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Boundary Condition Effects on Nonreacting
and Reacting Flows in a Multiswirl Combustor

Guoqiang Li∗ and Ephraim J. Gutmark†

University of Cincinnati, Cincinnati, Ohio 45220

Detailed measurements of velocity statistics, temperature distribution, flame chemiluminescence, and emission
characteristics in a lean direct fuel injection multiswirl gas turbine combustor are presented. The inlet and exit
boundary conditions, including the mixing tube length and the exhaust nozzle contraction ratio, were modified
to emphasize the effects of these boundary conditions on the characteristics of nonreacting and reacting flows.
Velocity statistics, including mean and turbulence kinetics, were measured by using stereoscopic particle image
velocimetry in a cylindrical combustor chamber for isothermal and reacting flow cases. The velocity spectra at
different locations were measured using hot-wire anemometry. The temperature distribution along the combustor
radial direction was measured using type-B fine thermocouple at different axial locations for a variety of multi-swirl
configurations. The exhaust emissions of NOx and CO were measured as a function of fuel/air ratio. The data along
with the detailed description of the experimental setup and operating conditions can be used to validate modeling
approaches to swirling flows, the turbulence/chemistry interaction, and large-eddy simulation for multiswirl gas
turbine combustors.

Nomenclature
CR = contraction ratio of exhaust nozzle
D = diameter of swirler exit
Dc = diameter of combustion chamber
f = frequency
k = turbulence kinetic energy
Lmt = nondimensional length of mixing tube
ma = mass flow rate of air
p3 = plenum pressure
R = radius of swirler exit
r = radial coordinates
Sr = Strouhal number
T3 = air inlet temperature
T4 = combustion gas temperature
Vr = radial velocity component
Vz = axial velocity component
Vθ = tangential velocity component
V0 = averaged axial velocity based on swirler exit
z = axial coordinates
� = fuel equivalence ratio
�LBO = fuel equivalence ratio at lean flame blowoff

I. Introduction

I NCREASINGLY stringent regulations of pollutant emissions of
gas turbine engines, particularly regarding low emissions of ox-

ides of nitrogen (NOx), require development of new concepts of
combustion systems.1 A typical method of reducing NOx formation
is by operating the combustor in a lean premixed combustion mode
near the lean blowout limit (LBO). This type of approach results in
efficient combustion with extremely low emissions and improved
combustor performance. Lean premixed combustors achieve NOx
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emission levels below 10 ppm at atmospheric pressure and below
25 ppm at gas turbine operating conditions.2,3 The reliability of lean
premixed combustion systems is problematic because they operate
close to the lean stability limit and are more susceptible to combus-
tion instabilities, flame blowout, and flashback.4

As an alternative approach, lean direct fuel injection (LDI) com-
bustion, one of the new concepts that is applied in nonpremixed
combustion, is developed to reduce NOx emissions through the ar-
rangement of multiple counter-rotating or corotating air swirlers
with a distributed fuel injection system.5,6 Such an arrangement al-
lows control of the mixing pattern, flame structure, and temperature
via airflow control and fuel distribution to prevent drawbacks asso-
ciated with premixing flames, such as autoignition and flashback.7,8

Experimental study8 showed that the NOx emissions for a LDI-type
double-swirler burner were less than half of the conventional small-
hub and large-hub swirlers. LDI combustors are advantageous in
providing low NOx emissions with lower susceptibility to combus-
tion dynamics and, thus, provide an attractive alternative for appli-
cation in aircraft gas turbine engines. The triple annular research
swirler, which has been developed through collaboration with Gen-
eral Electric Aircraft Engines and Goodrich Aerospace, features
the generic design of LDI fuel injectors with three individual air
swirlers coupled with two separate fuel supply lines for liquid fuel.
This nozzle/swirler assembly can also be configured for use with
gaseous fuels.

Large eddy simulation (LES), which is a computational fluid
dynamics (CFD) technique bridging direct numerical simulation
and Reynolds-averaged Navier–Stokes (RANS) simulation, pro-
vides cost-effective solution for simulating complex unsteady flows
by filtering the flow, solving the large eddies that are dominant
terms of the turbulence spectra and handling the smallest eddies
by subgrid-scale (SGS) models. This approach has been exten-
sively studied and applied in swirling flows of gas turbine com-
bustors to simulate dynamic swirling flow structures for isothermal
flow9,10 and predicting the emissions11 in combustion cases. In all
such applications, the validation of LES codes is crucial. Good-
quality experimental data with well-defined boundary conditions
are highly desirable for the computational community. However,
few experimental data are available for multiple swirl flows, es-
pecially data covering velocity statistics, temperature distribution,
emissions, and combustion dynamics. This study intends to provide
laboratory data on a LDI multiswirl low-emissions combustor, the
triple annular research swirler (TARS), with different inlet and outlet
boundary conditions. To avoid complicated issues associated with
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spray combustion, data presented in this paper are limited to gaseous
fuel combustion, although tests on spray combustion have also been
conducted.

