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The objective of this work is to explore methods to reduce combustor rumble in a water-injected gas turbine. Attempts to
use water injection as a means to reduce NOy emissions in gas turbines have been largely unsuccessful because of increased
combustion instability levels. This pulsation causes chronic fretting, wear, and fatigue that damages combustor components. Of
greater concern is that liberated fragments could cause extensive damage to the turbine section. Combustion instability can be tied
to the insufficient atomization of injected water; large water droplets evaporate non-uniformly that lead to energy absorption in
chaotic pulses. Added pulsation is amplified by the combustion process and acoustic resonance. Effervescent atomization, where
gas bubbles are injected, is beneficial by producing finely atomized droplets; the gas bubbles burst as they exit the nozzles creating
additional energy to disperse the liquid. A new concept for effervescent atomization dubbed “flash atomization” is presented where
water is heated to just below its boiling point in the supply line so that some of it will flash to steam as it leaves the nozzle. An
advantage of flash atomization is that available heat energy can be used rather than mechanical energy to compress injection gas

for conventional effervescent atomization.

1. Introduction

The injection of water into gas turbines is not a recent con-
cept. As early as 1903, Agidius Elling (Bolland and Veer [1])
came up with the idea of spraying water into the air stream
before and during the compression process. Wilcox and
Trout [2] have also described the benefits of water injection
for jet engines. As the pressure to reduce emissions and
increase efficiencies and power outputs has mounted in more
recent years, further studies have been carried out on ways to
inject water by atomizing/spraying.

A number of publications based on work by Lefebvre et
al. [3-6] have described a method of liquid fuel atomization
commonly referred to as “effervescent atomization”. In effer-
vescent atomization, a gas (air in combustion applications) is
introduced directly into a flowing liquid upstream of the noz-
zle exit orifice to create a bubbly two-phase flow. As the liquid
flows through the discharge orifice, it is squeezed by the gas
bubbles into thin threads and ligaments; the entrained gas
bubbles burst as they are released to combustion pressure.

Several researchers have linked insufficient fuel atom-
ization to combustion instability. Chin and Lefebvre [7]
demonstrated that in order to achieve better combustion sta-
bility, one could inject air into the fuel to achieve improved
atomization by effervescence. Golovanevsky and Levy [8]
performed an optimization of a combined atomizer and
flame holder assembly that is able to suppress the instabilities
of the main combustor by generating an additional (con-
trolled) oscillating liquid fueled heat source. The principal
idea was to adopt a specially designed effervescent atomizer,
driven by the energy of the oscillatory motion of the gas in
the unstable combustor for the atomization and distribution
of the additional control fuel.

Santoro [9] investigated the specific effects of fuel atom-
ization in combustion instability. In that study, the effects of
mean drop size, drop size distribution, and atomization peri-
odicity were examined explicitly with a combustion response
model, the results from which indicated that all of these
effects were important. It was shown that periodic atomiza-
tion, in particular, results in large variations in the magnitude



of the response when the atomization frequency is on the
same order as the acoustic oscillation frequency. Yu et al.
[10] successfully applied effervescent atomization to mitigate
kerosene combustion instability in a supersonic model com-
bustor. Lee et al. [11] also demonstrated that by changing the
spray characteristics, it is possible to significantly dampen
combustion instabilities. These methods are necessary to a
greater extent for heavy fuel applications where effervescent
atomization and heating to reduce viscosity is common.

The literature [12-14] establishes that combustor pul-
sation is improved by finer atomization of fuel sprays. Fuel
droplets evaporate, to release combustible gas phase, depen-
dent on temperature and surface area; this process is not
uniform with time as droplet size reduces with evaporation.
Larger initial droplets or clusters take longer to evaporate and
create more distinct and globular regions of enriched fuel
air mixture than for smaller droplet sizes. This nonhomoge-
neous mixture results in chaotic combustion that is amplified
by the energy release process and by acoustic resonance. As a
result, considerable effort is expended in liquid fuel nozzle
design to produce acceptably fine atomization.

