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I. INTRODUCTION AND BACKGROUND

AGT-1500 gas turbine engines have experienced significant starting problems due to
deposit buildup both on exterior and interior surfaces of the fuel injectors. The fuel
injectors consist of a primary nozzle used for starting and flame stabilization and a
higher flow rate secondary nozzle used to provide the majority of the fuel flow at higher
power conditions. Fuel flow rates through the primary and secondary fuel nozzles are
shown in TABLE 1 (for the current production 2-piece nozzle). The primary nozzle is a
pressure-swirl atomizer relying on fuel pressure for atomization, and having a specified
flow number (flow rate/ Ypressure differential) of 2.90 to 3.06 pound mass/hour (Ilbm/hr)
mon aircraft fuel system calibration fluid (MIL-C-7024, Type II). The conversion to
units of kglsmis to multiply by 4.80 - 10-2, The secondary nozzle is an airblast type,

relying on the air pressure drop across the combustor can to provide high velocity air to

atomize the fuel. The flow number of the secondary is approximately 45 Ibm/hr V psid.

TABLE 1. Fuel Flows and Pressure Drops for Standard
Operating Conditions of AGT-1500 Combustor
(2-piece nozzle design)

Start-up Low High
5% 20% Idle Idle Max
Speed Speed 40 hp 400 hp 1050 hp 1500 hp

Primary Fuel Flow,

gls 4.7 5.5 5.2 6.4 7.8 8.4

lbm/hr 37 44 41 51 62 67
Primary A P (fuel)(approx.)

kPa 1062 1503 1303 2020 2985 3482

psid 154 218 189 293 433 505
Secondary Fuel Flow,

g/s 0.4 3.3 2.5 27.2 56.7 82.7

Ibm/hr 3 26 20 216 450 656
Total Fuel Flow,

g/s 5.0 8.8 7.7 33.6 64.5 91.1

Ibm/hr 40 70 61 267 512 723
Air Pressure Drop, kPa 0.07 0.54 5.1 12.1 17.3 22.1

psid 0.01 0.079 0.736 1.75 2.51 3.21

inches H20 0.27 2.2 20.4 48.4 69.5 88.9
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According to the engine manufacturer, the starting problems are related to the fuel
deposits on the interior of the primary nozzle and the exterior of the nozzle affecting
the spray from the primary. For the conventional l-piece nozzle design, exterior
surfaces are cleaned after 40 to 60 hours to reestablish the fuel spray cone, and after
200 hours the interior of the primary nozzle requires cleaning or replacement. Cleaning
procedures usually provide only a temporary improvement with the l-piece nozzle
design, with the nozzie soon clogging again. When fuel flow rates in the primary nozzle
drop to about 47 percent of normal (17 lbm/hr instead of 36.5 Ibm/hr at 150 psid) due to

fouling, the probability of a successful start is 50 percent.

It has been established by the manufacturer that the nozzle fouling is not due to
Continuous operation, but is rather a shutdown, heat-soakback problem that results in
fuel coking within the atomizer, and fuel dripping from the downward pointing nozzle
after shutdown. This dripping fuel ignites and then coats the exterior of the atomizer

with soot. This fuel drip and ignition add additional heat load to the atomizer.

The manufacturer has developed three improvements in hardware and procedures to
alleviate the nozzle fouling problems. First, the engine should be run at idle before
shutdown to reduce engine and exhaust heat recouperator temperatures. Second, the
fuel control has been improved to reduce dripping after shutdown. Third, the fuel nozzie
and combustor housing have been redesigned in four ways to reduce problems associated
with nozzle fouling: (a) the l-piece nozzle, shown in Fig. 1, was redesigned as a 2-piece
nozzle, shown in Fig. 2, for easier cleaning; (b) the flow divider valve, which is subject to
fouling and sticking and makes cleaning difficult, has been removed from the nozzle and
located external to the combustor; (c) there are better thermal characteristics for the
new nozzle design, and the nozzle is thermally insulated at the mount; and (d) air for
airblast atomization comes directly from the compressor rather than the recouperator,

reducing the air (and nozzle) temperature and increasing the pressure available.

The status on i.ese improvements is as follows. The increased-idle-time shutdown
procedure is recommended and widely used. The improved fuel controls have apparently
been installed. However, the new 2-piece nozzles and redesigned cover plates are only
gradually being retrofitted into the existing M1 tanks. In the meantime, significant

problems remain in achieving successful start-ups in these tanks.
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Figure 1. One-piece fuel nozzle for AGT-1500 gas-turbine engine %
(no longer in production) '
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Figure 2. Two-piece fuel nozzle for AGT-1500 gas-turbine engine
(current production version)
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II. OBJECTIVES

The first objective of these tests was to evaluate the effects of fuel additives on deposit
formation in fuel injectors for combustors in AGT-1500 gas-turbine engines. A second
objective was to determine what other standard ASTM or bench-type tests could be used
to predict the full-scale fouling results without the expense of the full-scale tests. A

third objective was to evaluate solvents and cleaners for removing the deposits.

