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ABSTRACT

The possibility of electrically altering the droplet size distribution

and injection cone angle of gas turbine fuel injectors has been investigated.

The work was carried out both in a combustor rig incorporating a T-56

combustor liner/nozzle and in a non-burning spray optical absorption apparatus

into each of which a high voltage electrode could be introduced. Several

electrode designs were investigated in an effort to minimize flameholding and

subsequent electrical short circuiting. Fuels investigated included JP-4, the

design fuel, JET-A, JP-5, and Diesel Fuel Number 2.

Results of the optical experiments indicated reductions in the Sauter

Mean Diameter of 7.7 percent. Results of the combustion experiments indicated

increases in combustor efficiency of up to 3,6 percent for Diesel Fuel Number

2 and increases up to 0.6 percent for JP-4.
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1. INTRODUCTION

1.1 The shortage in petroleum has produced a trend in refining toward

inclusion of heavier "fractions" in the fuel blends resulting in a wider range

of viscosities, higher surface tension, and lower vapor pressure. The trend

in increasing the aromatic content has developed consistently through the last

decade [I]*, and the search for alternative fuel sources nay well result in

fuels of lower grade.

1.2 Changing to fuels of higher surface tension and viscosity would produce

non-optimal sprays, both in pressure type atomizers [2] and in air blast type

atomizers [3]. This result would be more pronounced in the latter type. Fuel

sprays containing larger droplets of lower volatility exhibit longer

evaporation and combustion time [4], resulting (for given combustor flow rates

and geometry) in lower combustion efficiency, and higher soot production.

This is especially important in high-performance aviation engines. Besides

the deleterious effect on the overall propulsion efficiency, larger droplets

may cause a significant reduction in the liner lifetime due to increases in

radiative heat transfer [5]. Lower combustion efficiency also produces

exhaust gases of more adverse environmental impact. It is therefore desirable

to be able to incorporate in present-day combustors some means of modifying

the fuel spray in order to compensate for the effects of higher viscosity and

surface tension. This would enable the use of a wider variety of fuels for a

given engine.

1.3 A simple yet potentially effective method of producing of finer liquid

sprays is that of electrically charging the droplets. Electrical effects on

droplets were first investigated by Rayleigh [6], and the applications have

Numbers in brackets refer to references listed in the Bibliography.
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achieved a growing interest in the spraying of paints, metals, and more

recently in hydrocarbon fuels [7,8]. Mean droplet diameter reductions of 20

to 60 percent for fuels have been reported for cold sprays. Mloreover, it has

been postulated [9] that in a combustor, even if the droplets are not

initially charged to the Rayleigh limit (at which they break into smaller

drops), as they evaporate they eventually pass through that linit.

1.4 It appears, therefore, feasible to electrically modify fuel sprays in

combustors in order to provide a desired control of droplet sizes and spray

patterns. Accordingly an effort was initiated in 1980 in the Department of

Aeronautics of the Naval Postgraduate School to investigate the viability of

this concept. A combustor test rig, incorporating a modified T-56 gas turbine

combustor liner, (Figure 1), was constructed [10]. Additionally, cold spray

optical absorption and high speed photographic tests were performed [11] with

encouraging results. A decrease in the relative amount of large droplets with

a non-design (Diesel) fuel spray was detected under high electrical field

influence [11], and high voltages were sustained by an electrode in the

hostile environment of combustion gases [12]. A promising design has evolved

in the construction of the high-voitage probe [13] which incorporates purging

in the insulated portion of the electrode to achieve better flame blow-off

control.

1.5 The objective of the present work was to continue this two-pronged effort

while modifying the combustion test rig for higher productivity and more

systematic data acquisition and reduction, and redesigning of the optical cold

spray test setup to obtain more quantitative results. Along with these main

goals, preferred electrode configurations were considered and alternative

injection techniques were studied.

2
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2. COMBUSTOR TEST RIG

2.1 Airflow Mleasurement

2.1.1 In order to achieve more repeatable and reducible results it was

necessary to measure and record the airflow to the combustor inlet with a well

calibrated system. Orifice-type flow measurement was chosen as the fastest

and most reliable method for this purpose. A standard 2.4 inch sharp-edge

orifice (Figure 2) was manufactured from aluminum (the temperature range of

the airflow was narrow enough to ensure accurate results with this metal) and

mounted downstream of a flow straightener and a seven-foot long, eight-inch

diameter pipe, and followed by an eight-inch diameter, five-foot exhaust pipe.

Pressure taps were located one pipe diameter upstream from the orifice and

one-half diameter downstream.

