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ABSTRACT

The objective of this study was to obtain simultaneous
axial/radial and axial/tangential velocity measurements in a
laboratory-scale, gas-turbine combustor (LSGTC) with a pre-
mixed, swirl-stabilized, natural gas flame. Velocity
measurements were obtained at each of four operating
conditions (high swirl and medium swirl at fuel equivalence
ratios of 0.80 and 0.65). Example results of mean and standard
deviation axial, radial, and tangential velocities are included in
this paper for the high swirl (HS), f = 0.80 case (most stable
flame) and the medium swirl (MS), f = 0.65 case (least stable
case). Additionally, example probability density distributions
(PDF) for the axial velocity at the 80 mm axial location are
presented for the same two cases. The velocity and PDF data
show greater stability for the HS cases than the MS cases.
Sizes and strengths of recirculation zones are determined,
showing a larger degree of central recirculation in the HS cases,
which is thought to be responsible for enhanced stability in this
premixed system.

INTRODUCTION

This study was part of a series of laser-diagnostic
experiments performed on a common combustion apparatus.
Companion studies were performed to make planar laser
induced fluorescence (PLIF) images of OH [1] and to measure
gas temperatures and concentrations using coherent anti-Stokes
Raman spectroscopy (CARS) [2-3]. These data were obtained
principally for evaluation of comprehensive gas turbine
combustion models [4-7]. The work presented here is the result
of two-component laser Doppler anemometry (LDA)
measurements of instantaneous velocities obtained in a
laboratory-scale, gas-turbine combustor (LSGTC) with a pre-
mixed, swirl-stabilized, natural gas flame. The LSGTC was
operated at two swirl conditions and two fuel equivalence ratios
(0.80 and 0.65) at atmospheric pressure. This paper reports on
the instantaneous, mean, and probability density functions
(PDF's) of all three components of velocity in this combustor.

Past experience at BYU/ACERC has shown that the
modeling of combustion behavior is more accurate and proceeds
more rapidly when coupled with pertinent, foundational

experimental research. The LSGTC simulates many of the key
combustor characteristics of commercial gas turbines [8], and
provides a realistic flame where model predictions and in situ
measurements can be compared. Use of advanced optical
diagnostics has permitted near-instantaneous, non-intrusive
LDA measurements of velocity, CARS measurements of
temperature, and PLIF images of flame shape. These
experimental measurements provide insight into the physical
processes that govern the combustion processes, provide
direction to the modeling of the combustion process, and have
also provided a database suitable for model sub-code evaluation
and verification.

The objective of this part of the experimental program was to
obtain approximately 4000 instantaneous measurements at each
diagnostic location in the combustor (126 locations for the
axial/radial sets, and 196 locations for the axial/tangential sets).
The instantaneous measurements were analyzed to obtain mean
and standard deviation velocities at each location. Software
interpolation of the specific mean and/or standard deviation
values has allowed creation of iso-contour plots (or false color
maps) of the mean and standard deviation velocities in the
flame zone. Examples plots are included in this paper for the
HS f = 0.80 case (most stable flame) and the MS f = 0.65
case (least stable flame). Additionally, probability density
functions (PDF) have been determined from the 4000
instantaneous measurements at selected locations in the
combustor. Example axial velocity PDFs at the 80 mm axial
location are presented for the same two cases. The complete set
of results for all four test cases is reported by Murray [15].

NOMENCLATURE
CRZ  central recirculation zone
h height
HS high swirl condition
Ipm liters per minute

MS medium swirl condition
PDF  probability density function

Q flow rate

r radius

SN swirl number

SRZ side recirculation zone
w width
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f equivalence ratio

Subscripts

central (referring to central recirculation zone)
side (referring to side recirculation zone)
axial velocity

radial velocity

tangential velocity

horizontal distance from centerline

vertical distance from burner surface

NXs<cuvo

COMBUSTOR TEST FACILITY

The combustion facility used for this study is the same as
that used by [9-11]. Schmidt and Hedman [12]) incorporated a
premixed injector and used the burner to make CARS
temperature and LDA velocity measurements on a premixed
propane/air flame. The facility was further modified for this
study to allow investigation of a premixed natural gas/air
flame. This new premixed natural gas/air combustor has been
designated the ATS Burner (developed for the US/DOE
Advanced Turbine Systems program).

