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Laser Doppler Velocimetry Investigation of Swirler Flowfields
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Measurements of three components of mean velocity, turbulent intensities, and Reynolds stress components
have been made for the flowfields of swirlers used in gas turbine combustors. The objective is to provide
benchmark data for comparison with numerical predictions based on models for turbulent swirling flows and to
guide formulation of models that will lead to improved understanding of basic transport processes in reacting
and nonreacting swirling flows. An argon-ion laser with Bragg cell frequency shifting was used in the forward
scatter mode to obtain velocity measurements. Seeding of the flow through the swirler was provided with a TSI
jet atomizer using a glycerol and water mixture (50/50). Swirlers with blade angles of 20, 40, and 60 deg and
solidity of 1.17 were carefully machined to provide minimum disturbance to the flow. The number for vanes and
the diameter of the hub were changed as the swirl vane angle was changed so that the solidity remained the same.
Two supply pressures were used: 750 and 1500 mm HiO. Data are provided on geometry, reverse flow velocities,
and turbulence intensity in the recirculation zones. Turbulence was found to be nearly isotropic. Peak tangential
velocities were found at the swirler exit with the 40-deg swirler. This finding is in agreement with the direct force
measurements of thrust and torque that were found to be higher for the 40-deg swirler than for the 20- and
60-deg swirlers. The size and strength of the recirculation zone were also found to be highest for the 40-deg
swirler.

Nomenclature
d = diameter of the swirler
Gx = axial flux of linear momentum
G<£ = axial flux of angular momentum __ __
k = turbulent kinetic energy s 1 /2(u '2 + v '2 + iv'2)
P = static pressure
R = radius of the swirler
r = coordinate perpendicular to the jet axis
rh = hub radius
S - swirl number
w,v,w = mean velocities in the x, r, and z directions,

respectively
u ', v ', w ' = turbulent fluctuation velocities in the x, r, and
__ ___ z directions, respectively
u ' v ', u ' w ' = Reynolds stress components
x - coordinate parallel to the jet axis
z = coordinate perpendicular to both the jet axis

and the r coordinate (the angular direction)
p = density of the air
a = solidity
0 = swirl vane angle
\l/ = blockage factor

G
Introduction

•AS turbine burners consist of a central atomizer through
which liquid passes to form a spray surrounded by an
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annular swirler through which air from the compressor passes
into the primary zone of the combustor. There is growing
recognition among designers and users of gas turbine engines
that the spray and its interaction with the air flowfield can be
the root cause of practical problems associated with reduced
combustion efficiency, emission of pollutants, radial and cir-
cumferential flame nonuniformities, high temperature gas im-
pingement on surfaces, and nonuniform mixing.

For aircraft, requirements are most stringent, and increas-
ing demands are being made on atomizer and swirler perfor-
mance over all flight conditions likely to be encountered.
Much greater effort is being expended on very accurate ma-
chining and maintenance of surfaces over which there is flow
of liquid and air in order to maintain radial and circumferen-
tial symmetry in the spray and jet flows. Detailed measure-
ments have been made separately in air assist sprays of distri-
butions of drop size, drop velocity, and air velocity as a
function of nozzle geometry, liquid and air flow rates, and
supply pressures.1'2 There is, however, a strong interaction
between the spray and swirler air flow that has not been
studied and documented. Clear visual evidence that changes in
swirler air flow pattern can cause important changes in spray
angle and spray penetration, whereas, conversely, changes in
spray pattern cause changes in the swirler air flowfield as a
result of entrainment and momentum exchange.3 An extensive
and comprehensive program of research has been initiated to
study these interactions and ultimately to demonstrate their
influence on combustion performance. This research is ex-
pected to influence the design of atomizers and swirlers for gas
turbines.

Swirling jets are usually generated by swirlers with hubs to
accommodate the fuel injection nozzle. In gas turbine com-
bustion, the air enters the swirler directly from the compressor
and after passing through the swirler interacts with the fuel
spray. This swirling jet establishes the flowfield that influences
atomization and the spray pattern; these have important influ-
ences on flame characteristics and combustor performance.
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The purpose of this study is to make detailed velocity and
turbulence measurements in flowfields generated by angled
vane swirlers with different geometries.

The most detailed measurements of swirling jets reported in
the literature are for swirl generators with axial-plus-tangen-
tial entry. The swirling air emerges from a cylindrical pipe
with no disturbance from vanes. Studies also have been made
of swirling annular jets. In the earliest studies, velocity was
measured by five-hole impact probes, later studies were made
with hot-wire anemometers, and some results have been re-
ported on measurements made by laser anemometry. These
results are reviewed in books by Beer and Chigier4 and Gupta
et al.5 as well as in the papers by Chigier and co-workers.6'8
The design of swirlers and combustors is discussed by Lefeb-
vre9 and Martin.10 Fujii et al.11 used laser Doppler velocimetry
to make measurements in swirling jets with and without com-
bustion. Ramos and Sommer12 used a two-color LDV to mea-
sure swirling flow in a research combustor. Sislian and Cus-
worth13 measured detailed turbulence characteristics in a
strongly swirling free isothermal jet. In furthering our under-
standing of swirling jets, the following questions are being
addressed: 1) What is the basic difference between flowfields
in swirling jets when generated by axial flow vane swirlers
compared to axial-plus-tangential entry swirl generators? 2)
For each type of swirl generator, if the same swirl number is
generated, are the jets the same? 3) If not, what additional
criteria are required to characterize swirling jets? 4) Does the
shape of the initial velocity profiles have an influence on jet
behavior? 5) If two jets are generated with the same swirl
number but different initial profiles, is the subsequent devel-
opment of each jet the same or different?

