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SECTION I

INTRODUCTION

For more than 25 years, the primary fuel for USArF gas-turbine-powered
aircraft has been JP-4, a wide-cut distillate with excellent combustion
characteristics and low-temperature capability. Typically, its heating value
has been over 43.5 MJ1kg (18,700 BTU/lb), its freezing point below 219 K (-65' F),
and its aromatic content quite low, around 11 percent by volume. A prime
consideration in the definition of JP-4 was that during wartime, a large per-
centage of domestic crude oil could be converted into this product with minimum
delay and minimum impact on other major users of petroleum products.

Convc:sion from high volatility JP-4 to lower volatility JP-8, which is
similar to commercial Jet A-1, as the primary USAF aircraft turbine fuel has
been under consideration since 1978. The strong motives for the change are NATO
standardization and reduced combat vulnerability.

Domestic crude oil production peaked in 1971 and has been steadily declining
since that time, while demand has continued to increase. Thus, particularly
visce 197', the cost and availability of high-grade aircraft turbine fuels have
drastically changed. These considerations have 6polrred efforts to determine the
extent to which current USAF fuel specifications can be broadened to increase the
yield from available petroleum crudes and, ultimately, to permit production from
other sources such as coal, oil shale, and tar sands.

As a result of the current and projected fuel situation, the USAF has
established an aviation turbine fuel technology program to identify JP-4 and/or
JP-j fuel specifications which:

1) Allow usage of key world-wide resources to assure availability.

2) Minimize the total coLt o1 aircra.t system re-ration.

3) Avoid sacrifices of engine performance, flight safety, or
environmental impact.

Engine, airframe, logistic and fuel processing data are being acquired to establish
these specifications. This report contributes to the needed data base by

describing zhe effects of fuel property variations on the General Electric J79-17A
engine main combustion system with respect to perfoimance, exhaust emissions,
and durability. Similar programs, based on the General Electric F101 engine and
the Detroit Diesel Allison TF41 and High Mach engines, are also being conducted.
Collectively, these programs will provide representative data for the engine
classes that are expected to be in substantial use by the USAF in the 1980's.

This report summarizes the results of a 13-month, three-task program which
was conducted to clearly identify which fuel propertiea are important to J79-17A
engine combustor operation and quantitatively relate fuel property variations
to combustor performance, emission characteristics and durability characteristics.
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Thirteen text fuels provided by the USAF were utilized. Descriptions and
properties of these fuels are presented in Section III. In Task I of the program,
test planning and preparations were made, based on use of the J79 engine combustion
system components and operating characteristics described in Section IV, and on
the three test rigs and procedures described in Section V. In Task I1 of the
program, 46 tests (14 high pressure/temperature combustor performance/emissions/
durability tests, 14 low pressure/temperature combustor cold-day ground start/
altitude relight tests, and 18 high tmnperature fuel nozzle fouling tests) were
conducted. The" are suarized in Section VI-A. In Task III of the program

these test data wre analyzed to establish the fuel property correlations also
presented in Section VI-A and to establish the engine system life predictions

S! presented in Section V7-3.

'I
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SECTION II

SUMMARY5
A

The purpose of this program was to determine, by combustor rig tests and data
analyses, the effects of fuel property variations on the performance, exhaust
emission, and durability characteristics of the General Electric J79-17A turbojet
engine main combustion system. Thirteen refined and blended fuels which
incorporated systematic variations in hydrogen content (12.0 to 14.5 wci'ht
percent), aromatic type (monocyclic or bicyclic), initial boiling point (285 to
393 K by gas chromatograph), final boiling point (552 to 679 K, also by gas
chromatograph), and viscosity (0.83 to 3.25 mm2 /s at 300 K) were evaluated in:
(a) 14 high pressure/temperature combustor performance/emissions/durability
tests; (b) 14 low pressure/temperature combustor cold-day ground start altitude
reltght tests; and, (c) 18 high temperature fuel nozzle fouling tests.

I

At high engine power operating conditions (takeoff, subsonic cruise, super-
sonic dash) fuel hydrogen content was found to be a very significant fuel property
with respect to liner temperature, flame radiation, smoke and NOx emission levels,
and carbon deposition. Each of these parameters decreased with Increah.a.g fuet

hydr nontent, b no dfscerrnle effect of any of the other fuel properties
was found. Carbon monoxide and HU emissions were very low at each of these
operating conditions with all of the fuels. Combustor exit temperature profile
and pattern factor were essentialli the same with all fuels, but a constant
difference between the two assemblies used was noted.

At engine idle operating conditions, the same strong effects of fuel
hydrogen content on smoke level, liner temperature, and flame radiation were
evident. Carbon monoxide, HC, and NOx levels were found to be independent of
fuel hydrogen content, but a small effect of fuel volatility (as indicated by 10
percent recovery temperature) on CO and hC levels was found.

At cold-day ground start conditions (to 329 K) lightoff was obtained with all
fuels, but the required fuel-air ratio increased with the more viscous fuels,
primarily as a result of the associated increases in relative fuel spray droplet
size.

At altitude relight conditions, the current engine relight limits with JP-4/
JP--5 fuel were essentially met or exceeded with all of the JP-4- or JP-8-based
fuel blends. However, a very significant reduction in altitude relight
capability was found when a standard No. 2 diesel fuel was tested, indicating
again a strong effect of fuel atomization characteristics. Improved fuel
injectors and/or higher ignition energies would be needed with a diesel-type fuel.

Combustor liner life analyses, based on the test data, were conducted. These
analyses resulted in relative life predictions of 1.00, 0.78, 0.52 and 0.35 for
fuel hydrogen contents of 14.5 14.0, 13.0, and 12.0 percent, respectively. Turbine
syste, life is not predicted to change for any fuels with properties within the
matri. tested.

3
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A series of short but severe fuel nozzle tests did not reveal any major
problems with the fuels in the matrix. This was expected, based on service
history. However, considerable additional long-time tests are needed to fully
assess the effects of fuel thermal stability characteristics on fuel system
performance and combustor/turbine life.

4
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SECTION III

TEST FUEL DESCRIPTION

A. General Description

Thirteen test fuels wcre supplied by the USAF for combustion system
evaluation in this program. These fuels included a current JP-4, a current JP-8
(which was out of specification on freeze point), five blends of the JP-4, five
blends of the JP-R, and a No. 2 diesel. The blends were made up by the USAF to
achieve three different levels of hydrogen content: 12, 13, and about 14 percent
by weight. Twc different types of aromatics were used to reduce the hydrogen
content of the base fuels: a monocyclic aromatic (xylene bottoms), and a bicyclic
aromatic described by the supplier as "2040 solvent" (a naphthalene concentrate)
A third blend component, used to increase the final boiling point and the
viscosity of two blends, is described as a Mineral Seal Oil, a predominantly (90
percent) paraffinic white oil.