2.1.2 Calibration was performed by measuring the pressure drop across

the orifice along with the pressure drop on a partially closed butterfly

valve, upstream from the flow straightener. Air mass flow rate was calculated

according to the procedure of Reference [14] using the values of flow

coefficient K in Table 5, and Equation 2, Section 7 (ibid). The pressure drop

across the butterfly valve, which was to serve as the "resistance" element,

was measured first with a water manometer, and finally with a differential

pressure transducer (Statham #12725, ± 1 psid). A simple linearized

calibration formula was obtained:

W =3000 VT h (2.1)

where: W = airflow, in lb/hr

y = specific weight of the flowing air in lb/ft
3

hw = pressure drop across the valve, opened to the
4th notch, in inches of H20 column height

Figure 3 is a plot of the calibration formula.

4

AMMM-_



H-. 0.250

8.850 dia. 2.400 dia.

-0.100
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For the differential pressure transducer this formula converts into:

W = 4000 /y67 (2.2)

where AV is the output of
the transducer, in volts

This relation approximates the calibration curves of Reference C13] with an

accuracy of 1.5 percent, indicating that the partially closed valve closely

approximates an orifice. Airflow in this facility can be controlled, measured

and recorded with an overall repeatability and accuracy better than 4 percent.

Flow rates were observed to remain steady during test runs.

2.2 Fuel Flowrate Measurement

2.2.1 The fuel delivery system is comprised of a nitrogen-pressurized

fuel container of 3-liter capacity along with nitrogen bottle with a pressure

regulator and two solenoid-activated valves for fuel pressurization and for

opening the fuel line to the combustor nozzle (the ARM and FIRE switches,

respectively) [10]. Initially, due to the lack of a suitable flowmeter,

average volumetric flows were obtained by dividing the fuel quantity for each

test by the combustion time of the test (whenever ignition was immediate).

Later, a turbine flowmeter was procured.

2.2.2 In order to verify the assumption of a constant fuel flowrate

through the test, the turbine fuel flowmeter was installed. It consists of a

Flow Technology Inc. turbine flowmeter Model FT-4-8 with RF-modulated pickoff

providing a range from 0.06 to 3.0 GPM. This range covers, with suitable

margins, the whole span of operation of a single T-56 nozzle. A pulse rate

converter model PRC-408 from the same manufacturer provided a DC output for

recording purposes. The flowmeter was calibrated by the manufacturer for the

following viscosities: 0.85, 1.18, 7.32, and 16.12 cstks. A universal

viscosity curve was generated and supplied by the manufacturer, its range

covering the viscosities of most fuel blends (Figure 4).

7
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2.2.3 After the turbine flowmeter was incorporated in the fuel delivery

line, it was confirmed that:

- The fuel flowrate was steady for a given nitrogen pressure

during the combustion tests (except for the fuel-exhaustion

transient).

- The volumetric flowrate measurement was consistent with the

flowmeter output to within I percent.

The first result is particularly significant, since for constant airflow (as

reported in 2.1) there should be no appreciable change in combustor average

exhaust temperature, unless there is a change in combustion efficiency.

2.2.4 The turbine flowmeter, however, proved to be susceptible to

electrical noise, especially noise produced by sparking from the high voltage

probe, during breakdown voltage tests. This noise caused damage to the pulse

rate converter and repair was necessary. It was therefore necessary to avoid

discharge or sparking tests when the flowmeter and pulse-rate-converter were

on.

2.3 Temperature Measurements

2.3.1 During the initial phase of the project, through December '82, a

single Chromel/Alumel thermocouple, (type "K"), was utilized to measure the

combustor exhaust temperature. This thermocouple was of the stainless-steel

shielded type. Later, 3 type "K" Inconel-shielded and ungrounded thermo-

couples were installed across the combustor exhaust to monitor the temperature

profile and to enable an average temperature to be obtained, (through summing

their outputs electrically). An additional Platinum/Platinum-Rhodium (type

"R") thermocouple probe was installed and used for redundancy, since the "K

type thermocouples had the tendency to "burn-out" at the high temperatures.

A photograph of the thermocouple installation is shown in Figure 5.

9



w

0~

w

0
I.-
C')

0
C.,

I-4

4

4

w
-J
0~

0
0
0

w
I-

I',

10



2.3.2 The "sum-averaging" technique produced temperature measurements

that were virtually noise-free, while each individual thermocouple indicated

appreciable temperature fluctuation. The noise reduction was very dramatic,

by a factor larger than ,rT, indicating that this "noise" was not an entirely

random phenomenon, and that the temperature fluctuations at the various

thermocouples were correlated. It was felt that those fluctuations were

mostly caused by fluctuations in the fuel-spray spatial pattern (although the

air and fuel flowrates remained constant). The sum of all three temperature

measurements consistently cancelled out these fluctuations and essentially

recorded constant energy flow through the combustor. Changes in the average

exhaust temperature should be therefore interpreted as changes in the

combustion efficiency as long as the air and fuel flowrates remain constant.

