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The typical permissible overspeed limit is about 5-7% of design
mechanical speed. Thus fan-corrected speed needs to be reduced
if its mechanical speed exceeds the limiting value. It will alter the
engine steady-stateperformance,and the optimum systemdefinition
as obtained earlier will also change.

To investigate this issue, another optimization study was per-
formed in which the fan mechanical speed was limited to 1.07 times
its design speed. It results in Wrg and Wgng sis that are of the same
order of magnitude as at the conventional design point.

As design Mach number increases at H = 9.0 km., optimum TR
begins to decrease. This is because the increase in design Mach
number causes the T pp and, hence, TETpp also to increase, which
reduces TR. There is a flight point, which is M = 1.55 in the present
case, at which TR equals 1.0. If a higher Mach number, e.g., 1.60,
is chosen as the design point, the optimum value of Wro begins
to increase because the least value that TR can take is 1.0. Thus
as design Mach number increases, TET . occurs at a higher Mach
number (or 7| pp), and the engine operates at relativelyreduced TET
at a large number of flight points, where Mach number (or 7)) is
lower than that of the design point.

Though not investigated, the trends as observed at design altitude
of 9.0 km should also hold true at other design altitudes, because
any designcombinationof H /M canbe translatedinto an equivalent
T\ pp, which then dictates the quality of chosen flight point as the en-
ginedesignpoint. As a typical example,cycle optimizationresults at
H=6.0km/M =1.3inISA at DT,,;, = 0K (T pp =333 K) are not
significantly differentin comparisonto thatat H =9.0km/M =1.5
in ISA at DT,,,, = 0 K, which also corresponds to 7} pp =333 K.

To summarize, at a prescribed design altitude there is a lower
limiton T} pp, below which (despite a lower value of optimum Wrg)
the resulting cycle is not practically feasible. There also exists an
upper limit on 7} pp beyond which cycle optimization results in
an increased optimum Wro. Between these limits of 7 pp, cycle
optimization, results do not differ significantly within themselves
and in comparison with that at the conventional design point. Thus
instead of searching for an optimum design point, it is sufficient to
perform conceptual design system optimization at the conventional
engine design point.

Conclusions

The value that 7 pp takes at an H/M combination dictates its
suitability as the engine design point. If minimization of Wrpq is
the criteria for engine cycle optimization, then a flight condition
with a low T pp is more suited as the design point because it re-
sults in a lower value of optimum Wrq. However, it also requires
the engine to overspeed continuously for long durations, thereby
causing an increased engine weight and reduction in the life of the
rotating components. If this overspeeding is restricted to the cur-
rent design limits of about 7% of design speed, savings in Wrg
diminish.

As T pp increases, there arises a flight point at which TR equals
1.0. Because TR cannottake a valuelower than 1.0, choosing further
higher values of T} pp only delays the occurrence of TET .. There
will be a large number of flight points at which 7 is lower than
T, pp. At all such points, the engine will operate at relatively lower
values of TET, causing a penalty in the optimum Wro.

Between these lower and upper ranges of 7 pp, there is no sig-
nificant difference in cycle optimizationresults, and it is practically
independent of design point choice. Thus the use of conventional
engine design point itself is adequate for conceptual design cycle
optimization.
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I. Introduction

ORE stringentregulationsare requiring gas turbine manufac-

turers to reduce NO, emissions. One method is to control the
flame zone temperature through lean combustion. Thorough mix-
ing of air and fuel is essential for minimal emissions. Hence, studies
must be performed to understand how design parameters influence
mixing characteristics.

Several methods are available to increase fuel-air mixing prior to
combustion. The introduction of swirl is a common one because the
fuel-air interaction time in the premixer is increased, and mixing
enhanced, for a swirling flow. The enhancement in mixing is due
in part to an increase in turbulence production and transport that
results from straining of the flow.