The rationale for the selection of this test fuel matrix was to span systematic-
ally the possible future variations in key properties that might be dictated by
aveilatility, cost, the change from JP-4 to JP-8 as the prime USAF aviation
turbine fuel, and the use of nonpetroleum sources for jet fuel production. The
No. 2 diese was reiecced to appzuxiiate the Experimentas Referee BroaI
Specification (ERB.) aviation turbine fuel that evolved in the NASA-Lewis workshop
on Jet Aircraft Hydrocarbon Fuel Technology (Reference 1).

1. PhsQical and Chemical Prcpertles

Fuel properties shown in Tables 1, 2, and 3 were determined, for the most
part, by Monsanto Research Corporation under contract to the USAF. Table 4
presents conventional fuel inspectioi data determined by the Aerospace Fuels
Laboratory, WPAFB. These data may be useful for assessing the accuracy of test
-cthodc and com-arina theep fuPel to those used in other investigations.

In Table 1, density, viscosity, surface tension, and vapor pressure are
presented at a common temperature, together with temperature coefficients which
were calculated by GE from Monsanto three-point data. Also shown in Table 1 are I
the fuel cumponents, hydrogen content determined by the USAF using ASTM Method
D3701 (Nuclear Magnetic Resonance), and heating value determined by Monsanto
using ASTM Method D240-64. Heating value of these fuels e MJ/kg) is very I
nearly a unique function of hydrogen content (H, %) which can be closely
approximated by:

Qnet w 35.08 + 0.5849 H (I)

Surface tension is virtually the same for all of the fuels. The other properties
are, In general, quite dependent upon fuel components as well as on hydrogen co~tent.

Table 2 shows hydrocarbon type analyses by mass spectroscopy (ASTY Method

5
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D2789) and Figure 1 shows a comparison of total aromatics determined by mass
spectroscopy (from Table 2) and by fluorescent indicator absorption (ASTM Method
D1319 from Table *.). It is apparent that there is a consisten. bias between the
results by the two methods, with the mass spectrometer yielding che more favorable
(lower aromatic) results, particularly with the JP-8-basAu fuels. Aromatic type
(monocyclic or bicyclic) does not appear to affect this bias.

Figure 2 shows the variation in fuel aromatic content (Vy mass spectroscopy"
with hydrogen content for these fuels. There is, of cout-:e, strong negative
correlation, but it is apoarent that both base fuel type and arowoapic comoonent
structures affect this relationship.

Table 3 lists the Gas Chromatographic Simulated Diitillation (ASTH Method
D2887) data for each of the test fuels. Among the blended fu ls, those containing
the Mineral Seal Oil (Fuels No. 3 and No. 12) had the |. hahst final boiling points.
Figure 3 shove the complete simulated distillation cu. *,s for the three basic fuels
and the variation in initial and end points for all o" zhe blends. Points vorth7
of note are:

1) All of the JP-A blends had initial boiling points (IBP's)
essentially identical to that nf the base JP-4 fuel
(about 300 K).

2) All of the JP-8 blends and the diesel fuel had IBP's essentially
identical to that of the base JP-8 fuel (ak'ut 385 K).

3) All of the JP-8 blends had final boiling points (FBP's) not
greatly different from that of the base JP-8 fuel (about 590 K).

4) The JP-4 blends had a broad range of FBP's, spanning those of
ihe JP-8 blends (about 585 * 35 K).

5) The diesel fuel had a 3ignificantl' higher FBP (about 680 K).

Figure 4 compares fuel volatility characteristics as measured by gas

chromatography and conventional distillation (ASTM Method D8E). It is apparent
that gas chromatography signiticantly extends the apparent boiling range in both
directions; the IRP and 10 percent recovery temperatures are lowered while the
90 percent recovery and Fr? temperatures are raised. Temperature differences
of up to about 70 K are obtzined by the two procedures.

C. Thermal Stabilitv Characteristics

The thermal stability of test fuels was determined by the Jet Fuel Thermal
Oxidation Tester (JFTOT) described in ASTM Method D3241. The actual thermal
stability is given in terms of the breakpoint, which is defined as the highest
(metal) temperature at which the fuel "passes" by both filter pressure drop and
tube rating. A fail on pressure drop is 25 mm Hg pressure drop or more in less
than 150 minutes. A "fail" oh. the tube is a color code of 3 or darker as described
in the ASTM procedure. In practice', the fuel is tested first at the estimated
breakpoint, and then, depending upon whether it fails or passes, is rerun at a
temperature 10K lowey or higher until the breakpoint is established.

lO
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Table 5 shows the JFTOT data that were provided by the USAF. Occasionally,
anomalous or indeterminate results were obtained, and sometimes the fuel sample
(one gallon) was expended before the breakpoint was determined. For these reasons,
breakpoints are not shown for all of the test fuels. Anamolous results are those
in which two or more tests of the same fuel at the same temperature showed both
a "pass" and a "fail." Indeterminate results are those in which a fuel passes or
fails by both tube color and pressure drop, but in which no additional tests were
run at higher or lower temperature to determine by which criterion it would fail
first. Generally, it appears that the repeatability and reproducibility of the
breakpoint is greater than the difference in thermal stability of the base fuels
and their blends.

Table 6 is an attempt to assign ratings to the fuels, despite some apparent
lack of precision in the test results. The JP-8 base fuel appears to be
significantly more stable than the JP-4 base fuel. The addition of Mineral Seal
Oil has no apparent effect on the thermal szability. This would be expected,
since it is a high-purity white oil, suitable for medicinal and food applications.
The addition of both types of aromatics appears to have little or no adverse
effect on thermal stability.

D. CoEputed Combustion Parameters

Table / show's several fusel pa-rameters which w~r ccrputed fr= thc Ph-,;sical1
and chemical properties for use in conducting the combustion tests and analyses
of the results.

Fuel hydrogen-carbo'i atom ratio (n) was used in the exhaust gas sample
calculation. It was calculated directly from the hydrogen weight percent (H)
by the relationship:

11.915 H
n 100 - H (2)

and ranged from 1.625 to 2.021 as hydrogen content increased.