The actual combustion chamber, illustrated in Figure 1, was
designed to reproduce the characteristics found in a modern
annular combustor [8]. The combustor, which was provided to
BYU by Wright Laboratory, Wright-Patterson Air Force Base
[13], consists of a four-sided chamber with metal fillets in the
corners to more nearly simulate an axisymmetric combustor
while maintaining adequate optical access. Each of the four
walls can be either a metal plate or a quartz window, depending
on the optical access required. The premixed swirl injector,
illustrated in Figure 2, is located in the center of the
combustion chamber base. The injector consists of a stainless
steel tube with a honeycombed brass insert. The brass insert
serves to smooth the flow as well as provide a flame arrestor in
case of flashback in the premixed fuel air mixture. Inserts are
installed in the injector to provide different magnitudes of swirl
to the inlet flow. The swirler inserts are placed above the brass
honeycomb and secured by a threaded post that anchors the
swirler to the brass honeycomb. A cap with an 18-mm hole in
the center and beveled walls is placed on the top of the steel
tube to coalesce the swirling flow at the injector exit. This cap
was needed in order to make the burner operate successfully.

Figure 2 also shows a schematic of the two swirl inserts used
in this study. The swirl inserts are labeled high swirl (HS) and
medium swirl (MS) to coincide with the 60 and 45-degree slot
angles. The swirl number (SN) indicated in Figure 2 is a non-
dimensional number that ratios the axial flux of tangential
momentum to the axial flux of axial momentum times the
equivalent nozzle radius [14]. A swirl number close to zero
(SN << 1) means the axial momentum is very large compared
to the tangential momentum, whereas a very large swirl number
(SN >> 1) indicates that the axial momentum is small
compared to the tangential momentum.

Fuel flow to the burner was measured with a variable area
flow meter and is reported in standard liters per minute, or
slpm, referenced to 1 atm (101 kPa) and 70°F (21.1°C) . The
airflow to the burner was controlled by varying the pressure
upstream of a choked flow nozzle. The diameter of the choked
flow nozzle used for this study was 3.77 mm. and provided
airflow rates from 250 to 1000 slpm, depending on upstream
pressure. Uniform mixing of gaseous fuel and air was assured
by: (a) the length of the tube from the mixing point to the
burner; (b) by a jet mixer in the feed system; and by (c) a

honeycomb flame arrestor. The airflow rate for the four test
conditions used in this study was 500 slpm.
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FIGURE 1. SCHEMATIC OF PREMIXED COMBUSTOR
(Adapted from Schmidt and Hedman [12])

VISUAL FLAME IMAGE CHARACTERIZATION

Figure 3 presents a schematic drawing of the flow patterns
present in the swirl-stabilized flame. The swirling flow creates
a funnel or tornado-like vortex flow centered on the injector
exit. A central recirculation zone and a side recirculation zone
accompany the tornado-like flow. Both recirculation zones
have been found to influence flame stability. Depending on
swirl number and fuel equivalence ratio, one or the other of the
recirculation zones may dominate the flame stability [15].

Wide variations in flame shape have been observed in the
ATS Burner for different combinations of swirl number and
fuel equivalence ratio. These structures were studied both
visually, through photographic and video recordings, and with
the PLIF images obtained in this study. Such observations
have yielded insight into the location of the flame front,
variation of flame structure with operating conditions and the
presence and strength of the recirculation zones. These flame
shapes are primarily a result of the effect of the swirl intensity
and fuel equivalence ratio on the flow field, with the magnitude
of the airflow rate being of secondary importance. The
equivalence ratio was varied by changing the fuel flow rate
while maintaining a constant 500-slpm air flow rate. The
changes in flame shape were observed using the point of
attachment, the location of the flame front, the structure of the
vortex, and the visible intensity of the flame.