II. Experimental Setup
The core of the low NOx LDI combustor is the TARS, which

was developed by Delavan Gas Turbine Products, a division of
Goodrich Corporation, in collaboration with General Electric Air-
craft Engines. (Two- and three-dimensional drawings of TARS and
the combustor geometry are available at http:\\www.ase.uc.edu\∼
fluidlab\project\TARS\Drawings, 2005.) TARS (Fig. 1) features
three air passages, each with an individual swirler. Different con-
figurations of TARS can be realized by changing the swirlers, outer

Fig. 1 Section view of TARS.

a) Test rig

b) Three-dimensional mixing tube c) Cross-sectional view of octago-
nal combuster

d) Streamwise-section view of mixing tube Lmt = 0.5 e) Section view of exhaust nozzle, CR = 4

Fig. 2 Detailed drawings of the various test rig sections.

swirler α, intermediate swirler β, and inner swirler γ , to either dif-
ferent swirling vane angles or different rotating directions, to form
different swirling flowfields. The inner and intermediate swirlers
are axial swirlers, whereas the outer swirler is radial. Hereafter,
the swirler configuration will be labeled with the swirler angle in
the order of outer, intermediate, and inner, and with C labeling the
counter-rotating swirl direction. For example, S5545C45 denotes
that this mixer’s outer, intermediate, and inner swirlers’ vane angles
are 55, 45, and 45 deg, respectively. The outer and inner swirler
corotate, whereas the intermediate swirler counterrotates. The over-
all length of TARS is 66 mm (2.6 in.) and the diameter of the outer
swirler exit is 50.8 mm (2 in.). The intermediate swirler is located
66 mm (2.6 in.) upstream of TARS exit, whereas the inner swirler
is at 50.8 mm (2 in.) upstream of TARS exit plane.

Two sets of distributed fuel injection circuits are integrated within
the TARS assembly: The pilot fuel circuit injects fuel inward into the
intermediate swirling air passage, and the main fuel circuit injects
fuel outward into the outer swirling air passage. Gaseous fuel is
injected through both the pilot and main fuel circuits. The number
of injection holes for the pilot and main fuel is four and eight,
respectively. All of the injection holes are identical, 0.762 mm (0.03
in.) in diameter. These injection holes are perpendicular to the wall
so that the gaseous fuel is injected normal to the airstreams.

The atmospheric combustion test rig with the TARS fuel injector
is shown in Fig. 2. The rig consists of an inlet flange, flow condition-
ing chamber (609.6 mm, 24 in. long), plenum chamber (361.9 mm,
14.25 in. long), and the combustion chamber. The flow conditioning
and plenum chambers are constructed of 6-in. schedule 80 stainless-
steel pipes with inner diameter of 133.4 mm (5.25 in.). When it is
flowing through the flow conditioning chamber, the flow passes
through a perforated cone and then through a sequence of five fine-
mesh screens whose mesh size is gradually reduced to 0.05-mm
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Table 1 Geometrical parameters of the atmospheric
combustion test rig

Parameter Value

Combustor diameter (cylindrical type) 101.6 mm (4 in.), DC
Combustor inlet diameter 50.8 mm (2 in.), 0.5DC
Inner diameter of fuel injection hole 0.762 mm (0.03 in.)
Length of cylindrical combustor 457.2 mm (18 in.), 4.5DC
Length of octagonal combustor 457.2 mm (18 in.), 4.5DC
Intermediate swirler location 66 mm (2.6 in.), 0.65DC

from the combustor inlet plane
Inner swirler location from 50.8 mm (2 in.), 0.5DC

the combustor inlet plane
Outer swirler cone diameter 50.8 mm (2 in.), 0.5DC
Length from the final stage 546.1 mm (21.5 in.)

screen to the combustor inlet

(0.002-in.) diameter with 44% open area ratio. The fuel injector,
TARS, is centered on a mounting plate (6.35 mm, 0.25 in. thick)
and flush mounted with the combustor chamber inlet.

Two types of combustion chambers were utilized in this study.
The first one is a 457-mm (18-in.)-long cylindrical quartz tube,
with a 101.6 mm (4 in.) inner diameter, and a 2.5-mm wall thick-
ness. Data on the velocity statistics, flame images, and emissions
were taken from tests performed with this cylindrical combustor.
The second combustion chamber had an octagonal cross-sectional
shape with three 5-mm-thick flat quartz walls and one stainless
steel wall that was instrumented with thermocouples. The cross-
sectional area of the octagonal combustor, whose dimensions are
shown in Fig. 2c, is identical to the cylindrical one. Temperature
measurements were performed in the octagonal combustor because
it provided optical access for flame imaging while avoiding the
difficulty of drilling thermocouple access holes on the cylindrical
quartz tube. A short mixing tube (Fig. 2b) can be inserted between
the TARS exit and the combustor dump plane. This mixing tube
has the same inner diameter as the TARS exit. The total length of
the mixing section, L , composed of the mixing tube, sealing gas-
ket, and the mounting plate, is normalized by the diameter of the
TARS exit, D, as Lmt = L/D. Figure 2d is the streamwise-sectional
view of the mixing section with Lmt = 0.5. The combustion prod-
ucts exit the combustor through a circular exhaust nozzle (Fig. 2e).
The contraction ratio is defined as the ratio between the exhaust
nozzle and the combustion chamber areas, CR . The geometrical pa-
rameters of the experimental setup are summarized in Table 1. A
90 by 45 cm rectangular exhaust hood is installed 80 cm above the
combustor exhaust nozzle. The exhaust hood is bent into horizon-
tal direction and then connected to an exhaust fan at about 5 m
downstream.

The rig is set up vertically with the combustion air preheated by
a 36-kW electric heater to the desired temperature flowing through
the inlet flange into a flow conditioning chamber. A static pressure
transducer (Druck PMP 4000 series, ±0.04% full scale (FS) accu-
racy, 6894.8-Pa range) and a type-K thermocouple were mounted in
this chamber to monitor the pressure drop, dynamics pressure oscil-
lations, and inlet air temperature. The air mass flow rate was metered
by a digital flow meter (Eldridge Prouducts, Inc., 1% accuracy). The
gaseous fuel flow was set at 206,843 Pa controlled by a needle valve
and metered by a digital gas flow meter (Alicat M series, ±1% FS
accuracy).