Flame Stabilization by Swirl
When the angular-to-linear momentum ratio exceeds a criti-

cal value, a toroidal vortex-type recirculation zone is set up in
the central region of the jet close to the burner. This toroidal
vortex system plays an important role in flame stabilization
since it constitutes a well-mixed zone of hot combustion prod-
ucts that provides a continuous supply of heat and chemically
active species to the main flow. Turbulence intensities are high
(~ 100%), allowing high rates of heat and mass transfer by
turbulent transport from the recirculation zone to the main
stream. Recirculation zones in swirling jets are similar to those
produced by bluff bodies, but there are some important differ-
ences between the two systems. For bluff bodies, the width
and length of the recirculation zones are mainly dependent on
the bluff body diameter with some additional influence of the
geometric form (forebody geometry) of the bluff body. Recir-
culation zones in swirling jets are aerodynamic. In the case of
hub swirlers, the recirculation zone is governed by the hub
diameter at low degrees of swirl; as the degree of swirl is
increased, the length of the recirculation zone is progressively
increased with little change in the breadth, which remains
close to the hub diameter. The reverse flow zone in swirling
jets has many of the characteristics of a well-stirred reactor.
The temperature and gas composition are almost uniform.
This well-stirred zone is fluid dynamically confined by the
surrounding flow. The levels of temperature and gas composi-
tion within the recirculation zone can be controlled by the
amount and nature of the fuel injected into the zone, and the
aerodynamic control for mixing and reaction is achieved by
varying the degree of swirl. Means are thus available for
controlling the rates of formation and reaction of carbon and
oxides of nitrogen. Optimum conditions can be found for
minimum emission of pollutants.

Several studies comparing burning and nonburning flows
show contradictory evidence of the effect of the heat release
on turbulence. Gouldin et al.14 and our previous study4 of
flows with high degrees of swirl and high turbulence intensity
showed that heat release results in very little change on the
flowfield and turbulence. For a swirl number of 2.2, measured
maximum reverse mass flow rates were 80% of input mass

flow rate under nonburning conditions and 70% for burning
conditions.4 The enhancement in turbulence due to chemical
reaction is so small in comparison to the isothermal turbulence
level that it has a negligible effect on the turbulent flowfield.

Recirculation Zone
The determination of the mass flow rates within the recircu-

lation zone is of particular importance for determining the
effectiveness of the zone for flame stabilization. Mass flow
rates within the reverse flow zone and across the reverse flow
zone boundary provide a measure of the strength of the recir-
culation zone. Boundaries of the reverse flow zone are deter-
mined from positions where velocity changes direction from
reverse flow to forward flow. Integration of the reverse flow
velocity profiles yields the proportion of the main stream fluid
that flows back toward the burner. The recirculation eddy is a
closed loop, driven by the main stream such that there is no
net mass flow across its boundaries. The boundary of the
recirculation eddy is determined by radial points at which the
forward mass flow equals the reverse mass flow at the axial
station. This boundary coincides with the zero streamline that
is also determined from integration of the radial distributions
of axial velocity. Reverse mass flow rates are determined by

(1)mr = 2ir \ pur dr

where rb is the radius at which the axial mean velocity u is
equal to zero.

The boundary of the recirculation eddy is larger than that of
the reverse flow region, but the boundaries meet at the separa-
tion point at the burner exit and at the downstream stagnation
point. When the recirculation eddy is not attached to a solid
surface, the two boundaries coincide at the forward (up-
stream) stagnation point. The center or "eye" of the eddies is
on the reverse flow boundary. There is no net mass transfer
across the reverse flow zone boundary. All heat transfer by
convection from the reverse flow zone to the main forward
flow stream takes place between the separation edge and the
line of the vortex center. In addition to this convective flow,
heat and mass are exchanged by turbulent diffusion between
the reverse flow and main forward flow. The combustion
wave is stabilized within the recirculation eddy where the
forward flow velocity is low enough to match the local burn-
ing velocity and where there is a continuous supply of heat and
chemically active species. This aerodynamic interaction per-
mits a flame to be stabilized over wide ranges of approach
flow velocities and mixture ratios.