lII. EXPERIMENTAL APPROACH

Before describing these tests, it is worthwhile considering two other approaches that
were tried by the manufacturer, but were unsuccessful in alleviating the nozzle-fouling
problem. First, fuels lighter and cleaner than DF-2, such as JP-4, were tested because
they have a higher thermal stability than DF-2. However, fouling was as bad or worse
with JP-4 because of the specific fouling mechanism in this engine. The JP-4 has a
lower boiling point than DF-2, so during heat soakback the JP-4 boils sooner and forces
fuel out of the nozzle tip. Further, JP-4 is higher in volatility than DF-2 and ignites at a
lower temperature, increasing the chances for spontaneous ignition of the fuel forced out
of the nozzle. Thus, although JP-4 is a cleaner and more thermally stable fuel than DF-

2, the use of JP-4 does not improve nozzle fouling characteristics during shutdown.

A second unsuccessful approach was to use purge air to blow all the fuel out of the
atomizer during shutdown. A 50-cubic-inch reservoir at compressor discharge pressure
was used for fuel purging. Using this purge, about 3 seconds were required to remove the
majority of the fuel from the nozzle and another 20 to 25 seconds of airflow should have
provided fairly complete fuel removal. However, fuel fouling still occurred, with nozzle
temperatures going higher during the soakback period due to the loss of the heat sink

effect of the fuel.

This report describes the full-scale AGT-1500 combustor tests and fouling tests with a
smaller lab-scale flame referred to as a microburner. The fouling tendencies for the
fuel-additive mixtures as determined in the full-scale and microburner tests are
compared with the results from standard fuel-rating tests. Finally the experience with

various solvents and cleaning procedures is discussed.




A. Full-Scale Nozzle Fouling Tests

1. Facility for Full-Scale Tests

Fuel nozzle fouling tests were performed at Belvoir Fuels and Lubricants Research
Facility (BFLRF) at Southwest Research Institute with a full AGT-1500 combustor (sce
Fig. 3) using a newer style, 2-piece fuel nozzle (see Fig.2) prepared by the engine
manufacturer and the corresponding new combustor cover plate design. The 2-piece fuel
nozzle was selected for several reasons. First, the i-piece nozzles are no longer
manufactured, and unused nozzles are very difficult to obtain. Second, as shown in
Fig. 1, the flow-divider valve (which controls the flow split between the primary and
secondary atomizers) is internal to the l-piece atomizer, making it difficult to establish
whether fouling is occurring in the flow-divider valve, the primary atomizer, or the
secondary atomizer. Third, the 2-piece nozzles are easier to partially disassemble and
clean. The atomizers used for these tests are identified by number for these tests and by
serial number in TABLE 2. The primary and secondary nozzles are separate pieces, each
with its own serial number. Nozzle sets | and 2 are not listed in TABLE 2. These
nozzles were used to gain experience with the fouling mechanism, with cleaning

techniques for the nozzles, and to establish the number of test cycles.

TWO-PIECE NOZZLE

L1 - S

N EXTERNAL DIVIDER VALVE

Figure 3. Photograph of AGT-1500 combustor installation
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TABLE 2. Identification of AGT-1500 Nozzles

Nozzle Serial Serial
Set No. Number, Primary Number, Secondary
3 0591A 0373B
4 0581A 03858
5 4114A 4043B
6 4121A 40458
7 4131A 4032B
8 4134A 4046B

Because the nozzle-fouling problem in this combustor is related to the shutdown,
heat-soakback period, a cyclic test was performed to subject the fuel nozzle to a
series of shutdowns as described later in this report. The compressor section of the
AGT-1500 engine was simulated by compressors and preheaters at the Gas Turbine
Combustor Laboratory at Belvoir Fuels and Lubricants Research Facility (SwRI). The
maximum available airflow at this facility is 1.1 kg/s (2.5 Ibm/s). TABLE 3 shows that

TABLE 3. Airflow Requirements for AGT-1500 Combustor
Using Two-Piece Fuel Nozzle

Low High Max.
Idle Idle Power
40 hp 400 hp 1050 hp 1500 hp
Airflow into Combustor Liner*, kg/s 0.717 1.70 2.33 3.15
Ibm/s 1.58 3.74 5.13 6.95
Compressor Discharge Pressure, kPa 254 634 962 1303
psia 36.8 92.0 139.5 189.0
Inlet Air Temperature, Liner, °C 316 427 526 516
OF 600 800 978 960
Inlet Air Temperature, Atomizer, °C 121 266 337 399
OF 250 510 639 750

*Small additional airflow requirement for nozzle.




airflow requirements for the AGT-1500 combustor range from about 0.7 to 3.2 kg/s,
with much of this range beyond the available airflow capacity. Thus, the maximum air-
flow available of 1.1 kg/s was used for these tests at a pressure of 621 kPa (90 psia)
and a temperature of 482°C (900°F). These parameters corresponded roughly to the
400-hp condition, except that the temperature was increased relative to standard con-
ditions to increase the heat input to the nozzle and combustor, and the air to both the
combustor and the nozzle were at the same temperature as typical of the operating
conditions for the l-piece nozzles (rather than having cooler air for the nozzle as shown

in TABLE 3 for the 2-piece nozzles).