The gas sampling and analysis system was an extractive sample
conditioning and control system, which provided a representative
sample to a chemiluminescence NOx monitor and an infrared CO
monitor with an installed paramagnetic O2 sensor. The system has
a 10 parts per billion (ppb) resolution for NO/NOx, 0.1 ppm for
CO, with 0.1% for CO2 and O2. The sampling line was heated to
above 100◦C to avoid water vapor condensation. The CO analyzer
is designed to be in a serial arrangement using a pneumatic-type
differential sensor to minimize the interference from CO2 or water
vapor. All process parameters, including main airflow rate ma , air
inlet temperature T3, plenum pressure p3, pressure inside combus-
tion chamber p4, combustion gas temperature T4, combustor wall

temperature Tw , total fuel flow rate W f , and the emissions data from
the gas analyzer were recorded by Labview software.

A stereoscopic particle-image velocimetry (PIV) system was used
to measure the velocity flowfield inside the combustion chamber.
The system included two 120-mJ, 15-Hz pulsed Nd-Yag lasers (New
Wave Research Gemini PIV laser Model 120-15), TSI PIV sig-
nal synchronizer, two 2048 × 2048 pixel 12-bit Powerview charge-
coupled device (CCD) cameras, and two high-performance frame
grabbers. The 4-mm-diam laser beam from the laser head was spread
by a cylindrical lens (with focal length equal to −15 or −25 mm or
combination of two) and a spherical lens (with focal length equal to
500 mm) into a laser sheet. The laser sheet was about 130 mm wide
and 1 mm thick at the location of the beam waist, which overlapped
the centerline of the combustion chamber.

For measurements in the streamwise plane (including the com-
bustion chamber axis), the two CCD cameras were at the same side
of the laser sheet with a separation angle of 30 deg, focusing on
the field of view created by the pulsed laser sheet in the streamwise
plane (r–z plane in Fig. 2a). Based on the displacement of pixels be-
tween the two laser pulses (where, in this experiment, the laser pulse
interval was between 6 and 12 μs), the radial velocity Vr and axial
velocity Vz were obtained with units of pixels per second. To obtain
the tangential velocity component Vθ , which was perpendicular to
the laser sheet, a calibration procedure was applied to generate the
correlation equation by imaging several (normally two) planes with
different depth in the perpendicular direction.

A type-B thermocouple (6%Rh/Pt–30%Rh, 10-mil lead wire)
with ceramic insulation tube was mounted on a two-dimensional
traverse system to map the temperature field. All temperature data
were corrected for radiation effects by using the equation12

Tg = Ttc + εtcσ
(
T 4

tc − T 4
w

)
d
/

k Nu (1)

where the emissivity εtc = 0.22, the Stefan–Boltzmann con-
stant σ = 5.67 × 10−8 J K−4 m−2 s−1, and the bead diameter
d = 0.03 in. = 0.762 mm. Thermal conductivity for air at 1450 K
k = 0.0924 W/m · K, and the Nusselt number Nu = 5.05 based on
the bead diameter and evaluated at 1500 K air according to the
correlation12

Nud,sph = 2.0 + 0.6Re
1
2
d Pr

1
3 (2)

All flow meters in this study have accuracy of ±1%. The fuel/air
equivalence ratio is defined as the actual fuel/air ratio divided by
the stoichiometric ratio. The error in the fuel and airflow rates con-
tributed ±1.4% using the root mean square method. The Reynolds
number was calculated from the air mass flow rate at the fuel nozzle
exit, fluids properties (density and viscosity), and geometry. Because
the errors in fluid properties and geometry were small, the error in
Reynolds number is estimated to be 1%. Inlet air temperature was
measured by type-K thermocouples with ±1◦C accuracy. The com-
bustion temperature was measured with a type-B thermocouple and
precision thermometer with accuracy ±0.1◦C.

It is difficult to describe accurately the measurement error associ-
ated with PIV. The comparison of velocity profiles in similar TARS
flowfield measured by PIV and laser Doppler velocimetry (LDV)
reveals that the PIV measurement has about 5∼10% error because
LDV measurement is based on average of thousands of data points
and is believed to be more accurate. Regarding the accuracy of the
measurement location, although the PIV system is carefully aligned
so that the centerline of the combustor is at the center mark of the
calibration target, which is also the zero coordinate of the measure-
ment, it does not ensure that this centerline is exactly overlapping
the geometrical centerline because the target plate is placed inside
the circular quartz, which causes distortion. This position error is
estimated to be 2.5 mm (0.1 in.) based on comparison between the
measured flowfield centerline and the zero coordinate.

III. Results and Discussion
Vortex breakdown in ducted swirling flows, such as in the present

combustion chamber, causes the formation of a central recirculation
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zone (CRZ), with reversed flow near the axis. This CRZ is either of
spherical or spiral shape, depending on the swirl strength and inlet
flow Reynolds number. Swirling flows are three dimensionally un-
steady, and their dynamics are sensitive to geometrical factors. In the
present study, the velocity statistics, velocity spectra, temperature
distribution, OH∗ chemiluminescence images, and emissions char-
acteristics are first presented for the baseline case (defined later).
Following that, the effects of the inlet mixing tube length Lmt and
the contraction of the combustor exhaust nozzle, CR , on the swirling
flowfield, temperature distribution, and emissions are presented and
discussed. The coordinates were normalized by the TARS exit radius
R = 25.4 mm.