2.3.3 Results recorded with the 3 thermocouples reveal that in every

instance when a rise in the central-thermocouple reading temperature was

recorded an increase in average temperature was recorded as well. It is

therefore justified to consider the positive results obtained with a single

central thermocouple (2.3.1) as viable data.

2.3.4 The temperature measuring system was checked thoroughly and

painstakingly for any possible noise generated by the discharge from the high

voltage prove, and for the validity of the recorded temperature changes.

Thermocouples were swapped, as well as their connections, leads and recorder

channels. The high voltage was raised during cold flow (fuel and air) with

intensive sparking up to the limit of ignition. The resulting noise was

negligible and the temperature measurements through different thermocouples,

lines and channels remained consistent.

2.3.5 Combustor inlet air temperature was monitored by a single "K" type

thermocouple. No fuel temperature monitoring was performed since the fuel was

11



close to the ambient temperature which did not vary appreciably. References

11 and 12, however, indicate that the fuel to air temperature difference does

affect spray characteristics.

2.3.6 The thermocouple outputs were recorded either directly or after

processing through a digital thermometer with a linearized analog output,

(Omega models 660 and DSS 650).

2.4 High Voltage Supply

2.4.1 A grounded-nozzle/positive-electrode configuration was used in the

combustion experiments. A Sorensen 1030-20, high voltage power supply with a

current limit of 20 mA was used in the initial phase, through December '82.

It was replaced during the later phases of the investigation by Hipotronics

Model 830-5/830B having a current limit of 5 mA. The high voltage was

connected to the electrode through a coaxial cable with rounded-off external

connections to prevent corona discharges.

2.4.2 The high voltage was sensed and recorded during the tests through

a connection in parallel to the power-supply panel meter. Capacitors were

employed to filter part of the noise induced by the moving-coil voltmeter.

This arrangement proved suitable for low currents, but for the Hipotromics

power supply the output was extremely noisy for currents above 1 mA. As a

consequence, the voltage had to be monitored manually from the panel meter in

these cases.

2.5 High Voltage Electrodes

2.5.1 There are two principal mechanisms through which droplet charging

may be achieved:

2.5.1.1 Direct field emission into the liquid. This may be

accomplished by producing local electrical fields on the order of 107 V/m.

This necessitates the optimization of the electrical field at the nozzle tip,

12
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(blunt external positive electrode, close in to the nozzle, in our case), or

pre-charging the liquid before it enters the orifice, (Kelly's triode concept

£9]).

2.5.1.2 Charging the droplets, after the spray is formed, through

a corona discharge. In this case a high, ionizing electrical field is

produced at the electrode tip and the droplets passing through the corona

volume are electrically charged. A sharp-pointed electrode is best for this

arrangement.

2.5.1.3 The first technique has some inherent advantages which

result from the possibility of utilizing a grounded unshielded external

electrode that could be even flame holding, with extremely low charging

current (on the order of 100 uA for a typical combustor). The discharge

currents for corona charging are inherently higher, necessitating power

supplies of higher current capability.

2.5.2 As a result of cold-tests, it was found expedient at this stage to

use a grounded-nozzle/hot electrode arrangement, resulting in fewer changes in

the nozzle-combustor liner configuration. Alternate solutions will be

discussed in Recommendations, Section 6. It should be noted here that

maintaining an intense electrical field inside a combustor is extremely

difficult due to the highly conductive combustion products C9], especially in

the primary zone adjacent to the nozzle-electrode gap. The flame front is

quite pliable and may engulf the high-voltage electrode, thus shielding the

probe's electrical field from the fuel nozzle. Alternatively, it may cause

prohibitively large leakage currents. In any case, the electrode must be both

thermally and electrically insulated from the flame-front.

2.5.3 Two approaches to minimize the flameholding effect proved to be

very effective.

13
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2.5.3.1 Flame blow-off control. In the initial experiients by

Logan [12] high voltage was sustained on the electrode during combustion tests

with the electrode introduced through the crossover port and slanted upstream

so as to create a 25 mm gap between the exposed tip of the electrode and the

fuel nozzle. It was decided later [13] to introduce the electrode at a right

angle to the flow at a distance of 25 mm from the nozzle plane in order to

remove it further from the flamefront zone (Figure 6). Moreover, it was

decided to try to minimize flameholding by the probe through the introduction

of air or nitrogen purging through slots in the ceramic insulator near the

electrode tip [13]. This technique is labeled "Circulation Control". Seven

slot configurations were tested, they are depicted in Figure 7. Both air and

nitrogen purging were investigated, the latter proving much more effective.