In order to perform cyclic tests involving many start-up and shutdown cycles without
start-up and shutdown of the air factory, a bypass air system was added to the
standard piping system. This addition allowed the heated high-pressure air to be
directed through the combustor during the burning phases, and bypassed around the

combustor during the shutdown/soakback period.

All test results were recorded with a microcomputer. Test results included inlet air

mass flow rate, pressure, and temperature, fuel pressure, temperature and mass flow

rate, nozzle flow number (mass flow rate/ Vpressure differential), combustor outlet
temperature, and nozzle body temperature just below the air inlet holes for the airblast

air for the secondary nozzles.

Airflow rates were measured with a 3-inch (7.6 cm) turbine flowmeter. The volume flow
rates were converted to mass flow rates in the computer system using measured
temperature and pressure. All temperatures were measured with type K (chromel-
alumel) thermocouples. Pressures were measured with transducers. Fuel flow rates

were measured with a Coriolis-Effect flowmeter.
2. Test Fuels

Two standard Reference No. 2 diesel fuels (Cat 1-H) (see TABLE 4 for fuel properties at
time of receipt) of differing thermal stabilities were tested to determine if these
differences would result in differences in fuel nozzle fouling. As discussed earlier,
limited tests by the engine manufacturer with JP-4 (which is more stable than diesel

fuel) showed fouling to be as severe as for diesel fuel. TABLE 5 shows the significant
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TABLE 4. Fuel Properties at Time of Receipt

Test Description

Test Results

Test Method AL-15422-F

AL-15706-F Requirements

Gravity, °API
Distillation, °C
IBP
10% Recovered
20% Recovered
50% Recovered
90% Recovered
95% Recovered
End Point
Sulfur, wt%
Total Acid Number
Cu Corrosion at 50°C
Viscosity, cSt @ 37.8°C
Carbon Residue, 10% bottoms,
wt%
Water and Sediment, vol%
Cloud Point, °C
Pour Point, °C
Flash Point, °C
Cetane Number
Cetane Index
Accelerated Stability,
mg/100 mL
Particulate Contaminants, mg/L
Ash, wt%
Saturates, vol%
Olefins, vol%
Aromatics, vol%
Carbon, wt%
Hydrogen, wt%
Net Heat of Combustion, MJ/kg
Btu/lb

* NR = No requirement.

D 1298
D 86

D 4294
D 664
D 130
D 445
D 524

D 1796
D 2500
D97
D93
D613
D 976

D 2274
D 2276
D 482
D 1319
D 1319
D 1319
D 3178
D 3178

D 240

34.7

216
244
255
276
324
337
349
0.41
0.03
1A
3.35

0.10
0
-11
-12
38
52
49

<0.001

34.1

213
243
253
274
322
336
349
0.41
0.03
1A
3.12

42.489
18267

Cat 1-H
32-35
Report
NR*

NR

260 - 278
304 - 327
NR

343 - 366
0.37 - 0.43
0.15, max
2, max
3.0 - 4.0
0.20, max
0.05, max
Report

-6

38, min
45 - 51
Report
NR

NR

0.01, max
NR

NR

NR

NR

NR

NR

NR

differences in thermal stability for the "clean" Cat 1-H (AL-15706-F) and the baseline
Cat 1-H (AL-15482-F), as measured by the oxidation stability of distillate fuel test
(ASTM D 2274), the jet fuel thermal oxidation test (JFTOT, D 3241), and the deposit-
measuring device (DMD). The DMD was developed at BFLRF and provides a quantitative
measure of deposit thickness and volume. The Cat |-H with the lower thermal stability

(AL-15482-F) was selected as the baseline fuel for these tests for evaluating additive

effectiveness.
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3.  Additive Packages

Three additive packages were added to the baseline fuel in three separate tests, using
the concentrations recommended by manufacturers. The coded additive packages used in
this program are described in TABLE 6. The complete compositions are proprietary. As
shown in TABLE 5, these additives significantly improved the thermal stability charac-
teristics of the fuel as measured by the oxidative stability test (D 2274), the filter
plugging (pressure drop) part of the JFTOT test, and the DMD test at the lower test
temperature (260°C). At 280°C, only Additive A greatly improved the DMD results
relative to the base fuel, while Additive C registered a more modest improvement.