Swirl also benefits the very lean operating conditions of these
premixers by creating a recirculation zone in the combustion cham-
ber that enhances flame stability. This flow reversal occurs for swirl
number values greater than 0.5 (Ref. 1) and improves the combus-
tion process by entraining and recirculating a portion of the hot
combustion products, which in turn mix with and ignite the in-
coming fuel-air mixture. (In all cases, the swirl number is defined
as S=U/W = tan6, where U and W are the axial and tangential
velocity components and 6 is the premixer swirl vane angle.) This
helpsto notonly stabilize the flame, but also to improve combustion
efficiency, provide better flame blowoff limits, and reduce formation
of gaseous and particulate pollutants 2

Several studies on normal jets issuing into swirling crossflows (a
configurationrepresentativeof radial spray bars in an axisymmetric
swirling flow) have been performed to better understand premixer
flow characteristics. Ferrell et al.> and Ong et al.* reported results
from extensive flow visualizationstudies on normal jets in swirling
crossflows. Swirl numbers of 0, 1, and 2.75 (correspondingto swirl
angles 6 of 0,45, and 70 deg) were examined under jet-to-crossflow
momentum ratios of 2, 4, and 6. They showed that jet penetration
decreased with an increase in swirl number because the bending of
the jet was more pronounced at higher swirl numbers.

The experiments of Ahmed and So’® confirmed that swirl has
a dramatic effect on jet penetration. They used a one-component
laser Doppler velocimeter to examine a jet in swirling crossflow
(swirl number 2.25) with momentum ratios of 0.46 and 0.96. Jet
penetration was found to increase with increased momentum ratio.
The mean and turbulent velocity disturbances were also found to
dissipatequickly. They concludedthata substantialfractionof the jet
mean kinetic energy is convertedinto turbulentenergy very rapidly,
thus creating a high level of turbulencein the vicinity of the jet. This
was found to improve mixing.

Chao and Ho®7 used a computational model to numerically study
the mixing of a normal jet in a swirling crossflow. Comparisons of
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their predictions with the experimental results of Ferrell et al.,?
Ong et al.,* and Lilley® led to the following conclusions: 1) The jet
trajectory is dependent not only on the momentum ratio, but also
on the strength (or swirl number) of the swirling crossflow and the
jet-to-crossflow density ratio (which is mass or temperaturerelated).
2) Heavier jets with a higher density ratio spread faster than lighter
ones due to the deeper penetration of the jet. 3) Because of the
pressure gradients developed in the swirling flow, the jet spreading
is confined to the outerlayersuch thatradial diffusioninto the central
vortex core is limited to only a minor amount of molecular diffusion
in the near-field region of the jet (several jet diameters downstream
of the injection point).

These previous studies can be summarized by noting that jets in
crossflow exhibit decreased penetration with decreased momentum
ratio and decreased penetration with increased swirl. In addition, jet
mixing is confined to an outer ring for several jet diameters down-
stream of the injection pointdue to the pressure gradientsdeveloped
in the swirling flow. Optimum mixing, based on the literature,’ ap-
pears to be obtained at a swirl angle of 45 deg and a jet-to-crossflow
momentum ratio of about 5. In addition, the effects of swirl con-
figuration on vane swirler performance have been studied, e.g., by
Lilley,’ in an idealized configuration in which the low-speed veloc-
ity field was mapped.

The current study differs from previous investigationsin that an
actual piece of productionhardware with practical fuel and air mass
flow rates was used (totaling 150 g/s, or 0.33 Ibm/s). Only two
extreme cases were considered, no swirl and 48 deg of swirl (cor-
responding to a swirl number of 1.1), because of the expense of
fabricatingproduction-scalehardware. Although swirl is commonly
used to stabilize the flame and prevent flashback into the mixer, its
effects on mixing and, therefore, pollutant emissions have not been
widely studied. The goals of the current experimental investigation
then were twofold: to establish a baseline by investigating the level
of mixedness for a representativegas turbine swirler-mixer and also
to evaluate the effectof removing premixer swirl on air-fuel mixing.

II. Experimental Apparatus

The premixer-swirler studied is shown schematically in Fig. 1a.
Itis a multivaned axial unit that has an axisymmetricannular airflow
passage into which extend a number of radially-directed fuel spray
tubes. Each fuel spray tube has two sets of fuel delivery orifices;
one is oriented tangent to the swirling air motion and the other
downstream along the swirler axis, as shown in Fig. 1b.

Controlled quantities of air and fuel are supplied to the swirler.
The simulated fuel was air seeded with Al,O5 particles having a
diameter of approximately 1 wm to distinguishbetween the oxidizer
air and the fuel air. A reverse cyclone seeder'® was used to seed the
fuel stream. Extinction measurements were performed to optimize
seeder performance.!!