2 Copyright © 2002 by ASME



Swirl Vane
MountingHole

(+—39.6 mm-—»|
18.0 mm
> ;
'y Brass
Cap
4—36.1 mm-»|
Example Swirl Slot | BrassSwirler
45deg £
1=
§ 38 mmDia
MediumSwirl(MS), SN=0.74 S.S. Tubing
36 mmDia, 12.7 mmHeight Ao B
8-3.18 mmSlots H'an’f b
45 DegfromVertical oneyco
GOdeH
-
High Swirl(HS),SN=1.29 1 1/16X18
36mmDia,12.7 mmHeight Y UNEF Thread

8-3.18mmSlots
60DegfromVertical

A) Swirler Insert Details
FIGURE 2. SCHEMATIC OF PREMIXED INJECTOR

AND MEDIUM AND HIGH SWIRL BLOCK INSERTS
(Adapted from Schmidt and Hedman [12])

Premixed Fuel/airStream
B) Premixed | njector

Central
Recirculation

Side

Recir -
culation
Zone

culation

0]

Thetornado like nature of the central swirl-stabilized
flameis clearly evident. The flame draws gases from
downstream forming a central recirculation zone. A
side recirculation zone is also formed between the
bluff base of the combustor and the side wall.

FIGURE 3. FLOW PATTERNS IN A CONFINED, BLUFF-
BASE, PREMIXED, SWIRL-STABILIZED COMBUSTOR

(Adapted From Gupta, et al. [14]).
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FIGURE 4. EXAMPLE VIDEO IMAGE OF PREMIXED
NATURAL GAS/AIR FLAME (MS BURNER,
500 SLPM AIR FLOW RATE, ¢ = 1.0)
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FIGURE 5. SCHEMATIC OF LDA INSTRUMENT
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An example of a visual image of the flame structure is
presented in Figure 4 for a stoichiometric (f = 1.0), medium
swirl case. The f = 1.0 image was included in the paper
because this image was brighter, more visual, and reproduced
better. The images at four test conditions (not included herein)
are similar and show a small but significant effect of swirl
number and fuel equivalence ratio even over the fairly narrow
range of operating conditions (HS and MS injectors, and f =
0.80 and 0.65. Operation at wider limits in fuel equivalence
ratio demonstrated wide variations in the observed flame
structures. Nevertheless, the images from the four specified test
conditions show significant variations with swirl number and
f. Operation at f = 0.80 produced the most stable flames.
The flame with the high swirl injector was more coalesced and
closer to the injector than with the medium swirl injector. At
f =0.65, the flame was near the lean flammability limit, and
was quite unstable for both swirl injectors. With the medium
swirl injector, the flame would oscillate between two different
flame structures, one that was more or less attached to the
vortex funnel, and one that was lifted well above the vortex
funnel. The MS case at f = 0.65 was at the very edge of the
lean flammability limit, and on occasion would actually
extinguish.

MEAN GAS VELOCITY MEASUREMENTS

Webb and Hedman [16] set up an LDA system at Brigham
Young University (BYU) with a single color beam configured
in backscatter mode. They used this system to make velocity
measurements in an isothermal flow that was designed to
simulate the characteristics of a coal-fired reactor. Following
Webb’s study, Jones [17] adapted the one color, backscatter,
LDA setup to make velocity measurements in a simulated
entrained flow reactor. These two studies provided the initial
starting point for the current LDA system. Lindsay et al. [18]
incorporated additional components into the one-color,
backscatter system to form a two-color instrument capable of
measuring two component velocities simultaneously. He used
the two-color, backscatter LDA system to make velocity
measurements in a simulated coal gasifier with swirl. Schmidt
and Hedman [12] used a two-color LDA system that was
modified to a forward scatter mode. The modified system
provided sample rates that were an order of magnitude greater
than sample rates taken using a backscatter setup. Following
the modification, the instrument was installed on the current
LSGTC test stand.