Bluff Body Effect of Swirler
The flow through the swirier is annular, resulting in recircu-

lation eddies in the wake of the hub. The size of the recircula-
tion zone increases directly with the increase in the diameter of
the hub. Flame stabilization could be achieved for low air
velocities with mixture ratios near stoichiometric by this hub
recirculation zone. As air velocities are increased and as mix-
ture ratios deviate from stoichiometric, it is necessary to
strengthen this recirculation zone by introducing swirl intD the
annular jet. There is general acceptance that recirculation
zones are necessary for flame stabilization. As the mass flow
rate and the flow velocity are increased, larger and stronger
recirculation zones are required to stabilize a flame. The ex-
tent to which swirl is needed is not clear. If recirculation zones
of the same size and strength are generated by bluff body and
swirl, they may be equally effective for flame stabilization.
Since air flows through swirlers, fuel and carbon deposition
on surfaces is greatly reduced compared to solid face bluff
body flame stabilizers.

Design of Swirlers
In the gas turbine industry,9'10 swirlers have been shown to

be effective in controlling the spray angle and placement of
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fuel and improving atomization. Both the air and fuel are
normally swirled. Swirlers are designed for ease and economy
of manufacture as well as for efficiency of operation. Types of
swirler that are commonly manufactured are based on 1)
drilled circular holes, 2) straight slots, 3) fabricated curved
vanes, 4) fabricated straight vanes, and 5) helical slots. The
resistance coefficient is dependent on the gap/chord ratio. A
cascade of annular axial swirl vanes with a gap/chord ratio
resulting in a small resistance coefficient is considered most
desirable. When the gap varies with radius, variable chord
vanes are used to maintain a constant gap/chord ratio. Pres-
sure drop with curved vanes is lower than with flat vanes.
Helical swirlers have blade angles constant with radius inde-
pendent of rotational angle along the blade.

Blockage factor is defined by

_ Total frontal area blocked by thickness of blades
Total inlet frontal area with zero thickness

Solidity is defined by

Inlet/frontal swirl vane projected area
(7 = ————————————————————————————————————

Total unblocked swirler inlet area

i.e., "see through" or apparent blockage.
The effectiveness of swirlers can be tested globally by exam-

ining the effects of change in swirler design on atomization,
spray, and combustor performance. From a fundamental
point of view, the purpose of the swirler is to generate a
swirling jet that interacts with the spray. More information is,
therefore, required on the nature of swirling jets generated by
swirlers with different geometries. A wide range of exit axial
and swirl velocity profiles can be generated by swirlers. Axial
velocity profiles may be uniform, monomodal with a peak
near the nozzle outer wall, or multimodal. Swirl velocity pro-
files can approximate a) solid body rotation with a linear
distribution having a peak near the nozzle outer wall, b) a free
vortex with a peak near the nozzle inner wall, and c) a Rankine
vortex with a solid body core and a free vortex in the outer
region. The peak velocity will be between the inner and outer
walls of the nozzle.6 The growth, entrainment, decay, and
recirculation of jets with different initial velocity profiles will
be significantly different. These differences ultimately influ-
ence combustor performance. It would be most useful if corre-
lations could be established between swirler design parame-
ters, including vane angle, number of vanes, curvature, gap
size, chord, hub diameter, etc., and swirling jet characteris-
tics. Consideration also must be given to efficiency of swirl
generation, defined as kinetic energy in swirling jet divided by
the drop in static pressure across swirler x effective flow area
through swirler.

Only part of the pressure drops across the swirler reappears
as kinetic energy of the subsequent swirling flow. The remain-
der is "lost" as mechanical energy, but part of it appears as
turbulence in the flow.

Swirl Number
The swirler number was first introduced6 on the basis that

the axial flux of linear momentum

(pu2+p)rdr

and the axial flux of angular momentum

f°°G$ = 2?r I puwr2 dr
Jo

(2)

(3)

are conserved along the length of a swirling jet. Also the radial
pressure distribution is balanced by the centrifugal forces

dp w2

— = p—dr P r (4)

In a more comprehensive theoretical analysis,7 the govern-
ing equations for turbulent axisymmetric swirling flow were
integrated using the boundary conditions at the centerline and
the jet boundary.

Taking into account the velocity fluctuations, the axial flux
of axial momentum becomes

Gx = [p(u2 + u'2) + (p -, dr (5)

Integration of the second equation of motion yields

Jo L Jo

Introducing Eq. (6) and Eq. (5)

Gx = 2irp

>'2)rdr (6)

(7)

and the axial flux of angular momentum, including the x - </>
turbulent shear stress term, is

G<j> = 2-Kp (uw + u ' w ')r2 dr
Jo

The swirl number is defined by

(8)

(9)

This is evaluated by integration of the measured velocity
and shear stress profiles at each axial station of the jet. An-
other criterion for indicating the strength of swirl is based on
the ratio of the peak values of swirl and axial velocity at the
nozzle exit

G = (10)

For the special case of solid body rotation flow with a
uniform distribution of axial velocity at the orifice

G/2
l-(G/2)2 (U)

For degrees of swirl higher than 0.4 where the major portion
of the fluid leaves the nozzle at the outer edge, the following
relation was recommended by Chigier and Chervinsky7:

G/2
I-(G/2)

(12)

In the case of a swirler, it has been suggested4 that the
swirler number is only dependent on the swirler geometry. For
a swirler with hub diameter dh, nozzle outer diameter d, and
swirl vane angle <£,

tan0 (13)

Direct measurement of thrust and torque of the jet gives

Torque
Thrust (R)

(14)

In previous determinations of swirl number, the outer ra-
dius of the nozzle R has been selected as the characteristic
length scale for the swirl number. For higher degrees of swirl,
the major portion of the flow leaves the orifice near the outer
radius of the nozzle.