Stcichionetric fuel-air ratio (fst) was used to calculate comparative
adiabatic flame temperatures. It wzs calculated fro= the fuel hydrogen-to-carbon
ratio (n) by the relationship;

f - 0.0072324 (1.008 n + 12.01) (3)
st ( + 0.25n)

which assumes that the fuel is Cfl%. that the 3ir is 20.9"95 vohume-pýrcent oxygen, 4
and that the air has a molecular weight of 28.9666. For the test fuels the
stofchiometric fuel-air ratio ranged from 67.50 to 70.19 g-fuel/kg-air as hydrogen
content decreased.

Stoichiometric flame temperature was used in analyses of NOx emissions. It
was calculated at takeoff operating conditions (13 = 66. K, P 3 = 1.359 !0a) using
a standard equilibrium-thermodynamics computer program (Reference 2) and ranged
from 2494 to 2515 V as hydrogen content decreased.

15



Tabh( 5. Fuel Sample Thermal Stability Test Results (ASTM
Method D3241).

Mode of
Fuel No. Breakpoint, K Failure

1 <518, 518 Tube
1 533 Tube
1 528 Tube
1 538, 543 Tube
2 <563 AP
2 548, 553 Tubet
2 558 Tube
2 563 Tub%
2 593, 603 Tube
2 603 Tube
2 553 Tube
2 573 Tube
3 568 Tube and AP
3 583 Tube
3 573 Tube
4 <573 Indeterminate
4 >533, <573 Indeterminate
4 573 Tube
5 <533 Indeterminate
5 <533 Tube
5 >583 Indeterminate

6 513 AP
6 >583 Indeterminate
6 >553, <583 Tube
7 >573 Indeterminate
8 <523 AP
8 553 Tube
9 >513, <533 Tube
9 533 Tube

10 553 Tube

11 543, 553 Tube and AP
12 543 Tube

16



Table 6. Estimated Thermal Stability Ratings of
Test Fuels (ASTM Method D3241).

Breakpoint Estimated
Fuel No. Range, K Rating, K

1 <518-548 533 + 15

2 548-603 576 + 28

3 568-583 576 + 8

4 >533-<573 553 1 20

5 <533->583 558 + 25

6 513--583 548 - 35

7 >573 573

8 <523-553 538 + 5

9 >513-533 523 + 10

10 553 553

11 543-553 548 + 5

17
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Relative required fuel flow rate was used in all combustion tests to adjust
the JP-4 fueled engine cycle operating fuel flow rates for the reduccd heating
values of the other fuels. The factor is meruly the ratio (QJp_4/Q) aid ranged
from 1.000 to 1.0395.

RelatLve fuel spray droplet size was used In analyses of the low-power
emissions and relight performance. The 379-17A combustion system employs pressure-
atomizing fuel nozzles. so Jusaja's correlatio'n parameter for this type atomizer
(Reference 3) was used to estimate the relative fuel spray droplet Sauter Mean
Diameter (SMIJ) from the test fuel density (W). surface tension (o) and
viscosity (v) by the relationship:

v )0,16 ( ).6 )O.43 (4)
(SMD) JP_-4  Vjpý4  aJP-4 PJP--4

Ab shown in 'sable 7, none of the blending agents appreciably changed the predicted
relative droplet size of the babe fuel. However, the JP-8-based fuels are
predicted to produce mean droplet sizes about 23 percent larger than those of the
JP-4 fuel, Further, the diesel fuel is expected to produce mean droplet sizes
abouL 41 percenL larger Lhan tOwe@ of the JH-4 fuel.

I!
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SECTION IV

J79 ENGINE AND COMBUSTION SYSTE1M DESCRIPTION

A. Overall Engine Description

The J79 engine is a lightweight, high-thrust, axial-flow turbojet engine
with variable afterburner thrust. This engine was originally qualified in 1956.
Since that time various models with improved life and thrust have been developed.
The model currently in use by the USAF, the 379-17A, was the reference engine
for this programii. An overall view of the engine Js presented in Figure 5. The
379 has a 17 -stage compressor in which the inlet guide vanes and the first six

stator stages are variable- The compressor pressure ratio is approximatel,
13.4:1. "lite combustion system is cannular with ten louvered combustcrs. The
turbine has an air-cooled first-stage stator and a three-stage uncooled rotor
that is coupled directly to the compressor. The engine rotor is supported by
three main bearings. The afterburner is fully modulatiigg with a three-ring V"

gutter flameholder. Afterburner thrust variation is accomplished by means of
fucl flow scheduling and a variable area exhaust nozzle.

B. Com~bustion Systcm. Dcscript ion

The J79 engine employs a cannular combustion system with ten combustion cans.
The ten cans are located between an inner and outer combustion casing forming an
annular passage. The combustion system flowpath is illustrated in Figure 6. An
exploded view of the systen with the various components, including the compressor
rear frame and the turbine first-stage nozzle, is shown in Figure 7. Figure 8
shows the combustor cans (one omitted) mounted in an engine transition duct. A
pictorial drawing of a combustor can assembly' is presented in Figure 9. Each
Scombustor consists of three parts riveted together to form an assembly. The
forward outer liner is an airflow guide to assure proper flow distribution to the
inner liner. The leadinig edgo of the out-er liner has n sno-t -ch extends into

the diffuser flowpath. The snout incorporates internal vanes which distribute
air to the dome in the desired flow pattern. A slot in the snout permits access
of the fuel nozzle to the Inner liner dome. The rear liners are oval shaped and
oblique at the rear to facilitate removal from the engine during overhaul or
inspection. Cooling air for the inner surfaces of the inner and rear liners is
admitted through punched and formed louvers. Combustion and dilution air is
admitted through a series of thimbles in the inner and aft liners. These thimbles
are arranged to provide flow patterns for flame stabilization in the primary zone
and mixing and turbine inlet temperature profile control at the aft end. In an
engine assembly, two of the cans are provided with spark igniters for starting.
Adjacent cans are joined near the forward ends by cross ignition tubes to allow
propagation of the flame from the cans with a spark igniter to the other cans.
The flanges of adjacent cross-ignition tube bosses on the liners are held by V-
band clamps which can be removed for engine disassembly or inspection. The liners
are each positioned and held in place by mounting bolts at the forward ends. Axial
stack-up and thermal growth are accommodated by a sliding seal between the combustor

can and the transition duct. The major liner material is Hastelloy X.