The simplest yet most efficient flame blow-off slot arrangment was the

dual-slot "E" configuration in Figure 7. For best results the slots had to be

inclined slightly against the swirl in the air flow, produced by the slots in

the backplate of the liner. In order to further insulate the electrode rod

from the conductive flamefront, dual insulation was introduced [15] resulting

in the probe configuration shown in Figure 8. With this probe it was possible

to sustain near-clean-air-breakdown voltages during combustion for gap

distances between 5 and 7.5 mm.

2.5.3.2 Sealed-off quartz insulation. Another approach to mini-

mization of the flameholding effects was to construct a very thin sealed probe

which is schematically shown in Figure 9. This configuration has the fol-

lowing advantages:

14
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-It eliminates the need for nitrogen purging. (There is only a

negligible amount of nitrogen needed for pressurizing and

this could be eliminated with better quartz-metal seals.)

-The amount of maintenance is smaller, owing to the lack of fuel

leakage into the insulated probe space.

-It could be used to construct bent probes to further eliminate

flameholding.

This configuration proved to be as effective as the flame blow-off control,

for short gap distances, (4 10 mm). These results are discussed below.

2.5.4 Probe Mounting

The first ceramic-insulated probes were mounted rigidly on the

combustor outer shell, (8" stainless steel pipe), [12,13]. It was realized

however that an adjustable probe mount would be more suitable for extensive

testing. A solution evolved (see [15]) resulting in a ball joint mounting.

An exploded view of the mounting is shown in Figure 10. This was called the

"4-degree-of-freedom" probe mounting; the ball joint provides two, while

sliding the probe in and out and rotation along its axis provides two more.

Sealing is provided by the ball joint itself and by an "O-ring" squeezed

around the ceramic insulator on the open air end of the probe. An external

calibrated scale provided fast and easy adjustment of the electrode-nozzle gap

distance to within ± 0.5 mm, while a specially constructed optical insert,

(right-angle finder-telescope), permitted precision alignment of the electrode

tip on the combustor centerline (Figure 11). With this arrangement a whole

range of gap distances, from 5 mm to 35 mm, could be scanned and the flame

blow-off slots could be empirically aligned with the local flow direction,

thus compensating for the swirl in the flow.

19



FIG. 10 EXPLODED VIEW OF BALL-JOINT PROBE MOUNT
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2.5.5 Probe Insulation

The principal insulation for the probes was high-density alumina

ceramic tubes (Coors Cast Alumina Tubes AD-998). Care was taken so that the

dielectric strength at the joint and liner port exceeded the electrical

breakdown requirement for the largest electrode-nozzle gap, (V>22 kV). The

insulation also should have provided excellent high-temperature protection for

the electrode rod but electrical insulation at the high-temperature of

operation was not verified. In the purged probe there was "built-in"

film-cooling, but even in the quartz-sealed probe there was no evidence of

electrode oxidation or failure. This is quite remarkable, since the probe is

actually immersed in the primary zone, with temperatures of approximately

25000K.

2.5.6 Electrode Material

Tungsten was used in the high voltage probes, due to its high

melting temperature. Stainless steel might have been used as well in the

purged probes, due to the film cooling. Electrode rods could be easily

exchanged in the purged probe, (Figure 9), thus enabling investigation of both

sharp-pointed and blunt tips.

2.6 Data Acquisition and Reduction

Four dual-channel strip-chart recorders, capable of better than one

percent full scale resolution provided channels for combustor exhaust

temperature, (either directly from thermocouples or through linearized-analog

outputs of digital thermometers), air flowrate, fuel flowrate and high

voltage. Two HP-41C calculator programs were written: "AF" (by J. Mavroudis)

and "ER" (by W. Manning) for equivalence ratio calculation. The Control,

Operation and Data Acquisition console is shown in Figure 12. The combustor

test rig is shown diagramatically in Figure 13. A photograph of the combustor

is shown in Figure 14.
22
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3. OPTICAL SPRAY DIAGNOSTICS

3.1 Droplet size measurements are essential in this kind of research in order

to guide electrode configuration design and to correlate the combustion test

results to the actual spray changes obtained through electrical modification.

