ABSTRACT

RAMAKRISHNAN, KISHORE RANGANATH. Characterization of Liner Wall Heat Load for a
Low NOx Lean Premixed Swirl Stabilized Can Combustor under Reacting Condtirter the
direction of Dr.Srinath V. Ekkajl

Gas turbine based energy productiorNiorth and South America has been on the rise
despite the advent of various renewable energy sources in the past couple of decades. This in turn
leads to an increase in the total emission footprint of all existing systems. One of the most
important technolgies used by current stadéthe-art power generation turbines is the usage of
low NOXx, swirl stabilized, prenixed, lean combustion of natural gas in order to meet emission
norms. Several government agencies around the world have been pushing forrimgeatst
regulations to curb emissions by encouraging the use e€moventional, green, and sustainable

fuels.

A major drawback of some of these unconventional fuels is the significant variation in their
volumetric composition that may arise due to fext@uch as their geographical origin,
transportation process, extraction process, etc., which leads to potential combustion instabilities.
The split of air from the compressor between combustion and cooling in a modern leg@irqute
combustor is skewedwards combustion, reducing the quantity of air available for cooling the
combustor liner. This accentuates the need to understand the regions that require higher/lower

cooling loads, to create more efficient cooling designs.

Combustor liner walls tend tgo through two different streams of failures: low cycle and
high cycle. In most rotating machinery, the mechanical stresses dominate in the long term analysis
of components (high cycle) compared to the thermal stresses. However, at higher operating

temperéures, a change in material properties will require a thorough understanding of regions of



high thermal gradients on the combustor liners to address the material failure. Similarly, most of
the low cycle failures in combustors have been traced to largadhgradients concentrated in a
short time span and this effect gets significantly enhanced during the start transient of a gas turbine

engine.

A characterization of combustion liner wall heat load under various reacting conditions has
been presented irhis work. An industrial swirler equipped low NOx, lean, -prixed can
combustor configuration that is found in many land based gas turbines was used. The combustor
liner in this work is an optically clear quartz cylinder of diameter 203 mm, thickness dnehm
length 406.4 mm, which aids in the measurement of internal and external wall temperatures, and
flow visualization. A novel, nointrusive temperature measurement using an infrared camera was
used to obtain the liner wall temperatures, which were aseal¢ulate the liner heat load. Particle
Image Velocimetry technique was employed to study the fluid dynamics of the flow through the
combustor under various reacting conditions to aid in understanding of the heat transfer

phenomena.

The first chapter ofhis dissertation deals with the steady state liner heat load for three
different gaseous fuels: methane, propane and butane. Experiments were run at a constant adiabatic
flame temperature of ~1816 K by controlling the equivalence ratios for each fuahl@&hair
Reynolds number (based on the combustor diameter), inlet air temperature, and ratio of fuel split
between the main and pilot flames were all maintained constant across all runs. A comparison of
1-D and 2D steady state heat transfer models wexrfopmed in this study. Detailed heat flux and

heat transfer coefficients along the length of the liner are presented for all three fuels

In the second chapter, the effect of various operating conditions like Reynolds number,

equivalence ratio, and fueplg ratio between the main and pilot flames on liner heat load for a



methane flame have been characterized. The repeatability of the transient experiment which had
high temperature reacting conditions was evaluated based on multiple experiments performed
under the same operating conditions across a period of two weeks. Initial start transient heat load
on the liner wall is ~110% greater than the steady state heat load. Also, theatiaraged liner

heat load during the start transient showed a much lpe&k load as compared to that in the

transient analysis.

The final chapter of this dissertation presents an attempt to address the issue of fuel
flexibility and liner heat load in current generation gas turbines. A binary mixture of methane and
a secondy fuel has been used to emulate a simplified natural gas and biogas configuration. The
effects of the volumetric composition of these fuels on liner heat load under start transient
conditions have been presented, along with the flow characteristics éortiistion chamber.

The Wobbe Index of these fuels varied from ¢ Yo ¥ and a stable flame was observed

for all these blends with the same industrial swirlerand#/ based fuel blends quenched the

heat release from the flame while the higher hydrocarbon blends showed higher liner heat loads
than the hseline pure methane flame. The blend#(f . and#( #/ , in addition to

having lower heat loads, showed a more uniform distribution of heat load along the length of the

liner.
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CHAPTER 1

GAS TURBINE COMBUSTOR LINER WALL HEAT LO AD

CHARACTERIZATION FOR DIFFERENT GASEOUS FUELS

1.1. ABSTRACT

The knowledge of detailed distribution of heat load on swirl stabilized combustor liner walll
is imperative in the development of l|mgpecific cooling arrangements, aimed towards
maintaining uniform liner wall temperatures for reduced thermal stress levels. Heat transfer and
fluid flow experiments have been conducted on a swirl stabilized lean premixed combustor to
understand the behiav of Methane, Propane and Butandased flames. These fuels were
compared at different equivalence ratios for a matching adiabatic flame temperature of Methane
at 0.65 equivalence ratio. Above experiments were carried out a fixed Reynolds numbesrfbased
the combustor diameter) of 12000, where thehmated air temperature was approximately 373K.
Combustor liner in this setup was made from 4 mm thick quartz tube. An infrared camera was used
to record the inner and outer temperatures of liner wall,taoedimensional heat conduction
model was used to find the wall heat flux at a q@ésady state condition. Flow field in the
combustor was measured through Particle Image Velocimetry. The variation of peak heat flux on
the liner wall, position of peakdat flux and heat transfer, and position of impingement of flame
on the liner have been presented in this sty all three gaseous fuels studied, the major swirl
stabilized flame features such as corner recirculation zone, central recirculatiomdosteear
layers have been observed to be similar. Liner wall and exhaust temperature for Butane was highest
among the fuel tested in this study which was expected as the heat released from combustion of

Butane is higher than that of Methane and Propane.



1.2.INTRODUCTION

Combustor designs for both labdsed and aiborne gas turbine engines are advancing
and pushing the limits of their operation. Higher efficiency and reduced emissions are the key
factors affecting the design of combustors. Modern combustots more air into the combustion
zone to reduce the reaction temperatures, which in turn greatly reduces the amount of air available
for combustor backside cooling. This results in a reduced lifespan of combustor liners and impacts
the duration of opetang cycles of gas turbine combustors. Hence, it is important to characterize
the flow field in the combustor and heat transfer on the liner to identify the local high heat loads
and their causes, to accordingly design efficient cooling designs for laércaoling aimed
towards increasing the combustor operation life.

A typical lean premixed low NOx gas turbine combustor consists of an upstream axial or
radial swirler followed by a combustor section and a transition piece connecting to the turbine
inlet. The swirler plays an important role in stabilizing the flame and in achieving lean combustion
with higher combustion efficiencies. Swirling flows have three important features namely, central
recirculation zone, the precessing vortex core, and expaimsioced shear layef$.1]. Several
researchers in the past have used techniques like Laser Doppler Velocimetry (LDV), Particle
Image Velocimetry (PIV), hot wire anemometry etc. to characterize the complicated flow in
combustors, to identify above threistihct flow phenomen§l.2, 1.3]. A detailed description of
swirling flow is given by Gupta et dl1.4] and Syred and Be¢t.5]. Lieuwen[1.6] and Huang
and Yang[1.7], have conducted studies on the turbulent swirl flow physics and prominent flow
featues. They have presented in detail the effect of swirl geometry on vortex breakdown and flow
development. Park et dll.8] studied the differences in combustor flow field with and without

reaction for the swirler presented in the study. Park et al. aetithat, regardless of the



operating conditions of the combustor the flow field and the flow features within the combustor
remained the same. Stopper efhl9] studied and compared the flow field within a commercial
swirl burner under different operay parameters. Ji and Gdfel0] studied the difference in
flow field for an unconfined lean premixed fuel nozzle under reacting andeaating conditions.

Even though there exists detailed literature on the flow fields inside a combustor under
reacing and norreacting conditions, there is limited knowledge on combustor el heat
transfer. Patil edl. [1.11, 112] have conducted detailed experimental and numerical investigations
of flow and convective heat transfer in a gas turbine can coorhwsder nosreacting conditions.

The authors showed that the impingement and reattachment regions were independent of the
Reynolds number. Gomdzamirez et al[1.13] studied the steaestate convective heat transfer
under norreacting conditions for thewirler presented used in this study. The authof4.i8]

also concluded that the location of highest heat transfer was independent of the Reynolds number
of the flow.

In the present study, the flow fields and heat transfer in combustor and on cortibeistor
respectively, is studied for three different fuels. Swirling flow features such as the corner
recirculation zones, central recirculation zone, the shear layers and point of impingement were
guantified and compared for the different fuels. The titaive heat loads on the combustor liner

wall at quasisteady state condition are presented and analyzed.

1.3.EXPERIMENTAL SETUP
An industrial swirler was used in this lean premixed can combustor setup, which was also
similar to the one used by Park et[dl8]. The test facility and P&ID diagram of the setup are

shown in Figs.1.1 and1.2, respectively. Compressed air was drawn at ~0.76 MPa from the



compressor where it is peonditioned to remove the moisture in air before it enters the flow
metering seabn. A Hoffer HO series turbine flow meter was used to meter the volumetric flow

rate with temperature and pressure measurements for calculating the mass flow rate. All tests in
this work have been carried out at atmospheric pressure by regulating thessadpair using

Fisher EZR type pressure regulator and keeping the exhaust open to atmosphere. Flow to the test
section was regulated by Fisher ES control valve equipped with an electronic positioner. A 192kW

inline heater (Osram Sylvania) was used telgat the inlet air to ~373K.
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Figure 1.1 Combustor rig test setup

Fuel pressure was regulated at the tank and Alicat MCR series mass flow meters were used
to meter the main and pilot fuel lines separately. Air and fuet weemixed in the swirler placed
in the settling chamber upstream of combustor. The combustion chamber in this study is made up

of optically clear fused quartz of 203 mm inner diameter, thickness of 4 mm, and 406.4 mm in



length. A spark igniter was usear ffuel ignition. Exhaust gases pastmbustion passed through

transition piece cooled by higiressure room temperature air, before it was quenched by water.

The exhaust was then eventually routed to atmosphere through a vertical duct. Above mentioned

opeaations and data acquisition was controlled through drouse developed LabVIEW program.

