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1 ABSTRACT 2 INTRODUCTION
The mixing of fuel and oxidizer is critical for the reduction This study forms part of an investigation into the design

of NOx emissions from premixed combustion burners. The and evaluation a low NOx, natural gas-fired, mesh 0B a
mixing process in a pre-mixer of a natural gas-fired conical micro-cogeneration unit. As an overview, the main work relates
wire-mesh duct burner (DB) was studied experimentally using to the integration of a micro-turbine power plant and a
the laser sheet illumination (LSI) technique. A quasi- supplementary firing burner in the micro-turbine exhaust gas.
guantitative technique was used to rank the relative mixing This secondary fuel burner is used to improve the quantity and
performance of the different geometrical and flow combinations the quality of the heat content of the exhaust gas to a point
tested (mixer geometry, fuel injection angle and fuel air where it can be used as a heat source for a number of purposes,
momentum ratio). The present paper presents some of the resultsuch as for an absorption chiller, with the lowest increase in
used in the design and analysis of the burner. This burner wasNOx formation. Fig.1 presents the general concept of the
integrated and tested with a micro-turbine cogeneration systemsupplementary-fired micro-CHP system as used in the main
(MT70 kW Ingersoll Rand (IR) CHP unit). The DB provides work. Previous papers reported some of the experimental results
supplementary firing in the exhaust gas stream of the micro- from this project. Ref. [1] provides experimental results
turbine to increase and control the thermal output of the micro- representing the effects of some parameters such as pressure
cogeneration system. The combination provided near perfectdrop, excess air and firing rate on the stable burning zones and
premixing and low emissions. The DB successfully raised the emissions (NOx and CO) of the DB. In Ref. [2] the design
micro-turbine exhaust gas temperature from about 227°C to asprocedure of the wire-mesh DB was presented. As a
high as 700°C with NOx and CO emissions of less than 5 ppmcontinuation of the above, the present paper focuses on the
and 10 ppmv (corrected to 15 percen} @spectively. The DB mixing process inside the premixer of the DB. This process was
also dsplayed stable, low emissions operation throughout the examined by performing qualitative flow visualization tests.
surface firing rate range of 148 kW to 328 kW (1574 k¥ In general flow visualization has played a very important
3489 kv/m?). The results show that LSI technique can provide role in the improvement of understanding different fluid flow
invaluable information about the overall flow field structure. problems [3 and 4]. Flow visualization is a technique that can
Many important observations are discussed such as mixing, fuelgive qualitative information about a flow field. However, using
spread, and fuel jet penetration. Samples of the LS| images anchigh speed digital cameras, lasers and advanced image analysis,
3D plots for selected cases are presented. The two bestt is possible to derive quantitative information about the flow
geometrical combinations ranked during the LSI test were usedfield. A large variety of flow visualization techniques are
in the actual combustion test of the DB. Some of the available for different flow conditions. For more details on the
combustion results which prove the effectiveness of the LSI different techniques used and their principles, refer to Refs. [3
technique are presented. to 8]. The Mie scattering technique using a laser sheet is one of
the flow visualization techniques used by different researchers
[e.g., 9 to 14]. The planar Mie scattering technique is a
Keywords: LSI, unmixedness, Low NOmesh burner, microturbine diagnostic approach that produces images of the flow field and
has widely been used for flow visualization in gas phase flows
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due to its simplicity [4]. The basic idea of the laser sheet Reynolds number. Geometrical similarity was achieved using
visualization technique is to illuminate a seeded flow by means the full-scale premixer (same dimensions). The Reynolds
of a sheet of laser light and to record the scattered light. Thenumber (Re) for the real flow situation tests is sufficiently high
planar Mie scattering technique was adopted in this study to (Re > 50000) and as such the flow is dominated by turbulent
identify the design and operating parameters that will provide mixing. For this reason the momentum ratio (defined in Eq.1)
rapid and enhanced mixing between the oxidant (microturbine was the parameter matched between the real model (duct
exhaust gases) and the fuel inside the duct burner premixer. burner) and the physical or cold flow LSI model.
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Fig.1: General concept of a micro-CHP system with an integrated
duct burner Test sectior g

The LSI or LSV (V for visualization) technique is a non- 7 ' ﬁ
intrusive optical diagnostic procedure which is relatively 064J‘ )
inexpensive and can quickly demonstrate how flow fields 2178 Fuel car Sm't:(tlf 26
interact. In this study, using this technique, a laser sheet _ _ {nozzle; S S
. . . . . Premixer was Plexiglas tube of .
illuminates the plane of interest (a two-dimensional cross- OC=7ir (17 8 o) 05»*‘:
section) inside the premixer so that the air and “fuel” jet mixing IC=65in(1€ 5 cm; N
can be easily recorded as images. The images provided by this ~ Fue! Flie was siainless sicel tube o E 0z s
technique show the occurrence of regular, periodic structures in IC=04ir (- 0Z cm' 20231 4