Of the methods that exist for droplet size measurements, optical methods ar

considered the least intrusive. Optical methods vary in accuracy and

complexity, from the measurement of Sauter Mean Diameter, (SMD or D32 - the

"ratio of volume to surface" diameter), (Dobbins et al., [16], Rizkalla and

Lefebvre [17]), to SMD and distribution width (via wavelength neasurement),

(Cashdollar et al., [18]), to particle size and velocity distribution function

measurement (two-beam interferometry), (Bachelo et al., [19]). The latter

method is very expensive (on the order of $100,000.00 for equipment alone). A

three-wavelength measurement was considered initially, but a submillimeter-

wavelength source, needed to account for the largest droplet size, (- I mm),

was not readily available. Within the budget and timeframe constraints, a

simple adaptation of the SMD measurement experimental setup was designed and

constructed.

3.2 Relative SMD Measurement

3.2.1 Theoretical Background. The transmission of light(T) passing

through a spray of a path length i, having a Sauter Mean Diameter D32 , and a

volume concentration Cv is given by [16]:

3 KT = exp (- 'a 32 LC (3.1)
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where Y is the mean total Mie - scattering coefficient for the droplet size

distribution of the spray. The coefficient Y is dependent on the wavelength

of light A , droplet size D , and index of refraction n . All these

parameters combine into a single governing "normalized size parameter", p

(also described as the phase shift parameter [20]):

p = 2a(n - 1) (3.2)
where:

a = nD/X

The index of refraction , n , for the fuels utilized in the present work, may

he assumed to be within the limits: 1.3 < n < 1.5 (these are the extreme

limits for various hydrocarbon fuel fractions). The behavior of - as a

function of a for n = 1.5 is given by Penndorf [21], in Figure 15 from which

it can be seen that the value of 7 converges for very large values of a to a

constant value of nearly 2.0. This is consistent with the diffraction theory

of light [22], since the term:
C

3 v

32

in the transmission law (3.1) represents the total projected area of the

droplets, and for droplets much smaller than the probe beam diameter the

scattering cross section is twice the projected area. For our range of

interest, D>20 um, X = 0.6328 lim (He-tie laser) , a > 100, and - should

be very close to 2.0 and virtually independent of D32. Penndorf's

approximation [21] for extreme values of K is given by:

2+4 4 29t1 51M
max = max + 2

max Pmax Pmax Pmax (3.3)

K 2 4 4 +8.011 27.3IKmin  P -- + P +-
min pin min Pmin
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where M1 is the Lorentz - Lorenz term:

M = (n2 - l)/(n2 + 2)

Averaging minimum and maximum values, to evaluate an approximate value of K

for 1.3 < n < 1.5 yields:

K 2.04 t 0.04 (3.4)

(the error limits are due to the uncertainty in n , which is constant for

each fuel, yielding a constant value of Y). For constant fuel flowrates,

.= const., Cv = constand it is therefore possible to obtain the relative

change in D32 with electrohydrodynamic spray enhancement:

in T(V 0) - (V * O) (3.5)

3.2.2 Experimental Apparatus

3.2.2.1 The experimental setup for the relative SIID measurement

is shown schematically in Figure 16. The 5 mW HeNe laser beam, (Hughes Model

3305H) is chopped by a calibrated mechanical chopper, (Laser Precision

Corp. CTX-534), and split by a variable density beam splitter, (Jodon

VBA-200), into the probe and reference beams. The reference beam is

attenuated, (by reflection off an optical flat and a - 0.3/0.7 beam splitter),

and focused through a 50 Um pinhole into a SGD-100A, (EG(G), photodiode. The

probe beam is expanded by a XIO beam expander, passed through the spray, and

focused by an f = 60 cm lens, through a 100 um pinhole onto a similar

photodiode. The probe signal is detected by a PAR 121 lock-in amplifier, the

unperturbed signal from the first photodiode serving as reference. The

output, representing the transmission T , (Equation (3.1)), is recorded, along

with a sample of the high voltage on an x-y recorder providing a continuous

graph of transmission vs. voltage. The natural log of T can be calculated for
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any V, providing the dependance of D32 and V. These values are adjusted for

the changes in Cv and X caused by the slight cone angle expansion of the

charged spray. Generally, Cv decreases inversely proportional to X2.

3.2.2.2 The standard T-56 fuel nozzle and the electrode are

mounted on a vertical optical bench, on electrically insulated sliding mounts,

enabling the movement of the electrode and nozzle with repsect to each other

and to the probe beam, (see Figure 17). Nitrogen is purged through the air

shroud of the nozzle to improve spray confinement and to deter ignition in the

case of sparking betweeen the nozzle and the electrode. The spray is directed

vertically downwards through a funnel mounted in the tabletop, into a covered,

grounded pan. In this manner lab space, table and floor contamination by

the fuel spray is almost entirely eliminated. Either the electrode or the

nozzle may be grounded or connected to the reversible polarity high-voltage

supply. High voltage resistors having a resistance of 70 rM may be connected

in line with the "hot" electrode to minimize the current in case of

breakdown.