Following section details the heat and flow experimental procedure and data reduction procedure.
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Figure 1.2 P&ID diagram of the cotwustor rig



1.3.1. Heat transfer experiment

The aim of the heat transfer experiment was to calculate heat transfer coefficient (HTC),
and primarily required an Infrared camera for quartz inner and outer wall temperature
measurements (HTC calculation proceduraitkd at a later stage). To achieve high emissivity of
the surface where temperature measurement is aimed at, a high temperature RustOleum black paint
was sprayed, where the inner and outer wall spray regions were azimuthallyroffs&B). The
infrared camera (FLIR A6750sc) equipped with a 50m#uin broadband lens was used to
measure the temperature of the inner and outer walls of the quartz tube at a frequency of 7.5 Hz.
Since the temperature range of the current IR camera was limited to 573.X83, fdter was
placed in front of the camera to allow higher temperature measurements. Multiype kin
thermocouples were attached to the inner and outer surface of the quartz to calibrate the IR
temperature measured using the camera. Later duribngqeessing this calibration curve fit was
used to scale the raw temperature data. However, the use of KG2 filter limits the capability of
recording data close to room temperature, as it tends to attenuate all the low energy radiation from
reaching the les. Two Ktype thin wire fast response thermocouples were placed at the exit of the
combustion chamber (one at the top and other at the bottom) to measure the exhaust temperature.
The average of these two thermocouple readings were taken to be the galaieshperature.
Inlet flow temperature was approximated to be the adiabatic flame temperature; a linear
interpolation was performed between inlet and exit of test section to find the local bulk fluid
temperature and was used in conjunction with the iandrouter wall temperatures to calculate

heat transfer coefficient.



Infrared
camera

Figure 1.3 Quartz combustion chamber with representative black paint for infrared imaging

1.3.2. Particle Image Velocimetry (PIV) experiment

For the performed d&ticle Image Velocimetry (PI1V), a 527 nm beam from a frequency
doubled Nd:YLF laser (Photonics DM&E27HPDH) was spread into a sheet parallel to bulk flow,
in order to take planar measurements of velocity for a cross section vertically through the flame
(Fig. 14). Sheet optics comprising of a plaooncave and a plarmonvex cylindrical lens was
placed between laser head and the deflecting mirror, for converting laser beam into a thin sheet.
The planeconcave cylindrical lens (focal length-@& mm) orieted to spread the beam vertically
into a lIine. This |l ensd focal l ength was chos
the distance between the flame and the laser head. Theqaawex cylindrical lens with a focal
length of 500 mm wasl@ced right after the plarconcave lens, rotated tto focus the sheet and
create a thin laser sheet (~3 mm) in the combustor. To ensure the thinnest part of the sheet was
properly positioned in the region of interest, the convex lens was placedant®@Qdvay from the
center of the region of interest. Finally, the spreading laser sheet was reflectedwoft ohiaror

onto the combustor region of interest.



Mirror Sheet Laser
optics head

Figure 1.4 Settling chamber, combustion chamber and lasécopétup

A high-speed camera (FASTCAM Mini AX200) with an 85 mm Nikkor-E®/icro lens
was set up normal to the laser sheet plane to image the top right quadrant of the test section. The
camera and the laser were both engaged by an external triggel8dtHz with the laser pulsing
3us after the camera trigger to ensure that the laser sheet and camera shutter were in phase. The
seeding material (ADs powder with a noted particle radius of 2 um) was fed into the air/fuel
blend just before the nozzle the settling chamber, by pressurized air and was turned on only
slightly before the laser and camera were turned on. It was ensured that the seeding particles were
dispersed in the compressed air medium. Using the average flow conditions in the coritaustor,

Stokes number for the particles is <0.1, ensuring that the particles follow the flow.



1.4. EXPERIMENT AND DATA REDUCTION PROCEDURE

Before the start of each experiment, the inline heater was set to heat the laboratory ambient
air to ~373K with the air ngs flow rate set corresponding to Reynolds number (based on
combustor diameter) of ~12000, until the quartz liner reached-eopmbustion steadgtate. At
this stage, a constant Reynolds number flow was established and the local inner and outer wall
(quatz) temperatures were tinievariant. The IR and thermocouple data acquisition (7.5 Hz)
were started at this point, and the combustion process was then initiated.

Firstly, the pilot flame (6% of total fuel flow rate) was ignited with a spark, and then the
main fuel was turned on to achieve a stable lean conical flame. The heat transfer coefficient
calculation methodology adopted in this work is based on the inner and outer wall temperatures of
the quartz and the thermocouples placed to measure the exrapstratures, when a quasi
steadystate condition was achieved. It was observed that for different test conditions, such a
condition was achieved in approximately 350 seconds after theoprbustion steadsgtate. The

local HTC calculation procedure is déédin the following section.

1.4.1. Heat transfer coefficient calculation methodology

Heat transfer coefficient was calculated using inner and outer wall temperature
measurements of the quartz liner, and through linearly interpolated fluid temperaturelétdm in
the combustor exhaust. Here, the inlet fluid temperature has been taken to be the theoretical
adiabatic flame temperature and the outlet fluid temperature was measured by two thermocouples
at the combustor exhaust. Above measurements were acqLargdasisteady state condition. It
was observed that the location and peak value of inner wall temperature reached-stateady

about ~320 seconds, and post that stage, we assumed the commencementstéaglyastate.
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The governing equation of aediffusion in cylindrical coordinate system is given as (assuming

no internal heat generation),

pT 1Y p1? Y T".,
T 2 IT%OYHO : wf%; Wy ORPH

In this study, twedimensional heat diffusion equation has been solved at the sttzddy

o <

The azimuthal variatior?4) of wall temperature has been neglected. The governing equations for

heat diffusion at steady state can then be simplified to,

TP"Yp? Y1 Y o~ 2
o7 fa & O
where the boundary conditions are given as,
nes_ nthsince the edges along the axial direction were insulated with fiber glass sheets

and hence are assumed to be adiabatic boundaries. The other two boundary conditions in radial

direction were of temperature type and were mlediby infrared thermography measurements.
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o= 5 T — T, ) Hot gases o= 0

n r=ri n

r

Figure 1.5 Two-dimensional steady state conduction equation boundary conditions

Above equation can be reduced to a discretized form as follows, so that algebraic

operations cabe performed.

Yrn Y YR o pY R YR Y ¢Yrn VY
i

The measured inner and outer wall temperatures were averaged along the azimuthal
direction for each pixeh the axial direction (z). The last recorded frame at 350 seconds was used

as input for inner and outer wall temperatures.

v~ ne o
Qw N oY O O 18p8
. ryYy 1y .
n w Qr Yy 0 —~— 0 — Opd

e
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Equation 5 in discretized form is given as,

Yoyr Yo ViYiyv Y Y Yry Yi oo,
i Yo Yo Yo Yo OB

ne ) Qr Y
Iterative Gaus$Seidel method was used for solving for temperature through the thickness

of the quartz along axial directioBg. 1.3 can be rearranged as follows,

Initial guess for all the inner nodes were taken to be the average of inner and outer wall
temperatures at quasieadystate. A convergnce criterion opQ was provided for this iterative

method.

1.4.2. PIV post processing

Raw images taken by the higpeed camera focused at the green highlighted relign (
1.4) were processed using an ofsenrce software (PIVLab 2[@.14]) interfacedvith MATLAB
(academic license). Based on the past computational and experimentfl 8p1ki 3], the time
taken for a particle to move a third of the smallest interrogation prea  gpixels) is ~0.110
ms[1.15]. Hence, an external frequency of 10 kites chosen for both camera and laser head. At
10 kHz frequency, the image resolution wagt ¢ 1@ X @ixels, which corresponds to 0.16
mm/pixel. An initial interrogation area gf T ¢ Tpixels and a final interrogation areaftp p @

pixels was used with 50% onap for fine resolution of velocity vectors in the region of interest.
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Images were taken before and after the flame was ignited and were used for background
subtraction. Experimental conditions were maintained similar to the heat transfer experiments. Fo
each fuel, two sets of 3000 images were captured over 0.3 seconds with a gap of 0.4 seconds
between each set of data. The flow field data presented in this work were averaged over one set of
3000 images. Timaveraged velocity was normalized with a refere velocity @

a "0 x p ®o Yk Fi) based on the air mass flowrate through the annulus of the swirler

[1.16].

Table 1.1 Equivalence ratio and theoretical adiabatic flame temperature fibvalie,

Propane anButane

Equivalence Adiabatic flame temperatur
Fuel
rati o ( (K)
Methane 0.65 1816.7
Propane 0.627 1814.3
Butane 0.63 1818.8

1.5.RESULTS AND DISCUSSIONS

In this section, the PIV flovfield and heat transfer results are discussedfattirss on axial
variation of liner heat load. Flow features along with wall temperature data have been used to

explain regions of high and low heat transfer on the liner wall.
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Experiments were carried out for three different gaseous fuels viz. MethapanBrand
Butane. Care was taken to make sure that the theoretical adiabatic flame temperature of each of
these flames were approximately the same as this should not be a significant contributing factor
for heat transfer comparison between the three fliaks.adiabatic flame temperature calculated
for Methane combustion at an equivalence ratio of 0.65 is ~1817 K. Equivalence ratio for Propane
and Butane combustion were calculated to matc
= 0.65. Table 1 prades the corresponding equivalence ratios and adiabatic flame temperatures of

the three fuels tested.

1.5.1. PIV results

Prominent flowfeatures associated with a swirl stabilized flame are shoWwigirL6. In
this study, impingement location is defined asgbint of intersection of zero axial velocity isoline
and the liner wall. The images on the tofrig. 1.7 are colored by normalized velocity along with
velocity vectors and isolines of zero axial velocity (black line). All three fuels were observed to
have their first point of contact with quartz betwegrO @ . The bottom three images
are colored by normalized velocity along with streamlines. The location of corner recirculation
zone for each of these fuels were observed to be siimieever, their respective strength in each
case was observed to differ. The region between inner and outer shear layers for Methane had a
much lower velocity than that of Propane and Butane. Local flame velocities were highest along
the legs of the conicdlame which initially increased while moving away from the swirler exit
and then reduced as it reached closer to the liner wall. The streamlines indicate formation of wall
jet region downstream of impingement along the liner in axial direction. Wadlgetrr in case of

Butane was observed to be more pronounced and higher velocity compared to the other two cases.
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1.5.2. Heat transfer results

As discussed in Sectidn4.1, temperature measurements of inner and outer walls of quartz
(liner) acquired at 350s (fromhe start of the experiment) were used to solve the 2D sttatly
heat conduction equation for finding the temperature throughout the thickness of the quartz tube,
which was essentially used in determination of wall heat flux and then local HTC. Figjuoe/8
the variation of temperature through the thickness of quartz for the three different fuels, along the
axial direction. Butane flame was observed to have the highest liner wall temperature (both inner
and outer), and also highest exhaust temperaimeng the gases studied in this work. Coupled
with the fact that difference between inner and outer walls for Butane flame were low, a region of

high temperature through the thickness was observed because of heat diffusion in the solid.