Flat fuel cag (cag-2)

the flow field under observation. Al dimensions in cm

3 EXPERIMENTAL SETUP AND ANALYSIS Fig.2: Schematic of the Plexiglas test section and its dimensions.

The LS| technique used here consists of two main  Tyg dfferent fuel injection methods were investigated. (1)
components, the experimental acquisition of images (test rig, transverse injection through eight holes, drilled at 90 degrees to
laser and optics) and the computer image processing andine co-flowing air stream (referred to as flat caps) and (2)
analysis. This section includes a brief description of the various ransverse injection through the same number of holes drilled at

components of the LS| system used in the present study. 45 degrees (referred to as round caps). For more details
regarding the DB premixer and its components refer to Ref. [2].
3.1 PREMIXER TEST RIG During the tests, the premixer model was installed in the

T.h? premixer test facility was designed and ;et up to St“‘?'y Plexiglas tank at the adapter and air was supplied to the “fuel”
the_mxmg process. The t_est rig is made of PIeX|gIas_ to permlt and air inlet of the premixer. In this case, air simulated both the
optical access. The premixer was tested at full scale in this fully fuel and micro-turbine exhaust gases flowing through an actual
tra.\n.sp.arent test rig. A reIativer long premixer_tube was usgd 10 ot rig. The air supply system consisted of a forced-draft fan,
minimize the effect of flow t_urnlng at the premixer e>_<|t. buring \yhich supplied the air for the test rig. The flows were regulated
the design of the LSI experiment, to achieve similarity between ;.4 monitored by a CPU-based control station. The air supply

the. real flow field and the flow _used in the LSI tests, the two system could supply the two inlets, gas and air, ranging from 0
main parameters to be considered are the geometry and
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to 55 CFM for the gas and 0 to 800 CFM for the air. During the The dark charge frame is the fixed pattern signal that occurs
tests the “fuel” flow was seeded uniformly with alumina with no light incident on the camera. It is captured with no
particles (A}O3), to distinguish it from the main air flow and to  illumination into the camera or by a completely blocked
follow the mixing. The AIO; particles mean diameter was 6 detector (when the lens cap is on). This frame accounts for
pm. A small fluid bed feeder fluidized with dry compressed air pixels which have an offset from zero. The background frame is
with controls for the pressure and flow rate was used to feed thedue to reflections of the laser from walls and windows or

alumina particles into the test section. particles not of interest and external light sources. The
background image was taken with the laser running and without
3.2 LASER AND OPTICS SETUP the scattering particles. This background image is also affected

The laser sheet used to illuminate the plane of interest by the dark charge of the detector. Therefore, the dark charge
insidethe burner premixer for this work was produced by a2 W image had to be subtracted from the background image. The
Argon lon Continuous Wave Laser operating at a single-line at flat-field or the white-field frame image is due to a non-uniform
514.5 nm with a beam diameter of 1.3 mm. The laser was pixel response. This was done by illuminating a flat, uniform
formed into a vertical sheet by a 6.35 mm focal length white surface (card) and capturing an image of the surface with
cylindrical lens. The sheet thickness was approximately 2 mm the camera. This image is also corrected for the dark charge. In
throughout the test section measurement area. The laser lighthe present work, to achieve a uniform light distribution, a flat-

sheet has a Gaussian intensity profile [15]. field box was used, see Fig.3.
3.3 IMAGING EQUIPMENT A.A  Expandec
The Imaging equipment used in this investigation is divided Flar-field box () 4'_353‘ beag
into two parts: (1) the camera and (2) the data acquisition N A o

system. The camera used to record the images during this phase
of the thesis was a water cooled Princeton Instruments (PI)
I ntensifiedChargeCoupledDevice (ICCD) camera with a 576

y y nder
L | = <—# Laser source

Beam expander components

=

x 384 full frame CCD piXG| array. Nitrogen was used to Microscope lens Pin hole Divergent and convergent lens
continuously flush of the detector to avoid condensation on the White plastic  white paper

CCD. The data acquisition system connected to the detector glass shee layers

consisted of a controller and a pulse generator. The controller / / ; N

(PI, model ST-130) was used to regulate the internal

temperature of the camera, to receive the data from the camera
and transmit it to the computer, where it could be viewed as an
image in “real time” using the WinView software.

