for Methane and propane flame.
* Near blowout oscillations happen at same frequencies for different pilot fuel percentages.

*  Near blowout oscillations happen at Strouhal numbers lower than that of vortex shedding frequency

Strouhal numbers.
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Baseline reporting quarter

Baseline cost plan

Table A1 Cost plan status for budget period 1 (September 2013-September 2014)

Q1: 09/01/2013 -
11/30/2013

Q1

Cumulative

total

Q2:12/01/2013 -
02/28/2014

Q2

Cumulative

total

Q3: 03/01/2014 —
05/31/2014

(0X

Cumulative

total

Q4: 06/01/2014 -
08/31/2015

Q4

Cumulative

total

Federal share $40,263 $40,263 $40,263 $80,526 $40,263 $120,789 $40,263 $161,052

Non-Federal share $10,417 $10,417 $10,417 $20,834 $10,417 $31,251 $10,417 $41,668

Total planned $50,680 $50,680 $50,680 $101,360 $50,680 $152,040 $50,680 $202,720
Actual incurred cost

Federal share $18,775 $18,775 $16,202 $34,977 $23,818 $58,795 $49,292 $108,087

Non-Federal share $0 $0 $0 $0 $14,952 $14,952 $10,048 $25,000

Total incurred costs $18,775 $18,775 $16,202 $34,977 $38,770 $73,747 $59,340 $133,087
Variance

Federal share $21,488 $21,488 $24,061 $45,549 $16,445 $61,994 -$9,029 $52,965

Non-Federal share $10,417 $10,417 $10,417 $20,834 -$4,535 $16,299 $369 $16,668

Total Variance $31,905 $31,905 $34,478 $66,383 $11,910 $78,293 -$8,660 $69,633

Table A2 Budget Information 2014-2015




Q1: 09/01/2014 — Q2: 12/01/2013 - Q3: 03/01/2015 — Q4: 06/01/2015 -
11/30/2014 02/28/2015 05/31/2015 08/31/2015
Baseline reporting quarter

Cumulative Cumulative Cumulative Cumulative
Q1 Q2 Q3 Q4
total total total total

Baseline cost plan

Federal share $40,263 $201,315 $40,263 $241,578 $40,263 $281,841 $40,263 $322,104

Non-Federal share $10,417 $52,085 $10,417 $62,502 $10,417 $72,919 $10,417 $83,336

Total planned $50,680 $253,400 $50,680 $304,080 $50,680 $354,760 $50,680 $405,440
Actual incurred cost

Federal share $47,392 $155,479 | $56,844 $212,323 $24,390 $236,713 $49,464 $286,177

Non-Federal share $0 $25,000 $0 $25,000 $0 $25,000 $0 $25,000

Total incurred costs $47,392 $180,479 $56,844 $237,323 $24,390 $261,713 $49,464 $311,177
Variance

Federal share -$7,129 $45,836 -$16,581 $29,255 $15,873 $45,128 -$9,201 $35,927

Non-Federal share $10,417 $27,085 $10,417 $37,502 $10,417 $47,919 $10,417 $58,336

Total Variance $3,288 $72,921 -$6,164 $66,757 $26,290 $93,047 $1,216 $94,263
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Table A3 Budget Information 2015-2016

Q1: 09/01/2015 — Q2:12/01/2015 - Q3: 03/01/2016 — Q4: 06/01/2016 —
11/30/2015 02/28/2016 05/31/2016 08/31/2016

Baseline reporting quarter

Cumulative Cumulative Cumulative Cumulative
Q1 Q2 Q3 Q4
total total total total

Baseline cost plan

Federal share $40,263 $362,367 $40,263 $402,630 $40,263 $442,893 $40,263 $483,156

Non-Federal share $10,417 $93,753 $10,417 $104,170 $10,417 $114,587 $10,417 $125,004

Total planned $50,680 $456,120 $50,680 $506,800 $50,680 $557,480 $50,680 $608,160
Actual incurred cost

Federal share $67,100 $353,277 $59,022 $412,299 $25,323 $437,622 $15,452 $453,074

Non-Federal share $8,391 $33,391 $4,554 $37,945 $19,208 $57,153 $3,839 $60,992

Total incurred costs $47,392 $386,668 $63,576 $450,244 $44,531 $494,775 $19,291 $514,066
Variance

