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Abstract  This paper presents an experimental investigation of the turbulent reacting flow in a swirl combustor 
with staged air injection. The air injected into the combustor is composed of the primary swirling jet and the secon-
dary non-swirling jet. A three dimension-laser particle dynamic analyzer (PDA) was employed to measure the in-
stantaneous gas velocity. The probability density functions (PDF) for the instantaneous gas axial and tangential ve-
locities at each measuring location, as well as the radial profiles of the root mean square of fluctuating gas axial and 
tangential velocities and the second-order moment for the fluctuating gas axial and tangential velocities are ob-
tained. The measured results delineate the turbulence properties of the swirling reacting flow under the conditions 
of staged combustion. 
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1  INTRODUCTION 
Swirl combustion is found in a wide variety of 

thermal power engineering devices including swirl 
combustors, cyclone combustors, and swirl burners. 
Swirl provides an effective aerodynamic means to 
stabilize the flame, control the combustion process, 
enhance the heat and mass transfer, prolong the fuel 
residence time, and increase the combustion effi-
ciency[1,2]. For achieving good combustion perform-
ance as well as low pollutant emission, swirl should 
be properly utilized and controlled. Swirl combustion 
has to be integrated with other combustion techniques. 
Among them, staged combustion is adopted in many 
swirl combustor and burners[3,4]. It could be realized 
by utilizing staged air injection.  

Many experimental studies on turbulent reacting 
flows in swirl combustors have been conducted by 
employing a laser Doppler anemometer (LDA) sys-
tem[5―12]. Detailed distributions of the time-averaged 
and fluctuating gas axial, radial, and tangential veloci-
ties and the probability density functions (PDF) for 
instantaneous gas axial and tangential velocities are 
obtained under different circumstances. They provide 
useful data for combustor design and optimization, 
and also for validating combustion models. However, 
only limited studies were conducted for measuring 
turbulent reacting flows in swirl combustors with 
staged air injection. 

To meet the needs of developing swirl combus-
tion technology leading to low NOx emission, the tur-
bulent swirling reacting flow in a combustor with 
staged air injection was experimentally studied re-
cently. The instantaneous gas velocity is measured by 
utilizing a three dimension-laser particle dynamic 

analyzer (PDA). A flue gas analyzer was employed to 
measure the time-averaged gas temperature and spe-
cies concentrations. The time-averaged gas axial and 
tangential velocities, temperature, and species concen-
trations and some of the statistical properties of the 
instantaneous gas velocity were reported in Ref.[13—
15]. The obtained gas turbulence properties from the 
measurement are presented in this paper, including the 
PDF for instantaneous gas axial and tangential veloci-
ties, root mean square of axial and tangential fluctuat-
ing velocities, and second-order correlation moment 
for axial and tangential fluctuating velocities. These 
measured data may provide the basis for a better un-
derstanding of the turbulence and reaction mechanism 
of staged swirl combustion. They are also helpful to 
the formulation of theoretical model properly describ-
ing turbulence-reaction interactions. 
 
2  EXPERMENTAL FACILITY 

A test facility for swirl combustor was designed, 
fabricated, and set up. Fig.1 shows schematically the 
cylindrical swirl combustor with coaxial jets. The 
primary swirling air jet and the secondary 
non-swirling air jet are injected into the combustor 
through the inner and outer annular ducts, respectively, 
which forms a staged air injection. The gaseous fuel 
jet enters into the combustor through the coaxial cen-
ter tube. A swirler with fixed vanes is placed in the 
inner annular duct to impart swirl to the primary air jet. 
The inside wall of the combustor is lined with refrac-
tory material to reduce heat loss to the surrounding. 
The inner diameter of the combustor is 160mm. The 
center fuel tube has an inner diameter of 8mm. The 
inner and outer diameters of the annular duct for the 
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primary air jet are 14 and 40mm, respectively. The 
annular duct for the secondary air jet has inner and 
outer diameters of 44 and 58mm, respectively. The 
length of the combustor is set at 1000mm. As shown 
in Fig.1, three windows, each with a length of 150mm 
and width of 95mm, are opened sequentially along the 
height of the combustor wall, where quartz glass is 
placed to allow the access of optical measurement. 

