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Detailed flow structure investigations on a single annular combustor sector are reported using laser Doppler

velocimetry andparticle image velocimetry. The single annular combustor sector comprises a swirl cupwith counter-

rotating coaxial radial inlet swirlers, film cooling strips, and primary and secondary dilution jets. The mean flow

results demonstrate the presence of the four jets and their wake regions. High-turbulence activities are generated in

all shear layers and mixing regions. Sequential reacting-flow images show that heat release takes place in such

regions, provided that there is an adequate local fuel/air ratio. The three-dimensional shape of the central

recirculation zone is reconstructed through a set of several offcenter particle image velocimetry measurements. The

three-dimensional shape of the central recirculation zone reveals the strong influence of the confinement on the shape

of the central recirculation zone. Thewidth-to-breadth ratio of the reconstructed central recirculation zone is similar

to that of the confinement (85%). Instantaneous particle image velocimetry results reveal that the primary jets

control the structure of the primary and the secondary combustor regions. The wake regions and central

recirculation zone all maintained their absolute size at different pressure drops.

Nomenclature

R = flare exit radius
V = total velocity,

����������������������
�V2

a � V2
r �

p

Va = axial velocity component
Vr = radial velocity component
X, Y, Z = Cartesian coordinate system with the origin defined

at the flare center
�P=P = pressure-drop percentage

I. Introduction

T HE requirements of low emissions and stable combustion are
given the first priority in the development and design of gas

turbine combustors. Combustor flow dynamics (also referred to as
aerodynamics) play a vital rule in stability, emissions, and dynamics
characteristics of gas turbine combustors. Researchersworking in the
field of combustion are in continuous need to understand the complex
flow behavior in realistic combustion chambers to be able to resolve
combustion challenges.

Swirling flow is commonly used in gas turbine combustors,
primarily for flame anchoring. The idea depends on the generation of
a central recirculation zone (CRZ) that improves mixing and the
blowout limits [1–3]. The swirling flow, of sufficient strength,
induces small scale instantaneous eddies in the flowfield, in the
vicinity of the CRZ, and such eddies were shown to have very strong
influence on the orientation of the reaction zone [4]. The swirl cup
was introduced as a unique device to prepare the air/fuel mixture.
Many studies were conducted on counter-rotating swirl cup [5–11].
Mongia [12] discussed in details the bench mark experiments that
were conducted on the swirl cup and he compared the measurements
to the computational fluid dynamics results. Yet, none of the
experimental investigations were conducted on realistic combustion
chambers. The geometries were simple rectangular geometries with

no primary and secondary dilution jets. In reality, the interaction
between the swirling flow and primary dilution jets significantly
affects the flowfield structure and dynamics and emissions. The
single annular combustor (SAC) sector under investigation was
subjected to extensive experimental investigation at the University of
Cincinnati Combustion Research Laboratory. The combustion
dynamics spectrum was established, and a novel method for
combustion dynamics diagnostic was developed [13]. The technique
enables identification of themode and the location of the combustion
dynamics within the combustor. The flow structure control via
perturbation of the primary jets and geometrical modifications was
also studied extensively [14,15].

The current study is conducted under isothermal flow conditions.
The experimental setup is very challenging, and reacting-flow
experiments are very expensive, if possible. The literature (for
example, [16–22]) shows that the differences between isothermal
and reacting flow are located in the primary zone close to the swirler
exit. However, the secondary and dilution zones have several
similarities: mainly, the turbulence levels in these regions are very
similar [23].

In the current research, measurements are conducted on a SAC
sector, also known as a fuel-rich dome combustor. The SAC
resembles a realistic gas turbine combustor. The SAC comprises a
counter-rotating swirl cup, combustion domewith cooling holes and
slots, inner and outer passage to provide cooling and dilution air, liner
with variable cross section with cooling strips, and holes to provide
primary and secondary dilution jets. The liner contracts toward the
end to allow fitting of the combustor to the turbine nozzle ring. Laser
Doppler velocimetry (LDV) and particle image velocimetry (PIV)
measurements are conducted to delineate the flowfield structure and
to study the interaction between the swirling flow and the dilution
jets. In addition, the shape of theCRZ in 3-D is studied by conducting
PIV measurements on several planes located off the SAC sector
centerline plane. The PIV data are imported to CAD software to
enable reconstruction of the CRZ in 3-D. The effect of the pressure
drop on the flow structure is also presented. Finally, instantaneous
PIV is used to understand the mixing process and to study the effect
of primary dilution air on the flow structure of different combustor
zones.