Fig. 3 Contours of Vz/V0, Vθ /V0, and k/V2
0 at T3 = 23, 100, 200, and 300◦C: ma = 0.032 kg/s, Lmt = 0, and CR = 1.

A. Baseline Case
The baseline is a coswirling case, with swirler geometry of

S554545, in which all three swirlers are in the clockwise direction
when observed from the upstream direction. There is no mixing tube
(Lmt = 0), and no exhaust nozzle contraction (CR = 1), that is, the
combustion chamber is not constricted at the exit.

1. Velocity Field
The nonreacting cold flowfield is characterized first, followed by

a gradual increase of the inlet air temperature to study the effect of
temperature, and finally the velocity statistics for stable and unstable
combustion are evaluated.
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Table 2 Test conditions for nonreacting and reacting flows

Mass flow Pressure drop Inlet temperature
Case description rate Wa , g/s 	p, psi T3, ◦C

Cold flow case 32 0.425 23
Isothermal flow case 1 32 0.548 100
Isothermal flow case 2 32 0.623 200
Isothermal flow case 3 32 0.785 300
Isothermal flow case 4 32 0.76 230
Combustion flow (stable) 32 0.80 230
Combustion flow (unstable) 32 1.05 230

Velocity field of nonreacting swirling flows. The mass flow rate,
the pressure drop across the swirler, and the inlet air temperature for
the tests of nonreacting flow and reacting flow are listed in Table 2.
The mass flow rate was kept constant for the cold, isothermal, and
reacting flow cases. Inlet air temperature T3 is a major factor for
gas turbine combustion performance; therefore, knowledge of its
effects on the swirling flowfield is necessary for combustor design
and combustion performance improvement. For the same air mass
flow rate, high temperature increases the bulk velocity and viscosity,
significantly changing the inlet Reynolds number and potentially
affecting the swirling flow dynamics.

Figure 3 shows the contours of normalized axial, tangential, and
total turbulence velocity inside the circular combustion chamber for
T3 = 23–300◦C. Axes r and z are in the radial and axial directions,
respectively, as shown in Fig. 2a. Vr , Vz , and Vθ are the radial, axial,
and tangential velocity components, respectively. Because Vθ is the
out-of-plane circumferential component, its direction is opposite on
the two sides of the centerline as shown with contrasting colors
in the contour plot. The total turbulent kinetic energy (TKE) k is
defined as the sum of the squares of the three velocity components’
fluctuations as k = 1

2

(
V̄ ′2

r + V̄ ′2
z + V̄ ′2

θ

)
. Because the mass flow rates

were kept constant, ma = 0.032 kg/s, the average TARS exit velocity
V0 was calculated from the volumetric flow rate as 13, 16, 21, and
25 m/s for T3 = 23, 100, 200, and 300◦C, respectively. The velocity
components Vz and Vθ and the TKE k were normalized with V0 as
Vz/V0, Vθ /V0, and k/V 2

0 . From the contours of Vz/V0, it can be
seen that the CRZ has approximately a spherical shape for all of the
velocity fields in the temperature range T3 = 23–300◦C, as indicated
by the blue color in Fig. 3. The width of the CRZ is ±0.6R at the exit
of TARS (z/R = 0.1) and increases to ±1.3R at z/R = 1.5. Farther
downstream, the CRZ’s size reduces. Outside the CRZ is the region
of an annular jet that emanates from the swirler, as represented
by the red and orange colors. In the present paper, this region is
noted as the swirling jet in contrast to the CRZ region. The specific
characteristics of the mean velocity field were also shown in the
contours of Vθ /V0 with low Vθ near the centerline at r/R = 0 and a
high Vθ region near z/R = 3, r/R = 1. The contours of k/V 2

0 show
the distribution of the total turbulence: The turbulence is strongest
at the shear layer between the swirling jet and the CRZ and is lower
inside the CRZ. The turbulence intensity in the shear layer is more
than twice the level in the CRZ.

To quantify the observations from these contours, the profiles of
Vz/V0, Vθ /V0, and k/V 2

0 at z/R = 0.5 of Fig. 3 are compared in
Fig. 4. The similarity of mean velocity distribution inside the CRZ
is obvious in the profiles of Vz/V0 and Vθ /V0. For T3 = 23–300◦C,
the zero Vz/V0 is located at ±1R (Fig. 4a) and the vortex core (solid
body rotation region) is between ±0.5R (Fig. 4b). Also note that
the profiles are scattered in the swirling jet region (beyond ±1R
in both Figs. 4a and 4b). Inlet temperature affected the turbulent
velocity k/V 2

0 , particularly in the core (±0.5R) and in the jet region
(beyond ±1R). In summary, the mean velocity field preserved its
characteristics with the increase of T3, but the magnitude of the
velocity components was significantly different because the bulk
velocity increases whereas the mass flow rates were kept constant.