A DANTEC PDA system was employed for the 
measurement of turbulent reacting gas flow in the 
swirl combustor. The PDA system includes an ar-
gon-ion laser, Bragg cell optical frequency shifter, 
transmitting optics, receiving optics, photomultipliers, 
three-dimensional traversing mechanism, data proc-
essor, and PC computer. The receiving optics collect 
signals in the backward scatter directions. The PDA 
makes use of the phase Doppler principle for simulta-
neous measurement of the instantaneous velocity as 
well as the size of seed particles in a flow field. The 
velocity measurement is based on the Doppler fre-
quency shift of the signal scattered by the seed parti-
cles, while the size measurement is obtained from the 
phase shift among the scattered signals received by 
three photodetectors at separate spatial locations. The 
errors associated with the measurement of velocity 
and size of spherical seed particles are within 1% and 
3%, respectively. 

A small amount of seed particles has to be pro-
vided into the swirl combustor for the PDA experi-
ment. The basic requirements for seed particles are 
high temperature endurance and free of agglomeration 
in reacting flows. Fine alumina (Al2O3) particles with 
nominal diameter of 3μm were chosen as seed parti-
cles in the present PDA measurement. The seed parti-

cles to be used in the experiment are placed in the bed 
of a fluidization feeder. During the measurement, a 
part of primary air is injected into the particle bed of 
the feeder. Some of the particles are elutriated to the 
freeboard of the fluidization feeder and may exit from 
the feeder with the entraining gas flow. The particles 
and air escaped from the feeder mix with another part 
of primary air and then they are injected together into 
the combustor. The gas flow rate through the particle 
feeder is cautiously controlled in the test to ensure 
sufficient PDA data collection rate and, in the mean 
time, to avoid particle contamination on the optical 
windows of the test section. 
 
3  TEST CONDITIONS 

PDA measurement of the instantaneous gas ve-
locity was performed for three cases of turbulent re-
acting flow in the swirl combustor with staged air in-
jection shown in Fig.1. The gaseous methane fuel with 
purity of 99.9% is axially injected into the combustor. 
Both air and methane are in the room temperature. 
The swirler is placed in the inner annular duct, which 
leads to swirling flow for the primary air jet. The sec-
ondary air jet through the outer annular duct is 
non-swirling. Table 1 lists the test conditions. It is 
seen that cases 1 and 2 are different in the total air 
flow rate, while the ratio of the secondary air flow rate 
to the total air flow rate is almost equal. Thus they 
have different axial velocities or Reynolds numbers 
for both primary and secondary air jets. Cases 1 and 3 
differ in the ratio of the secondary air flow rate to the 
total air flow rate. 

The instantaneous gas axial and tangential ve-
locities were measured on four cross sections in the 

 
Figure 1  Swirl combustor with staged air injection 

Table 1  Test conditions 

Cases 
Fuel flow 

rate, m3·h－1 
Total air flow 
rate, m3·h－1 

Ratio of secondary 
air flow rate to total 

air flow rate, % 

Swirl number 
for primary air 

jet 

Axial velocity 
of primary air 

jet, m·s－1 

Axial velocity 
of secondary 
air jet, m·s－1 

Reynolds 
number for 

primary air jet

Case 1 0.52 9.2 32.6 0.69 1.562 0.743 2870 

Case 2 0.52 6.0 33.3 0.69 1.008 0.495 1850 

Case 3 0.52 8.3 19.3 0.40 1.688 0.396 3100 
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swirl combustor. They are located at x/R=0.69, 1.06, 
1.81, and 3.19, respectively. It is noted that the axial 
coordinate (x) starts from the inlet plane of the com-
bustor and R represents the inner radius of the com-
bustor. On each cross section, the gas velocity was 
measured at nine different radial locations from the 
central axis to the wall with the interval of 10mm. The 
total number of data to be sampled by the PDA is set 
at 3000 or the consecutive sampling time is set to be 
360s for each measuring location in the present test. 
The measurement performed at each location should 
satisfy either of these criterions. As a result, the num-
ber of effective data taken by the PDA exceeds 1500 
at most of the measuring locations. Thus, the statisti-
cal turbulence properties of the flow field could be 
obtained from the measured data of instantaneous gas 
velocity. 

The agglomeration of seed particles could not be 
fully eliminated in the reacting flow with high gas 
temperature. The agglomerated particles with large 
size do not follow the gas flow closely. To reduce the 
errors for the gas flow measurements, the data taken 
from the seed particles with relatively large size are 
excluded in the PDA data processing. While only the 
data provided by the seed particles with diameters of 
less than 20μm are processed presently. These parti-
cles have a mean diameter of around 10μm and their 
velocities are much close to and can be taken as the 
gas velocities. 
 