II. Experimental Setup, Procedure,
and Test Conditions

A. Swirl Cup and SAC Combustor

The counter-rotating coaxial radial swirl-cup arrangement is
shown in Fig. 1. The inner swirler is connected to a venturi tube, as
shown in Fig. 1. The area ratio of the secondary to primary swirler is
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Fig. 1 Typical swirl-cup arrangement with coaxial counter-rotating swirlers.

Fig. 2 Typical SAC combustor.

Fig. 3 Experimental facility.

MOHAMMADAND JENG 711



greater than 1. The secondary swirler is connected to a conical flare.
The effective area of the swirl cup is 400 mm2.

The SAC sector used is similar, in construction, to the combustor
shown in Fig. 2. The sector comprises two side quartz windows,
primary and secondary dilution jets, eight film cooling strips on each
side, combustion dome with cooling slots, inlet cowl, and inlet
diffuser.

B. Experimental Facility

A schematic of the laser diagnostic facility at the University of
Cincinnati Combustion Research Lab is presented in Fig. 3. A
203 mm polyvinyl chloride (PVC) pipe is used as a manifold. A
honeycomb inside the manifold provides uniform flow to the test
section. The SAC assembly is mounted on a flange above the PVC.
Pressure sensor and thermocouples are mounted inside the manifold

Fig. 4 Optical arrangement for locating the laser sheet at the desired measurement plan.

Fig. 5 PIV setup on the rig.
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for monitoring of pressure and temperature at the test-section inlet.
Air enters the manifold through a 50 mm pipe that can provide
pressurized air up to 1 kg=s at 6.8 bar. An atomizer generating olive
oil seeding particles (1–5 �m) is connected to themanifold through a
seeding port. A blower and an exhaust system aremounted above the
test section to collect aerosols.

C. Diagnostics

Flowfield measurements are conducted using PIV and LDV. The
PIV system is supplied by Lavision, Inc. The system includes two
1376 � 1040 pixel 12-bit Lavision imager intensified charge-
coupled device (CCD) cameras and two 120 mJ 15 Hz pulse Nd-Yag
lasers that are synchronized with CCD cameras. A mirror is used to
get the laser beam to the sheet optics and provide the laser sheet at the

correct measurement plane from the SAC sector exit, as depicted in
Fig. 4. Both cameras are placed on the top of one another to extend
the measurement volume (see Fig. 5). Both cameras are placed
perpendicular to the laser sheet. The setup is a real challenge, since
the exit port of the SAC sector has reduced width to fit the turbine
nozzle ring. Figures 4 and 5 are self-explanatory of the complexity of
the PIV setup. The setup is accomplished through the following
steps:

1) A proper choice of the laser sheet optics is important in order to
generate a laser sheet with a spread angle close to the SAC sector
nozzle angle, as illustrated in Fig. 5.

2) Sheet optics should be placed at the correct spot from the sector
exit. The correct spot is the one that enables both laser edges to enter
the chamber without interference with the walls. However, the laser
edges has to be as close as possible to thewalls to enable capturing as
much detail as possible.

3) Thefinal, andmost difficult, step is to locate the laser sheet in the
correct measurement plane. This step needs experience and patience,
since rotation of the sheet optics should be accompanied with the
mirror adjustment to have the laser beam hit the splitter in the correct
spot.

But if the mirror angle changes, then step 2 should be repeated.
Steps 2 and 3 are repeated simultaneously until the laser sheet covers
asmuch as possible from the combustorflowfield and is located in the
correct measurement plane.

The two-component LDV measurements are conducted using an
Artium Technologies, Inc., system. The system uses two diode-
pumped solid-state lasers as the light source, which does not require
air or water cooling. The system comprises a transmitter, a receiver,
two digital signal processors, and a computer. The 500 mm focal
length transmitter and 300mm focal length receiver aremounted on a
computer-controlled traverse, as depicted in Fig. 6.

D. Test Conditions and Data Acquisition

Themeasurements coordinate system is defined such that the axial
direction of the swirler is designated as the Z direction, with the zero
set at the flare exit. TheX direction is perpendicular to theZ direction
and in the dilution air jet plane. The origin of this coordinate system is
located at the center of the swirler exit. The coordinate system is
shown in Fig. 7. Experiments are carried out for isothermal flow
conditions under ambient pressure and temperature of 70� 1�F.
Pressure-drop measurements are accurate to within �0:1%.