The LDA setup used in this study (Figure 5) is similar to the
setup used by Schmidt and Hedman [12]. The argon-ion laser
was operated in multi-line mode which lased at several
frequencies simultaneously. The multifrequency laser beam was
passed through a collimator to reduce beam divergence, and
then polarized. A color separator and mirrors were used to select
the two strongest wavelengths, 488 nm wavelength (blue) and
514.5 nm wavelength (green). The green beam was split into
two beams in the horizontal plane, and the blue beam was split
into two beams in the vertical plane. One of the green and one
of the blue beams were passed through separate Bragg cells
which allowed negative velocities to be obtained. The four
beams were passed through a beam expander and focused into
two superimposed elliptical probe volumes with major axes of
about 2.3 mm and minor axes of about 0.13 mm. The focal
length of the transmitting lens was 762 mm with the beams
intersecting at a half angle of 3.1°, and the diameter of the laser
beam at the lens face was approximately 4 mm. This two-
color, four-beam LDA configuration formed a probe volume

with two fringe patterns at right angles to each other, with a
blue fringe spacing of 4.44 mm and a green fringe spacing of
4.68 mm.

The air flow was seeded using hollow aluminum oxide
microspheres with an average particle diameter of about 6 mm.
The aerodynamic diameter of these particles should follow all
of the gas flow patterns, even in the recirculation zones. The
seeding of the air flow occurred prior to the fuel addition point
and well before the fuel injector. A particle traversing the probe
volume produced two Doppler signals. The fringes of the blue
beams gave Doppler signals for the axial velocity component
and the fringes of the green beams gave the Doppler signals that
corresponded to either the radial or tangential velocity
component. Sample rates ranged from 400 counts per second
to 10,000 counts per second, depending on where the probe
volume was positioned in the flame. Sample rates were
significantly lower in the high temperature regions of the flame.
The Doppler signals were collected in two different
photomultiplier tubes (PMT). Each PMT was connected to a
signal processor [19] for filtering and validation.  Valid
velocity signals were then recorded and stored by computer
using a Direct Memory Access (DMA) digital 1/0 card from
TSI and a data acquisition program [20] also developed by TSI.

Figures 6 and 7 provide example axial, radial, and tangential
iso-velocity contour plots for the HSf = 0.80 and the MS f =
0.65 cases, respectively. The results for the other two cases are
reported by Murray [15]. These velocity data provide insights
into the recirculation patterns involved in this combustor (see
the Discussion section).

FLUCTUATING GAS VELOCITY MEASUREMENTS

The analysis of the approximately 4000 instantaneous
velocities obtained at each measurement location in the flame
zone allows statistical investigation into the turbulent character
of the flame to be made. Example standard deviations for the
axial, radial, and tangential velocities were calculated at each
location in the combustion chamber and iso-velocity contour
plots are shown in Figures 8 and 9 for the HS f = 0.80 and
MS f = 0.65 cases respectively. Maximum and minimum
standard deviation velocities are also included.

Comparison of the standard deviation velocity maps with the
corresponding mean velocity maps (Figures 6 and 7) show that
the highest standard deviation axial, radial, and tangential
velocities occur in the positive velocity flow channel where the
fastest positive mean axial, radial, and tangential velocities
occur. In addition, the lowest standard deviation velocities
occurred in the upper region of the combustion chamber and in
the side recirculation zone (SRZ). Lower mean velocities were
present in these areas.

Past studies have suggested that a large standard deviation
correlated with high turbulence regions [11, 12]. In this study,
the largest standard deviations occurred in the same location as
the largest mean velocity measurements.

Probability distribution functions (PDFs) have been used to
describe the flow characteristics and to confirm the accuracy of
the data. Figures 10 and 11 show examples of axial velocity
PDFs at an axial position of 80 mm and radial positions from
near the centerline to about a 40 mm radial location for the HS
f =0.80 and MS f = 0.65 cases. Additional PDF results are
included in the thesis by Murray [15]. Labeled on the PDF are:
the axial position, radial position, mean axial velocity, and
standard deviation. Generally, the PDFs have a near Gaussian
distribution in an identifiable flow zone. However, the PDFs
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had a bimodal distribution when gas velocities were measured
across a shear layer between two different identifiable flow
zones in the combustor. Typically, this can be seen at a
position near the zero velocity contour, and hence the
measurements have velocity components from both sides of the
zero velocity boundary.

