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SUMMARY

For advanced gas turbine engines, two combustor systems, the lean

premixed/prevaporized (LPP) and the rich burn/quick quench/lean burn (RQL)
offer great potential for reducing NOx emissions. An important consideration
for either concept is the development of an advanced fuel injection system that
will provide a stable, efficient, and very uniform combustion system over a
wide operating range. High-shear airblast fuel injectors for gas turbine com-
bustors have exhibited superior atomization and mixing compared with pressure-
atomizing fuel injectors. This improved mixing has lowered NOx emissions and
the pattern factor, and has enabled combustors to accommodate alternate fuels
while maintaining a stable, efficient combustion system. The performance of
high-shear airblast fuel injectors is highly dependent on the design of the
dome swirl vanes. The type of swirl vanes most widely used in gas turbine
combustors are usually flat for ease of manufacture, but vanes with curvature
will, in general, give superior aerodynamic performance. This study investi-
gates the design and performance of high-turning, low-loss curved dome swirl
vanes with twist along the span. The twist induces a secondary vortex flow
pattern which will improve the atomization of the fuel, thereby producing a
more uniform fuel-air distribution. This uniform distribution will increase

combustion efficiency while lowering NOx emissions.

A systematic swirl vane design system is presented based on one-, two-,
and three-dimensional flowfield calculations, with variations in vane turning

angle, rate of turning, vane solidity, and vane twist as design parameters.

INTRODUCTION

Emissions of advanced gas turbine engines have been the subject of many

studies and programs. Of particular importance are the oxides of nitrogen
(NOx) which are produced in advanced-cycle engines that operate at high pres-
sures and temperatures. The NOx production can be reduced to environmentally
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acceptable levels only by designing advanced, low-emission combustors. Two
promising concepts for reducing NOx emissions of advanced engines are the lean
premixed/prevaporized (LPP) and the rich burn/quick quench/lean burn (RQL) com-
bustor systems. Both systems reduce NOx formation by reducing flame tempera-
ture and the high-temperature residence time for the reacted products. The LPP
combustor premixes fuel and air upstream of the combustion zone. Reduced NOx
levels result since the fuel-air ratio is only in the range of 0.6 stoichiomet-
ric. This combustor system has a narrow range of operation, however, because
of the possibility of preignition and flashback upstream of the combustor, and

it can experience lean blowout during rapid deceleration and altitude relight.

The RQL concept incorporates staged burning. Combustion is initiated in

a fuel-rich zone with an equivalence ratio in the range of 1.2 to 1.8. The
hydrocarbon reactions proceed rapidly, depleting the available oxygen, thereby
inhibiting NOx formation. Additional air is then added, and combustion is

completed under excess air conditions. The RQL concept offers wide stability
limits and range of operation since flame flashbacks and lean blowout are
eliminated.

For RQL combustion to be effective and environmentally acceptable, the fuel

must be atomized well. If good atomization is not obtained, nonuniform burning
will occur. Localized hot spots at near-stoichiometric conditions cause the

highest temperatures and produce the greatest amount of NOx. Reducing the NOx
emissions by reducing _he reaction temperature could adversely affect the com-
bustion stability and could increase emissions of carbon monoxide (CO) and
unburned hydrocarbons, especially at low-power operation (ref. 1). Therefore a

means of controlling the reaction zone stoichiometry over the entire operating
range is required to minimize NOx production while maintaining good combustor
efficiency. Uniform fuel injection and mixing are essential for achieving
these conditions.

Soot formation is also associated with poor fuel atomization. Soot is not
an equilibrium product of combustion, and therefore its formation is influenced

as much by the physical processes of atomization, evaporation, and fuel-air
mixing as by reaction kinematics. Soot is generally produced anywhere that
fuel-air mixing is inadequate. Problems of concern associated with soot forma-
tion are higher liner temperatures due to increased radiative heat transfer,

impingement of carbon on metal surfaces resulting in erosion and reduced equip-
ment lifetimes, and distortion of fuel spray distribution because of carbon

deposits, leading to hot spots and increased NO× formation.