The lack of prolific literature [15, 16] on water injection
suggests less than overwhelming successes in its application;
however, there is no reason to expect the evaporation
phenomena to be any different from fuel injection except
that water will only absorb heat rather than produce it in
combustion. In either case, poor atomization can lead to
increased combustion dynamics since the flame front is not
presented with a homogeneous mixture of water, fuel, and
air leading to inconsistent reactivity.

Water fuel emulsion is another method for combustion
water injection. It consists of base fuel and water doped with
or without a trace content of surfactant. The potential benefit
of combustion of emulsion arises from the effect of dilution
in both gas and liquid phase reactions and/or from the
secondary atomization caused by the vigorous evaporation of
the interior liquid, so-called microexplosion. A good review
of recent advances in the combustion of water-fuel emulsion
is given in [17].

The primary objective of water injection is to mitigate
NOgx emissions by reducing combustion peak temperature.
For the purposes of this work, it is assumed that the cooling
and dilution effects will be reasonably equivalent for water
injected as a fine mist or as heavier spray. Thus, the scope of
this research was not directed to evaluate NOx emissions, but
solely to explore improved water atomization as a means to
minimize combustor pulsation.

2. Industrial Gas Turbine Experience

The motivation for this analysis is an industrial gas turbine
in cogeneration service that is operated with water injection
to reduce NOx emissions. Emissions are successfully con-
trolled, but chronic combustor rumble problems cause early
wear damage at retention devices, crossover tubes, transition
piece joints, igniters, and fuel nozzles. Liberated fragments of
combustor components and the resulting damage in passing
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FiGure 1: Illustration of combustor and pulsation sensor location.
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FIGURE 2: Pulsation comparison of the two water flow conditions at
100% load.

through the turbine is an undoubted deterrent to current
water injection technology.

To study the problem, pulsation and vibration sensors
are mounted at various locations on the combustor, main
fuel lines, and water lines. Figure 1 illustrates the location
of the primary sensor used to define internal combustor
pulsation; the additional sensors are installed to detect any
contributions to combustion pulsation due to flow-induced
excitation of the upstream fuel and water supply lines.
Testing is performed with the engine operating throughout
its normal range of power with and without water injection.
The objective is to assess the differences in combustion
characteristics with and without water injection over the
range of operating loads.

Combustion pulsations are recorded and analyzed at
each test point for full water injection (wet) and no water
injection (dry). Figure 2 presents a representative compari-
son of these two conditions at 100% load.

As can be seen in Figure 2, acoustic response peaks
appear at 250, 412.5, 1512.5, 1900, and 2012.5Hz in the
frequency range from zero to 2500 Hz. It is significant that
of all these peaks only the 250 Hz response appears sensitive
to water flow variation. This is true for all load conditions
tested with a 40% greater pulsation level for wet versus dry
conditions as shown in Figure 3.

Acoustic wave length calculation of the 250 Hz peak
(Figure 2) reveals one-nodal diameter acoustic mode of the
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FiGure 3: Trend of 250 Hz combustor pulsation versus load.

combustor that results in excitation forces acting on the com-
bustor liners which create damage. A summary of pulsation
trends near 250 Hz in Figure 3 indicates the following. (1)
Pulsation with full water injection is about 40% higher than
with no water injection at all load conditions. (2) Pulsation
frequency increases at a very slight rate that is not fully
consistent with increasing load; the frequency increase from
40% to 100% load is less than 25Hz (10%) for a power
increase of 4: 1.

The water injection introduces dimensions of nonlin-
earity which are likely players in a noncoherent frequency
response exhibited here. This initial testing and further
analysis imply that water droplet size may be excessive
because the nozzle orifices are too large or the flow velocity is
too low. In searching for a solution for this problem, a more
extensive investigation is conducted to quantify these effects
and to seek methods for improved atomization.