In Figure 10, starting at a radial position of -1 mm, the PDF
has a basic Gaussian profile with a slightly increased gradient
in the positive velocity region. As measurements move to a
radial position of 11 mm, the PDF became less Gaussian with
the positive velocity region of the PDF increasing in size, the
negative region decreasing in size, and the standard deviation
increasing. At 17 mm, the positive velocity region of the PDF
has increased significantly. At radial positions of 23 and 29
mm, the positive velocity region of the PDF continues to
increase, the mean axial velocity becomes positive overall, the
standard deviation continues to increase, and the bimodal peaks
are about equal in size and shape. It should be noted that these
two positions, (23 mm and 29 mm) straddle the zero axial
velocity contour, and hence have velocity components from
both sides of the zero velocity boundary. At a radial position of
35 mm, the bimodal distribution continues to be prominent,
the positive region of the PDF increases, the positive mean
axial velocity increases in magnitude, and the standard
deviation remains fairly constant. At a radial position of 41
mm, the negative velocity region of the PDF has nearly
disappeared, the mean positive velocity dominates the
distribution, and the standard deviation has decreased slightly.
Similar observations regarding the changes in PDF
distributions as one moves from near centerline past the zero
axial velocity contour can be seen in Figure 11 for the MS f =
0.65 case.

The PDFs observations support the conclusion of strong
shear layers in the combustion chamber. Bimodal distributions
across the shear layer (zero axial velocity contour) were
typically found from an axial position of 60 mm to an axial
position of 100 mm. Below an axial position of 60 mm
bimodal distributions were sometimes seen, but the spacing
between measurements was too great to get a good progression
of PDFs. At axial positions above 125 mm, the measured
velocities across the shear layer were not high enough to
demonstrate the bimodal distributions in the PDFs. Instead,
the PDF usually represented a near Gaussian distribution with
the peak of the distribution being at or near the axial centerline.

DISCUSSION

Recirculation zones play a major role in stabilizing a
turbulent, premixed natural gas combustor. In this study, it
was assumed that gas moving down into the ignition zone and
radially towards the axial centerline improved the stability of
the flame. In other words, the incoming premixed fuel and air
needed a source of heat and/or radicals from the recirculated
products to stabilize. The intensity of the recirculation zones
was based on how well the recirculation zones moved hot gases
to the middle of the combustion chamber and down into the
ignition zone. Examination of the zero axial velocity and zero
radial velocity contours helps define recirculation regions. Zero
velocity contours for both the axial and radial velocity maps are
shown in both Figures 6 and 7. The sizes of the recirculation
zones are directly related to the heights and widths of the zero
velocity contours. For convenience, a set of dimensions is
defined in Figures 6 and 7. The maximum height of the zero
axial velocity contour, measured from the combustor base plate
is labeled h,, for the central recirculation zone (CRZ) and hg, for

the side recirculation zone (SRZ). The maximum horizontal
distance between the zero axial velocity contours for the CRZ is
the width of the axial flow channel (w_,), with a similar value
(w,) for the SRZ. Murray [15] has used the heights and widths
to quantitatively investigate the effect of flow recirculation on
flame stability. Only a brief summary of these observations is
included in this paper.

The predominant flow path of gases entering the combustion
chamber is away from the centerline. A portion of the gases is
then recirculated back down the centerline towards the
combustor base plate, while the remainder of the gas exits the
chamber. This is illustrated in Figure 3. A positive axial
velocity flow channel exists between the chamber wall and the
zero axial velocity contour. A corresponding negative axial
velocity flow channel is seen within the zero axial velocity
contour in the CRZ. The CRZ can be divided into two
regions. An upper region where products are being feed
downward, and a lower region occupied by the visible flame..

Characteristics of the CRZ. The zero axial and radial
velocity contours found in the center of the iso-velocity contour
plots were used to characterize the CRZ. Three regions of the
CRZ were characterized: 1) the maximum upper CRZ boundary
(maximum h,); 2) the negative axial velocity flow channel;
and 3) zero radial velocity boundaries. The axial positions of
the maximum upper CRZ boundaries are given in Table 1. All
of the cases had upper/lower CRZ boundaries at axial positions
between 80 mm and 100 mm. Variations in the value of h, are
also reported in Table 1. The value of h, was greatest for the
MS f =0.80 case (230 mm). This was 25 mm higher than the
value of h, for the HS f = 0.80 case. The HSand MS f =
0.65 cases had the same h,, of 190 mm.