Velocity field of the reacting swirling flows. The velocity field of
the reacting swirling flow differs from the isothermal one as a result
of the changes in the temperature and the density due to the com-
bustion heat release. The operating parameters of mass flow rate,
pressure drop, and inlet temperature of the present measurements

a)

b)

c)

Fig. 4 Profiles at z/R = 0.5 for T3 = 23 ∼ 300◦C, ma = 0.032 kg/s, Lmt = 0,
and CR = 1: a) Vz/V0, b) Vθ /V0, and c) k/V2

0 .

are listed in Table 2. Note that, at the same inlet temperature and
mass flow rates, the pressure drop is considerably higher for unsta-
ble combustion compared to the stable case. A comparison of Vz/V0

and k/V 2
0 for isothermal, stable, and unstable combustion flows is

shown in Fig. 5. The airflow rate is kept 0.032 kg/s for all cases, and
V0 is 23 m/s at T3 = 230◦C. The jet-A fuel flow rates for the stable
and unstable combustion cases are 1.89 and 3.22 g/s, corresponding
to equivalence ratios 0.5 and 0.85, respectively. The CRZs for all
three cases had a spherical shape but were quite different in size
and location relative to the swirler exit. For stable combustion, the
CRZ is lifted and the constriction near the swirler exit (z/R = 0)
becomes significantly smaller, only ±0.2R compared to ±0.7R for
the isothermal case. When unstable combustion occurred, the CRZ
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a) b)

Fig. 5 Comparison of contours for isothermal, stable combustion and unstable combustion flows; ma = 0.032 kg/s, Lmt = 0, and CR = 1:
a) Vz/V0 and b) k/V2

0 .

reduced in size from a 3R wide and 3.5R long sphere for the isother-
mal case to a compact region with 2R width and 2.5R length and
a significantly increased level of reversed axial velocity. In addi-
tion, the unstable combustion also caused asymmetric distribution
of Vz at the left and right sides of the flow surrounding the CRZ
(Fig. 5a, unstable combustion flow). Combustion dramatically af-
fects the distribution of k/V 2

0 , breaking the clearly defined low- and
high-turbulence velocity regions of isothermal flow into dispersed
form in the combustion cases (Fig. 5b).

To quantify the effect of combustion on the swirling flowfields,
profiles of Vz/V0, Vθ /V0, Vr/V0, and k/V 2

0 were extracted at
z/R = 0.2 (Fig. 5) and are shown in Fig. 6. Compared with the
isothermal case, the stable combustion forms much weaker recir-
culation flow at z/R = 0.2 due to the downstream shift of the CRZ

(Fig. 6a), but with fairly similar Vθ /V0 radial distribution (Fig. 6b).
Unstable combustion causes stronger reversed flow (negative Vz)
within ±1R (Fig. 6a) and enhanced Vθ near ±1.5R (Fig. 6b) com-
pared to the isothermal and stable combustion cases. Combustion,
either stable or unstable, greatly enhances the radial motion of the
swirling flow to about twice that of the isothermal case (Fig. 6c at
r/R = ±1). In terms of turbulent energy, in the vicinity of the noz-
zle exit, k/V 2

0 was similar for the stable combustion and isother-
mal cases (Fig. 6d); the unstable combustion, however, nearly dou-
bled the magnitude of TKE relative to the isothermal and stable
combustion cases in the range ±1R (Fig. 6d). It was noticed that
the flowfield of unstable combustion was asymmetric, although the
boundary conditions for this case is symmetric as for the isothermal
and the stable combustion case. Because unstable combustion in
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a)

b)

c)

d)

Fig. 6 Comparison of radial profiles at z/R = 0.2 for isothermal, stable, and unstable combustion cases; T3 = 230◦C, ma = 0.032 kg/s, Lmt = 0, and
CR = 1: a) Vz/V0, b) Vθ /V0, c) Vr/V0, and d) k/V2

0 .

the current combustor is closely related to unsteady heat release and
pressure oscillations that may be manifested in time and space, it is
suggested that the asymmetry of the velocity field could be caused
by the changes in the combustion and temperature fields.

Spectra of velocity in the swirling flow. Information on the
spectra of velocity fluctuations in turbulent swirling flows is impor-
tant for properly modeling them. Constant temperature anemometer
was used to measure the spectra of the confined turbulent swirling
flow in the circular combustion chamber. The frequency was nor-
malized by the TARS exit diameter D according to the following
equation:

Sr = f V0/D (3)

where f is the frequency in hertz.
For the spectral measurements, the single straight wire was ori-

ented perpendicular to Vz and Vθ velocity components and paral-
lel to the Vr component such that the spectra represented fluctua-
tions of both Vz and Vθ . Figure 7 shows the power spectra of Vz

and Vθ at three axial locations, z/R = 0, 5, and 10 along the shear
layer, at a constant radial distance of r/R = 0.4. For reference, the
Kolmogorov K −5/3 law is included. The high-frequency broadband
peak at a frequency of Sr = 3.3, which is present in the initial jet
shear layer, disappears immediately downstream. Next to the vortex
breakdown region, at z/R = 5, the spectra has two peaks, Sr = 0.16
and 0.35. The second peak falls within the range of the jet-preferred
mode, Sr = 0.24–0.64, as described by Schadow and Gutmark for
flow in dump combustors.13 This frequency may also be related to
the flow dynamics of the precessing vortex core (PVC) associated
with vortex breakdown, as suggested by Chao et al.14 in the study of
spectral characteristics of swirling flowfields. The lowest frequency,

Fig. 7 Spectra of velocity (combined Vz and V0 componants) at three
locations of r/R = 0.4 inside swirling flow; ma = 0.032 kg/s, T3 = 23◦C,
Lmt = 0, and CR = 1.

Sr = 0.16, dominated most of the swirling flow except in the prox-
imity of the TARS exit. The amplitude of this low-frequency mode
is amplified in the downstream direction. At z/R = 10, the flow is
dominated by this low frequency, as is evidenced by the narrowband
peak. Similar observations were made in the study of Chao et al.,14

who found a dominant low frequency in the downstream of swirling
flow and classified it to be “most amplified downstream azimuthal
instability” and to be a strong function of the inlet Reynolds number
and a weak function of swirl strength. Note that beyond Sr = 0.5 the
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Fig. 8 Radial profiles of T4/TCL at different axial locations: gaseous
propane, Φ = 0.57, ma = 0.022 g/s, T3 = 230◦C, Lmt = 0, and CR = 1, octag-
onal combustor.

spectra at z/R = 5 and 10 are following the K −5/3 slope, indicative
of a fully developed turbulence.