In this study, we have compared calculations of the five
swirl numbers Si-S5. S\ is based on integration of mean and
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Swirl angle = 20°
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Fig. 1 Air swirler configurations.

fluctuating velocity components. It is very sensitive to the
accuracy of the velocity measurements. Near the jet boundary,
velocities are low, but because of the large radius, small inac-
curacies in velocity measurement can have large influences on
the integration. Significant differences can be expected be-
tween results reported in this study compared with previous
results made by pitot tubes in which no fluctuating velocity
components were measured. Furthermore, it has been as-
sumed in the past7 that the turbulence was isotropic, i.e.,
Wrms ~ tV™ ~ wr'ms so that u '2 - 0.5(w '2 + v/2) « 0. Our mea-
surements show that this term is_nonzerp_ and can be of the
same magnitude or larger than w2 — 0.5w2.

Swirl number 52 is based upon the approximation of solid
body rotation and uniform axial velocity at the nozzle exit.
Our measured profiles show that neither of these approxima-
tions is true. This leads to the conclusion that the shape of
velocity profiles at the nozzle exit has a strong influence on the
jet. Swirl number 53 was derived by comparison with measure-
ments at higher degrees of swirl (>0.4). There is no reason to
believe that this is a generally applicable equation.

In the case of a swirler with fixed vanes, we expect the flow
to be guided over the vanes to generate a swirling jet. The swirl
angle of the vanes <j> has the most important influence on
generating swirl. As the angle exceeds 40 deg, however, block-
age of the flow by the vanes becomes serious, depending upon
the number of vanes, and flow separation and stall can occur.
The direct measurement of thrust and torque is a global mea-
sure of the forces exerted by the jet. The accuracy of these
measurements is very dependent on the measurements of load
and containment of all the jet. Sufficient information has been
obtained in this study to calculate swirl numbers Slf 54, and 55.
Because of the different methods used to measure and calcu-
late each of the swirl numbers, they cannot be expected to
yield the same results.

Experiments
Swirlers

Figure 1 shows the configuration of flat vane axial swirlers
used in this study.10 All three swirlers have the same outer
diameter of 23 mm and are set back 10 mm from the flow exit.
The length of the swirlers varies from 11 mm for the 20-deg
swirler to 5 mm for the 60-deg swirler, whereas the the hub
diameter varies from 18 mm for the 20-deg swirler to 7 mm for
the 60-deg swirler. The swirler exit is designed to be located 10
mm behind (upstream from) the nozzle exit. Air flow emerges
from the swirler as a series of jets between the individual vanes
of the swirler. These individual jets merge in the annular
passage between the swirler exit and nozzle exit. Radial and
circumferential velocity traverses made at the nozzle exit show
that the flow is axisymmetric without a trace of the individual
jets that emerge between the vanes. The annular gap width is
5 mm for the 20-deg swirler and 16 mm for the 60-deg swirler.

Table 1 Test conditions
Air pressure: 750 mm H2O and 1500 mm
Laser Doppler anemometer:

4-W argon-ion laser with 15 deg off axis in forward detection
configuration with Bragg cell frequency modulation

Measurement planes: x/d = 0.1, 1, 2, 4, and 8
Measured quantities: ___ ___

U, V, W, Mrms, Urms, Wrms, u'v', u'w', and A:
Number of signal counts for each data point = 10,000

These different geometries result in different initial widths for
the recirculation zones according to the differences in the hub
diameters and in different rates of decay of velocity and
turbulence that are a function of the initial annular gap width.
The selection of the design parameters of hub diameter, blade
angle, swirler blade depth and thickness, and number of
blades was based on industrial experience in the design of
burners for aircraft gas turbine engines.10

Experimental Configuration
The swirlers were mounted vertically with air supplied from

a compressor. Pressures were measured upstream from the
swirler. The swirler was fitted to the frame of a three-dimen-
sional traversing mechanism that was controlled by computer
via dc stepping motors. The air jet was directed vertically
downward into stagnant air. A cylindrical wire mesh screen
surrounded the air jet to reduce the influence of air currents in
the laboratory. Test conditions are given in Table 1. Measure-
ments were made of three components of mean velocity, tur-
bulence intensity, and two components of shear stress. The
swirlers were first tested at Parker Hannifin where the direct
thrust and torque were measured in a test stand. These results,
which are used to calculated swirl number S5, show that the
maximum thrust and torque were generated by the 40-deg
swirler.