20
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Figure 11. J79 Engine Fuel Nozzle Flow Characteristics.
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temperature, ard pressure. Table 8 presents the combustor operating paran-eters
at four inportant steady-state engine conditions which are typically evcountered.
At these conditions, fuel effects on combustor perforuance emissions and cobustor
and turbine life are of particular interest.

In addition to steady-state operation. thz zzc sticz syste- t.u!st -r(-vide
for starting over a wi&i range of conditions ranging froM cold day ground start
to relight at high altit-ade and high aircraft Nach pumber. Figure 12 presents
the required J79 relight envelope.
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Table 8. J79-17A Engine Combustor Operating Conditions.

Cround Subsoni. S.upersonic Groun 3)

Idle Takeoff Cruise Dash Start

Flight Altitude, km 0 0 10.7 10.7 0

Flight Mach Number 0 0 0.9 2.0 0'1 Tctal Airflow. kg/s 18-3 75.2 29.5 V7.5 3.2

(1). Combustor Airflow, kg/s i5li v)2.7 2-4.6 3.3 \3.2

Wf( Fuel Flow, kg/s 0.144 1.259 0.335 1,171 0.042

T3 Inliet Total Temperature, K 421 664 559 781 -239

P3% Inlet Total Pressure, HPa 0.248 1.359 0.471 1.589 0.101

f4 F'uel-Air Ratio, g/kg 9.42 20.07 13.60 1b.0i 148.0

T4 ,Exit Total Temperature

(Ideal), K 792 1064 1362 1335 -

Vr( )Reference Velocity, x/s 24.2 28.6 27.2 33.5 >7.1

(1) Engine flows indicated (ten coabustor cans).
2(2) 9xsed on W 3 and Ar 3684 cm "

(3) 1000 rpm, typical starting speed.

(4) Minimum engine ftuel flow schedule (normal).

40
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SECTION V

APPARATUS AND PROCEDURES

All combustor and fuel nozzle testing in this program was conducted in
specialized facilities at General Electric's Evendale, Ohio plant, using apparatus
and procedures which are described in the following sections. Combuscor performance/
emissions/durability tests were conducted in a high pressure/temperature single-
can combustor rig which is described in Section V-A. In parallel, combustor
cold-day ground start/altitude relight tests were conducted in a low pressure/
temperature single can rig which is described in Section V-B. Also in parallel,
high temperature fuel nozzle fouling tests were conducted in a small specialized
test rig described in Section V-C. Special fuel handling procedures used in all
of these tests are described in Section V-D. Finally, procedures employed in
analyses of these data are described in Section V-E.

Actual engine-quality, current-model J79-17A engine combustion system
components, listed in Table 9, were provided by the USAF for use in these tests.
The combustor assemblies were newly repaired units obtained from USAF stores.
Four udis were obtained, which visually were identical. Before testing, they
were airflow calibrated; the results arc listed in Table 10. Assemblies 1 and
2 were -gssined to the high pressure tests because they wcrc the most nearly

alike with respect to flow calibration. Assembly 3 was used in low pressure
testing.

A. Performance/Emission/Durabilit%, Tests

High pressure/temperature single-can-combuator rig tests were conducted at
simulated J79 engine idle, cruise, takeoff, and dash operating conditions witb
each of the fuels to determine the following characteristics:

I) Gaseous emissions (CO, HC, and NO '.

2) Smoke emissions.

3) Carbon deposition.

4) Carbon particle emissions.

5) Liner temperatures.

6) Flame radiation.

S7) Combustor exit temperature profile and pattern factor.

8) Idle stability (lean blowout and ignition) limits.

Thus, a large part of the total data was obtained in these tests using apparatus
and procedures described in the following sections.
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Table 9. J79-17A Enginv Combustor TelL Parts Lint,

rPart Name I.: i'nrt Number National Sutock Number

Ignition Combustor 106C332OG73 2 840-01-004-1728-NN

Li;wr Aussembly

Fuel Nozzle 577C796P10 7915-00-110-55141'1.

(Parker-flannfifin 1345-633327)

Main Tgnition Unit 106C5281P3 2 9 25 -00-992-7904PI,

(B~endix 10-358765-1
"I liOVAC, 400 cps)

I Main Spiark Plug 696D256P02 2925-00-925-05445PI.

(Chaniploti FHE J87-2.)

Main Spark Plug Leand 517D377P2 29 25-00-956-0293PL

(Mfr M1482 59393.)
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Table 10. Test Combustor Flow Calibration Results.

Combustor Effective Airflow Area, cm

Combustor 1 2 3 4

Front Liner Assembly 23.7 24.5 23.2 24.4

Aft Thimbles 58.5 59.0 59-1 58.3

Aft Cooling Louvers and Seal 21.0 19.9 23.9 24.5

Total 103.2 103.3 106.3 107.2
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1. Htgh Prssaure Test Rig De-scription

These tests were conducted in the Small Combustor Test Facility. Cell AS.
located in building 304 of the Evendale Plant. This test cell is equippMd with
all of the ducting, fuel and air supplies, controls, and inscrmsentation required
for conducting small combustox high pressuxe/temperature tests. High presurt
air is obtained from a central air supply system, and a gas-fired indirect air
heater is located adjacent to the test cell. For the singlc-can-ccabustor rig,
J79 engine idle, cruise, and takeoff operating conditions can be exactl'.
duplicated. Dash operatii, .- corditions can be exactly duplicated with respect
to temperature, velocity, and fuel-air ratio, but pressure and flat, rates Must
be reduced about 25 percent in order to be within the facility airflow
capability.

The High Pressure Crmbustor Test Rig, shot•n in Figures 13, Ii and 15.
exactly duplicates a one-tenth sector of the engine flou-path from th, cceresscr
outlet guide vane (OGV) to the first-stage turbine nozzle diaphragn (.). As
shotn in Figure 13, the test rig inlet flange which bolts u; to a plenum chamber
in the test cell, incorporates a Beilmouth transition te the situlated k%"IV plane.
The combustor housing is a ribbed, thick--alled vessel which forms the innEr
flotpath contour and side walls, covered by a thick lid that forms the outer
flw-parh contour. Figure l. shows a combustor -nstalle& in the pressure Vessei
with the lid removed. The combustor exit engages an actual segment of at. engiýe

sector section which contains an array of %ater cooled ibistrmn-:ation rakes in
the TD plane, indicated by an arrow in Figure 15. Additic'nal derails of the exit
instrraw-tat ion rakes are shc-our. in Figures 16 and 17. Dotnsrrea of the rTaes.
the combustion gases are water-quenched and the sector flcw-atk transiticns to
circular, which is bolted up to a remote-operated backpressure valve ir. thc test
cell ducting. Two other features of the test rig ca3 be_ seen in Figure 15.: a
flme radiation pyrometer, -noted to view the combustor primary zone rErr-ha
crossfire duct wino-d; and bleed air pipes to withdraw, collect, ar.d meter

simulated turbine cooling airflow.