The box is completely | 12 e [©

1€ ol white from the inside

+~—1E cmr—~

Flai-field box
dimensions

40 cm

3.4 IMAGE PROCESSING

To ensure accurate visual representation of the flow field as Fig-3: Flat-field image optical arrangement with the flat-field box
a digtal image, a correction procedure was applied to each dimensions
image. The images were corrected for the intensity variation i )
across the laser sheet, background (noise) and any variation in _Aft_er all the necessary correctlo_nS were ma(_je, various
the response of the ICCD camera pixels [7]. After the acquired weighting sch_emes CO_UId be used to Improve the _wsuz_;\I q_uallty
images were corrected for the laser non-uniformity, the imagesor to emphasize certain aspects of the images. Visualization of

were corrected for the variation in response of the CCD camera,the data_ was perform_ed on a PC using_ WinView (vers_ion
pixel by pixel, using the following formula [16]: V1.6.2.) in real time while running the experiments. ERGOvista

(version 4.4.1) is another software package used during the data
processing. This latter program is capable of generating two-

(Aler) @) and three-dimensional plots of the intensity data and extracting
other information such as the statistical data used for computing
the unmixedness which will be defined in a later section.

ol = (ADI)-(BGI)
(FF1)
where Cl is the corrected image (framepDI is the

original acquired data image corrected for light non-uniformity, 35 THE LSI SETUP

BGI is the background imageF is the flat field image (as a Two different optical arrangements were used for the LSI

normal data file) andAl ., is the average light intensity of the  tests: () a lateral cross-section (see Fig.4) and (2) a vertical

flat field image corrected from the CCD fixed pattern signals Cross-section. In the first set-up, the lateral images produced by

(dark charge). A dark charge framed| ) should be subtracted  the light scattered from the alumina particles were recorded at
from all types of collected images, such as the 90° by the ICCD camera. The images were taken on the

backgroundgai - pcl) and the flat field image(FFl - DCI). centerline plane of the test section assuming symmetry in the
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flows and geometry. To view the plane of interest in this case, equivalence ratiog = 0.5 (design condition) angd = 0.3) and
the location of the camera and the optics table were iIIustrated(S) the momentum ratio (0.23, 0.33, 0.39 and 0.64)
in Fig.4. Only one plane was used when capturing the lateral R o

images. For the second setup, the location of the camera and the Fug | Static  Nozzle Flat cap
optics table were moved from that of the first case, replacing l” mixer  ext Dprembeer __Plain-orifice caps
plane (with 8 holes drilled at 90 deg)

each other. The camera was placed perpendicular to the face of
the static mixer from the downstream location. For this set-up,
the experimental analysis was performed at eight different axial
distances from the exit plane of the static mixer, starting from

Cap-1 Cap-2 JA
’ Premixer pipe Fusl™ E] - gj

. fl D1=18mm p2=23mm
the fuel cap exit plz_;me, and planes Iocat_ed at0, 5, 10, 15, 20, 25 0 5 10 15 20 25 300m Cap-3
and 30 cm respectively, see Fig.4 and Fig.5. Ne%Z;e'e y! - Roundcap | ,qﬁ
plane L X premixer \
D =nozzle diameter D3 =23 mm
. Fue_l . Premixer
Laser beam (seeding particles + Air) )
Mixer-1, Single-swirl mixer  Mixer-2, Double- swirl mixer Y
o T Ly
0252015 10 5 oom
\ Flow - -
— direction +0
) — o <
Laser table /‘ I Test section 6 =130° O = (+/-) 30°

Mix-1 ; T
Mix-2 Angle sign
© = blade angle
lens

Cylindrical
Fig.5: Schematic of the LS| geometrical variables

ICCD
Camera

In this paper only the results of the following premixer
Fig.4: Schematic of the optical arrangement for lateral image setup compaments combination will be presented three different fuel
caps (Cap-1, Cap-2 and Cap-3, see Fig.5). Each cap has 8 holes
Optimizing the set-up and capturing the appropriate images with 1.8 mm, 2.3 mm and 2.3 mm in diameter respectively. The
usingthe LSI technique required a lot of trial and error. The fuel caps were tested with one single swirl mixer (Mix-1) and a
first phase of the LS| experimental work program consisted of double swirl static mixer (Mix-2). Fig.5 shows the schematic of
preliminary tests. These tests were performed for the two testthe LS| geometrical variables studied in this paper with all the
configurations mentioned above to ensure consistent andrelevant dimensions and shapes. Table 1 presents the
reliable results. These preliminary tests helped to define the experimental matrix with a summary to the static mixers and the
following parameters: test procedures, camera settings, laseffuel caps characteristics used in this paper. The standard
intensity levels, the appropriate equipment locations, the operating characteristics used in this investigation are
location of the measurement planes (taking into consideration summarized in Table 2.
the effect of the premixer cylindrical shape and its wall

thickness), image correction procedures, seeding conditions, Table 1: The experimental matrix

and setting of the air and fuel flow rates. See Ref. [17] for moreRun | Mixer | Swirl | Swirler Fuel Fuel MM
details. No. type No. blade cap injection R ¢