The methods commonly applied to increase atomization
include flow velocity, orifice size, air blast, and effervescent
atomization.

3. Flow Velocity and Orifice Size

Atomization analysis provides valuable insight into the
expected jet stream break-up mechanism for a given orifice
geometry and flow velocity. The mechanism for a flow
stream breaking up into droplets depends on both the
diameter of the spray nozzle and the speed of the jet
stream leaving the nozzle. Husted et al. [19] provides an
excellent summary of four droplet-forming flow regimes as
follows. (1) Rayleigh break-up regime—droplet formation
occurs far away from the nozzle, and the droplets tend
to be larger than the nozzle hole size. (2) First wind-
induced break-up—droplet formation occurs several nozzle
diameters downstream, and the droplets tend to be as the
same size as the nozzle hole size. (3) Second wind-induced
break-up—droplet formation occurs at short distance from
the nozzle, and the droplets tend to be the smaller than the
nozzle hole size. (4) Atomization—droplet formation occurs
at the nozzle exit, and the droplets tend to be much smaller
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FIGURE 4: Atomization regime analysis.

than the nozzle hole size. Clearly, fine atomization is preferred
in order to maximize the droplet surface area. This improves
the rate of heat transfer as the droplets evaporate in the hot
gas environment.

There are two dimensionless numbers used to evaluate
the likely droplet size for a given nozzle geometry, fluid type
and flow condition; the Reynolds number and the Ohnesorge
number. The Ohnesorge number represents the ratio of
viscous forces and the surface tension of the subject fluid.
Both are given below:

Re = %,
(D)
Oh=*

where d is the nozzle diameter, ¥ is the fluid velocity, p is the
fluid density, u is the absolute viscosity, and o is the surface
tension.

The Re and Oh numbers for the present nozzle are cal-
culated for kerosene at design fuel flow condition (1.6 kg/sec
and 7t = 30%) and water at minimum and maximum flow
conditions (0.4 kg/sec—2.0 kg/sec). The water calculations are
performed to provide insight to the present concern. The
Kerosene calculation is performed to determine if there is a
significant difference in the present use and the likely original
design condition of the gas turbine fuel nozzle. Figure 4
shows the calculated points and their relationship to the
various droplet-forming regimes.

At maximum flow conditions, both points fall within
the second wind-induced regime, meaning the droplets
are likely to be smaller than the nozzle diameter (0.84—
0.89 mm—~0.033—-0.035 inches). However, at the minimum
flow condition, the water is well within the first wind-
induced regime, meaning that at lower flow rates, the water
should form significantly larger droplets.
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(a) 4.2 L/min Flow

(b) 12.5L/min Flow

FIGURE 5: Visual droplet size comparison conditions corresponding to (a) 30% power and (b) 100% load.

It should be noted that viscosity and surface tension are
affected by temperature, thus some atomization improve-
ment should be expected by heating. This subtle influence
is shown by the dashed line in Figure 4 and is not sufficient
to provide the improvement necessary for this application.

4. Air Blast

A full-size fuel nozzle incorporating air blast atomization
features is tested with water injection in a flow tunnel at
atmospheric conditions. The flow tunnel simulates the air
blast effect of compressor discharge air that is incorporated
in the nozzle which carried the resultant plume downstream,
similar to the effect in a combustor. No attempt is made to
exactly duplicate the flow stream variation or fuel gas flow
that exists in the engine or to quantify droplet sizes, but
the test is intended to illustrate the relative effects of water
flow variations. Figure 5 presents the extreme results of these
tests which relate to the conditions shown in Figure 4. The
lowest water flow rate tested is 4.2 L/min (1.1 gpm), and the
photograph shows clearly that the droplets are large enough
to identify without difficulty. The highest flow rate tested
is 12.5L/min (3.3 gpm), and the droplets are clearly much
smaller in comparison to the lower flow condition. This
test series is clearly in agreement with the prediction for
pressure atomization, despite the added influence of the air
blast atomization.