Scalar concentration data at the premixer exit plane were ob-
tained by using a Mie-scattering-basedplanar imaging system that
consistedof a ruby laser, laser sheet forming/positioningoptics, two
charge-coupled device (CCD) cameras, and two personal comput-
ers with frame grabberboards. Image processingsoftware consisted
of commercial frame grabbing software (Data Translation’s Global
Lab Image) and Fortran code written specifically for this study.
The measurement technique is described by Eaton et al.!! The ex-
perimental apparatus is discussed in detail by Frey!? and Eaton.!
These authors also provide details of an uncertainty analysis per-
formed on this system, which showed that the overall uncertainty
(95% confidence) in the reported fuel concentration is approxi-
mately 13%.

As Eatonetal.,!! Frey,'? and Eaton'? show, the CCD camera pixel
values obtained when mapping the mixer flowfield are proportional
to the number of fuel-stream seeding particles in the imaged sample
volume. Consequently, the sum of all of the pixel values in an image
is proportionalto the total light intensity scattered from the fuel-air
mixture in that sample. The inputequivalenceratio ¢ can, therefore,
be represented by the average pixel value obtained for an image
encompassing the entire exit plane.
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Fig. 1a Swirler schematic.!?

Fuel Flow

Hu_

swiing — | O
Air _ o é(; Fuel Jets
> 1
Flow O
Side view

Swirling Air
Flow

Top view

Fuel Jets

Fuel Jets

Fig. 1b Schematic of fuel jets in the swirling air flow.!?

Data obtained during this study are presented in several different
ways.!! Typically, 25 instantaneous realizations were averaged to
form a composite mixing image, from which spatial statistics were
obtained. If pixel values throughoutan image are normalized by the
average pixel value for that image, a relative equivalence ratio ¢y
is obtained for each location in the premixer exit plane.

In general, the standard deviation of the recorded light inten-
sity over the exit plane, evaluated about its average value, is
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representative of the degree of mixing achieved. For instance, a
perfectly mixed system would demonstrate the same scattered light
intensity over the entire exit plane and a standard deviation of zero.
We follow the methodology of Mikus and Heywood'* and normalize
the spatialstandarddeviation values by theircorrespondingaverages
to eliminate the effects of variable averages between realizations
and to allow for direct comparison between all sets of data. This
quotient is termed the unmixedness parameter s, for which lower
values imply better mixing (a perfectly mixed case has a value of
0). Unmixedness parameter values for an entire image, or any sub-
region, can be calculated. Values of s were compared between cases
to assess how changes in parameters influenced mixing.

III. Results

Baseline Case: Swirl Number of 1.1

A typical industrial gas-turbine premixer with swirl vanes set at
an angle of 48 deg (swirl number of 1.1) was used as the baseline
case. This geometry s close to the optimum configurationsuggested
both by the results of Ferrell et al.®> and by the manufacturer's design
testing.

Mixing information was obtained at the premixer exit plane for
the baseline configuration. Two sets of 25 images were processed
and averaged. The global s values for these two sets were 22 and
23%, respectively.!?

The compositeimage was divided into 16 circumferentialwedges
(corresponding to the number of spray bars) and the s in each of
these subregions was computed. Figure 2 shows the circumferential
variation in s for the baseline cases (bases a and b), which are
two entirely different runs. Note that the maximum unmixedness
of approximately 24% occurs at = 80 deg, whereas the minimum
of approximately 14% occurs at 6 = 180 deg. The circumferential
variations occur because the fuel was not distributed uniformly by
the premixer plenum.

Radial variations in the relative equivalence ratio ¢, were also
observed, as shown in Fig. 3 and as discussed by Eaton.!? Results
for one of four diametral scans (the horizontal one) are presented
in Fig. 3. The observed variations in fuel concentrationresult from
a disproportionate amount of fuel being distributed closer to the
centerbody.

Nonswirling Air Inlet Case

A modified premixer with straight vanes (as opposed to 48-deg
swirl vanes) was tested to evaluate the influence (or absence) of
swirl. Scalar concentrationdata were again acquired at the premixer
exit plane. The results of three sets of data (25 images each) were
compared to the baseline results.
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Fig. 2 Baselineunmixednessparameter s circumferential variationfor
a swirl number of 1.1; uncertainty in s (95% confidence) is 13%.
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Fig. 3 Radial dependence of relative equivalence ratio ¢, for the
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Fig. 4 Radial dependence of relative equivalence ratio ¢, for the non-
swirling case; uncertainty in ¢ (95% confidence) is 13 %.