(8* | Ang.(® | type | angle ()| Eq.1
3.6 THE EXPERIMENTAL VARIABLES 1 | Mix1 0.4 30 Cap-1 90 0.64 | 0.5
The key factors governing the turbulent mixing are velocity| 2 | Mx-1 | 04 30 Cap-2 90 039 | 05
densty and momentum ratios (fuel-to-air), angle of fuel 3 Mix-1 0.4 30 Cap-3 45 039 | 0.5
penetration, mixing path length, geometry of the fuel nozzles 4 Mix-2 058 | (+7)30 | Cap-1 %0 064 | 05
’ ’ 5 Mix-2 058 | (+/)30 | Cap-2 90 0.39 | 0.5

the m_let velocity profiles of the fuel and the main stream _[18]. 6 Mix2 058 | (+)30 | Cap3 T3 039 [ 05
In this study, the effects of some of the above mentione
parameters on the mixing process inside the duct burner

premixer were investigated qualitatively using the LSI Regading the swirl mixers, it was mentioned that the main
technique. During the LSI tests (main investigation [17]), the yeas0n for this swirling flow is to improve the mixing between
experimental variables were (1) premixer length (eight planes), the eight fuel jets and the mainstream in a short distance. As the
(2) five flow mixers with single- and double-swirl mixer type flame stability is not an issue in this design, the flow field inside
designed with different angles, 15° and 30°, (3) five fuel injector he premixer pipe should be free from any low pressure zones
caps having different injection angles and nozzle diameters, (4)j.e., recirculation). The presence of low pressure zones in the
premixer pipe during the combustion test could trigger

*Refer to Ramadan et al. (2009) for the way of calculating the swirl number (S)
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flashback. Therefore all the static mixers used in this paper the unmixedness index was normalized by a quantity n&yoed

were designed with 30 degrees blade angle. This angle iswhich is a function of the fuel to mainstream mass flow rate
selected to impart a low swirl level (S < 0.6) to the mainstream ratio (constant for all the tests).

entering the premixer. The mixing effectivenesgy . ) can then be defined as:
. - Ux

Table 2: Operating conditions used for the LSI tests mix =T (4)
Parameter Desig value Uo
Fuel flow rate 0.00475 kg/s whereUo is defined as:
Fuel pipe inner diameter 10.21 mm
Methane molecular weight 0.01604 kg/mol
Fuel line pressure 2 psig Uo= 1-MRy (5)
Fuel line Reynolds number (Re) 54,000 MRLS!
Fuel injectors Re (different nozzle diameters) 23,000 — 30,000 . . . . .
Duct burner (DB) total mass flow rate 0.7 kg/s whereMR,g, is the fuel jet-to- mainstream (air) mass flow ratio
DB cone mass flow rate (25% of total mass flow rate) 0.186 kg/s m
Mass ratio=MRg;=fuel flow rate/ cone mass flow rate 0.025 |\/|RLS| = .713 (6)
DB premixer pipe inner diameter 16.3 cm (6.407 in) Mitow
Premixer inlet velocity (upstream of the static mixer), 12 m/s
Oxidant (microturbine exhaust gases) temperature 200°C The 17 mix has values between 0 and 1, w = 1
Premixer inlet Reynolds number 57,000 represents a maximum variance and thus corresponds to a
Turbulent intensity = 10% totally unmixed mixture, a decreasing corresponds to
DB premixer components dimensions (e.g., mixers) Ramadan et al.|2009 ! mix
LSI model dimensions See Fig.2 increasing homogeneity of the premixed mixture, gnd =0
Uncertainty in velocity measurement +3%

represents the best mixing. The unmixedness parameter is
37 UNMIXEDNESS referred to as the mixing effectiveness in this paper