2. High Pressure Test lnýsranratton

A sumary of the important ccnatstor operating, perforimance. and emissio.
parameters which were measured or calcrdlated in these test- is shon in Tabie 11.
Airflow rates were measured with stainard )S'4Z orifices- Fuel flow races uere
measured with calibrated turbine flotaMcers corrected for the density aan
viscosity of each test fuel at the measured supgly temperature. Combastor inalet
temperature and pressure were measured with plenum chmaber probes.

Combustor outlet temp)erature. pressure, and gas samples _ere reasurt_' witzh
a fixed array of seven water-cooled rakes, arranged and hooked up as shoW-n
in Figure 18. Each rake contained five capped chromel-aI~ei thermccouple
probes, located on radial centers ef area, and fcur impact pressureigas sample
probes, located idwa-; between therwcouple elements- As sh iri Figure IS,
eight of the impact probe elements were hooked up for total-pressure measurement,
and the other 20 elements w~ere manifelded to three heated gas sample transfer
lines leading out of the test cell to th. gas compo-siticn mfasurement inscrtrzntats-
Transfer Lines I and I1 were connected through selector VL1!ves to a smoke
measurement console (Figure 19) and a gas analysis conscit (Figure :0)_ Transfer
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3 0

t~Thermocouple 5 Element/Rake, 35 Total

0 Total Pressure, 8 Elements Read Individually

IiSmoke/Gas Sample, 6 Elements Manifold to Line I -

0) smoke/Gas sample, 6 Elements Manifold to Line 11

RakEEie~ii L~Carbnan EmI.S51iu, 8 Elements Uanilold to Line III

Al
Yl

04 -Gas Sample Each at

G1l Sample Points 2-10
Console

B2 (CAROL)
_________I1

F3

Flow

El -Valve CletOt
A2- CI uinuiat ive3i.2 scf gas

C _ III Sample (0.8 sef gas
_3i- at Points 3, 5, 7E3 Flowand 9).

D4 Carbon Meter Test
F4 Collector Ts{Crucible Meter

Figure 18. High Pressure Test Rig Exit Instrumentation.
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Line I11 was connected to a -_arbon collection crucible located near the test
rig, and then continues on to flow control/metering apparatus in the gas
measurement area.

The General Electric smoke measurement console (Figure 19) contains
standard test equipment which fully conforms to SAF. ARP 1179 (Reference 4).
Smoke spot samples are collected on standard filter paper at the prescribed gas
flow rate and at four soiling rates spanning the specified quoted soiling rate.
The spot samples are later delivered to the data processing area, where the
reflectances are measured and the SAE Smoke Number is calculated.

The gaseous emission measurement console, shown in Figure 20, is one of
several that were assembled to General Electric specifications for CAROL systems
(Contaminants Analyzed and Recorded On-Line) and that conform, generally, to
SAE ARP 1256 (Reference 5). This system consists of four basic instruments: a
flame ionization detector (Beckman Model 402) to measure total hydrocarbon (Wc)
concentrations, two nondispersive infrared analyzers (Be'kman Models 865 and 864)
for measuring carbon monoxide (CO) and carbon dioxide (CO 2 ) concentrations, and a
heating chemiluminescent analyzer (Beckman Model 951) for measuring oxides or
nitrogen (NO or NOx = NO + N02) concentrations. Each of the instruments are
fully calibrated with certified gases before and after each test run; and
periodically during testing, zero and span checks are made. Readings from the
instruments are continuously recorded on strip charts and hand-logged on test
and calibration points for latec Calculation of concentration, fuel-air ratio,
and emission indices, using a computer program which incorporates the equations
contained in ARP 1256. Gas sample validity was checked by comparison of
sample to metered fuel-air ratios.

Carbon deposition tendencies wei2 assessed by installing a clean combustor
for each test, and inspecting it after the test, assigning it a visual rating.

A cumulative carbon collection technique was also employed (Line III in Figure
18) in an attempt to quantify the amount ef large carbon particles emitted
directly and/or that were shed periodically from the depositions. A fixed volume
of combustor exhaust gas at idle cruise, takeoff, and dash was filtered through

Sporous c~ruible. At the completiono the •t-., the .•cibl• . . rcmovcd f,-
laboratory analysis to detennine the total quantity of carbon collected.

Combustor liner temperature was measured by an array of 24 thermocouples
located on the inner liner as shown in Figure 21. This instrumentation pattern
was selected to provide detailed data in the vicinity of the known hottest
regions of the combustor. There are no thermocouples downstream of the cross-
fire ducts or on the aft liner, since those regions are usually at least 150 K
cooler than the forward section of the inner liner (Reference 6). Figures 22
through 25 show the actual liner thermocouple installations on the inner liner.

Flame radiation in the primary burning zone of the combustor was measured
by a total-radiation pyrometer (Browr. Radiamatic, Type R-12), which can be seen
in Figure 15. A diagram of the optical view path is shown in Figure 26. The
pyrometer sensing element is a thermopile which provides a direct current
voltage outpuL. The flame radiation is focused on the thermopile with a
calcium fluoride lens vh-ich !s transparent to radiation of wavelengths less
than three microns. The pressure seal at the test rig wall is formed by a
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sapphire wintdow which is transparent to radiation of even loNrgt' waveýlengths.
The sapphirt windo~a was swept cl-ean by a small flow of filtered air. The
pyrk-meter was calibrated by viewing atrssac-vt~-abnbcbd furnace
through the same ocptical system usted in the combuistor test. The furnxace
temperature was measured with a dlsappearing-filameut opticol pyroatetr.

3. High Prt'ssurt' Test Procedures

A total of 14 high pressure rig tests were run., oike for each test fue.
plus a repeat test with fuel No. 1 to establish test variability. Twol differenti
fuel nozzles and combustors were alternated in the tests. st. that while otxe set
was undergoing test, the other set was bein& cleaned, calibrated, and re-
inistrumented as needicd.