Laser Anemometer
Velocity measurements were made using a TSI laser

Doppler velocimeter operating in the dual-beam, single-com-
ponent, forward-scatter mode. The principle of orienting
wires at 45 deg for making shear stress measurements using
hot-wire anemometry is well established (as recommended in
the TSI instruction manual). The same principle was adopted
for orienting the measurement volume in single-component
LDV systems. We and others have shown that there is no
significant difference between shear stress measurements
made with one- and two-component LDV systems. The trans-
mitting lens had a focal length of 574 mm. The spacing of the
interference fringes of green beams in the probe volume was
13.4 /*m. The selection of the size of our probe volume had to
take into account the upper limit of velocity. For the higher
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injection pressure (1500 mm H2O), the highest frequency filter
(TSI 1980 system) together with the frequency modulator of
40 MHZ had to be used to include measurement of velocities
up to 120 m/s. With the available optics and electronics of our
system, our measurement volume had a length of 2.23 mm
(major axis) and a diameter of 0.376 mm (minor axis).

The orientation of the ellipsoidal measurement volume was
such that the minor axis coincided with the radial direction of
the swirier for the radial (v) and axial (u) velocity component
measurements. It was possible to measure the axial (u) compo-
nent at two different orientations. One of these allowed the
minor axis of the ellipsoid to be in the radial direction with
better spatial resolution, since the maximum gradients are in
this direction. The circumferential (w) velocity component
was measured with the minor axis of the probe volume perpen-
dicular to the radial direction. The circumferential (w) compo-
nent could not be measured with the radially directed minor
axis configuration.

The maximum gradients were observed in the exit plane that
is at x/d = 0.1 and for the 20-deg swirler. The maximum
variation of the mean velocity was found to be 34% of the
maximum velocity in this plane. In the downstream flow direc-
tion, the gradients gradually decreased and the error due to
spatial resolution was not as large. In the next plane that is at
x/d = 1, the maximum variation of velocity was reduced to
26%.

Light scattering from the seed particles in the probe volume
was collected in the forward off-axis direction at an angle of
15 deg from the optical axis after passing through a pin hole
aperture 0.2 mm in diameter. For on-axis collection, the probe
length would have been 19.6 mm. The entire optical system
was carefully aligned, calibrated, and rigidly mounted on mas-
sive optical tables. The transmitting optics could be rotated
360 deg with respect to the optical axis.

Signals were processed by a TSI 1980 counter-type signal
processor with continuous monitoring on a Tektronics 465
oscilloscope. Data reduction was performed on a MINC com-
puter. Average data rates were 3000/s in the central flow and
about 500/s at the edges of the flow. For each data point,
10,000 individual realizations were averaged.

The sampling rate of the processor may be limited by the
computer buffer, or a time interval between successive mea-
surements can be imposed intentionally so as to provide a
saturable detector. Therefore, every particle is not detected,
and an approximate constant time interval sampling is
achieved. The sampling rate is less than the particle arrival
rate.

Particle density = 6 x 1012 particles/m3 (the generation rate
of the TSI six-jet atomizer), and u = 54 m/s (maximum axial
velocity at the exit).

For an ellipsoidal measurement volume with major and
minor axes of 2.23 mm and 0.376 mm, respectively, Ae\np
= 6.585xlO~7 m2 and 3.24x 1014x6.585x 10-? = 2.13x 108

particles/s passes through the measurement volume. How-
ever, the maximum data rate is 3000 data/s. Although the jet
expands further downstream, it is very unlikely that the sam-
pling rate will be higher than the particle arrival rate.

Seeding particles were injected into the air flow from a TSI
jet atomizer using 50/50 glycerol and water mixture. The
maximum particle diameter at the atomizer outlet reached 8
/mi, but less than 1% of the particles had diameters more than
7 ^m according to the TSI model 9306 six-jet atomizer instruc-
tion manual. The mean diameter is 2 ptm at the atomizer
outlet, and the arithmetic mean is less than 1 /mi at the exit of
the 10-ft flexible tubing used to connect the atomizer to the
swirler. The size distribution was measured repeatedly using
the Aerometrics phase-Doppler particle size analyzer. The
maximum particle diameter was found to be about 4 pm. The
change in particle size was due to the condensation of larger
droplets on the flexible tube wall. Some of the droplets were
transported to the space surrounding the jet so that the in-
duced air flow was seeded but at a lower level than the jet

flow. This was observed using the laser sheet flow visualiza-
tion technique.

Errors associated with processing of individual Doppler
bursts can arise. Velocity bias was corrected by using a con-
stant time interval sampling mode. Bias associated with
nonuniform seeding will affect results near the borders of the
jet. Biases associated with incomplete signals and velocity
gradients are considered to be small in view of the frequency
shift used and the relative smallness of the probe volume.
Values of mean velocity components are estimated to be accu-
rate to 4% and turbulence intensities to 8%.

Experimental Results and Discussion
Measurements of mean velocity, turbulent intensities, and

shear stress were made at axial distances x/d = 0.1, 1, 2, 4,

u / u t w / u n

r /R

S = 20°
P = 750mmH2O (
P=1500mmH2O

Fig. 2 Axial and tangential mean velocity profiles normalized by the
maximum axial velocity at the nozzle exit umaXQ for the 20-deg swirler:
Wmaxo is 54.2 m/s at P = 750 mm H2O and 87.1 m/s at P = 1500 mm
H2O.