TABLE 6. Description of Additive Packages

Code Brief Description
A Multifunctional additive package includes

detergent/dispersant, lubricity improver,
corrosion inhibitor, and stabilizer

B An ashless dispersant based on polyamine
ether chemistry for deposit removal/control

C Multifunctional additive package includes
rust inhibitor, dispersant, antioxidant, color
stabilizer, and metal deactivator

D Multifunctional additive package includes
smoke suppressant, lubricity improver,
detergent/dispersant, stabilizer, and biocide

4, Test Procedures

Each fuel nozzle and test fuel was subjected to a 125-cycle start-up, run, shutdown,
heat-soakback test. During each cycle, the combustor was operated at the test
conditions shown in TABLE 7 for 5 minutes, followed by a shutdown, heat-soakback
period of 10 minutes. After fuel shutoff, the airflow through the combustor was reduced
from that shown in TABLE 7 to zero flow in about 15 seconds by closing the exhaust
valve on the combustor exit and opening a bypass valve. A 30-second period was

11
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TABLE 7. Conditions for Nozzie Fouling Tests

Air mass flow, kg/s 1.1
Ibm/s 2.5

Air pressure, kPa 621
psid 90

Air inlet temperature, °C 482

(both combustor and ©F 900

fuel nozzle)

Fuel Flow, g/s 9.83

Ibm/m 1.30

required to return the flow through the combustor and reestablish the flame. Ignition
was established as airflow was increasing through the combustor. The fuel flow and
airflow were quickly increased to the flow conditions shown in TABLE 7. The 5-minute

run cycle was at those steady-state conditions.

Degradation of nozzle performance was evaluated in two ways. The standard test for
fuel nozzle fouling is a measure of loss of flow rate at constant fuel pressure. This test
was performed for both the primary and secondary atomizers in each fuel nozzle. In
addition to determining changes in fuel nozzle flow capacity, a second test was used to
evaluate changes in atomization performance. Atomization performance was
characterized as the average drop size produced by the primary nozzle at a fixed fuel

pressure.

To evaluate changes in fuel nozzle flow characteristics, each atomizer was calibrated
for flow rate versus pressure differential before the beginning of the 125-cycle test, at
the conclusion of the test, and at four or five intermediate points. Calibration
measurements at the beginning and end of the test period included both Cat I-H diesel
fuel (AL-15482-F) and aircraft fuel system calibration fluid (special-blend Stoddard
solvent MIL-C-7024, Type II). The aircraft fuel system calibration fluid was used
because it is the industry standard and the nozzles were specified based on that fluid.
The diesel fuel was used because the engine normally runs on diesel fuel. Atomizer flow

12
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rate characteristics were documented in terms of flow number, which is the mass flow
rate divided by the square root of the pressure differential. Conventional units are
pounds per hour/ Vp?a, and the conversion to units of kglsmis to multiply by
4.80 - 10-3. Flow number was used to document decreases in flow capacity because it

automatically corrects for variations in pressure differential.

To calibrate the flow through the primary and secondary atomizers independently, it was
necessary to add extra valves and tubing to bypass the flow divider valve. The primary
nozzles were calibrated at a pressure differential of 1034 kPa (150 psid). At that
pressure the specified flow rate is 4.47 to 4.73 g/s (35.5 to 37.5 lbm/hr), corresponding to
flow numbers of 1.39 to 1.47 - 10~% kg/sVkPa (2.90 to 3.06 Ibm/hr'¥ psid). The secondary
fuel nozzle was calibrated by establishing a flow of 15.1 g/s (2.00 lbm/m) and measuring
the required pressure differential, which was on the order of 48 kPa differential (7
psid), corresponding to a flow number of about 2.2 x 10-3 kg/st—Pz(% Ibm/hr Y psid).
A specification on the flow number for the secondary is not available. Because of the
low-pressure differential involved, the precision of measurement of the flow capacity for
the secondary nozzle was less than the precision for the primary, as shown in the results

section.

To evaluate changes in atomization performance, measurements of average drop size in
terms of Sauter mean diameter or surface/volume mean diameter (_l_)* were performed
for all the nozzles at the end of the test and compared with the results for a new nozzle.
These measurements were performed using a laser-diffraction, particle-sizing instrument
that measured drop-size distributions integrated along the intersection of the laser beam
and the fuel spray. This integral line-of-sight value does not represent an accurate
cross-section average drop size (2), but does allow for a relative evaluation of the

effects of nozzle fouling.

B. Microburner Fouling Tests

In addition to the full-scale nozzle fouling tests, a microburner was used to evaluate
deposit-forming tendencies of the various fuels and additives. This test is more

complicated and expensive than standard fuel rating tests, but is much less expensive

*Underscored numbers in parentheses refer to the list of references at the end of this
report.
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than the full-scale tests described in the previous section. The results of the
microburner tests are compared with the standard rating tests and the full-scale tests at

the conclusion of this section.
l. Microburner Apparatus

The Phillips microburner is a bench-scale apparatus of unique design for evaluating the
burning quality of gas turbine and jet engine fuels.(3) Conditions for combustion found in
full-scale turbojet engines are simulated (to an extent) in the microburner, but it
requires less fuel, time, and equipment than full-scale combustors. Minimum test fuel
requirements are less than one pound, total time requirements less than one hour, and
sufficiently small airflow requirement to make the microburner suitable for use by a
normal control laboratory. Additionally, this combustor is capable of satisfactory
operation with fuels varying in volatility from gasoline through No. 2 fuel oil. The
apparatus (Fig. 4) has been used with a number of pure hydrocarbon compounds to

correlate deposition rates with metal-loss rates.(4)
2. Test Procedures

To reestablish the Phillips microburner as a method for evaluating fuel deposition

characteristics, it was installed in a test cell and run under the following conditions:

Inlet Air Velocity 9.1 m/s (30 ft/sec)

Inlet Air Temperature 299°C (550°F)

Base Pressure 227.5 + 1.7 kPa (33.0 + 0.257psig)
Fuel/Air Ratio 0.070

Fuel Consumption 200 g, 400 g (see text)

After removing the deposit tube from the microburner base, it was reweighed for total
deposits. The outside tube deposits were wiped clean and reweighed again to provide the

inside tube deposits.
Figure 5 illustrates the compariéon between April 1968 data as reported in Reference 5

ind the more current data, which demonstrate a relationship between fuel aromatic

¢ >.tent and outside deposit levels on the test tube.
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Figure 4. Phillips microburner ]

For additive evaluations, a higher fuel consumption (400 g rather than 200 g) test
condition was chosen to emphasize internal lacquer-type deposits rather than the 1
external (tube) soot deposits, which more readily flake off due to the high magnitude of d

deposits with this quantity of fuel.
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Figure 5. Comparison between 1968 and 1986 data for Phillips microburner

IV. DISCUSSION OF RESULTS

A. Full-Scale Nozzle Fouling Tests

During operation, the fuel atomizer is cooled by the fuel. At shutdown, the fuel flow
stops and the combustor begins to cool but the atomizer heats up due to the loss of fuel
cooling. Atomizer temperatures vary with sensing location. For these tests, a
thermocouple was located just below (downstream of) the inlet holes for the air for the
secondary nozzle. The temperature was about 182°C (360°F) while the combustor was
burning, but this temperature increased to a peak of about 377° to 446°C (711° to 834°F)

about 150 seconds after shutdown, with a typical profile as shown in Fig. 6.
For about one-half of the cycles, a visible flash or series of flashes occurred as the

nozzle heated up following shutdown. This flash occurred typically at a nozzle

temperature (where measured) of about 3259C (617°F), which was reached about 45 to 60
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Figure 6. AGT-1500 fuel nozzle temperature during shutdown-soakback period.
(thermocouple location on outside of nozzle just below inlet holes for
airblast air for secondary)

seconds after shutdown. The engine manufacturer explained this as the result of fuel
that remained in the nozzle heating up and boiling and forcing some of the fuel out of
the nozzle, which then spontaneously ignited on the tip of the hot nozzle. This
combustion led to sooty deposits on the outside of the atomizer (see Fig. 7), and also

added heat to the nozzle, which presumably caused or accelerated internal fuel fouling.

In addition to the sooty deposits formed on the outside of the nozzle, internal fouling of
both primary and secondary nozzles was evident by the reduction in fuel flow rate at
constant fuel pressure. As discussed earlier, fuel flow capacity was measured in terms
of flow number. For all fuels tested for 125 cycles, the flow capacity decreased due to
internal fouling for both the primary and secondary atomizers. TABLE 8 shows the flow
number before and after each test as well as the percentage loss in flow rate at constant
pressure. Figures 8 and 9 show the degradation of flow capacity as a function of test

cycles for the primary and secondary nozzles, respectively.
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a. Primary nozzle b. Secondary nozzle

Figure 7. Photograph of primary and secondary nozzles after 25 test cycles

These results in a realistic combustion environment with engine hardware confirm that
for the two standard Cat 1-H fuels without additives that the JFTOT test results
(D 3241), the oxidation stability of distillate fuel test (D 2274) and the DMD test may be
reasonable predictors for fouling in the nozzle. All three tests indicate that fuel 15706
is superior to 15482 in stability, and the results shown in TABLE 9 ‘ndicate fouling in
both the primary and secondary nozzles is significantly worse for the 15482 fuel.

(Microburner tests, reported in a following section, showed the opposite to be true.)
As shown in TABLE 5, the addition of additives to the base fuel (15482) resulted in

improved test results for all three additives on tests D 2274, D 3241, and the DMD,
except for Additive B (fuel 17368) at 280°C. Additive B showed a slight degradation

18
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: TABLE 8. Degradation in Flow Rates for AGT-1500 Atomizers
. for Various Fuels After 125-Cycle Test
Nozzle Number No. 3 No. 4 No. 5 No. 6 No. 7
"Clean" Base
; , Test Fuel Cat I-H Cat |-H Base + A Base + B Base + C
. Test Fuel AL No. 15706 15482 17369 17368 17499
L

Primary Nozzle:

; Calibration Fluid
‘ (MIL-C-7024, Type 1I)