TABLE 1. Characteristics of the
Central Recirculation Zone (CRZ)

Measurements MS HS MS HS
f=0.65 0.65 0.80 0.80
h,, (mm) 190 190 230 205
WCU (mm)
* At 50 mm 16 22 20 24
* At 80 mm 24 44 30 48
* At 100 mm 40 60 40 80
* At 125 mm 64 78 90 96
* At 150 mm 92 116 80 80
VAVX|aI position of Max. 155 150 150 125
Maximum w,, 94 116 80 96
w,,: (mm)
* At 50 mm * 22 16 18
* At 80 mm * 40 16 40
* At 100 mm * 54 24 52
* At 125 mm * >60 * >60

* Not observed

The lower boundary of the CRZ was not measured because
the lower CRZ extended below the level of the laser access (10
mm). However, in the HS f = 0.80 case, gases in the lower
CRZ were visually identified as flowing into the injector below
the base plate of the combustion chamber. This was not
unusual for the HS cases.

In premixed flows, recirculation of hot gases containing
reactive intermediates is important for flame stabilization.
Recirculated gases flowing in the negative axial direction may
either be re-entrained before reaching the ignition flame zone
(i.e., in an upper part of the CRZ), or else may penetrate into a
lower part of the CRZ and hence interact directly with the
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flame. The magnitude of flow rates in the CRZ are dependent
on the width of the CRZ (w,) and the magnitude of the
negative axial velocities.

The widths of the CRZ (w,) and the value of w, (the
distance between the zero radial velocity contours) for the
different cases are listed in Table 1 for different axial positions
in the combustion chamber. Increasing the swirl for a given
fuel equivalence ratio had the effect of increasing w,, and w,,,
especially at heights of 200 mm or lower.

The wider CRZ dimensions in the HS cases allowed more
gas to flow down through the combustion chamber and directed
more of the gas to the axial centerline, since maximum negative
velocities were about the same in all cases. This wider CRZ in
the HS combustion helped flame stability and permitted burner
operation at lower equivalence ratios.

Characteristics of the SRZ. The zero axial and radial velocity
contours found to the side of the central zero velocity contour
were used to characterize the SRZ. The strength of each SRZ
was characterized by the following: 1) the height of the zero
axial velocity boundary(h,); 2) the width of the zero axial
velocity flow channel (w,); 3) the height of the negative radial
velocity flow channel (h,); and 4) the maximum negative
velocities in the SRZ. The variables hy, w,, and hy, and
maximum negative velocities are provided in Table 2.

TABLE 2. Characteristics of the
Side Recirculation Zone (SRZ)

Measurements MS HS MS HS
f=0.65 0.65 0.80 0.80

hey (in mm) 45 38 55 18

Ignition Zone Boundary 50 50 40 40
(in mm)

Wy, at Axial Position of 23 19 56 11
10 mm (in mm)

Maximum Negative -3.1 -1.4 -3.8 -0.9
Axial Velocity (m/s)

hey (in mm) 32 32 40 29

Maximum Negative -9.3 -8 -8.4 -9.2
Radial Velocity (m/s)

The height of the SRZ (h,) affects flame stability, since the
SRZ brings hot gases down to the ignition zone. If hy, is too
low, only cold unreacted gas will be recirculated and hence the
SRZ will not affect flame stability. The MS 0.80 case was the
only case where hy, was high enough to extend into the flame
zone. The MS 0.80 case had a hy, of 55 mm. For all other
cases, hy, was too low to extend up into the flame zone.

The MS cases had a wider value of w, than the HS cases. At
an axial position of 10 mm, the value of wg, for the MS f =
0.80 case was five times wider than the w,, for HS f = 0.80
case. The value of w,, for the MS f = 0.65 case was also wider
than the w,, for the HS f = 0.65 case.

The maximum height of hy, could not be obtained for the
SRZ because optical measurements were not possible beyond a
radial position of 30 mm. However, the value of hy, was
characterized by the zero radial velocity contour at a radial
position of 30 mm. The h,, for the MS f = 0.80 was more
than 1.3 times higher than hy, of the HS f = 0.80 case. The hy,
for the MS f = 0.65 was the same as the HS f = 0.65 case.