U / U E

S=40' P = 750mmH2O ( — )
P= 1500mm H2O ( —

Fig. 3 Axial and tangential mean velocity profiles normalized by the
maximum axial velocity at the nozzle exit i/max0 for the 40-deg swirler:
Wmaxo is 54.5 m/s at P = 750 mm H2O and 65.7 m/s at P = 1500 mm
H2O.
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U / U i w / u n

Fig. 4 Axial and tangential mean velocity profiles normalized by the
maximum axial velocity at the nozzle exit wmax0 for the 60-deg swirler:
Wmaxn is 47.9 m/s at P = 750 mm H2O and 65.8 m/s at P = 1500 mm
H20.

and 8 for swirlers with three blade angles, 20, 40, and 60 deg,
and at two supply pressures, 750 and 1500 mm H2O. Profiles
of mean velocity components normalized by the maximum
axial velocity component at the nozzle exit (wmaXQ) are shown in
Figs. 2-4. The axial component profiles show reverse flow
(negative velocity) in the central region up to x/d = 3. Peak
values are off axis. The radial distance of the swirl velocity
maximum also increases with the distance downstream.

When the supply pressure is increased from 750 to 1500 mm
H2O, exit velocities are increased by a factor of 1.4. When the
data are normalized individually by the maximum axial veloc-
ity for each pressure measured at the nozzle exit, there is very
close agreement between normalized profiles at the different
pressures as shown in Figs. 2-4. This shows that flow patterns
are similar at different supply pressures. Jet boundaries and
axial spread are essentially the same. Peak velocities are at
close but not identical radial locations. Provided that turbu-
lent swirling conditions prevail, it can be expected that this
type of similarity will apply for all variations of supply pres-
sure until compressibility begins to influence the flow.

The exit profiles for the supply pressure 750 mm H2O are
compared in Fig. 5. These initial profiles are influenced by the
swirler geometry (Fig. 1). The hub diameter decreases from 18
mm at 20 deg to 7 mm 60 deg while the swirler outer diameter
remains fixed, so that the annular gap through which the
swirling jet emerges is 8 mm for the 60-deg swirler and 2.5 mm
for the 20-deg swirler. These differences in swirler geometry
have important influences on the near flowfield, the recircula-
tion zone, and jet decay. The axial profiles (Fig. 5a) show that
peak values are similar. The reverse flow is highest for the
40-deg swirler. The initial jet width for the 40- and 60-deg
swirlers is greater than that for the 20-deg swirler. For the
20-deg swirler, which has the largest ratio of the hub diameter
to the nozzle gap width, the jet is not well developed due to the
sudden expansion of the flow. This results in a localized
recirculation zone (negative velocity region) near the nozzle
inner wall, and the axial velocity remains zero in the central
region where recirculating flows are not yet established. Initial
swirl velocity profiles (Fig. 5b) show that a Rankine-type
vortex is formed close to the nozzle exit for the 40- and 60-deg
swirlers. The profile has not yet been established for the
20-deg swirler (it does become established further downstream

r(cm)

a)

r(cm)

b)

c)
r(cm)

Fig. 5 Mean velocity profiles measured for the three swirlers at
x/d = 0.1 and P = 750 mm H2O: a) axial profiles, b) tangential pro-
files, and c) radial profiles.
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at x/d = 1). Peak swirl velocities increase from the 20- to the
40-deg s wirier but then decrease for the 60-deg swirler. Peak
swirl velocity at the nozzle exit should be most sensitive to an
increase in the vane angle of the swirler. The results obtained
in this study that exit swirl velocities are lower and the swirl is
weaker with the 60-deg swirler than for the 40-deg swirler
indicate that the 60-deg swirler needs to be redesigned in order
to be more effective. It is believed that this is due to the
increased blockage effect of the 60-deg swirler overriding the
expected increase in swirl. The initial radial velocity profiles
(Fig. 5c) show very low radial velocity components for the
20-deg swirler but a surprisingly high peak of 20 m/s (radially
outward) for the 60-deg swirler. This could be a direct influ-
ence of the swirler blades directing the jet radially outward, at
the expense of not generating high swirl. Negative values
outside the nozzle outer walls (r>1.2 cm) are due to the
induced air flow by the jet. Entrainment from the surround-
ings into the jet generates a radial velocity field that has a
negative sign, i.e., radially inward, toward the axis. There
were sufficient seed particles due to circulation from the jet
into the surrounding air to visualize and measure the flow of
entrained air.