One of the objectives of the LSI tests was to develop a
meastement procedure to evaluate the mixing effectiveness for 4 RESULTS

the different premixer geometries and operating conditions. Direct LS| images for the premixer flow field were
Mixing can be defined as the process in which the captured to measure qualitatively the effect of different
inhomogeneous system is made homogeneous or uniform.geometries on the mixing process. A number of flow
Unmixedness is the term used in the literature as a measure Of;onfigurations were investigated using two mixers and three
non-homogeneity [10, 13, 19, and 20]. Some researchers useduel cap designs providing different flow conditions. The
the term coefficient of variation for this same unmixedness experimental analysis was performed for the two LS| test set-
definition as a measure of uniformity. The spatial unmixedness, ups mentioned in the previous section. In the LSI tests the
Ux (or unmixedness index), used in the present investigation, momentum ratio was maintained by keeping the main air stream
can be evaluated through quantitative analysis of light (referred to in the paper as mainstream) flow rate constant and
distribution (fuel concentration) on the LSI images and can be the fuel flow rate through the seeding system was controlled and

expressed as [13]: varied. The velocity ratio was the characteristic parameter used
O to attain the momentum ratio. This then controls the penetration

Ux=—" 3 ST . ]
m, of the transverse injection into the mainstream air and the

mixing of seeded air (fuel) and the mainstream air in the coaxial
geometry [10]. A series of images were acquired including: the
a 2D plane andn, is the mean of the fuel concentration over real data, the dark charge, the flat field and the background
the sane 2D plane. images. 10 to 20 images were obtained for each recording
Reference [13] used only the unmixedeness index to €Vent. Each image contains 10 to 15 frames for averaging (a
evaluate the mixing process. Ref. [20] used a normalized Minimum of 100 frames at each location were averaged to
unmixedness to evaluate the mixing process. The unmixednesdMprove the statistics and eliminate bias). The exposure time
(the term coefficient of variation was used in their paper) was (refers to how long the camera is allowed to receive light) were
normalized by the unmixedness (coefficient of variation) at the Varied between 20, 40, 60 and 80 ms. Most of the images used
nozzle exit where all the jet mass is injected. In the presentin the processing have the same exposure time (40 ms). The
investigation it was difficult to obtain the unmixedness from the images were then processed to extract the necessary information
images captured at the plane located at the fuel nozzle exit (the"€€ded for the evaluation of the different geometrical
laser sheet passed over the fuel cap) as the fuel cap gave higﬁombn_wa\_tlons stud|ed._ The selected apprqach was to evaluate
light reflection. This reflection affects some of the images taken e mixing process in the burner premixer using the LSI
at the exit plane, therefore in the present investigation and for qualitative results (images) and to define an unmixedness index
the purpose of ranking the different premixer geometries used, Which could be evaluated through quantitative analysis of light

where o, is the standard deviation of the fuel concentration in
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distribution on the planar images. Under this mode of show that this mixer produces better mixing than Mix-1. The
visualization (direct excitation mode), all the images of the fuel spread grows to a doughnut shape at the premixer mid
mixing region show the spreading out of fuel (seeded flow) into plane (15 cm). The images indicate that the area occupied by
the mainstream flow by the turbulent motion caused by the the injected fuel at 10, 15 and 30 cm planes is greater with the
different static mixers. In this paper the particle concentration in use of the double mixer than in the first case where the single
an image is assumed proportional to the fuel concentration in swirl mixer, Mix-1, is used.
the image [10].
For viewing and evaluating the growth of the fuel jets

inside the premixer, scaling images were captured. The scaling N
images were used for sizing the premixer pipe and the fuel cap w.‘
boundary in all the vertical cross-section images. The premixer ‘

Mix-1 )‘
Lateral image
B I
30 40 50 60 70
Light intensity
(Fuel concentration)

cross-sectional boundary (premixer annulus region) is

The fuel cap was located approximately at the central ring
(image centre).

The results presented in this section of the paper will cover §
some of the lateral and the vertical image set-up results at |
selected planes. Qualitative assessments and observations fof )
some of these images will be discussed. The three-dimensional IR " -
(3D) plot of the fuel concentration or fuel flow spread images Fig.6: Vertical and lateral cross-sectional LS| images (Mix-1 and
for some planes will be shown for one run. The evaluation of cap-3 with ¢ = 0.5).
the different geometrical combinations used by referring to the ——
value of unmixedness will be presented. The last section will
present the effect of the LSI study on the DB combustion
process.

4.1 MIXING USING ROUND FUEL CAP (CAP-3)

As only one camera was used during the LSI phase, the
lateral image shown in this section was taken under identical
flow conditions as the vertical cross-sections cases, but at a [
different time. Therefore, due to the random nature of the fluid
motion and other uncontrolled flow parameters (atmospheric
pressure and temperature), the lateral images presented in thidEkil
section may not coincide exactly with the vertical cross- Fig.7: Vertical and lateral cross-sectional LSI images ((Mix-2 and
sectional images presented for the same figure. The lateralCap-3 with¢g = 0.5)
images qualitatively gave an insight into what the flow or the
fuel spread looks like in the lateral sections. Figure 8 shows the 3D plots for the images taken at all the