Federal share -$26,837 $9,090 -$18,759 -$9,669 $14,940 $5,271 $24,811 $30,082

Non-Federal share $2,026 $60,362 $5,863 $66,225 -$8,791 $57,434 $6,578 $64,012

Total Variance -$24,811 $69,452 -$12,896 $58,556 $6,149 $62,705 $31,389 $94,094
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Table A4 Budget Information 2016-2017

Q1: 09/01/2016 — Q2:12/01/2016 — Q3: 03/01/2017 - Q4: 06/01/2017 —
11/30/2016 02/28/2017 05/31/2017 08/31/2017

Baseline reporting quarter

o1 Cumulative Cumulative Cumulative 04 Cumulative
total total total total

Baseline cost plan

Federal share $0 $483,156 $0 $483,156 $0 $483,156

Non-Federal share $0 $125,004 $0 $125,004 $0 $125,004

Total planned $0 $608,160 $0 $608,160 $0 $608,160
Actual incurred cost

Federal share $27,330 $480,404 $17,792 $498,196 $5710 $488,866

Non-Federal share $9,487 $70,479 $4,520 $74,999 $269.94 $125,274

Total incurred costs $36,817 $550,883 $22,312 $573,195 $5980 $614,410
Variance

Federal share -$27,330 $2,752

Non-Federal share -$9.,487 $54,525

Total Variance -$36,817 $57,277

Due to some adjustments to the federal share over period of time, the variance is not included in this report. More accurate financial report for the

two quarters (12/01/2016 to 05/31/2017) are included in the next pages.
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FEDERAL FINANCIAL REPORT

(Follow form instructions)
1. Federal Agency and Organizational Element 2. Federal Grant or Other Identifying Number Assigned by Federal Agency Pags of
to Which Report is Submitted (To report multiple grants, use FFR Attachment) 1 1
|Depariment of Energy DE-FEQQ11762 pages
3. Recipient Organization {Name and complete address including Zip code}
Virginia Palytechnic Institute and State University
Office of Sponsared Programs (0170), Nerth End Center Suite 4200, 300 Tumer Street NW, Blacksburg, VA 24061
4a, DUNS Number 4b. EIN 5. Recipient Account Number or Identifying Number 6. Report Typa 7. Basis of Accounting
(To report multiple grants, use FFR Attachment) X Quarterly
O Semi-Annugl
O Annual
003137015 54-6001805 429322 0 Final X Cash 0O Accrual
8. Project/Grant Period 9. Reporting Paried End Date
From: {Month, Day, Year) To: {Menth, Day, Year} {Month, Day, Year)
91/2013 2/28/2018 6/30/2017
10. Transactions Cumulative
(Use lines a-c for single or muitipie grant reporting)
Federal Cash (To report multiple grants, alse use FFR Attachment}:
a. Cash Receipls $498,695.67
b, Cash Di nts $432,060.41
c. Cash on Hand {line a minus b) 36,635.26
(Use iines d-o for single grant reporting)
Faderal Exg and Unoblligated Bal.
d. Total Faderal funds authorized $499,948.00
¢. Federal share of expendityres $432,060.41
f._Federal share of unliquidated cbligations $0.00
g. Total Federal share {sum of lines e and f) $492,060.41
h. Unchligated balance of Federal funds {line d minus g) §7,887.59
Recipiant Share:
i._Total recipient share required $125,000.00
. Recipient share of expenditures $74,730.06
k._Remaining recipient share to be provided (line | minus j) $50,269.94
Program Income:
I. Total Federal program income eamed $0.00
m. Program income expended in accordance with the deduction alternative $0.00
n. Program income in with the addition $0.00
ram income (ling | minus line m or line n) $0.00
c. Period From |Period Ta_ |d. Base 6. Amount Charged f. Federal Share
11. Indirect. 21112013 6/30/2017 §249.076.07 $151.936.41 $151.836.41
Expense
g. Totals: $249,076.07 $154.936.41 $151,838.41
12. Remarks: Alfach any y or information raquired by Federal s ing agency in with i i
13, Certification: By signing this report, | certify that itis true, complete, and accurate to the best of my knowledge. | am aware that
any faise, fictitious, or may subject me to criminal, civll, ot ad ive penalities. {U.S. Code, Title 218, Section 1001)
a, Typed or Printed Name and Title of Authorized Certitying Official <. Telephone {Area code, number and extansion)
Nevada Davis, Post Award Team Leader 540-251-1427
d. Email address
ngdean@vt.edu
b. Signature of Autharized Certifying Officiat E a. Date Report Submitied (Menth, Day, Year)
b OQ’SB 7/12/21