Figure 4 contains an example ¢, radial variation (the horizontal
scan), similar to that presented in Fig. 3. It is representative of all
radial scans in that it displays a considerable fuel concentration
gradient from the centerbody to the outer rim. When compared to
the baselinecases, the fractional radial variationsin nonswirling ¢y
values are equal or greater, indicating worse mixing.

Unmixedness values for the baseline and nonswirling cases are
providedin Fig. 5. Two features are noteworthy for the nonswirling
cases. First, relatively fuel-rich regions are present at the top and
bottom of the premixer. These locations are consistent with those
observed for the swirling (baseline) case. That agreement has been
enhancedby phase shifting the nonswirlingdata by an amountequal
to the solid body rotation undergone by the flow in the swirling
case.'? Second, the baseline case has a lower s value in 12 of the 16
wedges.

The global exit plane values of s for the three sets of nonswirling
data are 27, 26, and 23% with an average of 25% (Ref. 13). When
compared to the baseline cases values of 22 and 23%, the non-
swirling cases are somewhat less well mixed.
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Fig. 5 Comparison of the baseline and phase shifted nonswirling av-
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Data in Figs. 4 and 5, along with the global image s values,
demonstrate that nonswirling cases were less well mixed than the
swirling cases. The improved global mixing in the swirling case
is partly attributed to the increased interaction time between the
air and fuel in the premixer. Swirl also introduces additional strain
rates that enhance turbulent mixing. The increased interaction time
and enhanced turbulence might also account for the reduction in
radial fuel concentration gradients. As the flow proceeds farther
downstream, the jets are mixed with the crossflow and spread across
a larger area due to diffusion and turbulent convection. If the jets
and crossflow interact over a greater distance, the two fluids will
become better mixed.

Comparisons to Literature

To put our study into perspective, we compare our results to re-
cently reported work in swirling mixers utilizing entirely defferent
experimental techniques. Mello et at.!* and Barnes and Mellor!®
reported typical values of s of 10 to 30% at the exit of a similar
premixer. Furthermore, they noted that s is a strong function of the
mean premixer equivalence ratio.

Frazier et al.!” report s values of 20% near the exit plane of dual-
annular counter-rotating swirler-premixer. In addition, the overall
equivalenceratio exhibited maximum spatial variations on the order
of 50%.

IV. Discussion and Conclusions

Figures 2-5 present gas turbine premixer data, obtained using a
planarimaging system, for both a baseline case with a swirl number
of 1.1 and a nonswirling case. Data are presented in terms of the
relative equivalence ratio ¢ and standard deviation in the seed-
ing particle scattered light intensity divided by the mean value, s
parameter, in both angularly resolved and radial profile formats.

The baseline case exhibited fuel concentration nonuniformities,
which included a global exit plane average s value of 22.5%. Pre-
mixer swirl vanes were replaced with three straight support vanes
to eliminate the influence of swirl, with three observations being of
interest.

First, circumferential and radial variations in mixing were ob-
servedin each case. Becausethe circumferential variationsoriginate
in the same location for both the swirling and nonswirling cases, we
conclude that these variations arise from an asymmetrical distribu-
tion of fuel in the plenum.

Second, the overall unmixedness values for the swirling cases
were lower than those for the nonswirling cases. The s parameter

increasedto an averageof 25% for the three nonswirling cases. Thus,
the introduction of swirl improved mixing as expected based on re-
cent experimental and numerical studies. The improved mixing is
attributed to the increased fuel-air interaction time in the premixer
annulus.

Third, in cases where swirl and momentum ratio were examined
concurrently,? the effects of swirl dominated the effects of mo-
mentum ratio. Therefore, mixing optimization should first focus on
determining the optimum swirl angle (or range of angles) and then
shift to an optimization of the momentum ratio.

In summary, these results suggest air and fuel mixing enhance-
ments are achievablein actual gas turbine hardware operating at re-
alistic flow rates by varying premixer swirl. Whereas further study
of different swirl angle cases would provide useful information on
the effects of swirl angle, the present results have demonstrated that
swirl is an important parameter in the mixing process so an opti-
mal range of swirl angles should exist. Further investigations are
necessary to determine such an optimum.
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