Flow Number, New* 2.95 2.94 3.07 3.09 2.90
Flow Number,
End of Test 2.82 2.55 2.73 2.63 2.05
% Loss in Flow 4.4 13.3 1.1 14.9 29.3
Cat 1-H (AL-15482-F, Base)
Flow Number, New 3.31 3.38 3.72 3.45 3.53
Flow Number,
End of Test 3.14 2.84 3.01 2.68 2.21
% Loss in Flow 5.1 16.0 19.1 22.3 37.4
Average % Loss in Flow
For Primary Nozzle 4.8 14.7 15.1 18.6 33.4
Secondary Nozzle:
Calibration Fluid
(MIL-C-7024, Type II)
Flow Number, New 50.8 49.3 49.3 49.9 48.6
Flow Number,
End of Test 40.3 24.0 43.1 43.8 45.4
% Loss in Flow 20.7 51.3 12.6 12.2 6.6
Cat 1-H (AL-15482-F, Base)
Flow Number, New 46.4 45,1 44.8 45.0 44.9
Flow Number,
End of Test 38.3 23.7 41.1 40.9 40.3
% Loss in Flow 17.5 47.5 8.3 9.1 10.2
Average % Loss in Flow 19.1 49.4 10.5 10.7 8.4

For Secondary Nozzie

*Units of flow number are Ibm/hr Vpsid. To convert to kg/sv kPa, multiply by 4.80 - 10-3,
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TABLE 9. Relative Comparison of Fouling Tendencies of
Base Fuel and Fuel With Additives

JFTOT (D 324l)

Relative Oxidation TDR

Additive AGT-1500 Stab. Filter Visual Spun
Perf. Primary Secondary D 2274 AP Rating Rating DMD
Best Base, A* C B A,B A,B A A

Second Base, A A,B A A,B A,B Base, B,C C
Third B A,B C C Base,C Base, B,C B
Worst C Base Base Base Base,C Base, B,C Base

*Where two or more values are reported, results were essentially equivalent within
precision of test

relative to the base fuel for the TDR rating of D 3241 and the DMD test. However, at
260°C, the fuel with Additive B (17368) showed very significant improvement over the
base fuel. The three fuels with Additives A, B, and C showed a significant improvement
in performance for the secondary nozzles of the AGT-1500, but no improvement for the
primary. For the fuels with Additives A and B, the flow degradation of the primary
nozzle was similar to the base fuel, while the fuel with Additive C was worse than the
base fuel. This difference between the fuel additive effects on fouling in the primary
and secondary nozzles is apparently due to differences in the deposit-formation process

in the two nozzles.

Additives A and B appeared to significantly reduce fouling in the secondary nozzles
without significant impact on fouling in the primary nozzles. For ignition processes,
flow through the primary nozzle is more important than flow through the secondary
nozzie, so the use of these additives may offer better overall performance but little or

no improvement in ignition.
Because the 125-cycle tests using the AGT-1500 combustor are expensive, only one test

with each fuel was performed. Therefore, the repeatability of the overall test is

unknown., However, the repeatability of the flow number measurement was evaluated by
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independent measurements performed on different days for the new atomizers. Based on
those tests, the average difference between flow number readings on different days was

1.0 percent for the primary nozzles and 2.9 percent for the secondary nozzles.

It would be advantageous to predict the fouling tendencies of fuels with additives for the
AGT-1500 fuel nozzles without performing full-scale combustor tests. Bench-scale tests
are much less expensive than full-scale tests, and for that reason the results of the full-
scale tests are compared with those of various bench-scale tests in TABLE 9. The
bench-scale tests generally show an improvement in fouling performance for the
additive-treated fuels relative to the baseline fuel, while the results for the primary
nozzle of the AGT-1500 engine show no improvement with the additives. The secondary
nozzle of the AGT-1500 shows a significant improvement with the use of additives,
although the ordering is different from any of the bench-scale tests. Since fouling of the
AGT-1500 primary nozzle is of greater concern than the secondary for the ignition
problem, the results shown in TABLE 9 do not identify a standard bench-scale test that

can be used in place of the full-scale tests.

Because of the failure of standard bench-scale tests to correlate with the fouling results
in the AGT-1500 primary nozzles, a set of tests was performed with the Phillips
microburner for comparison with full-scale test results. However, before reporting the
microburner test results, the results of spray tests with the fouled AGT-1500 atomizers

are reported.

Fuel nozzle fouling affects not only the flow rate through the atomizer, but also the
spray quality. To evaluate the degradation of spray quality caused by fouling, each of
the primary atomizers was tested for average drop size produced at a fixed pressure
differential of 1034 kPa (150 psid). These average drop sizes, as represented by the
Sauter mean diameters, are given in TABLE 10.