Standard Form 425

OMB Approval Number: 0348-0061
Expiration Date: 10/31/2011

Paperwork Burden Statement
|According to the Paperwork Reduction Act, as amendad, no persons are required to respond fo a collection of informalion unless it dis|
numbar for this information colltection is 0348-0061. Fublic reporting burden fer this of i ion |s i

searching oxisting data sources, gathering and mainiaining the data needed, and complsting and

1o average 1 B hours per response, mduﬂmg time for reviewing insiructions,

plays a valitd OMB Control Number. The valid GMB contral

of

aspact of this colleciion of infermation, including suggestions for reducing this burden, to the Office of Mnnagamsnt and Budget, Paperwork Reduction Projest { 0348—006134 ‘Washington, OC 20503,

Send g the burden eslimata of any athar




FZRGRBA (V8)

Virginia Tech - Production

Summary Account Statement for 01-JUN-2017 thru 30-JUN-2017
Administrator - Nevada G Davis

FD 429322 EVALUATION OF FLOW AND HEAT TRANSFE
OR 010705 ME - Turbe Group
GR 429322 EVALUATTION OF FLOW AND HEAT TRANSFE

MC

0238

DESCRIPTION

Awarded for

01-SEP-2013 thru 28-FEB-2018

CURRENT
PERIOD(S)

FISCAL YEAR

TO DATE

INCEPTION
TO DATE

01-JUL-2017 23:53:34

$499,948.00

Srinath Ekkad

U8 Department of Energy
DE-FE0011762

QPEN
COMMITMENTS

BALANCE %
AVAILAELE UsDh

111
112
114
120
128
13¢
140

OH1

Federal Govt Grants and Contrac
** TOTAL REVENUES

Employee Fringe Benefits Bgt
Salaries

Wages - Budget

Misc. Contractual Services Bgt
Travel, Convention, & Education
Bupplies and Materials Budget
Stipends and Other Awards

* DIRECT EXPENDITURES

Indirect Costs-Overhead Budget
* INDIRECT EXPENDITURES

*#* TOTAL DIRECT & INDIRECT EXP

16,151.00
193,904.00
7,500.00
44,450.00
78,119.00
340,124.00
159,824.00

159,824.00

49%,5848.00

3,560.80-

3,560.80~

3,560.80-

Page 85 of 263

€2,442 .98
62,442 .98
2,168.79
22,829.25
82.38
210.00
2,271.59
10,488.90
318,050.91
16,812.81
16,812.81

54,863.72

498,695.67
498,695.67
13,576.72
©,051.79
175,026.47
11,313.85
10,456.17
32,651.10
91,047.90
340,124.00
151,936.41
151,936.41

492,060.41

488,695.67- o
498,695.67- [¢]

2,574.28 84

6,051.79- ©
18,877.53 90
11,313.85- @

2,956.17- 139
11,798.90 73
12,928.90- 117

0.00 100

7.887.59% 95

7,887.59 95

7.887.59 98



FZRGRBA (V8) Virginia Tech - Preduction

Summary Account Statement for 01-JUN-2017 thru 30-JUN-2017

Administrator - Nevada G Davis

FD 445387 Evaluation Of Flow And Heat Awarded for
OR 010705 ME - Turbe Group 01-SEP-2013 thru 28-AUG-2018
GR 445387 Evaluation Of Flow And Heat Transfe

INCEPTION

TO DATE

01-JUL-2017 23:53:34

Srinath Ekkad

Various Funding

OPEN BALANCE

COMMITMENTS AVAILABLE

MC 0218

ACCT CURRENT FISCAL YEAR
CODE DESCRIPTION BUDGET PERIOD (S) TO DATE
025 Private Grants and Contracts

** TOTAL REVENUES

111 Employee Fringe Benefits Bgt 485.05
114 HWages - Budget 5,105.66
120 Misc. Contractual Services Bgt 1,580.60
128 Travel, Convention, & Education 196.00
130 Supplies and Materials Budget 75,000.00 6,446.22
140 Stipends and Other Awards 345.55 3,763.05
220 Equipment Budget
230 Plant and Improvements Budget
* DIRECT EXPENDITURES 75,000.00 345.55 17,576.58
** TOTAL DIRECT & INDIRECT EXP 75,000.00 345,55 17,576.58

Page 113 of 263

75,000.
75,000.