Isolines of 0 Impingement
axial velocity
- Comer
recirculation
A Shear Layer
Central
- recirculation
Pilot Flame

Pilot nozzle

Figure 1.6 Prominent flow features associated with a swirl stabilized flame (flow is from left to

right)
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0 D,

(a) (b ©

Figure 1.7 Normalized velocity contours with velocity vectors, streamlines and zero axial

velocity isdines in the foreground for (a) Methane, (b) Propane and (c) Butane

From the PIV results it was observed that local flame velocity was highest in the core of
the leg of conical flame, away from the point of impingement. This dmilthe of the reasonarf
the shift in location of highest temperature on the liner away from the point of impingement as
seen in Figs.1.8 and 1.9. Similar results have been reported in a study with inclined jet
impingement on a flat surfadd.17] where the authors observece thoint of impingement
(stagnation point) to be much upstream of the location of highest heat transfer. Also, the existence
of stronger wall jet region in Butane can be observed in the temperature contours skogvn in
1.8. Where, Butane was observed tavé higher peak temperature and larger region of high

temperature compared to Methane and Propane.
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In Fig. 19, first row of three images show the location and value of peak wall temperature,
the next row shows the heat flux and heat transfer coeffiaiengyy the axial direction of the liner
wall, and the last row shows the heat transfer coefficient, liner wall temperatures and fluid
temperature along the length of the liner wall. Wall temperatures in all cases were observed to
have two local peaks alorte axial direction, and towards the far end temperature difference
between inner and outer wall tend to increase. Thus, leading to higher heat flux through the
thickness in this region. Since a lineterpolation scheme was used for evaluating the rirasrs
flow temperature, difference between wall and mainstream temperature reduced along the length
as well. Hence, high heat flux and high heat transfer regions were observed to be much downstream

of region of impingement of thitame on to liner wall.

T (K}

35F 1 35F

45F i 45 J 45

; F

5 5Ll ' ' '
102 103 104 105 102 103 104 105 102 103 104 105
r (mm) r(mm) r (mm)

(a) (b) (©)

700

Figure 1.8 Temperature through the thickness for (a) Methane, (b) Propane and (c) Butane
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Figure 1.9 Maximum temperature, wall heat flux and heat transfer coefficient along the liner

wall at quaststeady state for (a) Methane, (b) Propane and (c) Butane
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Butane though having higher heat release from comby4tid8], it was observed to have
lower heat flux and heat transfer coefficient compared to Methane and Propane. The difference
between iner and outer wall temperatures reduce from Methane to Propane to Breitanks)
at steadystate. As noted earlier in this section, Butane flame was observed to have regions of high
temperature through the thickness of the solid. Hence, the temperiterende between
successive cells (pixels) were lower than that of Methane and Propane. A combination of lower
temperature difference between the pixels, and higher difference between the mainstream and wall

temperature lead to lower heat flux and heatgfer coefficient for Butane.

In this work, twadimensional conduction model results have been compared with one
dimensional conduction model through the thickness of quartz, assuming the conduction to be only
in the radial directionEq. 1.8). At quasisteady state the effect of lateral conduction was very
negligible.Fig. 19 shows the difference between heat flux calculated from the 2D and 1D models
along the length of the test section for the Methane flame. A maximum variation of 0.09kW/m
between 2[and 1D, which is ~0.25% deviation from the value predicted by 2D conduction model.
Hence, at steady state 1D model can be used instead of 2D model to save on computational costs

and get fairly accurate results.
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Figure 1.10 Contribution of lateral conduction through the thiclsessolid

1.6. CONCLUSIONS

This is one of the first studies to quantify the hot side liner wall heat load experimentally
for a swirl stabilized lean premixed combustor under reacting conditions. In this study, liner wall
heat load under reacting conditioressb been presented quantitatively for three different gaseous
fuels. Among the three fuels studied in this work, Butane is observed to produce the highest liner
wall temperature and exhaust temperature. Since Butane has higher heat release from combustion
compared to Methane and Propane, this result is as expected. From the PIV results, the location of
flame impingement on to the liner wall was observed to be betweerD~0tbnes the nozzle
diameter along the axial direction. Location of the corner nalaition zones for all three fuels are
similar, but the location of central recirculation zone varies for each fuel. The location of highest
temperature on the liner wall is downstreanp® p&® O ) of the location of impingement of

the flame on to the liner due to the presence of high local flame velocity along the center of each
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leg on the conical flame and the high velocity wall jet region. Also, it has to be noted that both 1D
ard 2D conduction models give similar quantitative predictions for wall heat flux atspeasly
state. Further studies are to be carried out to understand transient heat load on to the liner wall

during the initial stages of fuel ignition.

NOMENCLATURE

0 combustor cross section aream

0O combustor diameter (m)

0O nozzle outer diameter (m)

Q heat transfer coefficient for 1D conduction model (ViKin
Q heat transfer coefficient (W/AK)

Q conductivity of quartz (W/rK)

ne convective heat flux fofor 1D conduction modgW/m?)
ne convective heat flux (W/R)

n convective heat load (W)

YQ Reynolds numbeg O j ‘ 0

Y Temperature (K)

W Reference velocityd(7i)

i radial distance (m)

W axial distance (m)

Subscripts

0 inner wall



outer wall
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CHAPTER 2
CHARACTERIZATION OF TRANSIENT WALL HEAT LOAD FOR A LOW NOX
LEAN PREMIXED SWIRL STABILIZED CAN COMBU STOR UNDER REACTING

CONDITIONS

2.1.ABSTRACT

As stringent emissions controls are bgdred on gas turbines, modern combustor design
optimization is contingent on the accurate characterization of the combustor flame side heat loads.
Power generation turbines are increasingly moving towards natural gas, biogas and syngas, whose
compositionare highly dependent on the sourcing location. With fuel flexible nozzles it is
important to understand the heat load from various gas mixtures to optimize the cooling design to
make sure the liner is not under/over cooled for some mixtures as thisldrgeraeffect on
NOx/CO emissions. In addition to knowing the heat load distribution, it is important to understand
the peak heat load under start/stop transient conditions which tend to be much higher than steady
state/cruise altitude heat loads. The pnesvork focuses on the experimental measurement of the
transient heat load along a can combustor under reacting conditions for a swirl stabilized premixed
methaneair flame. Tests were carried out under various equivalence ratios, Reynolds numbers and
pilot fuel flow rate. Infrared camera was used to measure the inner and outer wall temperatures of
the liner to calculate the liner heat load. Particle Image Velocimetry (PIV) was employed to
visualize the flow field for various reacting conditions studiedhis work. Based on the heat
transfer study, a detailed report of transient heat load along the length of the liner wall has been
presented here. Initial start transient heat load on the liner wall i46%0more than the steady

state heat load.
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2.2.INTRODU CTION

Lean premixed burning combustor systems have been developed to reduce emissions from
gas turbines, especially NOx gases. The temp
chamber plays a significant role in determining the efficiencyeamdsions of the overall system.
Pushing the limit on combustion temperature is detrimental to the structural integrity of the engine
as the material of the combustor and turbine blades downstream of the exhaust could fail at such

high temperatures. Alsbjgher temperatures result in increased NOXx production.

In premixed ultralean gas turbines, a higher compressor pressure ratio and low
equivalence ratio are employed along with swirl stabilization to improve the efficiency while
keeping the NOx producin low. However, these operating conditions decrease the cooling
potential and the amount of air available for cooling the combustor liner. Judicious utilization of
the available quantity of cooling air requires an understanding of heat loads on thealiner
Presence of a fuel swirler leads to complex flow structures and dynamics that further complicate
the characterization of convective heat load on the liner. Thermal loading data on the liner wall
plays a crucial role in optimizing the cooling potahtind in aiding the design of liner cooling
geometries. Lefebvre and Herb§tl] were one of the early researchers to study the various
modes of heat transfer in a gas turbine combustor. They considered the effects of radiation and
convection on both #hinner and outer walls under various operating conditions. Empirical
equations were derived for primary zone wall temperature for variation in pressure, inlet
temperature and mass flow rate. However, they used a model similar to theBogttes model
for fully developed turbulent pipe flow, which is valid only for low temperature differences
between the wall and fluid, and a given range of Reynolds numbers. However, various researchers

before them, and during the latter part of the previous centurystaeied and characterized the
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radiation from luminous flames onto liner wall. It was observed $loat was a significant
contributor to radiation in luminous flames. Experimentalists in the past have reportedthat pre
mixed methane/air flames are nlaminous and noisooty in nature and hence, the radiation heat
transfer can be neglectgl2, 2.3]. Viskanta[2.4] made a similar observation in his review paper
about isothermal and flame impingement studies that about 90% of the heat transferred from the

flame to the target surface was through convection.

Researchers in various fields have taken great interest in heat transfer from an impinging
flame due to the versatility of its applications. Detailed discussions on the effects of various
parameters likget-to-target spacing, Reynolds number, oxidizer, equivalence ratio, impingement
angle and array jet configuration are found in the literdfiBe2.10]. One of the important works
in the literature relevant to the current work is that of Dong[@t HD]. The authors experimentally
studied the heat transfer from a {pnéxed stoichiometric Butane/air flame impinging onto a flat
plate at various inclinations ranging fromy tb w 1t fbr a Reynolds number of 2500. They
observed a shift in the location and tredue of maximum heat flux with decreasing angle of
impingement. In the present study, we have a confined swirl flame impinging onto the combustor

liner, which is similar to the case of an inclined impinging flame jet.

More recently, Hindasageri et f2.11] studied stoichiometric methaa@& premixed flame
impingement onto a flat quartz plate at various Reynolds numbers donegeget distances. The
Nusselt number on the impingement plate was observed to be a strong function of the ratio of
flame cane height to the jeib-target distance. Currently in the open literature, extensive studies
about liner cooling configurations like effusion cooling are fo[th#l2-2.17]. The focus of these
works has mostly been on assessing the effectiveness of tiregoge@bmetry under reacting and

nontreacting conditions, without much insight on heat load on the liner. In the past, several
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researchers have worked on characterizing the heat load onto the liner under isothermal, non
reacting conditionsZ.18-2.20]. Manyof these studies include a detailed study of heat transfer and
flow features based on experimental and numerical data for either a single swhdendaunstor

or a multiswirler annulaicombustor. GomeRamirez et al[2.18] and Patil et a[2.21] repoted

a heat transfer enhancement level of about 20 times that of the-Buatliger correlation,
effectively demonstrating the shortcomings of the correlation to predict channels with swirling

flow.

The experimental setup used in the current study hdt-schle industrial swirl nozzle in
a cancombustor setting. On this setup, extensive studies in terms of isothermal heat load under
nontreacting conditions using infrared thermography (IRB.13, 2.22], flow physics
characterization using Particle Imagéelocimetry (PIV) R.23, 2.24], and lean blowout

characteristics for various fuel blends25, 226] have been carried out.

It is also seen in the literature that liner wall failures have been reported due to excess
thermal loading2.27]. Large thermajradients occur along the length of the liner wall during start
transient, which lead to localized hot spots prone to failure. These hotspots have higher heat load
than the steady state (labdsed turbines) and cruise altitude-{@rne turbines) heatdals, which
might be points of potential mechanical failure of the liner if it is not cooled adequately. To the
best of the authorsdé knowledge, this phenomen
study attempts to bridge this gap by studyiransient heat load on the liner wall under various
reacting conditions for a premixed methameflame. Particle Image Velocimetry has been used

to image the flow field to aid in explaining heat load characteristics on the liner wall.
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2.3.EXPERIMENTAL SETU P

Experimental setup used in this work consisted of anpred canrcombustor equipped
with an industrial swirlerKig. 21), which is similar to the setup used in studies by Gomez et al.
[2.18], Park et al[2.23], and Gadiraju et gR.25]. The test faility and P&ID diagram of the setup
are shown in Fig.1 and2.2, respectively. Compressed air was drawn at ~0.76 MPa from the
compressor, which was poenditioned to remove the moisture in air before it entered the flow

metering section.