As shown in TABLE 10, the degradation in flow capacity of nozzles 4, 6, and 7 was
significant relative to the new (unfouled) nozzle 8, but the spray was not degraded
except for nozzle 6. These results suggest that fouling in nozzles 4 and 7 was probably in
the fuel-feed slots that allow fuel to enter the swirl chamber, while nozzle 6 may have
had fouling in the swirl chamber or at the nozzle tip. Fouling in the fuel-feed slots may

affect the symmetry of the fuel distribution in the spray. The ignition process is known
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TABLE 10. Spray Test Results with Fouled AGT-1500 Primary Atomizers

Sauter mean diameters measured as integral line-of-sight values through spray
centerline, 70 mm downstream of tip, 1034 kPa (150 psid), MIL-C-7024, Type II
calibration fluid

Nozzie No. 3 4 5 6 7 3
Test Fuel "Clean" Base Base Base Base New
Cat |-H Cat 1-H +A +B +C Nozzle
Test Fuel AL No. 15706 15482 17369 17368 17499 --
Fuel Flow Rate at 1034 kPa 4.8 4.2 Not 4.0 2.9 4.8
(150 psid), g/s available
Flow Number, Ibm/hry/psid  3.09 2.89 - 2.60 1.8  3.09
Average Drop Size, Sauter
mean diameter, um 34.4 33.1 -- 46.5 32.1 32.3
Std. Deviation of Sauter 0.35 0.78 - 0.88 0.74 1.7

mean diameter, ym

* To convert to kg/stPa, multiply by 4.80 + 10-3

to depend strongly on the average drop size produced (), and can also depend on the
spray shape and fuel distribution. Fuel flow rates in TABLE 10 are slightly different
from those in TABLE 8 because several months elapsed between the tests, and nozzle

handling may have affected the deposits.

B. Microburner Test Results

Two sets of tests were performed with the Phillips microburner. The first set of tests
was performed with different levels of a stabilizer Additive C, approved under MIL-S-
53021. The second set of tests was performed with different levels of three other
additives not approved under MIL-S-5302], but which have been effective at reducing
deposits under some conditions. Results for these two sets of microburner tests are

described below, starting with the results of Additive C.

Nine microburner tests were conducted using an Cat 1-H fuel (AL-15706-F), the Cat I-H
plus Additive C at the rate of 11.3 kg/1000 bbl (71 mg/L), and the Cat I-H plus
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Additive C at the rate of 34.0 kg/1000 bbl (214 mg/L). The average results from this
work show that the inside tube deposits slightly increased with increased stabilizer
additive (Fig. 10). The results also show that, as the stabilizer additive concentration
increased, the outside tube deposits decreased. Both the outside and inside tube
deposits decreased or increased directly proportional to the additive concentration. The
test repeatability using the stabilizer Additive C does not appear to be as good as with
the neat Cat 1-H fuel.
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Figure 10. Comparison of microburner tube deposits with additive C
Three additives (not approved under MIL-S-53021) noted in TABLE 11 were also

chosen for evaluation based on a recent publication showing them to be effective in
reducing combustion-related deposits in diesel engines. These three additives were used
at different concentrations to form seven blends as shown in TABLE 11.

The seven blends (except for 5 and 6) in TABLE 11 were tested in duplicate, and their
average results are illustrated in Fig. 11. Blends 5 and 6 were not run in duplicate due to
very high inside deposits. When comparing outside tube deposits (soot) for these seven
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TABLE 11. Blends Evaluated With Microburner

Blend

Fuel, Cat 1-H Plus

No.

180 mg/L Additive A
360 mg/L Additive A

3
4

1458 mg/L Additive D
3025 mg/L Additive D

1751 mg/L Additive B

4380 mg/L Additive B
8757 mg/L Additive B

I OUTSIDE DEPOSITS 1 INSIDE DEPOSITS

TOTAL DEPOSITS
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Figure 11. Comparison of microburner tube
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blends to those of the Cat [-H base fuel, blends 5, 6, and 7 had less deposits; blends 3, &,
and 9 had increased outside deposits (soot); and blend 8 had approximately the same
results. When comparing the inside lacquer-type deposits to the Cat 1-H base fuel, only
blends 7 through 9 showed any effect in reducing deposition, which is of particular
interest if these results relate to the AGT-1500 nozzle and diesel injector fouling
tendencies. Note in Fig. 11 the dramatic reduction in outside deposits (soot) for blends
5 and 6 compared to Cat 1-H. The reduction is due to the smoke suppressant used in the

additive package for blends 5 and 6.

Additive B was judged most effective in reducing internal deposits in the microburner
tests. If these microburner results were to correspond to internal AGT-1500 nozzle
deposits, then stabilizer Additive C should have no beneficial effects while Additive B

should reduce deposition compared with the neat fuel.

However, the results previously discussed and shown in TABLE 8 indicate that fuels with
both Additives B and C caused deposits in the primary nozzle that were greater than the
base fuel. Thus, the tests on the microburner do not correlate with the results from the

full-scale AGT-1500 combustor tests.