48S5.
5,105.
25,720.
196.
19,787.
3,763.
.49

19,672

74,730

74,730.

00

00

05
66
47
00
34
05

.06

06

75,000,

75,000,

485,
5,105.
25,720.
196.

55,212

3,763.

19,672

0.

269,

$75,000.00
Scurces
%

UsD

00- Q
00~ 0
05- 0
66 - 8]
47- o]
00- 0
.66 26
05- o
.49- 0
Q0 0
94 100
94 100
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FEDERAL FINANCIAL REPORT

(Follow form instructions)

1. Federal Agency and Organizational Element

to Which Report is Submitted

DE-FE0011762

Department of Energy

(To report multiple grants, use FFR Attachment)

2. Federal Grant or Other Identifying Number Assigned by Federal Agency

Page of

pages

3. Recipient Organization (Name and complete address including Zip code)

Virginia Polytechnic Institute and State University

Office of Sponsored Programs (0170), North End Center Suite 4200, 300 Turner Street NW, Blacksburg, VA 24061

4a. DUNS Number 4b. EIN

429322

003137015 54-6001805

5. Recipient Account Number or Identifying Number

(To report multiple grants, use FFR Attachment)

6. Report Type
X Quarterly

O Semi-Annual
O Annual

O Final

7. Basis of Accounting

X Cash O Accrual

8. Project/Grant Period

From: (Month, Day, Year) To: (Month, Day, Year)

9/1/2013 2/28/2018

9. Reporting Period End Date

(Month, Day, Year)

3/31/2017

10. Transactions

Cumulative

(Use lines a-c for single or multiple grant reporting)

Federal Cash (To report multiple grants, also use FFR Attachment):

a. Cash Receipts $496,624.47
b. Cash Disbursements $497,770.74
c¢. Cash on Hand (line a minus b) ($1,146.27)
(Use lines d-o for single grant reporting)
Federal Expenditures and Unobligated Balance:
d. Total Federal funds authorized $499,948.00
e. Federal share of expenditures $497,770.74
f. Federal share of unliquidated obligations $574.49
g. Total Federal share (sum of lines e and f) $498,345.23
h. Unobligated balance of Federal funds (line d minus g) $1,602.77
Recipient Share:
i. Total recipient share required $125,000.00
j. Recipient share of expenditures $74,999.00
k. Remaining recipient share to be provided (line i minus j) $50,001.00
Program Income:
1. Total Federal program income earned $0.00
m. Program income expended in accordance with the deduction alternative $0.00
n. Program income expended in accordance with the addition alternative $0.00
0. Unexpended program income (line 1 minus line m or line n) $0.00

a. Type b. Rate c. Period From

Period To

d. Base

e. Amount Charged

f. Federal Share

11. Indirect

Predetermined 61.0 9/1/2013

3/31/2017

$248,524.35

$151,599.86

$151,599.86




Expense

g. Totals: $248,524.35 $151,599.86 $151,599.86

12. Remarks: Attach any explanations deemed necessary or information required by Federal sponsoring agency in compliance with governing legislation:

13. Certification: By signing this report, | certify that it is true, complete, and accurate to the best of my knowledge. | am aware that

any false, fictitious, or fraudulent information may subject me to criminal, civil, or administrative penalities. (U.S. Code, Title 218, Section 1001)

a. Typed or Printed Name and Title of Authorized Certifying Official c. Telephone (Area code, number and extension)

Angela S. Page, Post Award Administrator 540-231-7988

d. Email address apage@vt.edu

b. Signature of Authorized Certifying Official e. Date Report Submitted (Month, Day, Year)

4/26/2017

14. Agency use only:

Standard Form 425
OMB Approval Number: 0348-0061
Expiration Date: 10/31/2011

Paperwork Burden Statement

According to the Paperwork Reduction Act, as amended, no persons are required to respond to a collection of information unless
it displays a valid OMB Control Number. The valid OMB control number for this information collection is 0348-0061. Public
reporting burden for this collection of information is estimated to average 1.5 hours per response, including time for reviewing
instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the
collection of information. Send comments regarding the burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to the Office of Management and Budget, Paperwork Reduction Project ( 0348-
0061), Washington, DC 20503.
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FEDERAL FINANCIAL REPORT