Main Fuel
Pilot Fuel

_— Settling chamber
Quartz Combustor
) /
% L <4
I
! o Flow Pressure
i Air inlet metering regulator
120psig
 nlACliL ® L o
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Main fuel injection
Exhaust —— I | ‘
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Flow = n ‘., ‘
trol sl t o
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Swirl vanes

Figure 2.1 Combustor rig experimental setup

Volumetric flow rate was metered using a turbine flow meter and was converted to mass
flow rate using pressure and temperature measurements. All tests in this study have been carried

out atatmospheric pressure.
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A PID-controlled flow control valve was used to maintain the air flow rate in the test
section. A 192kW inline heater was used to-lpeat the inlet air to ~373K. Fuel flow rate was
controlled using a series of pressure regulatosaanAlicat mass flow meter. A settling chamber
was used to house the swirler, where the main air and fuel were premixed before entering the
combustion chamber. In this study, an optically clear fused quartz of inner diameter 203 mm, 4
mm thickness and 406 mm length, was used as the combustion chamber (hereafter referred to as
0l iner6) . Hi gh pr es s ur ebasedrqoeoamngtteelmiqueswere useddo a i r
cool the exhaust gases before venting them into the atmospherehénsea LabVIEW pgram
was used to control the operation and data acquisition in these experiments. The following section

details the heat and flow experimental procedure and the data reduction procedure.

Compressor
Dryer Flow
[Il‘ — Mmetering
— Pressure
g TTW\ regulator
Flow Combustion
| Dcontrol chamber
Coolant valve Heater Exhaust
line L J_Quenching
11 unit
Pressure
1 [ reguiator  Mass flow ot g .
! _ controller i Main fuel
Solenoid =N ine line
3 valve <
Fuel ~ =
cylinder Mass flow controller

Figure 2.2 P&ID diagram of the cotwustor rig
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2.3.1. Heat load experiment

The aim of this experiment was to calculate the transient heat load onto the liner, which
was calculated using liner inner and outer wall temperatures measured with an Infrared (IR) camera
(heat flux calculation procedurs detailed at a later stage). Flat black spray paint capable of
withstanding high temperatures was used to coat the inner and outer walls of the liner with an
azimuthal offset (as shown irig. 23) to increase the emissivity of the surface. The infrared
camera (FLIR A6750sc), equipped with a 50 mi\ m broadband lens, was used to measure the
temperature of the inner and outer walls of the liner at a frequency of 7.5 Hz. Since the temperature
range of the current IR camera was limited to 573.15 K (assheaced by the manu
calibration), a KG2 filter was placed in front of the camera to allow higher temperature

measurements.

Infrared
camera

Figure 2.3 Quartz combustion chamber with representative black paint for infrared imaging

A high conductivity ceramic paste was used to attach thiypké thermocouples onto the
inner and outer surfaces of the quartz. The data from four experiments each for inner and outer

wall measurements from thermocouples and IR camera was then procedsaghta linear fit to
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calibrate the temperature recorded by the IR camera as shohig. i@4. Later during post
processing, this calibration curve fit was used to scale the raw temperature data. Gomez et al.
[2.18] have reported variation of transmisi of quartz with temperature in their isothermal
heated air experiments. However, since the camera calibration is performed with simultaneous
measurements from thermocouple and IR camera, the effect of transmissivibuik into the
methodology. Th minor deviations observed in the data at aboutandw w For the IR camera

are due to the paint degradation at the location of thermocouples in those particular runs. This data

was also considered for calibration as this can happen during actual experimental runs as well.

The two data sets at theghier temperature range are from the inner and outer walls. The
difference between the calibration curves obtained using just the inner or outer wall data and the
overall data set is about-#J.6%. This variation is also considered while calculating trezaily

uncertainty in load calculation.
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Figure 2.4 Calibration of infrared camera from eight different experiments using typ&

thermocouples to measure liner wall temperature

However, the use of the KG2 filter has g#d limits on the capability of recording data
close to room temperature, as it tends to attenuate all the low energy radiation from reaching the
lens. Separate experiments were run to understand the heat load at the initial time instant of igniting
the piot flame without the KG2 filter (discussed in detail in further sections). In this work, only
transient heat flux onto the liner has been presented, as it is not experimentally possible to measure
the transient neawall temperature inside the combustorthwhigh fidelity. Using a constant
mainstream temperature to calculate transient heat transfer coefficient (HTC) on the liner wall

would provide a time varying HTC, which is not physically possible.
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2.3.2. Particle Image Velocimetry (PIV) experiment

Photonics M30-527HPDH, a frequency doubled NA_F laser producing a 527 nm beam
was used as the light source for the PIV experiments. This beam was spread into a thin sheet of ~3
mm using a combination of cylindrical lenses as mentioned in Ramakrishnarj2e2&l. The
optics were chosen carefully to make sure the sheet was thin within the region of interest and that
it remained parallel to the flow direction where the planar measurements were perfbrgned (

25).

A high-speed camera (FASTCAM Mini AX200) with & mm Nikkor PGE Micro lens
was set up normal to the laser sheet plane, to image the top right quadrant of the test section. The
camera and the laser were both engaged by an external trigger set to-1dtkHke laser pulsing
3us after the camera tdgr to ensure that the laser sheet and camera shutter were in phase. The
seeding materialo@ 0 powder with a noted particle radius of 2 um) was fed into the air/fuel
blend in the settling chamber to mix with the main air flow. Pressurizedrayirgathe particles
was turned on slightly before the laser and camera were triggered to ensure no particle is deposited
on the liner wall. It was ensured that the seeding particles were dispersed in the compressed air
medium. Using the average flow conains in the combustor, the Stokes number for the particles

was maintained <0.1, to ensure that the particles followed the flow.
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Mirror Sheet Laser
optics head

Figure 2.5 Settling chamber, combustion chamber and laser optics setup

2.4.EXPERIMENT AND DATA RE DUCTION PROCEDURE
The parameters that have been considered in this study are the Reynolds number of the
inlet air (based on the combustor inner diamedier, 2.1), equivalence ratioEg. 2.3), and the

ratio of pilot fuel flow rate to the main fuel flovat e, cal |l ed t heEgé24).1 ot r a

Initially, room temperature air was heated to ~373 K using the inline heater while the flow
rate was set according to the Reynolds number requirement to ensure a steady state initial condition
for the iner. Once time invariant wall temperatures were observed on the liner, IR camera data
recording was initiated. Pilot flame was ignited first and a gap of 40 s was provided between pilot

and main flame initiation across all runs. The heat flux calculatiethodology adopted in this
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work was based on the inner and outer wall temperatures of the quartz and is detailed in the

following section.
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2.4.1. Heat flux calculation methodology

The procedure detailed here is a simple solution to the heat equation in cylindrica
coordinates obtained by discretizing the partial derivatives. The novelty of the current work is in
the usage of nemtrusive temperature measurement using Infrared camera to calculate liner heat
load under reacting conditions. Heat flux was calculatgdg inner and outer wall temperature
measurements of the quartz liner. The governing equation of heat diffusion in cylindrical

coordinate system is given as (assuming no internal heat generation),

pT 1Y Pl AT
R L SRCEACLE
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In this study, twedimensional transient heat diffusion equation has been solved to obtain
the liner wall heat load. The azimuthanation (5 of wall temperature has been neglected as
swirling flows were observed to be axisymmetric in nat@éd, 2.19, 2.23]. The governing

equations for heat diffusion can then be simplified to,

The side walls of the liner along the axial directiof Were insulated with fiber glass,
leading to the application of adiabatic boundary conditions along this direction. For closure in the
radial direcion (i ), the temperature from IR measurement was applied at the inner and outer walls,
as shown irFig. 26. Initial condition for the solver was provided by solving the 2D steady state
conduction equation at the pcembustion steady state valud=ig. 2.7 shows the raw image of

the temperature on both inside and outside walls during the experiment.

x X

— =5 T -T ) Hot =0

Dy r=r IR = gases Dy
X < T r=r;
q" =0 4mm QUARTZ q" =0
A 4 r=r,
T =Tg
r=r,
‘rr

Figure 2.6 Two-dimensional transient conduction equation boundary conditions
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The above equation can be reduced to a digexktiorm as follows, so that algebraic

operations can be performed.

Azimuthal direction (0)

Axial direction (x)

Figure 2.7 Raw Infrared temperature of the liner with both inner and outer walls before

calibration
TQ'Y oS Y R QY 5 Y ~ Yh CYn Vg
Yi i Y Yo
Y “Yr
uo o 'O %
55 18 &

The measured innend outer wall temperatures)( —2D map shown irfFig. 27) were
averaged along the azimuthal directie for each pixel in the axial directiono to obtain the
temperature distribution along the length of the liner. Rearrarigip@.7 such that alknown
temperatures a& p time step are on one side, and unknown values atime step are on

the other gives the equation that needs to be solved at each solid node to obtauoltimg
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temperature. By doing energy balance at the fiesle in radial direction along the length of the

liner, we can define the convective heat coming into the test section as sHegrRiB.

Convective heat ifEg. 2.8 is converted to heat flux by dividing it throughout by normal

cross sectional area¥—Y¢). Heat flux in discretized form is given as,

Plane | x/Dy
P1 0.5802
P2 | 1.4888
P3 |2.3974
P4 |3.3060 &F
PS |4.2146 |
Flow direction ® ®
<]
© ©
@) @
P5 P4 P3 P2 P1 L ) @IJ

Figure 2.8 Location of five planes along the lgih of the liner for heat load discussions
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This convective heat flux has been presented for various operating conditions in this paper.
Data has been presented at five different planes along the length of the quartz as Bimpv28in
These planes were at an axial digte of «fO @0 1T Yfrgm each other, whei®@ X 1 4.
Physical and thermal properties of quartz with varying temperature was also considered in the heat

load calculation as mentioned by Gonj222].

2.4.2. PIV post processing

Raw images taken bhé highspeed camera focused at the green highlighted relgign (
2.5) were processed using an ofsenirce software (PIVLab 2[@.29]) interfaced with MATLAB
(academic license). Based on past computational and experimental 2d@k2[23], the time
taken for a particle to move a third of the smallest interrogation are@ o ¢pixels) is ~0.110
ms[2.30]. Hence, an external frequency of 10 kHz was chosen for both camera and laser head. At
10 kHz frequency, the image resolution wagt ¢ 1@ X @ixels, whichcorresponds to 0.16
mm/pixel. An initial interrogation area gf T @ Tpixels and a final interrogation area@fp p @
pixels were used with 50% overlap for fine resolution of velocity vectors in the region of interest.
Images were taken before and after flne was ignited and were used for background
subtraction. For each experiment, two sets of 3000 images were captured over 0.3 seconds with a
gap of 0.4 seconds between each set of data. The flow field data presented in this work was
averaged over onetsef 3000 images. Time averaged velocity was normalized with a reference

velocity (@ G j"0 x p Mo Yt F1) based on the air mass flowrate through the annulus
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of the swirleratY Q p ¢ v f222]. Prominent flow features sbrved in a swirl stabilized flame,

along with the location of swirler are shownHig. 29.