5. Effervescent Atomization

To explore the potential for enhanced atomization, the water
line is injected with high pressure air in an attempt to
create an effervescent effect. No attempt is made to create
finely distributed bubbles in the stream, rather a simple
tee is installed approximately 20 cm from the nozzle, and
air flow is controlled such that a range of volume fraction
values is achieved up to 1.5 (air volume/water volume).
For the lowest water flow rate (4.2 L/min) and the highest
volume fraction (1.5), Figure 6 clearly demonstrates much
improved atomization over the water only condition for
the same water flow rate (Figure 5(a)). However, one of
the challenges in mixing liquid and gas phase flows is
the tendency of the gas phase to coalesce into larger gas
bubbles, resulting in slug flow. Typical methods to combat

FIGURE 6: Visual droplet size at 4.2 L/min water flow with air-
injected effervescent atomization.

this behavior are to improve the quality of the mix during
the gas injection (bubbly mixing section) and to perform the
mixing immediately upstream of the discharge nozzle [7].
In short, the experiment is a success in terms of creating
a more atomized flow of water; however, the slug flow
experienced in this test is unacceptable and further work
would be required to design, test, and fabricate suitable
air/water mixing sections. Furthermore, added compression
equipment and external energy requirements are costs to be
considered.

6. Flash Atomization

A unique concept for effervescent atomization dubbed
“flash atomization” [18] was developed to overcome the
shortcomings of air or gas injection. In flash atomization,
water is heated to just below its boiling point in the supply
line so that some of it will flash to steam as it leaves the nozzle.

The process is described by reference to Figures 7 and 8
as follows.

(1) The water to be atomized is supplied at position (1)
at a pressure P1 and temperature T'1.

(2) The water flows through a pipe where it is heated
along position (2) to a temperature T2; pressure will
reduce to P2 due to flow friction. Heating may be by
flame, by electrical heating, by heat exchanger, or by
any other process.

(3) The water arrives at the nozzle entrance (2.1) (see
Figure 8) at pressure and temperature P2.1 and T2.1.
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FiGure 7: [llustration of flow process to create effervescent atomiza-
tion by boiling at the point of injection [18].

Figure 8: Illustration of the physical process of effervescent
atomization by boiling.

(4) The water begins to increase in velocity as the flow
area is reduced upon entering the nozzle (2.2);
increasing velocity reduces static pressure based on
fluid dynamic principles. If heated sufficiently, very
small bubbles begin to form by nucleation as pressure
drops below the saturated vapor point for the
temperature of the fluid.

(5) The bubbles expand as pressure drops further in
passing through the nozzle (2.3). The expanding
volume forces the water to increase velocity which
causes further pressure drop and increase bubble size.

(6) The bubbles expand even further on exiting the
nozzle (3.1) and quickly exceed the initial volume of
the water as the water exits (3.2).

(7) The expanding bubbles pass close to the interface
(3.3) between the water flow stream and surrounding
gas and burst through the bubble walls (3.4).

(8) The release of surface tension on bursting provides
energy to disperse the surrounding water into very
fine water droplets (3.5).

(9) The water discharges into the combustion chamber
(3) at pressure P3; temperature T3 results from the
mixing of the incoming fluid from the nozzle with the
residual fluid and combustion process in space (3).

7. Flash Atomization Demonstration

In this study, the flash atomization concept is demonstrated
on a small gas turbine used for research. The gas turbine

6 9 37 4 12

FIGURE 9: Schematic of SWRI research gas turbine.

is modified to accept water injected into the combustion
chamber, and an electric heater is installed in the water
supply line. The testing procedure is conducted as a series
of tasks having ever-increasing complexity. First, a series of
bench tests are conducted using the water injection nozzle to
compare the atomizing effects of flash atomization, air blast,
and both methods in combination with baseline water nozzle
only. Then, tests are conducted to demonstrate the effects on
the flame of water injection alone and with flash atomization
using just the combustor section of the research turbine.
Finally, comparative tests are conducted on the research
turbine in operation.