Each test was conductetq to the ten-point test scheýdule showix tit Table 12.
Ona Point No. 1, minimum lightot t antd lean blow-out 1limits at idle inlet condit ionst

weedetermined. onl Point-s No. 2 thro.ugh 10, steady-state operatitug. perforwUnce.
and emissions- measurvemets ut-ýre obtainecd at simul0.ated enl'inek idle, crilise -

takeoff, and dash operating ctliin.At each of these simulated engine
operating conditions, data were reco.,rded at two noutinal fuel-air ratios: 30
and 100 per:enit of the enginxe cycle valuev correckted for the test fuel heat tug
value. Ho~wever * if the 80 ucrecent fuel-air rat to point Indicated that th.e 100
pet cent fuel-air ta it on.wol oaly exceed thle gas temperature lintits
of the exit thermocouple rakes, a lc4 er fuel-air ratito point was substituted.
This limit was usually exc:,&ee~e at simulated takeoff ckenditdons, s-o a t'0 percent
fuel-air ra't it' point wasl usull,1y substitulted for thle 100 per~enit point,

Test Voints, 2 through 10 were changed every thirty zutatdies (aiominallv) iW
eatch test in order to s,,ubject thle ct.ombustor to- approximat ely thle same 4.S hour
carboni deposit ion clevi' with eaceh f telI. At t he colmpletionl of eahtest the%
combustor was removed for visual inspect ion and phtgahcdocutlL'nt at ioNl Ot
the car-bonl accumulationll Pre- 'and post -t est ailftlow Cal thrat ions" of tit' COMn-
busto-rs were also periodically condulctedl to dtermine- it Othe carbon accutmo1ia-

cauý:k:"I t- 1: f 'I R.- 1: tN U.% 0; 11' I & -1 ii,'W ( it'

but no discernable changes Were ever foun~d.

It. Cod1,vAlýtitude Relighit Tests

Low' -pe *ure It u; erature s~ingle cant combustot: rig tests were con~iducted at
"sialulatc J'I~79 eng ine groun11d cr-ankin~g anld allt itidt' wtidmillit ig opert'inig
Condit ions1- to determline the cld-day grounld st art Anld al t i tu rol iglat

cha-acer~t ~sof each ot thle test fuels, The apparatus and procedures which
were uttiltevd art' desc-ribed in thle fol klowing c ins

ct';W.I,-konldu~cted inl feil d tklllug' 30t Colnhusi~ ionl Laboratory at
tit( Yvll.Utl 11111. Th. tk~lty last~aabiitivs olo test lug small :ombliust tn
rig oerýtW~erugk o -Aultu ýrotxil ýtttand atod klg cllit ionls

Liquid lirgl e'l xch1angers are. used to obtainl low Ituel anld air tempelkratureS.
ati srikticjctos itthe, exhaust dc t aiv usýed to ~a in low cox11Ubstox tinlet

pressures
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The low-pressure, single-can J79 combustor rig used in these tests is
shown in Figure 27. The combustor housing is made from actual engine parts
and th3 rig exactly duplicates a one-tenth segment of the engine combustion
system flow path. Combustor inlet temperatures and pressure are measured with
probes in the plenum chamber. The combustor assembly is installed from the rear
of the combustor housing which bolts up to a segment of an engine combustor
transition duct. An array of thermocouples is located in the transition duct

to sense ignition and blowout. This rig has no provY ions for turbine cooling
air extraction.

Air obtained from the central supply system was dried at the facility to

a dew point of about 240 K and metered with a standard ASHE orifice. Fuel flow
rates were measured with calibrated turbine meters corrected for the density
and viscosity of each test fuel at the measured supply temperature. All Lem-
perature, pressure, and flow data were read on direct indicating instruments
(manometers, poteutiome~ers, etc.) and hand logged by the test operator.

2. Cold-Day Ground Start Procedure

The firsL part of the test with each fuel was structured to evaluate
cold-day ground starting characteristics. The test poi:at schedule is shown

in Table 13. The airflow rate (0.318 kg/s) and combustor Inlet pressure
(ambient) were set to simulate typical engine ground starting conditions
(1000 rpm). Fuel and air temperature were lowered from ambient to 239 K
1HL~iIJIum (JF-B freeze point) in steps to simulatc progressively colder days.
At each temperature step, minimum ignition and lean blowout fuel flow rates
ware determined. Maximum fuel flow rate was taken as 7.56 g/s/can, which is
well above the current engine minimum fuel flow rate (4.22 g/s/can). The
test sequecce was as follows:

1) With inlet condition. set, energize the igniter and slowly open
the fuel control valve until lightoff is obtained. Record light-
off fuel flow rat,. Deenergize igniter.

2) Slowly decrease fuel flow rate to blowout. Record lean blowout
] fuel flow rate.

3) Decrease fuel and air inlet temperatures in 5 to 8 K increments
and repeat Steps I and 2.

When the minimum temperature limit was established, the second portion of the
test was begun: altitude relight.

3, Altitude Relight Test Procedure

The decond portion of the test with each fuel was structured to evoluat:
altitude relight and stability characteristics. The test schedule is also
shown in Table 13. Investigations were carried out at four airflow rates
(0.23. 0.4., 0.50, and 0.91 kg/s) selected to span the J79 engine altitude
relight requirement map (Figure 12). Air temperature was selected from the
windm'illing data and ranged from 244 K to ambient. Fuel temperature was
matched to the air temperature. The test sequence was structured to determiue:
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I) The waximum relight and bloaout pressure altitudes with current
engitte minimum fuel flow rates (4.22 g/s/can).

2) The mininmum relight and lean blowout fuel flow rates at the relight
altitudes determined in (I).

The test sequence was as follows:

1) With 1.5.2 km (50,000 ft) altitude conditions- set, energize the
igniter, set fuel flow rate at 4.22 g/s, then increase combustor
inlet pressure (reduce altitudeand flight Mach number) until ignition
occurs. Deenergize the igniter and record maximum relight altitude

conditions.

2) With fuel flow rate at 4.22 g/s, slowly reduce combustor inlet pres-

sure until blowout occurs. Record max'mum pressure altitude blowout

conditions.

g\ r. ize- ig.nicrn,.and 4nc-'rncn funl f1,yun, ,,i-4 liohi-nff-

Deenergize igniter and record minimum lightoff fuel flow rate at

maximum relight altitude.

4) Slowly reduce fuel flow rate until blo.wout. Record lean blowout

fuel flow rate at maximum relight altitude conditions.

5) Repeat Steps 1 rr.rough 4 at each airflow setting.