The superior combustion and reduced emissions of the high-shear airblast
fuel injector relative to the conventional pressure atomizer is well established
(ref. 2). This superior performance has ted to the widespread adoption of the
airblast fuel injector in modern high-pressure-ratio gas turbine engines. The
airblast fuel injector produces a finer spray because of the thorough mixing of
the fuel and air. This yields a flame of low luminosity and soot, thus result-

ing in relatively cooler liner walls, a minimum of exhaust smoke, and lower NOx
emissions. Furthermore, the placement of the fuel droplets in the burning zone
is mainly dictated by the airflow pattern, being almost insensitive to fuel
flow variations. Thus airblast fuel injectors exhibit lower pattern factors
and therefore offer an important practical advantage in terms of turbine nozzle
guide vane durability.



Several authors have shown (refs. 3 to 6) that for low viscosity fluids

the important parameters for decreasing fuel drop size are high air velocity
and air density. Thus the swirl vanes should be designed to achieve a minimum
loss of total pressure in the airflow passages and a high, uniform velocity

profile at the vane exit. As a rough guide, a 1 percent reduction in combustor
total pressure loss results in a 1 percent decrease in specific fuel consump-
tion. In addition, the greatest exit velocity will occur when there is no total
pressure drop. Any loss in total pressure will decrease the vane exit velocity,
resulting in poorer atomization of the fuel. Furthermore, Beer et al. (ref. 7)
show the importance .of strong swirl or large turning in combustor swirl vane
design. When the swirl intensity is increased in a jet, a point is reached
when the adverse pressure gradient along the jet axis cannot be further over-
come by the kinetic energy of the fluid particles flowing in the axial direc-
tion, and a recirculating flow is set up in the central portion of the jet
between two stagnation points. This recirculation zone, which has the form of
a toroidal vortex, plays an important role in flame stabilization since it con-
stitutes a well-mixed zone of fuel, air, and combustion products. Test data of

Kilik (ref. 8) show that the length of the recirculation region increases and
that the reverse mass flow rate increases as vane turning increases. Further-
more, it was found that curved-vane swirlers produce a larger recirculation

region than flat-vane swirlers with the same outlet angle and number of vanes.
In addition, the swirl imparted to the flowfield by curved-vane swirlers was

greater than for flat-vane designs. For small turning or swirl numbers this
zone is much more limited.

For obtaining an effective and efficient airblast atomizer and correctly
modeling the inlet flowfield required for computational studies of advanced
combustors, the accurate prediction of the swirl vane flowfield is of paramount
importance. Previously swirl vanes were typically designed by one-dimensional,
incompressible methods with empirical loss correlations. The resulting swirl
vane designs were flat-plate airfoils inclined at an angle to the incoming flow.
At the exit, flat axial and circumferential velocity profiles had to be assumed,
because of the one-dimensional analysis. Sander and Lilley (ref. 9) showed that
the flat velocity profiles become progressively unrealistic as the swirl vane

angle increases and that for large turning two- and three-dimensional effects
cannot be neglected. Furthermore, flat swirl vanes often operate at stalled
conditions with a high total pressure loss across the blade row which must be
avoided for efficient engine operation. A one-dimensional analysis cannot
accurately predict these flow phenomena. The wakes from the vane assembly
operating under stalled conditions could drastically affect the quality of the
atomization. Also a one-dimensional computation cannot make accurate assess-
ments under the widely varying inlet conditions encountered by swirl vanes.
Samuelson et al. show (ref. 10) that the inlet conditions can drastically

change the swirl vane exit flowfield.

Before efficient, low-loss, high-turning, advanced swirl vane assemblies
can be designed and the combustor flowfield can be accurately predicted, a more
sophisticated vane analysis must be utilized. A systematic design analysis is
presented here on the basis of one-, two-, and three-dimensional numerical
techniques. A design of an advanced, low-loss, high-turning swirler is also
presented. This system includes the effect of vane twist, which induces a sec-
ondary flow system to increase swirl and turbulence at the vane exit. This

secondary flow will improve the atomization of the fuel.



THEORETICALANALYSIS

Most theoretical analyses of swirler performance and numerical simulation
of combustion flowfields have used simple, idealized swirler exit velocity
profiles. Common assumptions have included flat axial and swirl velocity pro-
files with vanes of constant angle (refs. 11 to 14) and a flat axial profile
with a linear swirl profile (solid body rotation) for swirlers with helicoidal
vanes and for tangential-entry swirl generators (ref. 15). These assumptions,
however, have been shown to be unrealistic (refs. 9, 16, and 17) and to lead to
considerable errors in numerical computations of the flowfield.