The objectives are to (a) confirm that combustion insta-
bility is related to deficient water atomization inside the
combustor by testing in a SWRI research gas turbine and (b)
confirm, by testing, that combustion instability can be con-
trolled and improved by efficient effervescent atomization.

The gas turbine used for this research is a Titan-model
manufactured by Solar Turbines Co. that originally used
liquid fuel. It has been modified by SWRI to handle gas fuel
by redesigning the fuel nozzles and the piping system. A cut-
away of the SWRI gas turbine is shown in Figure 9. A water
injection nozzle was fabricated for this test and is inserted
to replace one of the six fuel injection nozzles. The test
nozzle used is sized to represent the actual size of each water
injection hole (0.89 mm, 0.035 inch) in the industrial turbine
nozzles.

8. Bench Test Evaluation

Before performing the water spray test inside the combustor,
it is important to identify the conditions at which the
effervescent atomization occurs. Parameters such as water
temperature and water flow rate need to be established.
First, water at room temperature is run through the nozzle.
Then, effervescent atomization of the nozzle is achieved by
heating water through the nozzle (using the 500-watt heater)
to its flash point. Good atomization is achieved when the
water temperature measured 208°F (98°C) and the flow
rate is 5.7 L/hr (1.5 gallons per hour). Figure 10(b) shows
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FIGURE 10: Water atomization. (a) nonaugmented nozzle, (b) flash atomization alone, (c) air-jet blast alone, and (d) flash atomization plus

air blast.

the effervescent atomization achieved. It is clear, that the
previous steady stream (Figure 10(a)) of water is now a spray
of mist (very tiny water droplets).

The next task investigates the effects of air blast on the
effervescent atomization process. An air nozzle is positioned
perpendicular to the water injection in order to enhance
atomization. Figures 10(c) and 10(d) compare the nozzle
discharge with the air-jet at 100% for the flow condition
mentioned previously. It is clear from the figure that, with
the air-jet on, there is a considerable difference in the
atomization behavior for the air-jet blast alone and the air-
jet blast with flash atomization. For the air-jet blast alone
(Figure 10(c)), the water atomization appears to be sprayed
but not spread out; whereas for the air-jet blast with flash
atomization (Figure 10(d)), the water atomization is much
more dispersed and spread over a larger surface area. The size
of the water droplets for the air-jet with flash atomization
appears to produce considerably smaller (misty) droplets.

9. Research Turbine Demonstration

The research gas turbine is modified and used to perform
the realistic water injected combustion testing. The nozzles
and the piping system were refitted to accommodate the
current test. Figure 11 shows the gas turbine used for this
part of the experiment. The following data is recorded for
each test: combustor casing vibration, combustion chamber
pulsation, compressor discharge pressure (CDP), exhaust gas
temperature (EGT), fuel gas flow, water flow, water heater
inlet temperature, water heater outlet temperature, and rotor
speed.

FIGURE 11: Gas turbine used for experimental studies; (1) vibration
sensor, (2) pulsation sensor, and (3) water heater.

The operating combustion pressure and temperature are
raised by partially restricting the exhaust with a variable
orifice cover to impose load on the turbine. It is worth noting
that injection of water reduces exhaust gas temperature
(EGT) and increases the fuel gas flow required to maintain
speed. This is an expected result.