2. Temperature Distribution
The radial distribution of the reacting flow temperature T4 was

measured using a fine type-B thermocouple at four axial locations,
z/R = 2, 4, 6, and 8. The symmetry of the radial temperature profile
{defined as (T1 − T2)/[(T1 + T2)/2], where T1 and T2 are tempera-
tures at two radially equidistant locations} was in the range of 0.3–
1%. Therefore, only one-half of the temperature field is shown. The
combustion gas temperature was normalized with the temperature at
the centerline, TCL. Figure 8 shows the radial temperature profiles for
propane at an equivalence ratio � = 0.57 and T3 = 230◦C. The over-
all temperature distribution is quite uniform in the main combus-
tion region of r/R = 0–1.5 over an axial extent of z/R = 2–8. The
temperature drops rapidly near the wall. Because the fuel spreads
outward with the conical swirling air jet, the flame has also a conical
shape as indicated by the temperature distribution.

3. OH∗ Chemiluminescence Image
It is commonly accepted that CH∗ and OH∗ chemiluminescence

represents reaction or heat release rate if the integrated chemilumi-
nescence is linearly related to fuel consumption and the electroni-
cally excited radicals are confined to a relatively thin region in the
vicinity of the primary flame surface.15 The primary source of OH∗

(A2	) is believed to be produced by oxidation of CH with transi-
tion around 308 nm. For overall flame structure characterization, the
chemiluminescence image was taken with 10-ms exposure time. A
bandpass filter centered at 308 nm was used to cut off interference
from other radical emissions.

Figure 9 is the OH∗ image at � = 0.57 and T3 = 230◦C for the
baseline case. The color bar is the pixel value normalized by the
background level. The flame was centered along the four airstreams
that emanated from the swirler through the four vanes. Because
the chemiluminescence is a line-of-sight integration, the intense
flame located near the center is actually an overlap of the two front
and aft flame sections. LDV measurements and three-dimensional
RANS simulations showed that the flow in the cross-sectional plane
is azimuthally asymmetric.16 Air flowing through the vanes of the
intermediate and outer swirlers has higher velocity and forms high-
velocity regimes at the TARS exit plane. The number of high velocity
airstreams matched the four vanes in the intermediate swirler. In a
computational effort, it is necessary to include the mixer–swirler in
the computational domain to capture the azimuthal asymmetry of
the reacting swirling flow.

4. Emission Characteristics
Formation of emissions is a result of a combined effect of the

swirling flowfield, the fuel distribution, the reaction characteristics,
and the temperature distribution. Figure 10 shows the NOx emissions

Fig. 9 OH∗ chemiluminescence image for baseline case: Φ = 0.57,
T3 = 230◦C, ma = 0.032 kg/s, Lmt = 0, and CR = 1.

Fig. 10 Dependence of NOx emissions and adiabatic temperature on
fuel equivalance ratio: ma = 0.032 kg/s, T3 = 230◦C, Lmt = 0, and CR = 1,
propane.

and calculated adiabatic equilibrium temperature at T3 = 230◦C. The
NOx is corrected to 15% O2 value according to

(NOx)15%O2 = (NOx)measured × 5.9/(20.9 − O2,measured) (4)

The adiabatic equilibrium temperature was calculated using the
NASA CEA code. Formation of NOx increases with the fuel equiv-
alence ratio and the flame temperature. The baseline multiswirler
design of this LDI combustion system has low NOx emissions in a
range of 4–18 ppm for � = 0.55–0.81.

B. Effect of Inlet Boundary Conditions
The swirling flow is very sensitive to inlet boundary conditions

as are combustion properties, including dynamics and emissions,
which are closely related to the flowfield characteristics. As stated in
the experimental setup section, a short mixing tube can be inserted
between the TARS exit and the combustion chamber to convert
the LDI arrangement to a premixed combustion configuration. This
mixing tube not only provides additional volume for premixing fuel
and air but also has significant impact on the swirling flowfield and
the combustion process. The length of this mixing tube, Lmt, is an
important inlet boundary condition for properly simulating complex
nonreacting or reacting swirling flows. This section will emphasize
the effect of the mixing tube length on the velocity profiles, velocity
spectra, temperature distribution, and emissions.
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Figure 11 shows the comparison of profiles of Vz/V0 and Vθ /V0

at z/R = 0.4 for Lmt = 0, 0.3, 0.55, and 0.8. When Lmt increases,
the upstream stagnation point of the vortex breakdown region moves
upstream into the mixing tube. The mixing tube increases Vz and Vθ

velocity components of the downstream swirling jet surrounding the
CRZ (Figs. 11a and 11b) and enhances the magnitude of the reversed
flow (Fig. 11a). Close to the combustor inlet, the mixing tube formed
a larger vortex core region extending to r/R = ±1 (Fig. 11b) com-

a)

b)

Fig. 11 Comparison of profiles at z/R = 0.4 for Lmt = 0, 0.3, 0.55, and
0.8, ma = 0.032 kg/s, T3 = 25◦C, and CR = 4: a) Vz/V0 and b) Vθ /V0.