The 179-17A combustion system has excellent relight characteristics, so the

facility minimum pressure capability (about 40 kPa, corresponding to an al-

titude of over 18 km) was often encountered before a pressure blowout limit
was reached.

C. Fuel Nozzle Fouling Tests

Tests with each of the fuels were conducted to determine the relative

tendency to cause fuel nozzle fouling, which might be in the form of valve

sticking, metering slot plugging, or carbon buildt . in spin chambers and orifices.

The J79 fuel nozzle was known to have a long, troule-free service life and

to be quite tolerant of fuel property variation. It was anticipated; therefore,

that the test conditions would need to be extra severe to produce any signifi--

cant fouling in a short test.

The tests were conducted in the Building 304-1/2 Cumbustion Laboratory
using the simple test rig shown in Figure 28. In this setup, hot fuel is
flowed through the fuel nozzle which is inmnersed in a high velocity hot gas
stream. Initially selected test conditions were:
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Gas Temperature 811 K

Gas Velocity at Fuel Nozzle Stem 304 m/s

Gas Pressure Drop Across Fuel Nozzle Air Shroud 13.8 kPa

Fuel Flow Rate 5.04 g/s

Fuel Temperature 436 K

Run Time 300 minutes (total)

Both the gas temperature (and velocity) and the fuel temperature were signifi-
cantly higher than are normally encountered in .179 engine use, and this eleva-
tion was expected to accelerate the fouling tendency. Moreover, the fuel flow
rate was much lower than ever encountered at high temperature engine conditions
and this depression was expected to further aggravate the fouling tendency. At
this low flow rate only the primary nozzle was flowing.

The fuel nozzles were cleaned before each test, then run for 300 minutes,
with a shutdown at 100 minutes for an intermediate flow calibration. Fuel
temperature was -nraedo7c-fe tescond test beccause no f-culling had becen

detected. Also, some changes in nozzle flow divider valve configuration were
made in later tests; these changes are described in Section VI-A-9.

D. Test Fuel Handling Procedures

Special procedures were followed in all of the tests to ensure that the
test fuels were not contaminated or mistakenly identified. Hand valves were
installed in the fuel lines near each of the test rigs for obtaining fuel
samples while a tcst was in progress.I ii

The fuels were delivered in tank trailers, as needed, and transferred
into three isolated, underground storage tanks of 40-0 3 capacity each.
These tanks had previously contained only clean, light distillates. Never-
theless, to assure their suitability for this program, they were first emp-
tied as far as possible, using the permanently installed unloading pumps.
The manhole covers were then removed, and the few inches of remaining liquid
were pumped out using a portable pump. The tanks were then inspected and
found to be in good condition with only a light, adherent coating of rust on
all interior surfaces. These surfaces were washed down with a small quantity
of the next test fuel, and this was then removed with the portable pump.
After replacing each manhole cover, the test fuel was transferred into the
tank, and a sign identifying the test fuel was placed on the switch contrl-
ling the tank unloading pump. This procedure was repeated for each of the
first 12 test fuels. The thirteenth test fuel, the diesel, was handled in a
similar manner except that it was stored in a tank trailer parked near the
underground storage tanks.
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As fuel was needed for the high pressure tests, it was transferred from
the appropriate tank, using a 4 m3 stainless steel tank trailer. This tank
allso was drained and flushed with the next test fuel before being loaded.
After filling, it was marked with the proper fuel number, hauled to the test.
site, and parked adjacent to the test cell. The tank drain valve was con-
nected directly to the cell system by a flexible hose, after flushing the
hose with a suitable volume of test fuel. In the teat cell immediately
before the line entered the test rig, a valved line was teed off for drawing
samples. This location was selected because it insured that the fuel
actu;?lly used in the test was being sampled.

For the tests planned, it was not intended to change fuels during a
test, so the fuel sampling procedure consisted of drawing a sample just
before the first data point was taken and again after the lest data point
was taken. In each case, the sample container was rinsed twice with a
small portion of the fuel being sampled, before actually taking the sample.

Similar sampling procedures were followed in both the altitude relight
and the fuel nozzle fouling tests. For both of these tests, fuel was trans-

ferred trom the trailer to clean drums whict were cle.arly marked and moved
to the test sites. These drums were in good condition and had previously
contained only clean materials, such as calibrating fluid. Before filling,
they were drained, inspected, and rinsed with the next test fuel.

Pretest samples taken at the test sites were returned to Wright-
Patterson Air Force Base for verification of significant characteristics,
to determine whether fuel quality had been compromised during storage or
handling at the several test sites. Analyses included density, viscosity,
surface tension, and vapor pressure. These analyses were performed by
Monsanto Research Corporation. I

A compilation of these data is shown on Table 14. From a con.parison
of the properties of the original samples with those of samples returned
from the several test sites, it is apparent that no significant change in
fuel properties occurred. Therefore, it was concluded that fuel handling
procedures were satisfactory, and analysis of samples of the remaining
test fuels was considered unwarranted.
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E. Data Analysis Procedures

Generally standard data reduction and presentation techniques were
employed Key parameters and calculation procedures are Indicated in
Table 11 and Appendix A. Some additional special procedures are described
in the following sections.

1. Fuel Property Correlation Procedures

Analyses of the experimental test results were conducted to: (1) cor-
relate the performance and emission parameters with combustor operating
conditions; (2) as appropriate, correct the measured rig data to true stand-
ard day engine operating conditions; and, (3) correlate the corrected data
with the appropriate fuel properties from SectLon I1i. To illustrate the
procedure, the CO emission data is outlined below.

Inspection of the CO emission data for the first two high pressure
tests (JP-4 fuel, Table A-1) showed that as in .dference 7 the data were

Elc % ( [exp k - ke SCO (5)
CO~~ Co4.

where the combustor operating parameters (Vr, P 3 , and T3 ) have been normal-
ized to engine operating conditions at idle. Multiple regression techniques
were employed to detenrine the constants k0 , kl, and k2 . A very good corre-
lation was found, as shown in Figure 32. Additional analyses showed that
in general k0 was slightly fuel dependent, but kl and k2 essentially not.
The CO emission operating nr severity parameter was then taken to be:

0. 2SCO - 1 (6)

which is tabulated in Table A-2, and was used as shown in Table A-3 to
correct measured test data to true engine operating conditions by the
relationship:

El El ( COi engine(7
CO engine -ECO test S t
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The correction was usually very small except at dash operating conditions

(75 percent density in rig tests) as shown in Table A-3. Corrections were
then tabulated (Table 15, for example) and plotted against appropriate
fuel properties (Figures 33 and 34, for example). Equations for the effect
of fuel hydrogen content on CO emissions shown in Figure 33 are the result

of regression analyses, and show, for example, that

-1.38

E cruise 14.8 H g/kg

with a correlation coefficient (r) of (-0.753).