4  RESULTS AND DISCUSSION 

From the measured time series data of instanta-
neous gas axial and tangential velocities by the PDA, 
the probability density functions for the instantaneous 
gas axial and tangential velocities at each measuring 
location are statistically obtained. Figs.2(a)-2(b) and 
3(a)-3(b) depict the PDF for the gas axial velocity on 
the cross sections of x/R=0.69, 1.06, 1.81, and 3.19 
respectively for Case 1. The radial coordinate (r) 
shown in these figures starts from the central axis of 
the combustor. It is seen from these figures that the 
PDF for the instantaneous gas axial velocity at each 
measuring location is approximately a Gaussian dis-
tribution. However, the PDFs exhibit different patterns 
and peak values at different locations. On the same 
cross section, the peak value of the PDF for the gas 
axial velocity decreases with decreasing radial dis-
tance. The instantaneous gas axial velocity becomes 
scattered as the radial distance decreases. Thus the 
turbulent fluctuation for the gas axial velocity is rela-
tively strong in the central region. On the same radial 
locations near the combustor wall, the peak value of 
the PDF for the gas axial velocity exhibits a gradual 
decrease with the axial distance. The instantaneous 
gas axial velocity becomes increasingly scattered as 
the axial distance increases. Consequently, the turbu-
lent fluctuation for the gas axial velocity increases 

gradually along the axial direction in the near wall 
region. The PDFs shown in Figs.2,3 suggest that the 
gas axial velocity has relatively large fluctuations in 
the central and downstream regions of the combustor. 

 
Figure 2  PDF for the instantaneous gas axial velocity at 

x/R=0.69 and 1.06 for Case 1 
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Figure  3  PDF for the instantaneous gas axial velocity at 

x/R=1.81 and 3.19 for Case 1 

Figures 4(a), 4(b) and 5(a), 5(b) present the PDF 
for the instantaneous gas tangential velocity on the 
cross sections of x/R=0.69, 1.06, 1.81, and 3.19, re-
spectively for Case 1. In general, the PDF for the gas 
tangential velocity at each measuring location is close 

to a Gaussian distribution. However, the peak value of 
the PDF for the gas tangential velocity is lower than 
that for the gas axial velocity at the same location. The 
instantaneous gas tangential velocity is obviously more 
scattered than the instantaneous gas axial velocity. As 

Figure  4  PDF for the instantaneous gas tangential veloc-
ity at x/R=0.69 and 1.06 for Case 1 

 



Chinese J. Ch. E. (Vol. 14, No.5) 

October, 2006 

638 

a result, the turbulent fluctuation for the gas tangential 
velocity is larger than that for the gas axial velocity. In 
the upstream region of the combustor, the peak value 
of the PDF for the gas tangential velocity is seen to 
decrease with decreasing radial distance on the same 

cross section. The instantaneous gas tangential veloc-
ity tends to be increasingly scattered as the radial dis-
tance decreases, indicating that the turbulent fluctua-
tion for the gas tangential velocity is relatively strong 
in the upstream central region. It is seen that the PDF 
for the gas tangential velocity deviates from the Gaus-
sian distribution on the downstream cross section of 
x/R=3.19, where the instantaneous tangential velocity 
tends to be much more scattered and the turbulent 
fluctuation for the gas tangential velocity becomes 
large. Thus the fluctuation for the gas tangential ve-
locity shows a more complex pattern than that for the 
gas axial velocity in the present case of swirling re-
acting flow. 

The root mean square of fluctuating gas axial and 
tangential velocities and the second-order moment for 
the gas axial and tangential fluctuating velocities are 
further yielded from the measured instantaneous gas 
axial and tangential velocities. Fig.6(a) shows the dis-
tribution of the root mean square of fluctuating gas 
axial velocity for Case 1. It is seen that the fluctuating 
gas axial velocity is relatively high in the central re-
gion and low in the near wall region. The peak in its 
profiles is located in the central region, where the ini-
tial mixing and combustion occurs.  Along the flow 
direction, the fluctuating axial velocity in the near 
wall region increases gradually, while the peak value 
in the profiles experiences no obvious change. It is 
seen that the profile of the fluctuating gas axial veloc-
ity tends gradually to be uniform in the downstream 
region. Thus the strength of the axial velocity fluctua-
tion is generally maintained and even enhanced due to 
the staged combustion and flame expanding. 