{Foliow form instrucions)

1. Federal Agency and Organizasonal Element 2. Federd Grant or Osher idendfying Number Assgned by Federal Agenoy Page: af
o Which Report is Submithesd {Ta report mubiple grants, use FFR Attachment) i 1
Department of Ensmgy DE-FEOIN 1782 pages)

3. Recipient Organization {Mame and complete address induding Zip code)
Wirginia Polyiechnic insShee and Stats Uinfsarsity
(Office: of Sponsored Programs {01 70), Horth End Center Suite 4200, 300 Turner Street MW, Blacksburg, Wil 24061

4a. DUMS Humber 4b. EIM 5. Recipient Account Number or identifying Number &. Report Type ¥. Basis of Amcounting
{Ta report mukipke grants, use FFR Attachment) X Qusartedy
O Sesmi=Annvial
O Arnual
O031AT018 846001805 42693 0 Finial X Cash O Accrual
8. Project/Grant Period 4. Reporting Perod End Date
From: {Momth, Day, Year) To: (Month, Day, Year) {Month, Day, Year)
Mt A1 QAT
10. Transactions Cumudaiive

{Uise fimad ¢ fov singls ar mullipks grant repaing)

Foderal Cash [To report multiple grants, also uss FFR Attachmant):

a. Cash Recsipls 408 50867
b. Cash Disbursements £492 060.41
c. Cash on Hand {line a minus b} 6518 28
(Uise Bres d-0 fior single granl reporting)
Federal Expenditures: and Unobdigated Balance:
d. Total Federal funds auihorized £490 940 00
e. Faderal share of expendiures £482 060,41
f. Federal share of unliguidated obligations $0.00
g- Total Federal share {sum of lines = and f} £402 060 41
h. Unabligated balance of Federl funds (ine d minus g ETRAT EY
Rexcipient Share:
i. Total recipient shane neguined £128.000.00
j- FRecipient share of expendibres 545 040,80
k. Remaining recipient share io be provided {line | minus STES80.40
Frogram Income:
|. Total Federal program income eamed £0.00
m. Program income expended in acoordance with the deducion altemative 0,00
n. Program income expenced in accordance with the addition altemative £0.00
o. Unespended program income (line | minus line m or ne nj 000
a. Type b Rate c. Perod From (Perod To  |d. Base 2. Amount Changed i. Federal Share
11. Indirect s &1.0 FRlr gk SRS 40 0Fe 0T i e 41 i e 41
Expense
- Toials: S4E 00 OF i, a4 i, a4

12. Remarks: Attach any explanations fesmed necessary ar isormahion required by Fecerai sponsanng agenoy in compiiance with goveming legislation:

13, Certification: By signing this report, | certify that it is tree, complete, and accurate to the best of my knowledge. | am aware that
any false, fictitious, or fraudulent information may subject me to criminal, civil, or sdministrative penalities. (U.5. Code, Tite 218, Section 1081}

a. Typed or Primied Mame and Tile of futhorized Certifying Official c. Telephone {Arsa cods, mumber and extension)
Mevada Daas, Post Award Team Leacer B2 311427

d. Email address

gﬁn@ﬂ.edu

b. Signatune of Authorined Cerifiing Official e. Date Report Submitied (Month, Dary, Year)

WexnseDous

laRsenT

14. Agency use anhy:

Standard Form 428
OB Approval Humbssr: 03480061
Expiration Ciate: 9031720511

Paperwork Burden Stateent

cconding (0 b Papanedr Raduclion ACY, as Mended, o pRsONs ars reguned i mspond 10 & collacion of mlormation ukss if Ssplays a walld OMB Control Number_ Tha vald OME control
e for this informaion oolkeclion i 03420051, Public reporing burdan fior this collec ion of infomalion is d o ,15Mmpﬂrﬂpﬁﬁimmfﬂmmhm
fsearching exising data sources, gathering and mainining he dats neeted, and complting and myiewing ha colicton o inomaton. Send e barden s Emans of any other
Jaspact of s collecSon of incamalion, inoud nﬁm;nmmmw.mmmuu el and Eudget, Paperesri Reducion P [ 0343-0061), Washingion, DC 20603
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