Figure 6 shows the effect of using the single swirl mixer, four planes of measurements presented in Fig.7. These plots
Mix-1, and the round fuel cap design (Cap-3 with 45° injection clearly show how the image intensity peaks grow, rotate and
angle) on the fuel-air mixing. Vertical and lateral cross-sectional combine in proportion to the fuel concentration as the distance
images are presented in this figure. The figure shows that at theincreases downstream of the fuel cap. Comparing the vertical
5 cm plane the fuel jets are not completely combined or mixed cross-sectional images with the 3D plots gives a clear
with each other. High fuel concentration spots distributed qualitative idea about how fuel spreads in the swirling main
around the fuel cap are clearly visible. As the distance increaseslow.
downstream, the fuel jets mix together and occupy more of the
premixer area. The figure clearly shows the rotation of the flow 4.2 MIXING USING FLAT CAPS (CAP-1& 2)
field. The image at the end of the premixer (30 cm) shows an  Figure 9 is a direct comparison of using mixers, Mix-1 and
inhomogeneous spread of the fuel in the premixer cross-sectionMix-2, with Cap-2 (90° injection angle). These tests were
The mixing is shown to slowly improved from the first station performed at the same operating conditions as that presented in
(5 cm) to the premixer end plane. the previous results, Figs. 7 and ¢£ 0.5, MMR = 0.39)Fig.

~ Figure 7 presents the results for the counter swirl flow g shows the change in fuel concentration or the fuel spread
mixer, Mix-2, which shows the wider fuel spread across the jnsjge the swirling cross-flow at 3 different locations for both
lateral cross-section. The lateral image shows that this mixer pixers. The images show that as the distance increases
bends the fuel jets towards the premixer centre, causing the fuelyo\nstream, the spread of the fuel is increased and becomes
jet to mix with mainstream air rapidly. The images in Fig. 7 more homogeneous. By close observation of the last two images

Lateral image

30 A0 50 60 70

Light intensity
(fuel concentratior
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in Fig.9 (at the 15 cm and 30 cm planes) one can observe soméo the blade angle direction, therefore Mix-1 introduces
similarity. It could be said that the fuel jet spreads slowly in this anticlockwise rotation to the flow stream resulting from its
region. However, compared to the 45° fuel injection, Cap-3 negative (-ve) blade angle, see Fig.5 for the angle sign. For the
(e.g., Fig.6 and Fig.7), the fuel spread (homogeneity) is greaterdouble-swirl mixer, Mix-2 shows a clockwise rotation due to its
with the radial fuel injection, Cap-2. At 5 cm, the spread of the inner swirl blade angle (+ve). Later colored images will show
fuel occupies approximately 22 percent of the premixer cross- the direction of rotation clearly.

sectional area in Fig.6 or Fig.7 while at the same distance in
Fig.9, the fuel jet covers more than 85 percent of the premixer [ muCeled LU e
cross-sectional area. / &

UONENUS0U0D [on4

ICCD pixe ioz

Fig.9: Vertical cross-sectional LS| images (Mix-1 and Cap-2 with

¢=05)

ICCD pixe ;g5
array

Dpremixer N\ Vo P dist

ICCD pixe 9=
array

30 cmr

15 cr

Fig.8: 3D plots for the vertical cross-sectional LS| images for Mix-
2, Cap-3 and ¢ =0.5 (1 is the light intensity normalized by |max.)

4.2.1 Jet penetration in swirling flow.In this subsection the
radid fuel jet penetration in the swirling mainstream will be
briefly discussed. The fuel jet penetration is defined as the
measure of the maximum radial distance the fuel penetrates into
the body of the co-flow at a given downstream distance [21]. Penetration Ratic = PR = P pis /D premixer
Fig.10 shows the effect of using different mixers with Cap-1 Cap-1 Mass ratio = C 025 Momentum ratic = C 64
(MMR of 0.64) on the radial fuel jet penetration. The figure
clearly shows the eight fuel jets (fingers) penetrating through Fig.10: Effect of different mixers on penetration ratio (vertical
the swirling cross flow. These vertical cross-sectional images cross-sections for Cap-1)
were taken at the fuel nozzle exit plane. The penetration ratio
(PR) is shown on the image for each mixer. Ref. [21] defined Figure 11 shows the change in the fuel spread inside the
the penetration ratio as the ratio of the penetration distance toswirling cross-flow at the first two locations for mixers Mix-1
the combustor liner diameter. In the present work, the premixer and Mix-2 when tested with Cap-1 (90° angle and MMR=0.64).
pipe diameter was used in place of the combustor liner The left image taken at the nozzle exit was used here in this
diameter. The optimum PR value for a gas turbine combustor isfigure, just to show the original rotation of the imported
0.33 [21]. The flow conditions presented in Fig. 10 show a swirling flow. The other image was captured at the edge of the
good value of PR. Another result observed from Fig. 10 is the fuel cap, which is 1 cm downstream from the nozzle exit plane
quick distortion of the normal circular jet cross-section at the (0.0 cm). By close examination of the LSI images at the fuel
top of each jet finger to an oval deformed shape. This fact will cap edge and the nozzle exit plane images one can observe the
be clearly shown in later images where the vertical cross- direction of rotation of the two images and how the fuel jets
sectional images are taken at the edge of the fuel cap plane fowere distorted and transformed into swirling jets. The tangential
the different mixers at a location of 1 cm downstream of the movement of these jets is in the opposite direction to the initial
nozzle exit. movement observed in the nozzle exit plane image (the