3.2.2.3 The experimental arrangement, shown also in Figure 18,

ensures a very high, (better than 200), signal-to-noise ratio. It also

produces an accurate measurement of the transmission, since:

-the beam diameter is at least 10 times greater than the largest

droplet size;

-only the diffraction-limited (unscattered) part of the beam is

measured by the photodiode, and only a negligible percentage of

the radiation scattered by even the largest droplets is

transmitted by the pinhole.
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It was possible to operate this setup with the vibration generated by a 300 HP

running air compressor at a 5 m distance, with only 2 percent degradation in

the overall performance.

3.2.3 Absolute SMD Measurement

Dobbins et al., [16] and Roberts and Webb [23] have shown that,

assuming droplet size distribution according to an upper-limit-distribution

function (ULDF), the illumination profile of the scattered light versus

reduced angle, (wD32 /X)e , follows a nearly universal mean theoretical curve

for a wide range of size distribution parameters. This curve is given in both

[16] and [23] and may be utilized for SMD calculations from angular light

distribution measurements in the far field. More recently, it has been shown

(Reference 24), that a fairly good approximation to a polydisperse spray light

scattering pattern representative of fuel sprays where aB<3 is given by:

I3 = exp [-(0.57 a e)23 (3.6)

wD32
where -= -3-

e = scattering angle

Given any two 1(0) values, D32 may be readily calculated. The experimental

setup (Figure 17) could be easily adapted for I(0) measurements. A larger

focusing lens and pinhole were utilized, to capture enough of the scattered

light and ensure the linearity of the measurement. The chopper frequency was

raised to 4 kHz to provide some "freezing" of the droplet motion. Micrometric

screws with 0.01 mm resolution were used to move the pinhole along the focal

plane. Three points of i(e) could be measured during a typical short run. A

better arrangement is suggested in the Recommendations, Section 6.
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4. COMBUSTION EXPERIMEMTS

4.1 Fuel Properties

Both commercially available and military fuels were used in this program.

JP-4 is the design fuel for T-56 combustor, and is a high grade fuel of high

H/C, low viscosity and surface tension. JET-A and JP-5 are also high quality

jet propulsion fuels, although of greater viscosity and surface tension.

Diesel fuel has the lowest value of H/C and is representative of high surface

tension, high viscosity fuels. These chartacteristics of Diesel fuel should

result in coarser sprays, less efficient combustion, higher luminosity flame

and more soot at the exhaust. The major properties of the fuels used are

listed in Table 4.1. It should be noted that some fuel samples from different

batches had different compositions and characteristics.

4.2 Combustion Tests Results

4.2.1 General

With the fuel flowrate constant during each run, the air flowrate

was adjusted for each test. It was possible to perform 2 to 3 tests during a

typical 3 to 4.5 minute run, each test consisting of a different equivalence

ratio.

With all the improvements incorporated in the combustor test rig it was

possible to average about 16 tests per day although as many as 27 tests were

actually performed on a single day.

In all 385 individual tests were run. Of these, 81 tests had to be

discarded due to thermocouple burnout. An additional 71 tests were discarded

in the period of April 26 through May 9, 1983, due to poor nozzle performance

resulting from a defective orifice. The balance of 233 tests were deemed

acceptable for data reduction.
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4.2.2 High Voltage Probes Performance

It is worth noting that the probe design, although simple, was not

straightforward and, for example, thinner probes were not always more

effective in the reduction of the flameholding effect than thicker ones.

Much trial-and-error testing based on soot deposition on the probe was

needed to align the slots properly with the flow and to optimize the nitrogen

purging rate at each probe position (see Figure 19).

Fuel leakage into the insulated probe housing posed another problem.

Fuel collected within the probe housing would undergo thermal decomposition

and form conductive deposit on the electrode rod as well as on the insulating

tube walls. An example of this result is shown in Figure 20 where, prior to

the quartz probe pressurization, fuel leaked into the probe space and "coked"

there. The problem was alleviated by pressurizing the quartz probe, but the

purged probes had to be cleaned repeatedly, especially after UF-2 runs with

high equivalence ratios. "Coked" fuel and soot deposition was almost

negligible for JP-4.

The probes proved to be reasonably rugged, during this phase of the

research. With carefull handling, the latest design probe (Figure 9) was

operated at average temperatures of 8000C to 11000C and transients of 13000C,

remaining intact after more than 2 hours of cumulative testing.