LDV measurements are conducted at total pressure drop of 4.9%
(or the total pressure loss in the combustor). Data count is typically
more than 7000 for the green laser (radial component of the velocity)
and 3000 for the blue laser (axial component of the velocity). The
uncertainty in the mean velocity is within 0:1–0:3 m=s.

Fig. 6 LDV setup on the test rig.

Fig. 7 Measurement coordinate system.

Fig. 8 SAC combustor total velocity contours using LDV at�P=P� 4:9%.
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PIV measurements are conducted in theX–Z plane passing by the
SAC center (Y � 0) at pressure-drop ratios of 7.6 and 4.3%,
respectively, to study the effect of pressure drop on the flowfield.
Several PIV measurements are also conducted offcenter to study the
flowfield behavior offcenter and to help construct the CRZ in 3-D.
Namely, measurements are conducted in the X–Z plane at Y
distances of 0:66R, 1:12R, and 1:32R, respectively.

The authors used 50, 75, 100, 150, and 200 images in processing
the PIV images. The best resolution andminimum change in average
are noted as the number of images approaches 150 images. The error
in average is known to be the standard deviation divided by the
number of images to the power of 0.5. Consequently, the authors
increased the number of images to 200 in order to bring the error to a
minimum while maintaining reasonable time in acquiring and
processing the data.

The laser sheet is focused in the primary zone and close to the
primary jets (region of high gradients). As reported in the literature,
as long as a minimum of 10 seeding particles occur within the
interrogation area, then the removal of the spurious vectors using the
deviation from the local median (and replacing either by vectors
corresponding to the second-, third-, or fourth-highest correlation
peak) should result in a typical uncertainty of 5–10% [24].

III. Results and Discussions

A. LDV Results

Figure 8 presents the total velocity contours in the vertical plane
passing by the combustor centerline. As the flow emanates from the
swirl cup it expands andflow reversals occur and a typical CRZ is set,
as shown in Fig. 8. The black contours are contours of zero axial
velocity. As mentioned earlier, the combustor comprises a set of
primary and secondary dilution holes. There are four dilution jets in
the measurement plane. The upper left jet is shooting down at an
angle. The other three jets have horizontal exits. The four are clearly
identified from their high total exit velocity, as shown in Fig. 8. The
jet trajectories are not radial, due to themomentum imposed from the
main flow on the jets. This is a typical jet in crossflow configuration.
As the dilution jets mix with the main flow, we note the formation of
four jet wake regions. The size of the primary dilution jet wake
regions are more than twice the secondary dilution jet wake regions
(due to the higher jet momentum).

The expanding jet velocity on the negative x direction (close to the
dome edge) is larger than that on the positive x direction because of
the asymmetry in the dome expansion angle. As the main flow
proceeds downstream it interacts with the primary dilution jets and
the CRZ is closed, as depicted in Fig. 8.

The total velocity contours reveals that the high-speed regions are
the dilution jets and the jet mixing regions. The remaining regions of
the combustor are relatively low-speed regions.

Figures 9 and 10 demonstrate the root-mean-square values of the
axial and radial velocities, respectively. High-turbulence activities
are noted in all jet regions (shear layer regions). However, the central
region of the combustor, where the primary jets mix with the main
flow, is the region of maximum turbulence activities. Such regions
become very sensitive and susceptible to periodic oscillations.
Indeed, while studying the SAC reacting-flow dynamics, the
combustion research group at the University of Cincinnati noted the
generation of such instabilities [13]. Also, during the SAC sector
ignition, the same regions may even ignite before other regions,
depending on the location of the ignition source (compare Figs. 10
and 11). The image is captured by a Phantom high-speed camera
during ignition at 6600 frames per second.

Figure 12 shows a set of images captured sequentially while
conducting reacting-flow experiments (burning propane). In this set,
the fuel is being increased steadily from an equivalence ratio of 0.2 to
0.9. The blue color is an indication of reaction taking place (color of
the CH radical). We note that the reaction initially takes place at the
CRZ edge. As fuel increases, it progresses downstream and reaches
the primary jet’s lower boundary. Then it progresses to the primary
jet’s upper boundary. Then it reaches the secondary jet’s upper and
lower boundaries.