Fig. 12 Three-dimensional vector field for Lmt = 0 and 0.55; ma =0.032 kg/s, T3 = 23◦C, and CR = 4.

pared to the case without the mixing tube, where it extends only to
r/R = ±0.5. The three-dimensional vector field plot (Fig. 12) shows
a pair of large vortical structures, which did not exist for Lmt = 0,
that were nested along the rolling flow structure for Lmt = 0.55.
These large vortices were also observed for Lmt = 0.3 and 0.8, and
their location moved upstream with increased Lmt (Ref. 17). Be-
cause the PVC structure is less likely to be damped in premixed
combustion,18 these vortices can potentially be responsible for the
excitation of combustion dynamics.

The velocity spectra of Lmt = 0.55 (Fig. 13) shows three fre-
quency regimes along the swirling flow shear layer. The high fre-
quency (Sr = 0.67) is located in the initial shear layer of the swirling
jet (z/R = 0) and the low frequency (Sr = 0.15) is located farther
downstream (z/R = 10). Compared to the high frequency Sr = 3.3
of Lmt = 0, the high frequency of Lmt = 0.55 is much lower. Be-
cause with a longer mixing tube the combustor acquires features of
dump combustor geometry, the high frequency may be related to the
most amplified initial shear layer frequency as found in dump com-
bustors. The intermediate frequency (Sr = 0.37), which is the sec-
ondary peak of Lmt = 0 at z/R = 5, becomes the dominant frequency
along the vortex breakdown region, suggesting that the mixing tube
promotes stronger dynamics of the vortical structures observed in
the three-dimemsional vector plot (Fig. 12). For Lmt = 0.55, the − 5

3
slope appears in the spectra between Sr = 0.5–2, and the spectra
of higher frequency has an even higher slope, indicating reaching a
fully developed turbulence and stronger dissipation at high frequen-
cies compared to the Lmt = 0 case in Fig. 7.

Fig. 13 Spectra of velocity on three locations of r/R = 0.4, z/R = 0, 5, and
10, inside the swirling flow; ma = 0.032 kg/s, T3 = 23◦C, and Lmt = 0.55.
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a)

b)

Fig. 14 Effects of mixing tube length on heat release and temperature:
a) OH∗ chemiluminescence image for Lmt = 0.5, Φ = 0.57, T3 = 230◦C,
ma = 0.032 kg/s, and CR = 1 and b) comparison of temperature distribu-
tion for Lmt = 0 and 0.5, Φ = 0.5, T3 = 230◦C, ma = 0.026 kg/s, and CR = 1.

Figure 14 shows the flame OH∗ chemiluminescence for Lmt = 0.5
and a comparison between the temperature distribution of Lmt = 0
and 0.5. Compared with the OH∗ image of Lmt = 0 (Fig. 9), the in-
sertion of the mixing tube stretched the flame, pulled it into the mix-
ing tube, and reduced the flame lateral expansion. The temperature
field showed very similar peak temperatures of >1600 K for both
Lmt = 0 and 0.5; however, the region of high temperature is larger
and is shifted toward the walls with the mixing tube. The NOx emis-
sions (Fig. 15a) were halved by the mixing tube for � = 0.6–0.76.
The shorter residence time caused by the increased jet velocity of
Lmt = 0.5 is the key for NOx reduction. Conversely, residence time
affects the oxidation of CO, producing more CO for Lmt = 0.5 than
Lmt = 0 (Fig. 15b). The mixing tube has an adverse effect on the
flame stability, shifting the equivalence ratio of LBO, �LBO, from
�LBO = 0.52 for Lmt = 0 to �LBO = 0.6 for Lmt = 0.5. This is a re-
sult of the flame with the configuration that includes the mixing tube
being stabilized primarily by the weakened CRZ stagnation region,
whereas with no mixing tube the flame is also stabilized by the dump
plane recirculation zone.

C. Effect of Outlet Boundary Conditions
Experimental studies14,19 regarding the effect of the exhaust area

contraction ratio CR on the shape of the CRZ have shown that the
downstream boundary conditions at the exhaust nozzle can affect
the upstream flowfield if the flow remains in a subcritical state after
vortex breakdown. However, these studies were limited to nonreact-
ing flows. To emphasize the importance of exit boundary conditions
of the combustor, which are sometimes neglected in computational
studies, this section addresses the significant influence of down-
stream exit conditions on nonreacting and reacting flows.

a)

b)

Fig. 15 Comparison of NOx and CO for Lmt = 0 and 0.5; CR = 1,
T3 = 230◦C, and ma = 0.032 kg/s.

Fig. 16 Contours of Vz/V0 at CR = 4; ma = 0.032 kg/s, Lmt = 0, and
T3 = 23◦C.

The contours of Vz/V0 component for CR = 4 (Fig. 16) illustrates
the effect of the downstream contraction on CRZ: The shape of CRZ
(blue color in the contour plot) changed from a spherical shape
(Fig. 3 Vz/V0) of CR = 1 to a conical V shape for large contraction
ratio of CR = 4. The larger contraction ratio caused the recirculation
zone to collapse near the centerline, forcing the reversed flow to
recover back to the downstream direction and moved the location of
downstream stagnation point from z/R = 4 for CR = 1 to z/R = 0.5
for CR = 4. Profiles of Vz/V0 at z/R = 2 for CR = 1.14–4 (Fig. 17a)
clearly show the recovery process of reversed flow at the central flow
region (negative Vz) within r/R = ±1. Outside this region, profiles
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a)

b)

Fig. 17 Comparison of velocity profiles for CR = 1.14, 2.13, 2.56, and
4 at z/R = 2; ma = 0.032 kg/s, Lmt = 0, and T3 = 23◦C: a) Vz/V0 and
b) Vθ /V0.