The maximum axial velocity found in the SRZ was almost
four times faster for the MS f = 0.80 case when compared with
the HS f = 0.80 case. The axial velocity found in the SRZ
was a little over two times faster for the MS f = 0.65 case

when compared with the HS f = 0.65 case. Maximum
negative radial velocities were similar.

In order to characterize the recirculation zones better, the gas
flow rates of the recirculation zones at specific axial positions
in the combustion chamber were calculated (see Murray [15] for
details). Volumetric flow rates were calculated in two regions
of the combustion chamber. For this study, the negative flow
rate moving through CRZ was labeled Q,, and the negative
flow rate moving through the SRZ was labeled Q, The
volumetric flow rates were calculated by integrating an axial
velocity profile u(r) as a function of the radius across the CRZ.
It was assumed that the gas flow in the combustion chamber
was axi-symmetric and therefore the axial velocity profile was
not a function of the angular position. A comparison is given
below between the flow rates at different heights in the
combustion chamber. A better comparison between cases could
have been made with mass flow rates instead of volumetric
flow rates. However, gas densities cannot be estimated without
accurate temperature and species concentration data.

The CRZ flow rates (Q.) are summarized in Table 3. The
conclusions drawn are: 1) the MS cases had a higher Q, at an
axial position of 120 mm to 150 mm than observed in the
corresponding HS cases; 2) the HS cases had a higher Q, at an
axial position of 50 mm to 120 mm than observed in the
corresponding MS cases; and 3) the MS f = 0.80 case had
about the same CRZ flow rate as the MS f = 0.65 case up to
an axial position of 105 mm above the base of the combustion
chamber.

TABLE 3. Flow Rates in the
Central Recirculation Zone (CRZ)

CRZ Flow Rate, Ipm
Axial Position, mm MS HS MS HS
f=0.65 0.65 0.80 0.80
10 35.8 74.5 48.7 99.1
20 37.4 73.8 58.2 105.1
30 31.7 72.8 40.0 139.1
40 30.5 83.2 41.9 162.2
60 73.6 182.0 66.1 340.1
80 84.9 281.5 139 353.6
100 311.3 515.0 119 1048.8
125 562.3 404.2 948.6 1013.4
150 808.2 488.2 1105.2 766.8
175 139.0 243.8 518.4 100.2

In Table 4, axial flow rates in the SRZ are reported at each of
the axial positions where velocity data were taken. The flow
rates through the SRZ were much greater and extended higher
up into the combustion chamber for the MS cases than the HS
cases. The flow rates were only calculated out to a radial
position of about 40 mm to 45 mm. Some of the cases had a
SRZ that extended beyond a radial position of 40 mm to 45
mm. For these cases, Q, was integrated to the farthest radial
position where data were taken. The flow rates that were not
completely calculated to a zero axial velocity boundary were
labeled with a (*) in Table 4. The values of Q, had a greater
magnitude than listed.

Even though a portion of the SRZ flow rates for the MS
cases could not be calculated, the MS cases still had a greater
Q. than the HS cases. The MS f = 0.80 case had the largest
Q.. The MS f = 0.80 case was the only case that had the SRZ
extend up into the visible flame zone. The MS f = 0.65 case
had the second largest SRZ flow rates which peaked at 367
Ipm, the HS f = 0.65 case had the third largest SRZ flow rates
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which peaked at 196 Ipm, and the HS f = 0.80 case had the
smallest SRZ flow rates which peaked at 100 Ipm.

TABLE 4. Flow Rates in the
Side Recirculation Zone (SRZ)

SRZ Flow Rate, Ipm
Axial Position (mm) MS HS MS HS
f=0.65 0.65 0.80 0.80
10 160.0 * 195.5 4176 * 100.6
20 268.5 * 151.0 459.4 * 4.0
30 366.7* 4.4 729.0 * DNE
40 81.8 DNE 112.0* DNE
60 DNE DNE 57.8 DNE
DNE: did not exist
* The recirculation zone extended beyond data boundary