Isolines of 0 Impingement

axial velocity — A W

Comer
recirculation

Shear Layer

7 G, o Central
- recirculation

Pilot Flame

Pilot nozzle

Figure 2.9 Prominent flow features associated with a swirl stabilized flame (flow is from left to

right)

2.5.UNCERTAINTY AND REPEATAB ILITY

Primary source of uncertainty in heat load calculations arose from the thypeK
thermocouple used in calibration of the IR camera and filter setup. The thermocouples had an
inherent uncertainty of 1§ v Freported by the manufacturer. Along withist, the error in
temperature measurement of the IR camera reportedcdb by FLIR was also taken into
consideration. Performing a perturbatioased uncertainty analysis for these parameters yielded

an overall uncertainty of abopt¢ Hor the calculateddmt flux.
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Multiple experiments were performed over a period of time for a Reynolds number of
12500, equivalence ratio of 0.65, and a pilot ratio of 6%. The results have been compiled and
presented ifrig. 210. The average transient heat load in eachepifaming various runs has been
plotted along with individual run data. The heat load at planes P1, P4 and P5 are within the

experimental uncertainty from the average value.

However, at planes P2 and P3 which were close to the region of impingementabere
higher variation between runs. These variations were observed to ev Rbout the average
value at the highest value of heat load. Paint degradation, leading to potentially incorrect
temperature measurement, was observed to be significant ingtbe of impingement, as high
temperature flame was in direct contact with the inner liner wall. Hence, care was taken to remove
and recoat the quartz surfaces for each experimental run. However, the region of impingement
might be showing the observed tdethue to some unsteady complex fluid dynamics in the region.

A brief explanation for this has been provided further in the paper.
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Figure 2.10 Repeatability of the transient experiment

2.6.RESULTS AND DISCUSSION

In this sectionthe heat load and PIV flofield results are discussed, with a focus on axial
variation of liner heat load under transient conditions. Flow features along with wall temperature
data have been used to explain regions of high and low heat load on thvealin&xperiments
were carried out for a premixed methaie flame by varying three parameters viz. Reynold

number, equivalence ratio and pilot ratio percentage.

2.6.1. Effect of Reynolds number
The adiabatic flame temperature for a premixed metharféameat an equivalence ratio
of T#® vis aboutp Y @@ . Varying the Reynolds number of the flow and maintaining the

equivalence ratio keeps the adiabatic flame temperature (heat transfer driving potential) constant.



45

However, increasing Reynolds number incesathe mass flow, which contributes to higher heat
transfer rate(s). A similar trend was observed in this transient experiment as well; increase in
Reynolds number led to higher heat flux on the liner wall. Regions downstream of impingement
(planes P35 n Fig. 211) were observed to show significant differences in heat flux with
variation in Reynolds number. The highest variation in heat flux between different Reynolds
number cases was observed at the onset of the main flame and as the system mosestéaagrd

state, the difference was observed to plateau in most regions. Plane P2 that is in the impingement
zone of the flame was an anomaly to this trend. Due to high uncertainties in this region, it is
difficult to resolve the heat load with high fidglifThe time averaged liner heat load from the time

of main flame ignition to the end of experiment also showed the expected trend of increased heat
load with increasing Reynolds numbeéid. 212). It was observed that the secondary peak along
thelength® t he | i ner became more prominenf234,t hi gh
and Yang et a[2.32] have observed that for the case of single jet impinging onto flat and concave
surfaces respectively, the secondary peak becomes more promingteatReynolds number

and lower spacing between jet and target surface. Increasing the Reynolds number, decreasing the
spacing or increasing equivalence ratio leads to higher heat load on to the target surface, thus
making the secondary peak more promindiis prominent secondary peak has been attributed

to an abrupt increase in turbulence in the wall jet region at these locations. However, in the present
study a space limitation did not allow the laser sheet to be available in the region of this secondar

peak to study the near wall flow features.
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Figure 2.11 Variation of transient heat load with varying Reynolds number of the main airflow

through the can combustor

Fig. 213 shows the PIV data with normalized velocityntours, velocity vectors and
location of impingement. Impingement location was located by identifying the intersection of
isolines of zero axial velocity and liner wall in the plane of interest. It was observed that the flow
was selsimilar with varyingReynolds number. The location of impingement remained in the

range ofi® «j O 1@ ufor all Reynolds numbers studied in this work. Park ef2aR3]

made similar observations about swirl flow as well.
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Figure 2.12 Time averaged liner heat load for varying Reynolds number

[Operating conditions : ¢,pre; = 0.60; Pilot = 6%] Flow direction

Re = 12531 Re = 15396 Re = 17902

0.1 0.2 03 04 05 06 07 08 09 1 11 12 13 14 15
Figure 2.13 Flow field data obtained from PIV represented with normalized velocity contour
(background)yelocity vectorszero axial velocity isolines (yellow lines) and location of

impingement (red line) for varying Reynolds number

The PV experiments were run at an equivalence ratio®f rinstead ofr® v as the
premixed methanair flame with the given pilot ratio percentage was very close to the lean

blowout limit.. Addition of a small amount of compressed air along with the seedntiglgs
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moved the operating conditions in the combustor close to their leandoiblimit and hence a
stable flame could not be established. The satilarity of a swirtstabilized flamd2.24] allows

the flexibility of running the PIV experiment atdhier equivalence ratio while still maintaining
similar flow features in the region of interest. Henceforth in this paper, flow field data will be

presented for the two higher equivalence ratios only ant@aa

2.6.2. Effect of equivalence ratio
Changing the guivalence ratio of the premixed flame changes its adiabatic flame
temperature. Table 1 gives the adiabatic flame temperature at various equivalence ratios for the

methaneaair flame.

Table 2.1 Variation of adiabatic flame temgpature with equivalence ratio

%0 Y 0
0.55 1635.0
0.60 1727.1

0.65 1816.7
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Figure 2.15 Time averaged liner heat load with varying equivalence ratio of the flame

Therefore, increasing the equivalence ratio increases the potential that drives the heat

transfer from the flame onto the quartz liner wiiy. 214 shows the variation of liner waleat

load at five different planes (shownking. 28) along the length of the liner. It was observed that
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heat flux increases with increase in equivalence ratio, as expected. Similar to the Reynolds number
variation, increasing equivalence ratio also lemdkigher time averaged heat load and a more

prominent secondary peak along the length of the liner Wil 215).

| Operating conditions : Re = 12531; Pilot = 6% | Flow direction
dtotar = 0.60 ot = 0.65

-

0 01 02 03 04 05 06 07 08 09 1 1.1 1.2 13 14 15
Figure 2.16 Flow field data obtained from PIV represented with normalized velocity contour
(background)yelocity vectorszero axial velocity isolines (yellow lines) and location of

impingement (red line) for varying equivalence ratio

With varying equivalence ratio, the difference in heat load as the system moves towards
steady state converges to a stafalleie at each plane. The highest difference in heat load between
runs was observed at the beginning of main flame as in Reynolds number variation. Flow field
data for variation of equivalence ratio is showirig. 216.

The selfsimilarity between diffegnt operating conditions was observed in this case as

well. The location of major flow features in a swirl stabilized flame were observed evidently in
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both operating conditions. However, the impingement location varies from about 0.55 to 0.85 with

increasan the equivalence ratio.

2.6.3. Effect of pilot ratio split

Equivalence ratio in this work was defined based on the total amount of fuel (pilot and
main) provided in the combustion chamber. Varying the ratio of fuel being used for pilot flame
and main flame des not change the equivalence ratio, thus maintaining the potential that drives
the heat transfer constafig. 217 shows the variation of heat load along the length of the liner

wall with varying pilot to main fuel flow rate split ratio.
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Figure 2.17 Variation of transient heat load with varying pilot ratio of the flame
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Figure 2.18 Time averaged liner heat load with varying pilot ratio of the flame

The heat load for varying pilot ratio ditions does not have a significant effect on the
overall heat load on the liner wall. Increasing the pilot ratio, reduces the amount of fuel available
for the main flame. Thus, it can be observed that there was a marginal reduction in liner heat load
for higher pilot fuel ratios compared to the lower ones. However, the variation is not as significant
as that observed with changing Reynolds number or equivalence ratio. Tkeevéraged liner
heat load for varying pilot ratio shown Fig. 218 provides annteresting insight. It can be
observed that increasing the pilot ratio leads to a prominent secondary peak whose value is similar
to the first peak. Thus, giving rise to a region along the length of the liner where the heat load is
almost similar when tne-averaged. Flow field for varying pilot fuel ratios is showririg. 219.

The flame was still observed to be sgthilar with all the prominent features seen distinctly.



53

|Operating conditions : Re = 12531; ¢;pr0 = 0.60) Flow direction

>
PR% = 6% PR% = 8% PR% = 10%

0.1 0.2 03 04 05 06 0.7 08 09 1 1.1 12 13 14 15
Figure 2.19 Flow field data obtained from PIV regsented with normalized velocity contour
(background)yelocity vectorszero axial velocity isolines (yellow lines) and location of

impingement (red line) for varying pilot ratio percentage

The red solid line, indicating the location of impingement, wiserved to be almost
constant atj O @ for all three pilot ratio variations. The pilot flame velocity was observed
to grow stronger with increasing pilot fuel flow rate. Pilot flame also grew in size with higher pilot
ratio percentage, thusdreasing the interaction between the main flame and the pilot flame.
Location of the central recirculation zone shifts closer to the swirler exit and the distance between
the shear layers is observed to shrink with increasing pilot ratio indicating im¢grexction and

mixing between pilot and main flames.
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Figure 2.20 Contribution of pilot flame to transient heat load on the liner for varying pilot ratio

percentage

This observation led to the investigation of heat loadhenliner due to the pilot flame
alone. Since the use of the KG2 filter limited the capability of measuring temperatures lower
thant x & w, separate experiments were run to assess the contribution of heat load from pilot
flame without the KG2 filter. ie IR camera was capable of measuring temperatures from
cug w tov X wW. Fig. 220 shows the heat load contribution of the pilot flame along the
length of the quartz. Inline heater was used to heat the airtas, and pilot flame was ignited
only after the quartz reached steady state temperature. Infrared data recording was initiated at the
same time as when the pilot flame was ignitedign 220, it can be seen that the liner heat load
reached a steady state at every plane along the lengjtke gliartz at abogt ft. The pilot heat

load was approximately 1 ®f the main flame heat load calculated. It needs to be noted that the
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uncertainty for the pilot heat load calculation is lower than that for the main flame heat load

calculation.
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Figure 2.21 Transient heat load transition from pilot flame to main flame

Fig. 221 shows the heat load transition from pilot to main flame close to the region of
impingement. This experiment was also carried out without KG2 filter to aid the captumero
wall temperatures with pilot flame and the beginning of the main flame. As seen from the PIV
flow field, the flame leg impinging onto the liner spread from the first location of impingement
(identified using zero axial velocity isolines) till abaytO  p&. It was observed that the heat
flux increases from close to the initial point of impingemeat@ 1€ @ to aboutsy O
p®. Then, the heat flux reduces as we move away towar®» ¢® ¢ This trend is in

agreemenwith the findings of oblique jet impingement studies carried out in thg238{ where
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the researchers observed that the location of the stagnation point (point of impingement) was
upstream of the location of the geometrical center point of the jeddition, the highest heat
transfer coefficient was observed downstream of the stagnation point, which is similar to what was

observed in this work as well.