Figure 10 also shows the direction of rotation of the direction of rotation is shown in the images). Similar
swirling flow. The single-swirl mixer rotates the flow according observations were reported by Ref. [22]. At the fuel cap edge
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plane, the image shows the distinct structure of the distortedthe best mixing effectiveness at the end of premixer. On the
inlet fuel jets (small swirls) in a ring, with local maximum fuel contrary, for the other flat caps (radial fuel injection) the mixing
concentration at roughly the same radius from the premixer effectiveness reaches its maximum (lower value) even before
centre axis. Also, one can observe that the small swirls arethe premixer mid planeX/p . = 1). From the two flat caps

premixer

connected to a central disc. The view of the central disc IS nOtCap-Z indicates the lowest unmixedness values at all the planes.
completely shown due to the fuel cap mask used to avoid the
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Fig.12: Effect of fuel injection angle on mixing effectiveness

Nozzle\v‘/edge

Figure 13 shows the effect of fuel injection angle on mixing
effectiveness for the double-swirl mixer, Mix-2. Similar results
as that concluded from Fig.12 are observed in Fig.13. Cap-3 has
the highest unmixedness values and Cap-2 has the lowest at all
the measured planes.

Fig.11: Transformation of the fuel jets to swirling jets

Both results presented in Figures 10 and 11 qualitatively
give an idea of how far the radial fuel jet trajectories penetrate
through a swirling cross-flow and how it is affected by the
different swirl and fuel cap designs. The swirling cross-flow
also forces the fuel jets to bend due to the existence of pressurt
differences across the jet. Mix-2 shows the stronger effect
compared with Mix-1. It bends the jet over in the direction of
the swirling cross flow.

0.8
Mix-2

0.6

Ux/Uo

4.3 UNMIXEDNESS RESULTS 0.4 :

In this section the results of the mixing effectiveness are g
preented at several cross-sections downstream of the static ’
mixer for the different geometric combinations studied. Only
selected cases were analyzed by comparing these compute:

0.2 T T T

0.0 1.0 2.0

results. The computed resultdX/Uo) are plotted versus axial
distane for all cases studied. For a better presentation the axial
distance was normalized by the premixer diameter.

Figure 12 shows the variation of mixing effectiveness with

X/ Dpremixer

Fig.13: Effect of fuel injection angle on mixing effectiveness

According to the results discussed in subsections 4.1, 4.2,

the axial distance along the premixer for different fuel cap and 4.3, the combination of Mix-2 with Cap-2, shows the best
designs tested with Mix-1. At the fuel cap nozzle where all the premixer and produces the best fuel-air mixing results. This
jet fuel mass is injectedlUx/Uo) reaches its maximum value  combination was selected and manufactured for the second
and tlen decreases downstream as the jet spreads and mixestage of testing the combustion tests. The following section
with the swirling cross-flow. It is clearly noticeable that Cap-3 covers some of the combustion results.

has the highest unmixedness values at all the axial locations

measured. This is the result of the fuel injection angle (45°), 44 COMBUSTION RESULTS

compared to the radial injection caps (Cap-1 and Cap-2). This To support the results obtained from the LSI tests, it was
result can also be concluded by direct observation of the LS| decidel to perform the combustion tests with premixer
images discussed in the previous sections. Fig.12 also showgarameters that provide completely different mixing behaviors
that for Cap-3 the mixing effectiveness improves (decreases)(good and poor mixing). Fuel injection angle is the parameter
slowly as the axial distance increases and still does not attainselected for this discussion. Cap-2 (90°) and Cap-3 (45°) have