Vz/V0 remain unchanged for all CR . The Vθ component (Fig. 17b)
shows that the split of the recirculation zone in the central region for
large nozzle constriction results in a 50% increase in the magnitude
of this component as CR changes from 1.14 to 4. This is accompanied
by an increase in the radial slope of the V0 velocity in the vortex
core region. Large contraction of the combustor exit introduces a
transformation in the CRZ shape and a stronger rotation of the vortex
core.

Velocity spectra provided additional information on the effect of
the downstream contraction. Figure 18 presents the velocity spec-
tra of Vz and Vθ components for CR = 4 at a fixed radial location
r/R = 0.4, at three axial locations along the shear layer of the
swirling flow, z/R = 0, 5, and 10. A comparison of these spectra
with those corresponding to the baseline case shows the following
results:

1) High-frequency velocity fluctuations, Sr = 3.2, are still domi-
nant close to the TARS exit (z/R = 0). The Strouhal number of the
high frequency remains nearly the same for CR = 1 and 4 and is not
affected by the exhaust nozzle contraction ratio.

2) The low frequency of Sr = 0.15 at z/R = 10 is less dominant
for CR = 4 than for CR = 1, indicating the dampening effect of the
contraction on this low frequency in the downstream flow region.

3) The middle range frequency of Sr = 0.37 is amplified for large
contraction. This frequency is located at the inner shear layer formed
between the recovered downstream flow and the reversed flow at
the vicinity of the burner axis. Therefore, it is proposed that the
downstream contraction augments the precessing vortices in the
central vortex breakdown region. For z/R > 5, the turbulence spec-
tra reaches a fully developed state as indicated by the − 5

3
slope.

Fig. 18 Spectra of velocity of V and W componants at locations
r/R = 0.4, z/R = 0, 5, and 10 for CR = 4; ma = 0.032 kg/s, Lmt = 0, and
T3 = 23◦C.

a)

b)

Fig. 19 Comparisons with gaseous fuel, T3 = 230◦C, and ma =
0.026 kg/s: a) NOx emissions and b) temperature distribution at Φ = 0.5
between CR = 1 and 4.

The comparison of NOx emissions and temperature distribution
for CR = 1 and CR = 4 is shown in Fig. 19. In the present case, for
gaseous fuel with high inlet air temperature, NOx increased expo-
nentially with the lean equivalence ratio, that is, with flame temper-
ature, following the same trend line for both contraction ratios over
the range of � = 0.54–0.75. OH∗ chemiluminescence showed that
the flame structure of the two cases was nearly identical.20 The tem-
perature fields of the two contraction ratios showed nearly uniform
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a)

b)

Fig. 20 Comparisons with ethanol, T3 = 230◦C, and ma = 0.032 kg/s:
a) NOx emissions and b) temperature distribution Φ = 0.5 between
CR = 1 and 4.

distributions with temperatures ranging from 1550 to 1600 K. These
results suggest that the flame structure and the emissions charac-
teristics were not sensitive to the downstream contraction ratios for
gaseous fuel with the present combustor geometry. This observation
confirms the hypothesis suggested by Escudier and Keller19 that the
subcritical state observed in cold vortex breakdown tests may dis-
appear in combustion. The fast expansion that increases the axial
velocity and the stronger viscous effects resulting from the elevated
temperature field promote transition from subcritical to supercritical
state upstream of the combustor exit.

The results are different for liquid spray combustion for different
contraction ratios. Figure 20 shows the NOx emissions and tem-
perature distribution for CR = 1 and 4 with ethanol fuel. NOx level
for CR = 4 was nearly twice as high as that of CR = 1. Regarding
the temperature contours, the large contraction increased the peak
temperature from 1707 K for CR = 1 to 1829 K for CR = 4, and the
high-temperature region was significantly enlarged. The tempera-
ture field was also affected by the V-shaped CRZ induced by the
large contraction. In this case, properly modeling the downstream
contraction is vital for an accurate computational simulation.

IV. Conclusions
The present study investigated the detailed three-dimensional

swirling flow velocity statistics, temperature distribution, OH∗

chemiluminescence, and NOx and CO emissions characteristics of
a multiswirl low-NOx combustor. This experimental study empha-
sized the significant impact of inlet and outlet boundary conditions
on the nonreacting and reacting flows.

Increased air inlet temperature enhanced the magnitude of re-
versed flow in the central region and increased the tangential ve-
locity in the swirling jets and the energy of the turbulent velocity
fluctuations. These effects can contribute to the typical NOx increase
with higher inlet air temperatures and can be explained in terms of
enhanced reaction and heat release rate and increased residence
time.

An addition of a mixing tube in the combustor inlet did not only
serve as an additional mixing volume for fuel and air, but also led to
aerodynamic changes of the swirling flowfield. It had an effect on
the magnitude of the axial and tangential mean velocity components
and on the formation of large vortical structures in the CRZ. NOx

emissions were substantially reduced with the mixing tube due to
these effects, but increased CO production and reduced flame sta-
bility were observed.

The contraction ratio of the combustor exhaust nozzle trans-
formed the shape of the recirculation zone from a spherical shape to
a conical recirculation zone and greatly increased the tangential ve-
locity inside the vortex core. Although NOx formation for different
contraction ratios were comparable with gaseous fuel, the dramatic
influence on the temperature distribution and NOx emissions of liq-
uid spray combustion emphasizes the importance of downstream
boundary conditions.
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