2.7.CONCLUSIONS
Transient heat load data for a premixed metfanewirl stabilized flame in a can
combustor has been presented in this work. Designers can validate numerical model for combustor
liner heat loads using the experimental data presented in this work, which would help evaluate the
optimal coolant flow required. Various parameters like Reysoldnber of the flow, equivalence
ratio, and pilot ratio have been studied. Infrared camera was used to measure the quartz liner inner
and outer wall temperatures, which were used in the heat load calculations. These results were
complemented with flow fid results from PIV experiments. The following observations could
be made about liner heat load
(1) Highest uncertainty of abogt v lvas observed close to the region of flame impingement
onto the liner.
(2) Liner heat load increased with increase in Reynolasber and equivalence ratio.
(3) Increasing the pilot ratio reduced the amount of fuel available for the main flame, thus
reducing the overall heat load onto the liner wall.
(4) Heat load during the initial part of the start transient was observed to b&0%d.Onae

than the steady state heat load in planes close to the impingement zone.
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(5) Flow field showed the flame to be ssimilar for varying Reynolds numbers and
equivalence ratios. However, the interaction between pilot flame and main flame increased
as pilot atio was increased.

(6) Contribution of pilot flame to the overall liner heat load was observed to be@bo#

The presented work is one of the first to attempt to understand the various parametric effects
of reactive combustor field on wall heat flux, atsbgorovide detailed flow measurements to help
explain the heat load distribution on the liner walls. It is expected that cooling designs have to
accommodate for potentially high heat loads and varying loads as power generation gas turbines
adjust to beingoeakers with fast start and shut down requirements resulting in complex flow
interactions and associated heat loads along the liner walls. This study will provide much needed
insight on combustor operation in the new paradigm of small GT units usedkasspea

This study is an initial proof of concept for the novel methodology presented here to study the
liner wall heat loads. In the current era of low emission gas turbines, the main emphasis is on
finding the right low Carbon and low NOXx fuel blends tban be potentially used at a large scale
to meet environmental norms. Many of these alternative fuel solutions like mixtures containing
high Hydrogen content are observed to have low volumetric higher heating[2&dE To be
able to produce similar pawto the current generation of gas turbines, higher fuel flow rates will
be required, thus leading to higher air flow rate into the combustion chamber. This would lead to
overworking the compressor or sending lesser air for cooling the combustor litertyesice, it
is imperative to understand the nature of liner heat loads for various different fuel blends to better
assist the designers in development of optimal cooling solutions for combustor liners. This study
will be followed up by a new set of exjraents to understand the liner wall heat load distributions

for fuel blends mimicking the composition of natural gas and biogas as two component mixtures.
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0 Cross section area ()

&) Specific heat of quartzifQ"® )
O Hydraulic diameterd)

Q Heat transfer coefficient{¥a 0)
ko) Conductivity of quartzd 7a 8))
G Mass flow rate Q1)

0P Pilot ratio percentage

ne Convective heat fluxcp & )
YQ Reynolds number

Y Temperaturg )

0 Time ()

W Reference velocityd(fi)

W Volume of discretised element

i Radial distanced()

W Axial distance ¢ )

Greek symbols
— Azimuthal direction (rad)
%0 Equivalence ratio

" Density of quartz’Q¥h )
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CHAPTER 3
EFFECT OF FUEL COMPO SITION ON TRANSIENT WALL HEAT LOAD FOR A

LOW NOX LEAN PREMIXE D SWIRL STABILIZED C AN COMBUSTOR

3.1. ABSTRACT

With the increasing use of natural gas, biogas, etc. it is pertmemtderstand the effect
of the changing composition of these fuel mixtures not only on the combustion characteristics, but
also their effect on various hot gas path components. This study focuses on addressing this question
by studying the effect of fuglomposition on combustor liner wall heat load. A swirl stabilized,
lean, premixed, low NOx can combustor is used in this experimental work to show the effect of
binary fuel compositions with"O as the main fuel, representative of various fuel mixtures. The
experiments were performed at a Reynolds number of 12531 based on the combustor diameter,
with the inlet air preheated to 373 K. Equivalence ratio for each fuel blend was maintdrés at
and the ratio of the mass flow rate of pilot and main fuel was kept constant at 6%. Start transient
liner heat load was calculated based on aintmsive Infrared Thermography technique, by
measuring the inner and outer wall temperatures of thezgc@ambustion liner. The fuel blends
with diluents § anddU ) were observed to quench the heat release, leading towards a more
uniform and low heat load on to the liner wall compared to the higher hydrocarbon liefds (
ando "O ). Flow field data obtained using Particle Imagdo¢enetry is used to understand the

interaction between the pilot and main flames, and that between the main flame and the liner wall.
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3.2INTRODUCTION

Land based power generation turbines are scrutinized more than-tloeregrengines for
their emission tandards. In states like California, the emission norms for NOx and CO from the
engines are stricter than the national standard. Due to this, many plants are migrating towards
biogas, natural gas and syngas based combustion, which have been proveretmdretichn
conventional fuels. The exact composition of these types of fuels is highly dependent on the region
of origin of the fuel, feed stock, transportation process, and the extraction procef3. lisdtiel
composition plays a major role in thengbustion characteristics present in a gas turbine in terms
of power, emission, efficiency, etc. Because of this, switching from high volumetric heating value
hydrocarborbased fuels to diluted low volumetric heating value fuels pose some unique
operationathallenges for gas turbines.

Many researchers have looked into the effect of fuel composition on operating conditions
of the combustion chamber in terms of flame stability, emission, flame structurf8.zt8.5].

Given that the alternative fuels aenixture of multiple hydrocarbons and/or other gases, they are
typically simplified by considering each fuel as a binary mixture. In case of natural gas and biogas,
the studies are simplified by considering a mixture of methane and a diluent (nitrogertzord
dioxide respectively).

To understand the viability of using the same hardware for varying fuel compositions,
many parameters like Wobbe Index (WI), Modified Wobbe Index (MWI), laminar and turbulent
flame speeds, etc. have been proposed by therobszs. Among these, the Wobbe Index has been
used most frequently in the literatyB6] as it accounts for the heating value of the fuel mixture
and also its relative density, thus giving a good gauge of the overall power output from the fuel

mixture for a given set of operating conditions.
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The current setip uses a low swirl industrial nozzle with a Swirl number of (874 with
an open centecthannel that allows a small portion of reactants to remaiswiried (pilot flow)
while the rest of the prmixed fuel/air mixture is sent through the annulus where the tangential
velocity is imparted to it (main flow). The pilot flow helps stabilize the flame even at low
equivalence ratios by inhibiting vortex breakdown and promoting the flow divergencmilarsi
low swirl nozzle was also used by Cheng efaaB] to study the effect of a binary mixture Gf
ando"O at various volumetric percentage compositions and operating conditions.

Colorado[3.9] has looked into three categories of binary fugtture with 6O as the
baseline and main fuel of interest. Each category represents potential composition of '€yngas (
rich), biogas §U diluent) and higher hydrocarbon (O andd "O) compositions. The goal of
this work was to quantify the effect of fuel composition variation on the emissions and lean
blowout (LBO) trends to better understand the applicability of current fossil fuel based hardware
in gas turbine combustion applications.

Smith et al[3.6] developed a lowvgirl nozzle with a dual parallel fuel circuits to study
the operability range for fuels with WI in the range of 17 ta)4&a . While the flames they
studied were observed to be stable and had a wide operability range, it was observed that the
product gas temperatures as well as product gas compositions in the combustor primary zone and
entering the first stage of thgas turbine were different. With each fuel producing different
temperatures at the outlet of the combustion chamber, the heat load on the first stage rotor and
stator, and also the combustor liner wall would be different.

Correads r evi ew tignanpaalistic gas turNitexcombustiomea@onditions
talks about the usage of lean premixed combustion as the benchmark for low NOx systems and

points out various issues that might arise due to stringent NOx regujatidfjsOne of the issues
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mentioned irthe paper that has not been addressed till date is the quantification of the amount of
heat transfer from the flame on to the liner wall. Typically,-dmeensional theoretical models

are used to understand the complicated plehien cooling flow distrbutions. The current work

aims to fill this gap by presenting a method to quantify the liner heat load under reacting conditions
for various binary fuel mixtures which are being posed as a potential replacements for the current
fuels to meet the NOx redumh criteria in lanebased power generation turbines.

Zsély et al[3.11] studied the effect of increasing the volumetric quantity of propane in
propane/methane fuel mixture on auto ignition delay time, as this is a fundamental property that is
very impotant in combustor design optimization. The authors studied compositions with up to
20% propane in the fuel mixture, although the typical natural gas has only a small quantity of
higher hydrocarbons (<5%3.12]. It is expected that the percentage of higheirocarbons will
rise with increasing use of namonventional fuels as the demasupply balance shifts. Flores et
al. [3.2] also observed that the NOx emission from fuel mixtures with higher hydrocarbons was
independent of different mixing types but hadtrong dependence on firing temperature. This
NOx formation was traced to the participation of #ibermal NOx which was highly dependent
on fuel composition.