Cleaning the soot and coked fuel deposits with borax soap and toothpaste

proved most effective.

4.2.3 Combustion Efficiency

4.2.3.1 Thermal combustion efficiency was determined by dividing

the combustor thermal energy output by the fuel's net heat of combustion. As

might be expected, the design fuel, JP-4, was the most efficient, and DF-2

exhibited the lowest baseline efficiency. Comparison of consecutive tests for
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JP-4 and DF-2, with the same electrode configuration at zero potential is

given in Figure 21. The thermal combustion efficiency n is in the vicinity of

90 percent, that of DF-2 being lower than that of JP-4 by about five percent.

4.2.3.2 Changes in thermal combustion efficiency are equivalent

to the relative net combustion temperature rise:

AT

An average exhaust temperature change indicative of increased combustion

efficiency was detected for all fuels with the application of high voltage to

the electrode. A summary of Tests Results is given in table 4.2.* There is a

trend for greater improvement, ana over a wider range of combustion conditions

and electrode configurations, for the higher viscosity and higher surface

tension fuels.

It can be seen that for each electrode configuration there was only a

narrow range of ER for each fuel in which an increase in exhaust temperature

could be achieved. This is believed to be due to the difficulty maintaining

high electical fields with the variations in the flamefront position for vari-

ous fuels and ERs.

For practical applications, the most important results are those achieved

with ER < 1.

Due to limitations of the air supply, the combustor was operated at low

pressures and temperatures, which would be representative of very high

altitudes (usually above the operation ceiling for T-56 engines).

It should be noted, that for ER < 1 , the improvements in n for small gap

distances were achieved mostly with very low electrical currents, indicating

*Temperature and voltage recordings for JET-A, JP-5, and DF-2 tests are

presented in Figures 22a, b, and c, respectively.
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predominantly electrostatic charging, while for larger gaps the discharge cur-

rent was greater, indicating electrohydrodynamic charging.

It is worth observing that, even for the highest values of voltage and

current recorded, the input electrical power is of the order of 1 percent of

the gains achieved in the thermal output power.

4.2.3.3 In most tests changes in the exhaust temperature profile

were detected with high voltage application, even if the sum-averaged tempera-

ture remained constant or with insignificant positive changes. This indicates

spray-pattern distortions due to the forces between the charged droplets and

the high voltage electrode. Normally there was an increase in the

exhaust temperature profile on the side of the electrode.

4.2.3.4 In no case was a negative average temperature change

detected with high voltage application.
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5. LIGHT ABSORPTION AND SCATTERING EXPERItIEtNTS

5.1 ftost of the cold-spray experiments were conducted with JET-A. The number

of fuels was restricted to avoid fuel ignition hazard. Tne output siqnal of

the lock-in amplifier contained fluctuations, indicating temporal changes in

spray pattern. The average value of this signal was reasonably constant and

repeatable. This average value was taken as the measure of linht transmission

through the spray.

During the control tests a rectified signal from the reference detector

was recorded indicating a constant laser output power, (laser manufacturer's

specifications are: ripple < 0.5%, power variations in 8 hours < ±5%).

5.2 Both blunt and pointed grounded electrodes were tested, with the nozzle

at a high negative potential. The electrodes tested were both of the right

angle and nozzle centerline type. The best 032 reduction was obtained with

the right angle blunt electrc - ,aving a gap distance of about 8.5 mm. This

is consistent with the results of combustion tests, where the best results for

JET-A were achieved for x 2 7.5 rim. The transmission dropped from 0.39 to

0.375, indicating a decrease of 4 percent in 032 (Figure 23). Correction of

this value for slight changes in I and Cv , caured by the mutual repulsion of

like charged droplets, and recorded photographically, (Figure 24), yields a

relative D32 change of between 6.7 and 7.7 percent.

In comparison dith this result, the change in the "most probable droplet

diameter" obtained by Kelly [9 with the more sophisticated "spray triode,"

was about 20 percent. Ito et al., [7] found that applying high voltages with

a ring electrode near the fuel nozzle improved fuel atomization and decreased

the droplet mean diameter and Standard deviation.

5.3 Absolute SMD was measured for DF-2 on the setup described in Section

3.2.3. The pinhole was moved through 0 - 0.926, 8 = 1.852 and 8 2.78 mrad.
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FIG. 24 PHOTOGRAPH OF LIGHT ABSORPTION EXPERIMENT
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The measured values of 1(B) were repeatable to within 25 percent in

consecutive tests. 032 was calculated according to the curves in [16,23),

yielding the values 217uim > 02> 201iin Calculation according to [24J

(equation (3.6)) yielded D32 =2O7ujr.
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6. CONCLUSIONS

6.1 General

While full scale development of electrohydrodynamic fuel spray en-

hancement would be best conducted in an industrial facility, numerous goals

can and should be pursued on the existing experimental setups. These include

both cold spray diagnostics and verification in combustion experiments.