The relative combustion acoustic performances are con-
ducted for the specific conditions listed in Table 1. The final
testing is conducted at two different general conditions:
55,000 rpm and 62,000 rpm which represent different loads
and flow rates. Testing at the lower speed focuses on
repetitive tests to evaluate variability in the data and confirms
mean values for conditions with no water injection (dry),
with cold water injection (wet), and with water heated to
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TaBLE 1: Test operating points.
Speed Test number Test name EGT CDP Water flow Temp water Gas flow
rpm Deg C KPa L/hr Deg C m?/hr
55000 1.1 Dry1 530 55.2 0 0 9.06
1.2 Wet 1 510 55.2 15.1 0 9.3
2.1 Dry2 530 55.2 0 0 9.06
2.2 Wet 2 510 55.2 15.1 0 9.3
3.1 Dry3 530 55.2 0 0 9.06
3.2 Wet 3 510 55.2 15.1 0 9.3
3.3 Eff. 4 510 55.2 15.1 0 9.06
4 Dry 4 533 55.2 0 0 9.3
5 Eff. 5 509 55.2 12.1 111 9.6
6 Dry 6 522 55.2 0 0 9.06
7 Eff.7 513 55.2 12.1 112 9.6
8 Dry 8 518 55.2 0 0 9.06
9 Eff. 9 509 55.2 12.1 112 9.6
62000 10 62 dry 10 529 55.2 0 0 9.9
11 62 eff. 11 529 62 9.5 120 9.9
12 62 eff. 12 526 62 13.2 120 10.2
13 62 eff. 13 520 62 13.2 105 10.2
14 62 wet 14 514 62 13.2 65 10.2
the point of effervescence. Testing at 62,000 rpm does not 0.007 1
only focus on confirming that the general trends discovered 0.006 | Wet 3
at 55,000 rpm hold true for a different condition, but also
explores the relative effects of increased water temperature . 0.005 A Dry 3
and flow rates. g
It is important to assure that the water is close to an \g 0004 1
effervescing state at the flow rate used in this test before § 0.003 1
it enters the combustion chamber. A double valve/nozzle z
system is utilized. First, the valve for the water outlet into 0.002 1 ‘ | B
the combustion chamber is switched off, and the heated 0.001 1 I J | lﬂ
water is diverted to a water nozzle open to atmosphere. This M-»., |l e ot M,,.,‘“_[WM N
nozzle is the same size as the one in the combustor. Once 0 - F na ' i '
good atomization is confirmed visually, the valve to the open 0 1000 2000 3000 4000 2000
nozzle is shut off and the valve to the combustion chamber is Frequency (Hz)
opened. This ensures that the water entering the combustion — Wet3 — Dry3
chamber is fully atomized. — Wet3 Dry3
Several data processing steps are necessary to more clearly T Wet3 Dry 3
define the effects of water injection and atomization on - wztz Dry3

combustion stability. Combustion is inherently a chaotic
process, that is, there is a fundamental effect of acoustic
resonance, but its excitation is by random energy release
caused by vortices in fuel air mixing and in production
of steam pulses as water droplets evaporate. Thus, the raw
acoustic frequency spectra allow distinguishing the various
natural frequencies, but the spectral quality is not sufficient
to quantify the relative magnitude differences between
the three different combustion strategies tested. Figure 12
presents overlays of four sequentially recorded spectra for test
point 3.1 (dry combustion) and four sequentially recorded
spectra for test point 3.2 (wet). As can be seen, high acoustic
responses are found at 100 Hz, 1400 Hz, and 3000 Hz for
each condition, but it is difficult to clearly differentiate the
magnitude differences.

FiGURrE 12: Comparison of raw frequency spectra wet versus dry.

By zooming in to focus on each specific acoustic fre-
quency in Figure 13, a little better definition is noticed,
but still not sufficient for comparative quantification. A
procedure is developed based on acquiring and averaging
100 sequentially recorded spectra that are then smoothed by
a moving average that covers 40 Hz band. The results are
presented in power spectral density (PSD) units (psi*/AHz)
on Figure 14. The resultant spectral trends are robust and
sufficiently consistent to represent the relative differences in
acoustic excitation inherent in each combustion condition
(dry, wet, and effervescent).
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FiGgure 13: Comparison of raw frequency spectra wet versus dry focused on 1400 Hz mode.
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55000 RPM condition. for each condition tested at 55000 rpm is summarized in

Figure 16. This figure illustrates the following salient features
in the data.