Figure 6(b) presents the distribution of the root 
mean square of fluctuating gas tangential velocity for 
Case 1. The fluctuating gas tangential velocity is rela-
tively high near the central axis and low near the wall 
in the upstream region. It experiences large variations 
along the flow direction. Its magnitudes become large 
in the downstream cross section of x/R=3.19, where 
two peaks in the profile are found near the axis and 
the wall. The results imply that the circumferential 
flow may contain some large-scaled fluctuation as a 
result of flame expanding and staged combustion. 
Comparing Fig.6(b) with Fig.6(a), it is seen that the 
magnitude of the fluctuating gas tangential velocity is 
obviously larger than that of the fluctuating axial ve-
locity. Thus the gas turbulence exhibits a non-isotropic 
feature in the swirling reacting flow. 

Figure 6(c) shows the distribution of the sec-
ond-order moment for the gas axial and tangential 
fluctuating velocities or the axial-tangential Reynolds 
shear stress ( u w′ ′ ) for Case 1. The absolute magni-
tudes of u w′ ′  are relatively high in the initial central 
region and low in the near wall region, indicating that 
the shear stress and turbulent transport is relatively 

Figure  5  PDF for the instantaneous gas tangential veloc-
ity at x/R=1.81 and 3.19 for Case 1 
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strong in the initial central region. It is seen that the 
magnitude of u w′ ′  decays gradually along the flow 
direction and approaches zero on the cross section of 
x/R=1.81. However, the absolute magnitude of u w′ ′  
becomes relatively large again on the downstream 
cross section of x/R=3.19 due to the staged combus-
tion. 

Figures.7(a)—7(c) present the radial profiles of 
the root mean square of fluctuating gas axial and tan-
gential velocities and the gas axial-tangential Rey-
nolds shear stress for Case 2. This case has relatively 
lower Reynolds numbers for the primary and secon-
dary air jets than Case 1. It is seen that the fluctuating 
gas axial and tangential velocities are high in the cen-

tral region and relatively low in the near wall region. 
The peak in the profile of the fluctuating gas axial 
velocity increases along the flow direction as a result 
of staged combustion. The fluctuating gas tangential 
velocity experiences quite complex variation along the 
axial direction. Its magnitude is several times larger 
than that of the fluctuating gas axial velocity. The gas 
axial-tangential Reynolds shear stress is relatively 
strong in the central region and weak in the near wall 
region. 

Figures.8(a)—8(c) show the radial profiles of the 
root mean square of fluctuating gas axial and tangen-
tial velocities and the axial-tangential Reynolds shear 
stress for Case 3. The ratio of the secondary air flow 
rate to the total air flow rate for this case is lower than 

Figure 6  Fluctuating gas axial and tangential velocities and second-order moment for the fluctuating gas axial and 
tangential velocities for Case 1 

Figure 7  Fluctuating gas axial and tangential velocities and second-order moment for the fluctuating gas axial and 
tangential velocities for Case 2 
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that for Case 1. The staged air injection becomes rela-
tively weak. The peak in the profile of the fluctuating 
gas tangential velocity is located near the wall. Its 
variation is not quite obvious along the axial direction. 
The profile of the fluctuating gas axial velocity has a 
peak near the central axis. As a result of staged com-
bustion, the fluctuating gas axial velocity experiences 
large variation and tends to increase along the flow 
direction. The axial-tangential Reynolds shear stress is 
weak in the initial region and becomes relatively 
strong in the downstream region. 
 
5  CONCLUSIONS 

The turbulent reacting flow in a swirl combustor 
with staged air injection is experimentally studied. 
The measurement by the PDA provides the detailed 
turbulence properties of the combustion processes. 
They are summarized as below: 

(1) The probability density function for the gas 
axial velocity is close to a Gaussian distribution. The 
PDF for the gas tangential velocity is also approxi-
mately a Gaussian distribution in the upstream region 
of the combustor. However, the PDF for the gas tan-
gential velocity deviates from the Gaussian distribu-
tion in the downstream region. 

(2) The fluctuating gas axial velocity and the ab-
solute magnitude of the axial-tangential Reynolds 
shear stress are relatively high near the central axis 
and low near the wall. The fluctuating gas axial and 
tangential velocities remain strong in the downstream 
region due to the staged combustion. The absolute 
magnitude of the axial-tangential Reynolds shear 
stress becomes relatively large in the downstream re-
gion. 

(3) The fluctuating gas tangential velocity is sev-
eral times larger than the fluctuating gas axial velocity. 

The gas turbulence exhibits an obvious non-isotropic 
feature in the swirling reacting flow. 
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