Seeding particles were found to deposit on the face of the
hub. The thickness of the deposit was greatest with the 20-deg
swirler (largest diameter hub). This deposit provides some
indication of the width of the recirculation zone. The deposi-
tion of seeded aerosols was due to a strong internal recircula-
tion of the air. Although there will be no seeded aerosols in
real nozzles, fuel droplets could be trapped and deposited onto
the hub surface (if any) due to the strong recirculation of the
air. This deposit also reflects the probability of deposit of
liquid fuel drops, during combustion * on the face of the hub
that can lead to carbon formation and growth. For the 60-deg
swirler (smallest hub diameter), the degree of swirl is high, and
this results in a divergence of the flow as soon as it leaves the
nozzle exit. For the 20-deg swirler (large diameter hub and low
degree of swirl), the flow, under the influence of the subambi-
ent pressure in the hub wake, converges toward the axis, soon
after exit from the nozzle. Further downstream the flow di-
verges. (This can be seen clearly by tracking the peak locations
of w/MmaX() in Fig. 2.) The bimodal initial tangential profile for
the 20-deg swirler results in a weak recirculation zone and
indicates room for improvement in the design of the swirler.

The centerline axial velocities (Fig. 6) show the extent of the
reverse flow from which the length of the recirculation zones
(L) can be determined; L/d is 2.3 for the 20-deg and 3.1 for
the 40- and 60-deg swirlers. Recirculation zone lengths are
influenced both by hub diameter and swirl number. For weak
swirl the hub diameter predominates, whereas for strong swirl

a)

b)

x/d

Fig. 6 Axial mean velocity measured along the centerline for the
three swirlers at P = 750 mm

c)

Fig. 7 Decay of maximum mean velocities measured for the three
swirlers at P - 750 mm HiO: a) maximum axial mean velocity, b)
maximum tangential mean velocity, and c) maximum radial mean
velocity.
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Fig. 8 Decay of maximum rms fluctuating velocity components mea-
sured for the three swirlers at P = 750 mm FhO: a) axial component,
b) tangential component, and c) radial component.

b)

Fig. 9 Reynolds stress component u ' v ' measured at P = 750 mm
; a) u rv ' at x/d = 0.1, and b) maximum u ' v ' vs x/d.

the swirl number predominates. The peak reverse flow velocity
for 40 deg ( - 20 m/s) is nearly twice that for the 20- and
60-deg swirlers.

Decay of maximum velocities are shown in Fig. 7. Initial
maximum values of ii, v, and w are determined by swirler
geometry and exit profiles. These maxima decay downstream,
and the rate of decay of w (Fig. 7b) is greater than that of u
(Fig. 7a). For the 20-deg swirler, wmax shows an increase and
then a decrease, having a peak at x/d = 1, while for the 40-
and 60-deg swirlers, wmax decreases continuously along x/d.
This is due to the incomplete development of recirculating
zones for the case of the 20-deg swirler as previously dis-
cussed. At x/d = 8, v (Fig. 7c) and w have decayed to less than
5% of their initial value for all the cases. The maximum v at
x/d = 0.1 increases with an increase of swirl angle.

Decay of maximum fluctuating components of velocity is
shown in Fig. 8. The magnitudes of the three components of
fluctuating velocity are similar, and their rates of decay are
similar. Each jet can be considered to be close to local
isotropic turbulence; i.e., fluctuations have the same magni-
tude in all directions at a particular point in the flow. The
results show, surprisingly, that the axial fluctuating velocity
components are highest for 20-deg and lowest for the 60-deg
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a)
r(cm)

b)

Fig. 10 Reynolds stress component u ' w ' measured at P = 750 mm
; a) u 'w' at x/d = 0.1, and b) maximum u 'w ' vs x/d.

swirier. This is contrary to expectation since it has been as-
sumed that the addition of tangential shear to axial shear and
the stronger recirculation zone in jets with strong swirl would
result in higher turbulence for the jet with the higher degree of
swirl.

Figure 9a shows the profile of the axial Reynolds stress term
u ' v '. This is the turbulent shear stress component that would
be generated in a jet even if there was no swirl. It has both
negative and positive values associated with the positive and
negative gradients of the mean velocity profiles. For swirling
flows, the turbulent shear stress distribution is strongly non-
isotropic and is a function of the degree of swirl and position
in the flowfield.8 Both positive and negative peaks are greatest
for the 40-deg swirler, indicating that the degree of swirl for
the 40-deg swirler is the highest. Figure 9b shows the decay of
the axial shear. The decay is rapid so that there is very little
shear remaining at x/d - 8 where the axial mean velocity
gradients become negligible. The magnitudes for the 60-deg
swirler are lower than for the 20- and the 40-deg swirlers.

Figure lOa shows the profile of tangential shear. Magni-
tudes (positive) of u ' w' are higher than u'v'9 showing that
tangential shear plays a significant role in the swirling flow-
field. Tangential shear for 40 deg is nearly double for the 20-
and 60-deg swirlers, again showing that the 40-deg swirler

generates the highest swirl. The maxima of tangential shear
shown in Fig. lOb demonstrates faster decay than those of
axial shear.

The kinetic energy of turbulence is determined from the
fluctuating velocity components that were found to be close to
local isotropy. The decay of maxima of k (Fig. 11) shows little
difference between the three swirlers.