B. PIV Results

PIVoffcenter contours are not presented in this paper for reasons of
brevity. The offcenter PIV measurements are analyzed and the edge
of the CRZ is obtained at four vertical planes (centerline, 0:66R,
1:12R, and 1:32R). The edge of the CRZ is then reconstructed in 3-D
using Solidworks 2009, as depicted in Fig. 13. The dimensions of the
CRZ are given in Fig. 14. The height of the CRZ is roughly constant
and equal to 2:7R. In the X direction the CRZ extends up to 1:6R.
However, in the Y direction the CRZ extends up to 1:3R. The CRZ
extends slightly over the size of the flare in the X direction, yet it
extends significantly in the Y direction. This is mainly due to

Fig. 9 Root mean square of the axial velocity.

Fig. 10 Root mean square of the radial velocity.

Fig. 11 SAC combustor during ignition.
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confinement configuration. The SAC sector is not a square chamber.
The primary zone of the SAC sector is illustratedwith the dimensions
in Fig. 15. The parameters b and w are the breadth and width at the
centerline, respectively. The ratio of b=w is around 0.81. The ratio of

the CRZ b=w (1:3R=1:6R) is around 0.85. It is worth noting that
similar observationswere concluded from the testing of the hardware
in a square chamber (dump combustor) with a b=w ratio of 0.85 [25].
The results reveal the strong effect of the confinement on the shape of
the CRZ.

Instantaneous PIV results are shown in Fig. 16. The results reveal
the true behavior of the primary dilution jets. They also show the
strong interaction and influence of the dilution jets on the flowfield
structure. The dilution jets are in continuous up-and-down
fluctuations. The instantaneous PIV results are classified into three
scenarios, as depicted in Fig. 16. The first scenario is when both jets
impinge. When this takes place, the flow is fairly symmetric, and
around the combustor centerline a portion of the flow is going up and
the other portion goes down toward the flare. The second scenario is
when the right dilution jet is shooting up and at the same instant the
left dilution jet is shooting down, as demonstrated in Fig. 16. At this
point, the flowfield structure in the primary zone is dictated by the left
dilution jet, which is shooting down and directly feeding the CRZ.
On the contrary, the post-recirculation-zone structure is controlled by

Fig. 12 Set of images showing progression of the reaction zone as the fuel is increased steadily from equivalence ratio of 0.2 to 0.9.

Fig. 13 Three-dimensional reconstructed CRZ over the flare.

Fig. 14 Dimensions of the SAC sector CRZ. Fig. 15 SAC cross-sectional schematic in the primary zone.
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the right dilution jet, which is shooting up and interacting strongly
with the secondary-region flow. The third scenario is when the right
dilution jet is shooting down and the left dilution jet is shooting up.
This could be explained in a similar fashion to the second scenario. A

separate detailed study on the possibility of using the primary-jet
sensitivity to control the flow structure is presented in [15].

Total velocity contours at pressure drops of 4.3 and 7.6% are
presented in Figs. 17 and 18, respectively. The CRZ and all wake
regions roughly maintained their absolute size. It is commonly
known that the termination point of the CRZ is determined by the
dilution jets. It is concluded that the flow structure is independent of
the pressure drop. It is noteworthy that the left primary-jet wake
region was found to continuously change in size with fuel injection,
whereas the right primary-jet wake region was not dependent on fuel
injection. Jet wake regions are ignition sources, and their sensitivity
to different parameters may be a reason for generation of combustion
dynamics.

IV. Conclusions

Complex flowfield structure in a realistic single cup combustor
sector is successfully explored usingLDVandPIV.The reacting-flow
images show that the reaction propagation takes place along the edge
of the CRZ and the edge of the primary and secondary dilution jets,
depending on the local air/fuel equivalence ratio.

The CRZ is successfully reconstructed by conducting a set of PIV
measurements at a set of parallel vertical planes located off the
combustor center plane. Consequently, better understanding of the
CRZ role in stabilizing the flame and igniting themixture is possible.
The 3-D shape of the CRZ reveals the strong influence of the
confinement geometry on the 3-D shape of the CRZ. The ratio of
major-to-minor axis is roughly 85%, which is similar to that of the
confinement.

The role of the primary jets in dictating the flowfield in the dome
region and the secondary region is assessed. The results suggest that
the primary jets could be used effectively in controlling the
combustor internal flowfield structure.

Pressure drop appears to have no influence on the flowfield
structure at high Reynolds numbers. In other words, the sizes of the
CRZ and jet wake regions are not influenced by the increase in
pressure drop.
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