As all significant responses (100, 1400, 3000, and
4400 Hz) show little or no variation between the different
conditions except for the response near 1400 Hz, the focus
is narrowed on the frequency range between 800 and

(i) The pulsation levels for each condition are relatively
self-consistent for tests conducted at the same oper-
ating condition.

1800 Hz (Figure 15). The data processing method, applied (ii) Standard deviations are 5% for the wet C(.)n.diti.on,
over this reduced frequency range, proves sufficiently robust 11% for dry, and 6% for the effervescent injection
to evaluate the effective pulsation energy level differences tests compared to mean levels.

between each test. As can be seen, the peak pulsation levels (iii) The differences in pulsation levels at each condition

are well grouped for the wet injection condition while, the are significantly greater than the data deviation and
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FiGgure 17: Comparison of pulsation spectra at 62,000 RPM.

can be reliably used to represent the effective differ-
ences in excitation levels.

(iv) The data represents the expected increased excitation
by water injection and the benefit gained by efferves-
cent injection.

As the dry and effervescent levels are almost the same,
the application of effervescent atomization should reliably
mitigate the increased pulsation caused by water injection.
Testing near maximum speed, 62000 rpm produced higher
compressor pressures, higher exhaust gas temperature, and
higher pulsation levels. The relative differences between dry,
wet, and effervescent injection are similar to the results
observed at 55000 rpm, however, see Figures 17 and 18. This
provides confidence that the trend carried over a variation in
operating conditions.

An additional objective of this test is to explore the effects
of variation in water temperature and flow rate. Figure 19
shows that pulsation trend decreases with increasing temper-
ature up to a point. Above that point, the water will vaporize
in the supply line, and it is likely that steam will choke at the
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FIGURE 18: Peak pulsation energy for dry, wet, and effervescent
injection at 62,000 RPM.
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FiGure 19: Trend of peak pulsation energy with water injection
temperature.

orifice and limit the mass flow amount that can be delivered
which will reduce the NOyx control effects.

In summary, combustion pulsation level with water
injection rises significantly compared to base-line dry com-
bustion levels for both the research turbine and industrial gas
turbine. Introducing thermal energy into the water creates,
steam flashing at the nozzle and combustion pulsation
reduces to the base line (dry) level. At higher thermal energy
input, more steam flashes at the nozzle, but no further
reduction in pulsation is noted. Thus, only a small fraction
of water needs to flash to adequately atomize the remainder.
At much higher energy input levels, flashing begins to occur
prior to exiting the nozzles which results in lower water flow
rates and reduced ability to control NOy.

10. Conclusions

The investigations of the combustion pulsation problems,
including the results of latest laboratory testing, confirm the
following basic findings.
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(1) The research turbine tests demonstrate that pulsation
energy at the acoustic fundamental natural frequency
is more than doubles with water injection. This effect
confirms the findings of the tests conducted on the
industrial gas turbine.

(2) Testing confirms that combustion pulsation can be
reduced to dry levels by effectively atomizing the
water by an effervescent process.

(3) Testing also confirms that effective flash atomization
can be achieved by bringing the water temperature to
just below its boiling point at the point of injection.

(4) The addition of heat beyond that required for
obtaining flash atomization adds little benefit.

(5) Increasing heat input to the point that water flashes
before reaching the nozzle causes the flow to choke
which dramatically reduces water injection which
likely reduces the ability to control NOx emissions.

(6) While the research turbine is much smaller than the
industrial engine and its acoustic natural frequencies
much higher, the test results for both engines show
that the pulsation levels at first acoustic natural fre-
quency are the most sensitive to water injection. With
this similarity, the mitigating effects of effervescent
atomization should be similar for both engines.
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