Integration of the profiles of measured mean and fluctuat-
ing components of velocity yields the axial flux of axial mo-
mentum Gx and the axial flux of angular momentum G^ [Eqs.
(6) and (7)] at each axial station. For the calculation of the
swirl number, the average of the inner and outer radius of the
swirler, (rh + R)/2, was selected. It has been argued that since
a major portion of the flow is concentrated near the outer
radius of the swirler, the swirler outer radius R is a more
suitable characteristic length for the swirl number calculation.
However, the effect of the inner radius (or, equivalently, the
hub radius) on the swirling flow is as important as the effect of
the outer radius as we have seen in the case of the 20-deg swirl
flow. The values of Si computed from the measurements are
shown in Fig. 12 at each axial station for each swirler.

In examining these results, account needs to be taken of the
sensitivity of the integrations to the accuracies of 1) measure-
ment of velocity, 2) averaging, 3) positioning of probe vol-
ume, 4) symmetry of jet, and 5) assessment of jet boundary.
All velocities approach zero at the jet boundary. It is difficult
to ascertain the exact location of the jet boundary, and it is
usual to designate a boundary at a "cut off" of the velocity
profile at 10% or 5% of the peak measurement. Small varia-
tions of the location of the jet boundary together with uncer-
tainties in the measurement of small velocities at large radii
have significant effects on integrated quantities. Even though,
in principle, both axial and angular momentum should be
conserved, it is difficult to prove this from velocity measure-
ments. Nozzle exit velocity profiles should provide more accu-
rate results because velocity magnitudes are highest and
boundaries can be more accurately specified. Farther down-
stream velocities have lower magnitudes and boundaries can
be determined with lower accuracies. Far downstream, veloci-
ties are so low that they can be influenced by small outside
disturbances, and it is very difficult to find the jet boundary.

It is most interesting to compare the swirl numbers deter-
mined from direct measurements of thrust and torque £5, as
measured by Parker Hannifin, with swirl numbers determined
from integrated velocity measurements S\. Swirl numbers of
0.45 for the 20-deg swirler and 1.0 for the 40-deg swirler seem
appropriate as averaged values. The integrated velocity
shielded Si = 0.65 at the nozzle exit compared to the torque/
thrust S5 = 1.3 for the 60-deg swirler. The swirl number calcu-

Fig. 11 Decay of kinetic energy along x/d measured at P = 750 mm
H2O for the three swirlers.
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Swirl flngle: 20 degrees
D Integrated Velocity Profile

—— Surirler Geometry
........ TorqU8/ Thrust measurement

(Parker Hannifin)

a) x / D

Swirl flngle: 40 degrees
Q Integrated Velocity Profile

—— Swirler Geometry
•——• Torque/ Thrust measurement

(Parker Hannifin)

b)
x / D

lated from the swirler geometry (principally the vane angle)
does not take into account any blockage or flow separation
effects. (It would yield the highest swirl number for a vane of
90 deg, when no flow could pass through the swirler.) For this
reason, the calculated value of 54 is too high for the 60-deg
swirler. Although each type of swirl number is calculated on a
different basis using different measurements and different
assumptions, a reasonably fair agreement was found between
the different calculated swirl numbers.

Conclusions
Using a laser Doppler velocimeter, detailed measurements

of mean and turbulent velocity components and turbulent
shear stress components have been made for the jet flows of
20-, 40-, and 60-deg swirlers for 750 and 1500 mm H2O supply
air pressure conditions. The main conclusions reached are
listed as follows:

1) When the mean velocity components ii, v, and w are
normalized based on the maximum axial velocity at the nozzle
exit, there is very close similarity between normalized profiles
at different supply pressures for each swirler.

2) The recirculation zone, which depends on the degree of
swirl and the geometry of swirlers, is not well established near
the nozzle exit for the case of high ratio of the inner to the
outer radius of the swirler rh/R and of low degree of swirl.
This can create a serious deposition problem of fuel droplets
onto the hub surface under the influence of subambient pres-
sure in the hub wake.

3) The measurements of turbulent velocity components
demonstrate that each jet can be considered to be close to local
isotropic turbulence except at the nozzle exit where the magni-
tudes and the decay of the fluctuations strongly depend on
flow directions.

4) The distributions of the turbulence shear stress compo-
nents u'v' and w ' w ' are strongly anisotropic, and both
positive and negative peaks are greatest for the 40-deg swirler,
indicating that the degree of swirl for the 40-deg swirler is the
highest.

5) For the 20- and 40-deg swirlers, swirl numbers deter-
mined from integrated velocity measurements Si showed close
agreement with both S4 determined from the swirler geometry
and S5 determined from torque/thrust measurements. How-
ever, for the 60-deg swirler, S4 and 55 significantly deviate
from Si, giving larger values than Si. This discrepancy is
believed to be due to the increased blockage effect with the
large vane angle that was not considered in determining S4.

Surirl flngle: 60 degrees
Q Integrated Velocity Profile

—— Smirler Geometry
....... T0rque/ Thrust measurement

(Parker Hannifin)

c)
x / D

Fig. 12 Swirl numbers Si, £4, and Ss at P - 750 mm HhO: a) swirl
angle = 20 deg, b) swirl angle = 40 deg, and c) swirl angle = 60 deg.
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