C. Solvents for Deposit Removal

A third objective of this program was to evaluate solvents and cleaners for removing the
deposits on the nozzles. To carry out this objective, fouled, internal, single-piece AGT-
1500 nozzle parts were obtained during a field trip to Fort Hood, TX. The nozzle parts
were used in a comparative cleaning evaluation summarized in TABLE 2. Cleaning
Solvent CS9 worked particularly well on parts placed in a sonic bath for 4- to 6-hour

periods.

The nozzle set (No. 1) shown in Fig. 7 was used with Cat 1-H and Additive C-treated Cat
1-H (25 to 40 cycles) in the process of developing the 125-cycle tests. Both sonic bath
cleaning with Solvent CS9 and pressure-flowing heated CS9 through both nozzles 1 and 2
were not completely effective in cleaning the internal nozzle chambers, as determined
by flow tests. Nozzle 2 returned to initial rated flow after cleaning with hot pumped
Solvent CS11 (containing 25 to 35 percent hydrochloric acid) but was visibly etched.

Nozzle 1 was sectioned to reveal a complex tip in the primary nozzle (Fig. 12) and
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TABLE 12. Solvent Effectiveness for Cleaning Fouled
AGT-1500 Nozzie Parts

F AR
i
]
P
rn
b
4

Cleaning Cleaning

] Solution No. Rating* Comments

E =olution ¥0.

' Csl 1 Boiling point of 104OF (40°C),
chlorinated solvents

; Cs2 6 Boiling point of 150°F (66°C),

i organic solvents

CS3 6 Boiling point of 248°F (120°C),
contains organic solvents

] csu 6 Boiling point of 248°F (120°C),
ethylene glycol monomethyl ether

CS5 5 Boiling point of 406°F (208°C),
' miscible with water and most
organic solvents, biodegradable
CSé6 4 Boiling point of 3959F (202°C),
miscible with water, biodegradable
| Ccs7 5 Boiling point of 2129F (100°C),

, contains 10 percent ethylene glycol
monobutyl ether and 40 percent
aliphatic petroleum distillate

CS8 8 Completely soluble in water,
alkaline, biodegradable

; CS9 8 Completely soluble in water,
alkaline, biodegradable

CSl10 8 Boiling point of 1829F (83°C),
phosphoric acid content 60 to 70
percent, 2-butoxyethanol content,
I5 to 25 percent

3 cstl 10 Boiling point of 182°F (830C),

! hydrogen chloride content 25 to 35
percent

* Scale 1-10, 10 is best.
. complex channels and chambers in the secondary nozzle. The deposits did not dissolve in %
CS9 or CS10 (60 to 70 percent phosphoric acid and 15 tc 25 percent 2-butoxyethanol) at
27
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EPOXY FILLED PRIOR TO CROSS-SECTIONING
AFTER REMOVING PISTON AND SPRING

Figure 12. Sectioned tip of primary nozzle showing complex spring
loaded internal piston with swirl channel

room temperature as observed under a microscope. The deposits were carbonaceous in
appearance. The nozzle manufacturer recommended Solvent CS10 as being the best

solvent for cleaning the used nozzles.

Deposits from the sectioned nozzle were evaluated by Thermal Gravimetric Analysis (in
air), which indicated that 500°C would be sufficient to "burn" the deposits. The nozzle
manufacturer indicated that heating the nozzle at up to 927°C (1700°F) should present

no problems if the elastometric O-ring was removed from the fuel connection.

Two approaches for cleaning the Nos. 3 through 7 nozzles were thus recommended for

evaluation after completion of 125-cycles tests:

l.  Circulate hot CS10 solvent (filtered)
2. Heat nozzles to 600°C (1100°F) with air flowing through the primary and

secondary to accomplish carbon burn off followed by Solvent CS10 flushing.
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V. SUMMARY AND CONCLUSIONS

A 125-cycle AGT-1500 nozzle fouling test procedure has been established and used to
evaluate diesel fuel (Cat 1-H) and four diesel fuel multifunctional additives. The test
discriminates between fuels. Critical primary nozzie flow degradation was not signifi-
cantly improved with the use of the additives tested to date. Phillips Microburner bench
tests showed one of the additives to be effective in reducing internal tube lacquer
deposits when compared to neat fuel. However, the microburner tests do not correlate
with the full-scale AGT-1500 combustor tests.

Two nozzie cleaning procedures were identified but have yet to be evaluated.

VI. RECOMMENDATIONS

The remaining nozzle Set No. 8 should be used to evaluate the JP-8 test fuel currently
being used for power and performance testing at Ft. Bliss and M-3 endurance testing at
Yuma Proving Grounds. It is anticipated the JP-8 will be thermally more stable than Cat
1-H.

The test nozzle Set Nos. 3 through 8 should then be evenly divided for clean up
evaluation using the carbon burn-off/Solvent CS10 and hot (filtered) pumped CSI10 as
recommended procedures.

Consideration should be given to repeatability and higher cycle (250) operation to
establish the AGT-1500 nozzie fouling test procedure.
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