The HS cases had larger CRZ flow rates than the MS cases at
axial positions of 10 mm to 110 mm. The ignition zone was
located below an axial position of 50 mm and the lower half of
the visible flame zone was located from 50 mm to 110 mm.
Therefore, HS cases had a larger CRZ flow rate, recirculating
hot gases down through the lower half of the visible flame zone
and into the ignition zone than for the MS cases. In addition,
the MS case did not have a change in the CRZ until after an
axial position of 105 mm. This suggested that the CRZ played
only a small role in stabilizing the MS case. Large increases in
the CRZ flow rate appear to occur in the visible flame zone.
These large increases in the CRZ flow rate could partly be due
to an increase in temperature. Further studies need to be made
to identify the relationship between recirculated flow rates and
temperature.

The MS cases had much larger SRZ flow rates than the HS
cases in spite of limitations in completely calculating the SRZ
flow rates for the MS cases. The MS f = 0.80 case was the
only case where the SRZ extended up into the visible flame
zone. It appears that the MS cases needed to have more
recirculated hot gases coming down into the ignition zone to
stabilize the flame. These conclusions support observations
made earlier. The fact that the CRZ flow rates in the ignition
zone are highest for the HS cases correlates with the larger
values of w,, in this region. These both indicate stronger
recirculation in the HS cases, making the flame more stable.
The fact that the SRZ flow rates are highest for the MS cases
correlates with the larger values of w,. These also both
indicate stronger recirculation in the MS cases for the SRZ.
However, only the MS f = 0.80 case extended up into the
visible flame zone and thus only the MS f = 0.80 case had
improved stability from the stronger recirculation.

CONCLUSIONS

The general objective of this study was to gain insight into
the flow structure of a turbulent, swirling, premixed natural
gas/air combustor by obtaining specific in situ velocity and
turbulence data over axial, tangential, and radial ranges. A
combustion chamber that reproduces the characteristics found in
a modern annular gas turbine combustor was used to investigate
the characteristics of a premixed natural gas/air flame using
LDA at four operating conditions (HS and MS at f = 0.65 and
0.80).

A wide variation in flame shapes was visually observed for
different combinations of swirl number and fuel equivalence
ratio. The variations in flame shapes are primarily a result of
the effect of the swirl intensity and fuel equivalence ratio on the
flow field, with the magnitude of the airflow rate being of
secondary importance.

The LDA velocity measurements confirmed these
observations. Operation at f = 0.80 produced the most stable
flames with both HS and MS injectors. The flame with the HS
injector was more coalesced and closer to the injector than with
the MS injector. At f = 0.65, the flame was quite unstable for
both swirl injectors. With the MS injector, the flame was
observed to oscillate between two different flame structures, one
that was more or less attached to the vortex funnel, and one that
was lifted well above the vortex funnel. The MS case at f =
0.65 was at the very edge of the lean flammability limit, and
would on occasion extinguish. The flame stabilization was
strongly influenced by the central recirculation zone for the HS
f =0.80 case, and by the side recirculation zone for the MS f
= 0.65 case.

Comparison of the mean and standard deviation images
illustrated the nature of the average flame structure, and the
stochastic nature of the flame structure. Maximum standard
deviation velocities were occurring in the same region as their
corresponding maximum  velocities. Past studies have
suggested that high standard deviation correlated with high
turbulence. Therefore, high turbulence is occurring in regions
where there is a maximum velocity. PDFs support the
observation strong shear layers and interfaces between
recirculation zones in the combustion chamber.

The HS cases had a more intense central recirculation zone
(CRZ) than the MS cases, whereas the lower stability MS cases
had a more intense side recirculation zone (SRZ) than the HS
cases. There are two possible reasons for having a less stable
flame at MS f = 0.65 case. These are: 1) the CRZ is not
bringing down significant amounts of hot reacted or partially
reacted gases; and 2) the SRZs are not reaching up into the
flame zone. The MS configuration seemed to be more
dependent upon a SRZ that reaches up into the flame zone in
order to sustain the flame.

The HS cases had larger CRZ flow rates than the MS cases in
the ignition zone and in the lower region of the visible flame
zone. The CRZ flow rates had large increases in the visible
flame zone for all four cases. The MS cases had much larger
SRZ flow rates than the HS cases.
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