Therefore, for accurate modeling of the swirl vane flowfield, a more
indepth analysis must be performed. A systematic design process has been
developed for a low-loss, high-turning, advanced swirl vane assembly. This
design process consists of three calculations of increasing complexity. First,
a one-dimensional, isentropic, compressible flow analysis is performed to
establish the basic design parameters. From known inlet conditions, the exit
Mach number, static pressure drop, exit static temperature and swirl number are
calculated over a range of vane turning. On the basis of these results, the
vane outlet angle is selected from typical guidelines: maximum exit Mach
number for flame stabilization, maximum static pressure drop for good combustor
performance, and optimum swirl number to ensure strong swirl for good atomiza-
tion of the fuel and a large recirculation zone downstream of the injector.

Second, the two-dimensional vane-to-vane flowfield is analyzed by using
Micklow's two-dimensional, viscous-inviscid interaction procedure (ref. 18).
The inviscid solution is obtained from a two-dimensional, compressible, second-
order-accurate finite-area full-potential cascade solver. The viscous solution
is obtained from an implicit, two-dimensional, compressible, second-order-
accurate finite difference laminar or turbulent boundary layer routine. The
calculation is spatially marched along the vane surface and into the wake. Cal-
culations can be made in the direct mode with the pressure gradient specified
or in the inverse mode with the "boundary layer mass flux" specified. Areas of
strong interaction, such as those encountered in a region of flow separation
or the vane trailing edge are easily handled when they are calculated in the
inverse mode. The viscous-inviscid interaction is determined on the basis of

updating the initial inviscid velocity distribution for displacement thickness
effects by using thin airfoil theory. The required aerodynamic input for the
two-dimensional analysis is obtained from the one-dimensional, compressible

analysis for set vane turning. The required geometric inputs are the vane
solidity and vane profile. T_e results from tee two'dimensional analysis give
the axial and circumferential velocity profiles at the vane exit for a fixed

radius. From the viscous-inviscid analysis, the boundary layer growth along
the vane surface and the velocity profile into the wake can be calculated.
From these results, the number of vanes and the vane profile can be chosen to
avoid flow separation on the vane suction surface, thereby minimizing total
pressure loss, while maximizing swirl, vane exit velocity and obtaining uniform
exit velocity profiles with high turning.

The final step in the design process is the calculation of the full three-
dimensional inviscld flowfieid. The analysis uses the inviscid numerical simu-
lation of Celestina et al. (ref. 19). The numerical procedure is based on a



time marching, finite volume formulation that solves the average passage equa-
tion system for multiblade row configurations. The analysis employs a four-

stage Runge-Kutta integration scheme to march the equations forward in time to
obtain a steady-state solution. To suppress odd-even node point decoupling, a
blend of second- and fourth-order difference smoothing operators are used to
provide artificial dissipation. This analysis shows that desirable three-
dimensional characteristics of the flowfield can be enhanced by twisting the
vanes. These desirable characteristics include the generation of a secondary-
flow vortex pattern to increase turbulence and improve fuel atomization. In
addition, a radial velocity component can be induced to increase the size of
the recirculation zone, thereby producing a more stable flame zone that will

improve combustion efficiency and lower NOx emissions.

RESULTS

From the study of Micklow and Nguyen (ref. 20) a baseline design was
established to satisfy the criteria of low loss (no flow separation) and high

turning with a minimum of nonuniformity in the vane exit velocity profiles.
From this study, flow turning as high as 70 ° was achieved without flow separa-
tion on the vane surface. On the basis of these results, low-loss vane pro-
files were selected for the current study. A typical profile is presented in
figure 1. The baseline design was for a curved-vane dome swirler assembly with
a constant 60 ° flow turning angle from the hub to the tip. The swirl number
for this system, which was calculated from the one-dimensional analysis, was
1.4. For this swirl number, a large recirculation zone is produced downstream
of the injector, giving efficient and stable combustor performance. The swirl
vane assembly consists of 22 vanes, with a vane gap-to-chord ratio of 0.265
and a hub-to-tip ratio of 0.722. The gap-to-chord ratio was held constant by
increasing the chord as the radius increased. This will minimize the nonuni-
formity of the vane exit velocity profiles (ref. 20). The inlet Mach number
was 0.0681 with a static temperature of 781K and a static pressure of 1.4 MPa.
These are typical compressor exit conditions for an advanced-cycle engine.