Lafay et al[3.13] experimentally evaluatedddO 60U mixture which was representative
of typical waste biogas in the equivalence ratio range of 0.68 to 0.84. They looked into the flame
structure, shape and dynamics of thi-arflainbi ogas
under smilar operating conditionsValeraMedina et al[3.14] studied the binary composition
ofp mBO 1 nmbBO in their experimental gas turbine combustor, and successfully
demonstrated that the flame was stable even at only 20% of nominal powésfidhd given

operating conditions.
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The increasingly stringent emission laws in recent years have resulted in a push to research
novel, sustainabl e, |l ow emi ssion fuel bl ends.
fuel flexibility has riseras it is desired to simply switch to these newly researched fuels without
the need to redesign gas turbines that are currently under operation. Some of the leading
manufacturers like Siemef3.15], GE[3.16] and Solar Turbineg3.17] have studied variodael
blends in their industrial turbines. Liu et §.15] studied the effect of nelmydrogen enriched
Medium Calorific Value (MCV) fuel mixtures for an industrial gas turbine (13.4MW 8GO
engine with hybrid combustion system configuration) system.t@imperature corrected WI of
the fuels they studied fell in the rangedoft T W fa . They varied the fuel composition while
the engine was under operation such that the fuel heating value changed by about 10% per minute.
They also observed that for fuels diluted wath and0 , the temperature profile at therhine
inlet had both lower peak value and gradient . Using as the diluent provided a significant
reduction in the adiabatic flame temperature, higher laminar flame speed, and lower reaction rate
thus resulting in lower levels of NOx foi0 diluted fuel blends compared to other diluents with
same heating values. Burnes and Can#l7] quantified the various fuels and fuel blends by
their Hydrogen to Carbon mass ratio to understand the effect of fuel flexibility ongaition,
flashback, ldwout, and combustion instabilities. Asti et[&8l16] reported the flashback margin,
autaignition margin, learblowout margin, emissions, pressure pulsations and ease of ignition for
various fuel blends at three different scales of test setup vizesiogkle combustor, single can
combustor and the entire gas turbine.

In a recent work published by the auth{8<18], a novel methodology was proposed to
guantify the start transient heat load on to the combustor liner wall from metindlaenes under

various operating conditions. The current paper attempts to further those efforts by using the same
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technique to understand the variation of heat load with fuel blend variation. With industrial gas
turbines being capable of operating at a wide variety of A authors here have studied 12
different binary fuel mixtures with WI ranging from 26.78 to 838.%¥& . Many of the proposed
alternate fuel options have lower heating value than the conventional natural gas, thus needing a
higher burning rate ofhe fuel to produce similar power output. In dry low NOx (DLN) lean
premixed combustors, this would need theating of some of the cooling air into the combustion
chamber(s). Understanding the heat load on the liner wall would be of importance tte phavi

designers a new avenue to optimize &ir flowrate in the system.

3.3.EXPERIMENTAL SETUP

A can combustor experimental rig equipped with an industrial swirler (fige81) was
used in this study. The swirl number of the nozzle in this setup neehsuperimentally was
0.74+0.04[3.7]. This nozzle was housed in an industrial turbine that produced 5.67MW of power
while consuming ~1300 kg/hr of the fuel at 11.43 MJ/kWheat rate. This seip has been used
in previous wor ks Iooyp[3t7h349 20|t Eperrmenial setepsaedathrec h g
corresponding piping and instrumentation diagram (P&ID) are shown in Bifsand 3.2
respectively. The major difference in the experimental setup compared to the previous work is the

addition and use & secondary fuel line as shown in the P&ID.
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Air was drawn from theampressor at ~0.86MPa (110 PSIG) from outside the building
and was passed through a heatless dryer to remove the moisture content before allowing it to pass
through the setup. This conditioned air was metered using a turbine flow meter to obtain the
volumeric flow rate. Temperature and pressure of the flow were measured upstream of the
flowmeter to convert the volumetric flow rate to mass flow rate. A Fischer flow control valve was
operated using a PID controller to set the mass flow rate of air throadbsihsection based on
the Reynolds number. To mimic the air from the compressor to combustor in an industrial turbine,
the metered air was heated using a joule heater to a temperature of ~373 K. Fuels have been
metered using three different mass flow engtfrom Alicat. One line each for each part of the
binary fuel mixture, and a third one to measure the pilot fuel flow rate. The list of fuel mixtures
studied in this work has been shown in Table. 1. The Wobbe Index (WI) of each fuel blend is

calculated ging the higher heating value and specific gravity of each mixture3(Eq.

oG

OB

Infrared
camera

Figure 3.3 Quartz combustion chamber with representative black paint for infrared imaging
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Table 3.1 Fuel blend composition and Woblmlex

Volume % of component Wobbe Index
00 00 60 0 00 VIV (o
90 10 - - - 51.78
50 50 - - - 61.07
10 90 - - - 74.96
90 - 10 - - 49.33
50 - 50 - - 63.55
10 - 90 - - 83.20
90 - - 10 - 45.42
80 - - 20 - 38.60
70 - - 30 - 32.57
90 - - - 10 40.48
80 - - - 20 32.64
70 - - - 30 26.78

Methane was used as the baseline fuel, and the second fuel was added to it in various
volumetric percentages. The operating conditions for the experiment were maintaiaed at
Reynolds number of 12531 based on the combustor liner diameter, a lean equivalence ratio of 0.65,
and a ratio of 0.06 between the pilot and main fuel mass flow rates. As shown in the swirler diagram
in Fig. 31, the metered hot air from the heater arartietered fuel mix in the swirler annulus
before entering the combustion chamber. The combustor liner in this study was an optically clear

quartz cylinder of diameter 203 mm, thickness 4 mm and length 406.4 mm. Downstream of the



74

combustion chamber, the eadrst gases were cooled using high pressure room temperature air in

the transition piece and using water in the cooling jacket before exhausting it to the atmosphere.
There was no baepressurizing of the combustion chamber in this work i.e. combustion
expeiments were carried out at atmospheric pressure conditions. The setup, experimental
procedure and data reduction described in subsequent sections are the same as used in the previous

work by the authorf3.18].

3.3.1. Heat load experiment

Transient liner heat &d was calculated from the measured inner and outer wall
temperatures of the quartz liner. As showrfrig. 33, the inner and outer surfaces were painted
with commercial flat black paint capable of withstanding high temperattoedar to maximize
the irfrared signal being emitted from the surfaces (higher emissivity of black surfaces). The inner
and outer surfaces were painted with an azimuthal offset to facilitate simultaneous temperature
measurement. The infrared camera (FLIR A6750sc), equipped \widhnam 15 um broadband
lens, was used to measure the temperature of the inner and outer walls of the liner at a frequency
of 7.5 Hz. Since the temperature range of the current IR camera was limited to 573.15 K (as
specified by the myaKGZ fiter was placeddnsfront af the tcameaato o

allow higher temperature measurements.
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Figure 3.4 Calibration of infrared camera from eight different experiments using typ&

thermocouples to measure liner walnperature

Multiple thin, fastresponse Ky pe t her mocoupl es were attach
and outer surfaces along the axial direction using high conductivity ceramic paste. These
thermocouples were used to calibrate the IR camera intire@l up to actual operating
temperatures of the experimental runs. Simultaneous measurements were performed with the IR
camera and thermocouples at a constant acquisition rate. These data points were then analyzed
using an irhouse code to obtain the caliboa curve for the cametidG2 filter system as shown
in Fig. 34. This linear curve fit was used in the post processing to obtain the wall temperatures
needed to calculate the liner heat load. Gomez [@ 21] have reported variation of transmissivity
of quartz with temperature in their isothermal heated air experiments. However, since the camera

calibration is performed with simultaneous measurements from thermocouple and IR camera, the
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effect of transmissivity is built into the methodology. The miraridtions observed in the data at
aboutv v 3and w w 3for the IR camera are due to the paint degradation at the location of
thermocouples in those particular runs. This data was also considered for calibration as this can
occur during actual experimental runs as well. The two data sets at tiee teigiperature range
are from the inner and outer walls. The difference between the calibration curves obtained using
just the inner or outer wall data and the overall data set is aboi6%6. This variation is also
considered while calculating the oa#runcertainty in heat load calculation.

It is not feasible to measure near wall flame temperature in real time andtnively
using available technology. Addition of any temperature measuring device close the inner wall
would affect the fluid dynams of the flame by acting as a flame holder. Using a constant
mainstream temperature like the theoretical adiabatic flame temperature would result in a time
varying wall heat transfer eefficient (HTC), which has no physical significance in liner cooling
designs or understanding of the physics involved. Hence, the authors have only presented the wall

heat load in terms of the heat flux from the flame on to the liner wall in this work.

3.3.2. Particle Image Velocimetry (PIV) experiment

The setup and equipment ftite PIV experiments in this study were based on the ones
described in Ramakrishnan et[&8l22]. Photonics DM3&27HPDH (frequency doubled NALF
laser) was used as the light source. A system of optical lenses and mirrors was used to orient and

convert he 527 nm beam produced by the laser into a sheet of ~3mm thickiges3y).

Imaging of the test section was done ustdgTCAM Mini AX200, a highspeed camera
equipped with an 85 mm Nikkor PE Micro lens, positioned orthogonally to the laser sheed (
the flow direction). In order to maximize the pixel density, only the top right quadrant of the flow

was captured as the swirl flow is known to be axisymmetric in nature. Using an external timing
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box, a 3 us delay was provided between the camera sadttigggers to account for the camera

shutter lag. This was done to ensure synchronization of image and laser pulse.

Laser
head

Figure 3.5 Settling chamber, combustion chamber and laser optics setup

To facilitate the PIV measuremsnthe flow was seeded withi 0 particles of 2 um mean
radius. Based on this mean radius, particle material properties, and the average flow conditions in
the combustor, the Stokesd number wafdlowedbund t
the flow accurately. The particles were mixed with compressed air in an external mixer and fed
into the main flow in the settling chamber. In order to aviid) deposition on the liner wall,

the seeding flow was triggered just befongiating the camerdaser trigger.
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3.4. EXPERIMENT AND DATA REDUCTION PROCEDURE

The focus of this study is to understand the variation in heat load with fuel composition of
different conventional and nesonventional fuel sources. Methane was maintaindoedsaseline
fuel and the effect of addition @f O, 6 'O , 00 and0 as diluents has been studied. The
composition of the fuels mentioned in Table. 1 are volumetric proportions of each component in
the mixture. Operating conditions viz. the Reynolds number of the inlet @sedbon the
combustor inner diametdEg. 32), equivalence ratidqg. 34), and the ratio of pilot fuel flow rate
to the main fuel fl ow r at e&g¢.35) lcagelall meh maidtagneddo pi | o
at a constant value for all the blendibe temperature of the inlet air was also maintained constant

across all runs at ~373 K.

The initial condition for each experimental run was a steady state liner temperature, which
was achieved by passing the he atberdlemperatuset air
recording was initiated at this stage and the pilot flame was ignited. Then, the main flame was

ignited after a 40 s delay across all runs.

The heat flux calculation methodology adopted in this work was based on the inner and

outer walltemperatures of the quartz and is detailed in the following section.
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3.4.1. Heat flux calculation methodology
This study uss the heat equation in cylindrical coordinates to calculate liner heat load.
Although this method is widely used in heat transfer applications, the novelty of the current work

lies in using noAntrusive wall temperature measurement using infrared cafimeaer heat load

measurements under reacting conditions.

Given below is the cylindrical coordinate form of the governing equation for heat diffusion

(assuming no internal heat generation),

pT ..IT Y pT . Y T"Y.,
lTiQ'Tilr——Twé‘ ® 7 OBoD

A solution for the twedimensional transient heat diffusion equation was used in this study
to calculate the liner wall heat log@dwing to the axisymmetric nature of the swirl stabilized flame,

the | iner wall temperatures are known to have

thus simplifyingEq. 36 to a two dimensional form as showrkq. 37 [3.7, 3.18].