6.2 Improved Electrode Design

Higher electrical fields can be achieved at the nozzle utilizing a

ring-mesh ("flyswatter") electrode. This is indicated by the values of

electrical field with point-(or sphere)-to-plane electrodes vs. rod-to-plane

configurations (Reference [25]). This configuration would probably result in

stronger flameholding and consequently would entail additional or enhanced

flame holder reduction strategies.

6.3 Insulated-Nozzle Combustion Tests

The problem of flame holding and the resulting presence of conducting

gases can be alleviated by insulating the nozzle in the combustor can,

charging it with high negative potential and keeping the electrode grounded

(see Figure 25). Based on the results of the unpurged quartz-insulated probe,

there are no conductive gases in the neighborhood of the nozzle (within about

7.5 mm), thus high voltages may be applied to the nozzle with very low leakage

currents. As the flame front is at ground potential, flameholding on the

grounded electrode would pose no problem. The electrode, however, would have

to be protected against oxidation and high temperature. Moreover, it could be

incorporated in the combustor liner as a rigid fixture.
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6.4 SMD Measurement

The photodiode array at the focal plane can be utilized for I(e)

measurements, eliminating the need for micrometric screw adjustments during

the tests. Two angle measurements along with the high voltage can be recorded

on a 3-channel recorder yielding sufficient data for D32 -vs-V calculations

[24].
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7. SUM4ARY

7.1 An existing combustion test rig has been modified and an optical

scattering experiment designed and constructed for the continuation of the

research on the electrohydrodynamic enhancement of fuel sprays for gas

turbi nes.

7.2 Optical absorbtion tests indicate a Sauter Mean Diameter decrease with

the application of electrical fields.

7.3 Combustion efficiency in a real-size combustor, a modified T-56 can, was

improved with the application of high electrical fields, up to 0.6% for JP-4,

1% for JET-A, 3.6% for DF-2, and 2.1% for JP-5, for equivalence ratios between

0.35 and 0.53, and voltages between 4 kV and 11kV.

7.4 These results, achieved with nonoptimal electrode configurations,

indicate the potential for significant combustion and propulsion efficiency

improvements, with perhaps relatively minor retrofit needs in existing

combustors.

7.5 A "side-effect" detected during this study, the distortion of combustor

temperature distribution may be the basis of an additional combustor design

4 parameter. This could result in greater flexibility in combustor design, and

possibly to lowering of the liner temperature, extending the combustor's

lifetime.
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APPENDIX A

THE ELECTRIC INJECTOR

Combustor design is complicated by droplet atomization which in turn

depends not only on the fuel but also on the fluid mechanics of the injector

region. Future burner designs will no doubt benefit from new concepts on

atomization which focus on the characteristics of electrified droplets. The

range of droplet size modulation which has been demonstrated by electrostatic

means can be extended to encompass a more substantial electrical role.

Examples of such injectors are to be found in ink-jet printing devicesAl-A
4

and in the coherent injector programA5 at Edwards Air Force Base.

At the heart of these new electric injectors is a fuel manifold/nozzle

combination in which piezoelectric crystal synchronization produces drops

which are substantially more uniform than present injectors which rely only on

fluid mechanical forces. In the ink-jet printer droplet size uniformity is of

paramount importance and atomization is accomplished over relatively small

distances when compared to gas turbine injectors. Moreover, in the printer,

droplets at each miniature jet have to be individually addressable with

relatively high precision. In a burner, more room should be available if only

to keep the flame away from the injector region, and droplets have to be

charged not as much for addressability (depending, of course, on the

geometries involved) but for fine tuning or control of different fuel

properties. Clearly, with the new "degrees of freedom" available, new design

concepts will evolve.

The coherent injector derives its name from the potential coherence of

the fuel spray. The full advantages in combustion devices of a uniform size

droplet with controllable spatial penetration has yet to be assessed but it

appears likely that much more compact and versatile devices will evolve.

A-1
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Needless to say, with truly coherent injectors, combustion theory will benefit

and hopefully simplify.

To date, the electric injector effort seems to be in its infancy and only

the Edwards effort has been identified. We must, therefore, look primarily at

the ink-jet printer for practical guidance in the developmental problems that

lie ahead.

A-2
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