Plots of the nondimensional axial velocity versus radial and circumferen-
tial location are presented in figures 2 and 3. The velocity is nondimension-
alized by the inlet velocity. Uniform velocity profiles in both the radial and
circumferential direction are achieved for the high turning angle of 60 ° . The
flow was predicted to remain attached for ail locations. Plots of the nondi-
mensional tangential velocity versus radial and circumferential locations are
shown in figures 4 and 5. Once again uniform profiles are obtained at all
locations. These uniform velocity profiles are considered to be very important
for obtaining good fuel atomization. Plots of the nondimensional radial veloc-
ity versus radial and circumferential location are shown in figures 6 and 7.
The radial velocity component is small, and the flow is essentially two-
dimensional for the constant-turning case. The curved-vane swirl assembly was
clearly superior to the flat-vane assembly with an equivalent turning of 60 ° .
The flat vane system was predicted to be operating in a highly stalled, high-
loss condition.

To further improve the atomization performance of the swirl vane system, a
secondary flow system can be induced through three-dimensional effects. By
twisting the vane (i.e., changing the flow turning as a function of the radius)
a secondary vortex system can be induced. The swirler assembly with vane twist



was optimized to produce a strong secondary flow pattern. The flow turning
angle was varied from 40 ° at the hub to 70 ° at the tip. The flow was predicted
to remain attached at all locations. Plots of axial velocity versus radial and
circumferential location are found in figures 8 and 9. The profiles are uni-
form, even for the tip location where 70 ° of turning is achieved. Note that
the largest velocity is found at the hub. This will improve the fuel atomiza-

tion where the fuel concentration and droplet size are the highest. The nondi-
mensional tangential velocity profiles are presented in figures 10 and 11. The
profiles are uniform. The variation in swirl number based on a one-dimensional
calculation is from 0.7 at the hub to 2.2 at the tip. The radial velocity
profiles versus radial and circumferential location are shown in figures 12
and 13. A pronounced three-dimensional effect is evident. The maximum radial
velocity is approximately 15 percent of the inlet velocity. This is more than
three times the maximum radial velocity of the baseline design with constant
turning. Figure 12 shows that the radial velocity is positive on the vane suc-
tion surface, negative on the pressure surface, and close to zero in the mid-
gap region, creating a pair of counter-rotating vortices at the vane exit in
the direction of the flow. This phenomenon is more clearly seen in figure 14.
The average exit velocity has been subtracted from the velocity in the exit
plane, leaving a perturbation velocity. Figure 14 clearly _hows a pair of
counter-rotating vortices in the exit plane. These vortices should increase
the turbulence in the vane exit plane and enhance the fuel-air mixing. A fur-
ther comparison between the baseline design with constant turning and the swirl
vane assembly with twist is shown in figures 15 and 16. Here, the secondary
swirl number contours in the vane exit plane are presented. The secondary
swirl number is defined as the dot product of the vorticity with the velocity

vector divided by the dynamic head (density times the velocity squared). The
secondary swirl for the swirl vane assembly with twist covers much more of the

exit flow passage and is approximately two times as large. Figure 17 shows a
full, three-dimensional swirl-vane-assembly Mach number contour plot. The
large acceleration through the vane passage is clearly evident, and the exit
Mach number is uniform for good fuel atomization.

CONCLUSIONS AND RECO_ENDATIONS

A systematic design procedure of advanced fuel-injector dome swirl vane
assemblies based on one-, two-, and three-dimensional calculations has been

presented. Two low-loss, high-turning swirl vane designs are presented. These
two designs are clearly superior to flat vanes operating under stalled condi-
tions. Incorporation of vane twist into the design (i.e., a variation in flow
turning and vane profile with radius) produces a secondary flow pattern. A
pair of counter-rotating vortices created in the vane exit plane will enhance

fuel-air mixing and improve combustor performance.

However, to further reduce total pressure Ioss and nonuniformities in the
exit velocity, vane thickness distributions should be investigated to achieve a
superior aerodynamic profile over curved zero-thickness vanes. The effects of
the vane exit velocity profile on fuel atomization and combustor performance
are currently being investigated. The velocity profiles are used as input for
a full, three-dimensional Navier-Stokes solver with finite rate chemistry.

This program has the capability of handling liquid sprays.
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