SRR
TioTe Tar o OFR
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Fiber glass was used along the side walls of the liner in the axial direajioihis
insulation allowed for application of adiabatic boundary conditions albisgdirection. Wall
temperature data from the infrared camera was used as the two boundary conditions necessary for
closure along the radial direction. Figusé shows the boundary conditions and nomenclature for
this system of equations. As mentionedien the initial condition in time was taken to be the
steadystate wall temperature prior to the start of combustion. Teeloeed raw image from the

infrared camera is shown Fig. 37 indicating the location of inner and outer walls.

—=5 _ ) Hot — =0
Dy T r=r; Tir < gases Dy
X ¢ T r=r;
g =0 |4mm QUARTZ q'=0
L 4 r=r,
T =Tir
=T,
‘l:

Figure 3.6 Two-dimensional transient conduction equation boundary conditions

The above equation can be reduced to a discretized form as follows, so that algebraic

operations can be performed.
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The twodimensional temperature datkig. 37) was used to @ain a line averaged
temperature along the length of the liner for both the inner and outer walls. Equation. 8 was
rearranged and solved to obtain the temperature through the thickness of the quartz liner at each
pixel along the axial direction. Using argle energy balance at the inner wall of the liner,
convective heat transferred from the flame to the liner can be defined as the sum of the energy
stored in the liner and heat conducted through its thickness in the radial and axial dirécfions (
3.9). The effects of varying temperature on the material properties of the liner were also considered

in the heat equation solution using empirical data from literagure3.19].

Azimuthal direction (0)

Axial direction (x)
Figure 3.7 Raw Infrared temperature of the Im&ith both inner and outer walls before

calibration
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Convective heat ifEq. 39 is converted to heat flux by dividing it throughout by normal

crosssectional area ¥—Y¢). Heat flux in dscretized form is given as,

The convective heat load on to the liner is presented at five different locations on the liner

along the axial direction as shownRig. 38, wheréO  x T & [3.21].
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Figure 3.8 Location of five plang along the length of the liner for heat load discussions

3.4.2. PIV post processing

PIVLab 2.0[3.23] was interfaced with MATLAB to process the raw images from the-high
speed camera using a cross correlation algorithm. Based on the past published datalbythe @ug
group, it was approximated that any given particle wouldXak® p dti to travelpfo of a
p @ p ¢oixel interrogation area (the smallest area considered in this $81118)3.19]. In order
to satisfy this criterion, the PIV system was run at a frequency of 10 kHz leading to a time
difference of 0.1 ms between atwo successive images. This operating condition for the camera
yielded an image resolution of 1024 x 672 (0.16 mm/pixel). A three pass solution method was
employed with reducing the interrogation window size frpm @ tpixels, too ¢ o ¢pixels,

and finallyp @ p ¢pixels. A 50% step size was used in each of the three passes.

Time averaged results presented here are the mean velocity fields computed by averaging

the results of 3000 instantaneous image pairs. A reference velocity of 10.98 m/s based on the
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averagie flow velocity through the swirler annulue( & | "0 ) at the operating

conditions was used to normalize the time averaged 8.

3.5.UNCERTAINTY AND REPE ATABILITY
The uncertainty in this study mainly comes frosing the thin Ktype thermocouple,
which is used for calibrating the IR camera and filter setup and has a reported inherent uncertainty
of T v Pas per the manufacturer at the high temperatures present under reacting flow
conditions. Also considering titemperature measurement error of the IR camera (reported at
¢ Pby FLIR), an overall uncertainty of approximately 12% (calculated using perturistssd

uncertainty analysis for the given parameters) is obtained for the calculated heat flux.

Resultsfom mul ti pl e experiments that were pertf
number of 12531, equivalence ratio of 0.65, and a pilot ratio of 6% have been summdfiged in
39. At planes P1, P4, and P5 the heat load values were well within the rangemiexpal
uncertainty. However, a higher variation in heat load was observed between the runs at planes P2
and P3. Both these planes were close to the impingement region. These variations were observed
to bex ¢ v Rabout the average value at the highedterabf heat load. Significant paint
degradation was observed in the impingement region over the course of an experiment, which is
likely due to the inner liner wall being in direct contact with the high temperature flame. This could
potentially cause incogct temperature measurements. This error was minimized by removing

leftover paint and then feoating the quartz surfaces for each experimental run.
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The observed trends in the impingement region could be attributed to some unsteady,
complex fluid dynamicsn the region. Explanations for these trends have been elaborated in the

following sections of this paper.
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Figure 3.9 Repeatability of the transient experiment [3.18]

3.6.RESULTS AND DISCUSSION

In this section, the liner hetdad data is presented along the length of the liner at five
different locations. The trends for various fuel blends are discussed using transient and time
averaged wall heat flux data, and tiaeeraged and instantaneous flow field data. \With as
the baseline fuel, the effect of addition of higher hydrocarb@ri® (andd "O ), and addition of

diluents 60 and0 ) have been studied for a pmexed swirl stabilized can combustor.
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Figure 3.10 Variation of transient heat load with varying quantitydoiO

3.6.1. Effect of addition of higher hydrocarbons

Addition of higher hydrocarbons increases the theoretical adiabatic flame temperature for
the fuel blends. For a fuel blend afgiven equivalence ratio, higher the proportiord 6O or
0 "O , the higher the adiabatic flame temperature. Thus, the driving potential difference for heat
transfer is also higher. This trend is also observed in the transient ardvwiraged heat load
data. Figure3.10 shows the comparison of transient wall heat flux for the tit@&0 'O blends
and pured’O premixed flames. As explained earlier, the blend with the highest proportion of
00 (pB®O wmn® 0 )isobservedto have the highest heat load in the regions close to
impingement (planes P2 and P3). For fhet B0 wm ® "O blend, approximately 43%
higher heat load is observed close to the impingement location comp#regtoe methane case.

As the quantity of butane was reduced, the difference in heat load reduced to ~33% and ~17%
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respectivelyfoo TB®O v n® O andom®O p P O blends. However, at planes
farther away from impingemenbge (planes P1, P4 and P5) the variation between the three fuel
blends and pure methane flame wasl©5%6. Typically, steadgtate 1D or 2D models are used for
analysis in the hot gas paB.24]. The time averaged data heFeg( 311) provides a similar
analysis. For the three blends, it is observed that the highest transient heat load in planeP2 is ~24
28% higher than the tirr@verage heat load at the same locations. It is also worthy to note that the
heat load in plane P2 plateaus after ~180s and ffexafice between the three blends and pure

methane heat load was constant. This stetakg value was ~35% lower than the tiaveraged

heat load at the same location.
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Figure 3.11 Time averaged liner heat load for varyiqgantity ofo 'O

Figures. 12 and 13 present the transient heat load data and ttavéiraged heat load data
respectively for the three propane fuel blends in comparison to the baseline pure methane case.
The highest heat loads in plane P2 for the thremsdslare ~9%, ~17% and ~20% higher than the
pure methane case for the 10%, 50% and 90% blends respectively. This increase in heat load is
not as high as the butane blends owing to the lower volumetric heating values of the propane

blends. The difference be¢en the timeaveraged value at plane P2 and the highest transient heat
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load at plane P2 are very insignificant at abou?%bdifference, with the transient heat load being
higher. However, at plane P2 the difference between the sttatdyvalue and theme-averaged

value for all three blends are ~50%, with the tiaveraged value being higher.
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Figure 3.12 Variation of transient heat load with varying quantityboofO
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Figure 3.13 Time averaged liner heat load for varying quantity 60
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3.6.2. Effect of addition of diluents

Transient liner heat load and tirageraged liner heat load for dilution @O with 0 is
presented in Figs3.14 and3.15. Sincel is a nonRreacting component of the fuel mixture, the
overall heat output of the mixture is much lower than pure methane or a mixture of methane with
higher hydrocarbons as presented before. This is reflected in the lower liner heat loads along the
length of the Iner compared to the case of pure methane. Peak transient heat loads close to the
region of impingement are ~7%, ~16% and ~21% lower for the fuel blends with increasing
proportions of) . The three blends with 10%, 20% and 30%have differences of ~10.5%,
~16.8% and ~47.8% between the transient peak andatweraged peak. Also, the steastgte
value of liner heat loads for all three blends are observed to be very similathEveneaveraged
data shows a similar trend between the three blendsidfer ¢. This effect was not observed
in the higher hydrocarbons. With an increase in the amount of higher heating value fuel in the

mixture, the downstream heat load waseared to increase.
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Figure 3.14 Variation of transient heat load with varying quantityjof
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Figure 3.15Time averaged liner heat load for varying quantity of

Figures. 16 and7lpresent the liner heat load under transient conditions andtiearaged
data for the thre60 blends studied in this work. Both and0 are norreacting components

of the fuel mixture. HoweveQl has an additional effect of quering the heat release of the
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flame owing to the chemistry involved here. This is evident in the reduction in liner heat load for
these blends compared to theblends. For thg T ®'O o 1 BU , the liner wall heat load is
observed to remaialmost constant throughout the liner length; this is true in both the transient
and timeaveraged data. The highest reductions in transient peak heat load compared to the pure
methane flame of ~16%, ~22% and ~53% were observed in plane P2 respectively for
increasingd0 quantity in the mixture.

Similar to other fuel blends, the difference between the-tivezaged data and transient
data was very significant for thie) blends as well. The timaveraged data for the blends with
higher heating value showedd pronounced local peaks along the length of the liner. This was
similar to the data from previous wo[R.18] where experiments with higher heat release viz.

higher equivalence ratio or Reynolds number showed two local peaks in the liner heat load data.
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Figure 3.16 Variation of transient heat load with varying quantitybof
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Figure 3.17 Time averaged liner heat load for varying quantity of

In addition to not having a secondary peak for the fuel blendsdwithandi , it is also
observed to reduce the difference bestw the peak heat load and the rest of lineret al.[3.15]
measured the temperature at the turbine inlet using a traverse mechanism for various fuel blends.
They observed that the fuel blends with lower heat release showed a reduction in the overall
temperature at the turbine entry and also a lower gradient. This is similar to the observations made
for the above blends as well. Even in the present work, for a given higher heating value of the
mixture, 00 -based blends provided a more uniform heat load along the liner wall compared to
the0 blends.

3.6.3. Effect of fuel composition on flow structures

Time-averaged PIV data for the four blends are provide#&ig 318 in terms of the
normalized veloity contour, velocity vectorsand location of impingement. Only one unique
composition for each of thie 'O 'O U and( blends are shown as representatigmdAs
seen in the literaturehanging the composition did notedt any of the major features observed
in a typical swirl stabilized flame and they were all observed to besiseilar in nature. The
intersection of zero axial velocity idmes with the liner wall was considered to be the location of

impingement of ta flame, as defined in literaturd.7, 3.19].



Figure 3.18 Time-averaged flow field data obtained using PIV
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