Copyright © 2011 by ASME and
Her Majesty the Queen in Right of Canada



similar designs (humber and diameter of fuel injecting holes), successful and continuous combustion over the mesh surface
but with different injection angles. From the observation of the was achieved but at high firing rates for the Cap-3 tests.
LSI results, Cap-3 shows poor mixing results compared to Cap- Stretched blue flames were observed and high CO emissions
2. The mixing comparisons between the two caps when the LSIwere recorded. The high CO emissions values were due to the
technique was used were presented in Fig. 13. In thisincomplete combustion caused by poor mixing. Local flame
subsection, the effect of fuel injection angle and the static mixer instability was observed on the lower part of the conical burner
design on the performance of the duct burner and the mixing especially at lower firing rates with Cap-3. From Figures 14 (a)
process inside the premixer will be presented and discussed. and (b), NOx emissions with Cap-3 were from 3 to 6 ppm and
Figures 14 (a) and (b) show the effect of fuel injection CO emissions were from 27 to 96 ppm.

angles as a function of firing rate (FR) on the DB performance. To further understand effect of the mixing process inside
the premixer, temperature measurements were conducted by

— 10 . traversing a K-type thermocouple across the premixer exit
% Mix-2 plane. The uniformity of these temperature profiles indicates
=75 Cap=3 good mixing behaviour between the oxidant and the fuel
o) cap2 r supplied to the burner. Fig.15 shows the effect of the fuel
§ 5 . " injection angle on the temperature profile for the same case
= P = presented in Figures 14 (a) and (b). Cap-2 shows very good
3 05 - = temperature profile uniformity (fairly constant over all the
i ' o premixer cross-section) compared to the results with Cap-3.
o * This result again proves the effectiveness of the LSI technique
‘ ' ‘ used in this investigation for identifying mixing uniformity.
145 165 185 205 225
Firing rate [kW] =
(a) DB NOx emissions Mix-2
100 -
g Mix-2 S .
80 4 e g 220 :
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Fig.15: Effect of fuel injection angle on mixture (oxidant/fuel)

Firing rate [kW
. [kiV] temperature profiles at the premixer exit plane, Mix-2

(b) DB CO emissions

Figure 16 shows the effect of firing rate and mixer design
on DB performance for the burner configuration tested (Cap-2
was used in this combination). The figure labelled (a) presents
The DB configurations that were tested were Mix-2 (which NOXx emissions and (b) CO emissions. The double-swirl mixer,
provides the best LSI resu|t5) with Cap-2 and Cap-3. NOx Mix-2, which has a hlgher swirl strength, shows lower NOx and
emissions are shown in F|g]_4 (a) and F|g]_4 (b) shows the cOCO emissions. This is attributed to better mixing provided by
emissions. Cap-2 showed a stable Operating range from 157 tdhe double-swirl mixer. For the Single-swirl mixer, the stable
190 kW with NOx emissions ranging from 1 to 7 ppm. CO operating range shifts and extends towards the lower firing rate
emissions ranged from 7.2 to 18 ppm. During the combustion values. The decrease of the stable operating range for the
tests of Cap-3, the fuel flow rate Supp"ed to the duct burner WastUb'G-SWiF' mixer was due to the increase in the swirl Strength.
not sufficient to allow tests to be carried out at the same fuel
flow rate as that used with Cap-2. The flame obtained during >  CONCLUSIONS
these trials was not _st_able an(_j quickly blew off. The reason for The mixing process in the premixer of the conical wire-
that was the poor mixing provided by Cap-3 as the temperature nesh DB was studied qualitatively using the laser sheet
profiles below will show. Good mixing improves the ability of  jjjymination (LSI) technique. A quasi-quantitative technique
the fuel to bu_rn. The fuel flow rate was increased to achieve a, 55 used to rank the relative mixing performance of the
flammable mixture and stable conditions. The attempts were yiferent types of mixers and fuel cap tested. The LS| images

Fig.14: Effect of firing rate and fuel injection angle on duct burner
performance (Mix-2)
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provided a qualitative picture of the flow conditions analyzed in

this work. The direct observation of the vertical and lateral

cross-sectional LS| images along with the 3D plots assisted in
ranking the different geometrical combinations used.
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Fig.16: Effect of firing rate and mixers design on DB performance

The LSI results obtained were helpful to gain a better
comprehension of the mixing process in the burner premixer,
providing useful information for the optimization of burner
design and operating conditions. The resulting burner designs
were studied in combustion tests to arrive at a final design that
is expected to achieve high combustion efficiency and reduced
NOx and CO emissions. The selected premixer components tha
were used in the combustion test and their encouraging result
regarding the single digit emissions, proves the effectiveness of
the LSI technique used in this investigation.

During the combustion tests the DB displayed a stable low
emission operation throughout the surface firing rate range of
148-328 kW (only the emission data for firing rates less than
215 kW are presented in this paper). The DB successfully
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