2. Combustor Life Prediction Procedures

Field experience shows that thk, J79 crnmhbutor is life-limited by low

cycle fatigue crack propagation from the ends of the puniched louvers on rhe
inner liner. From the measured metal temperature rises, the stresses that

are calculated, including stress concentration factors at these cracks, are
well above the yield strength of the material, resulting in plastic yield-
lng on each cycle. Since the metal temperatures are in the range where

creep can occur below the yield stress, additional plastic deformation
occurs beyond that which corresponds to relaxation to the yield stress.
This total plastic deformation correlates reasonably well with low cycleJ fatigue life in many applications.

"The j79 COllubustLr, d _v..,,d before 1960, has a relatively short lift,

and is less amenable to detailed analysis than are more recent combu.'hutr
designs. The punched louvers of the J79 combustor liner have cracks already
initiated at the ends of the punch when the part is new. This, crack results
in a severe stress concentration region at which crack propagation proceeds.t..

Also, the thermal gradients in the vicinity of the ends of the louver punch
are very high because of the presence of tdie fresh introduction of1 film air
at this point creating a sudden transitilon from hot metal to highly coled
metal. Total life is influenced by changing stress levels as the cracks-
propagate and changing metal temperatures due to metal distortion.

63

63

........................................................................................-, i .1



Table 15. Summary of CO Emission Test Results.

CO Etmis;ion Index, g/kg

Number Idle Cruise Takeoff Dash

1 68.2 16.5 5.7 2.4

IR 63.8 14.2 4.8 2.6

2 73.2 17.3 5.8 2.9

3 71.2 15.8 4.2 2.2

4 72.4 18.9 4.8 2.5

5 73.4 16.1 4.7 2.6

41 Z. v .11.- Q 1) U
7 75.5 18.5 3.6 1.5

8 75.9 20.5 3.4 1.7

9 69.7 18.0 3.7 1.9

10 66.2 17.7 4.5 3.7

11 63.4 15.1 3.1 1.6

12 57.0 13.7 4.3

13_ 68.0 17.0 3.0 1.5
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diaphragm which are even further away from these flame luminosity Offects
are also expected to be negligibly affected. Figure 31 illustrates the
%t ry small view the stator leading edge has of the l'minous flame region.
This small view factor results in regliglblc effects in the J79 engine.
However, in other engines with annular combustors and shorter combustors,
large view factors exist anc ifxame .luminosity may in some cases aecome
significant to the vane leading edge temperalure.
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SECTION VI

RESULTS AND DISCUSSION

All planned test series (44 total) were completed and no major problems
were encountered. In general., results were well ordered and consistent with
published data insofar as comparisons could be made. Detailed test results,
which are listed in Appendices A through E. are summarized and discussed in the
following section. Engine system lite prediction analyses based on these results
are then presented in Section VI-B. ?urther, an overall assessment of these
tests and analyses is presented in Section VI-C.

A. Experimental Test Results

Fourteen high-pressure rig tests were conducted to obtain the performance/
emissions/durability data. These data are listed in Appendices A and B and
summarized in Sections VI-A-I through VI-A-7. Fourteen low pressure rig tests
were conducted in parallel to obtain the ground start and altitude relight data. I
These data are listed in Appendix C and summarized in Sections VI-A-7 and 8.
Also in paralle], 18 fuel nozzle fouling tests were conducted to obtain the data
listed in Appendix D and summarized in Section VI-A-9.

1. CO and HC Emissions

Carbon monoxide (CO) and unburned hydrocarbons (KI) are both products of
incomplete combustion, and are, therefore, generally highest at low power
operating conditions (idle and cruise). Figure 32 shows the strong effect of
combustor operating conditions on CO emission levels with JP-4 fuel. At idle

operating conditions, the CO emission index is about 64 g/kg which corresponds to
a combustion inefficiency of about 1.5 percent and is in good agrteement with
engine measurements. At cruise, takeoff, and dash operating conditions, the CO
emission levels are approximately 29, 7, and 3 percent, respectively, of the idle
CO emission level, which indicates the strong effect of combustor inlet
temperature and pressure on combustion reaction rates, and hence, on combustion
efficiency and CO emission levels. These pressure and temperature effects,
determined by multiple regression curve-fit techniques of these data, are in good
agreement with previous results (Reference 7). Within these test limits, no
effect of fuel-air ratio is evident. Moreover, very good repeatability between

the two combustor assemblies and test runs is indicated.

Carbon monoxide emission results very similar to those shown in Figure 32 were
•obtained with each of the other fuels, and all of the results are listed in
Table 15. The effect of fuel hydrogen content on CO emirsion levels at

each of the power levels is shown in figure 33. At takeoff and dash operating
conditions CO levels are very low and virtually independent of fuel hydrogen
content, and any other fuel property. At cruise operating conditions a

significant fuel hydrogen effect (negative 1.38 exponent) is indicated, but no
effect of other fuel properties (aromatic type or base fuel) is evident. At
idle operating zonditions, a relatively weaker fuel hydrogen effect (negative
0.47 exponent) is indicated, but the correlation is poor and other fuel property
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effects are evident. In particular, the lowest idle CO levels are obtained with]
the JP-4/monocyclic aromatic blends, suggesting a volatility or atomization effect.
Figure 34 shows these same idle CO data plotted (without -egaid to hydrogen
content) against relative spray droplet size (from Table 7) or fuel 10 percent
recovery temperature (from Table 3), the latter being one of the more commonly
used indicators of fuel volatility. It appears that either of these parameters
correlates the idle CO data better than does hydrogen content. Both of these
properties can be expected 1,o affect idle emissions, but for these tests it is
difficult to judge which property is most important since, for these fuels at
least, they turn out to be highly interrelated (mathematically compounded). There
is some indication in Figure 34 that for the JP-4-based fuels, the volatility
parameter better correlates the results than does the droplet size parameter.

"Hydrocarbon emission levels generally ihaJe been found to follow the same
trends as do CO emissions, bt to be more sensitive to combustor operating
conditions and to exhibit mere variability. P.otb of these trends were observed
in the present tests and are illustrated in Figure 35, where HC emission levels
are plotted against CO emission levels for the idle and cuisf, test points and
all fuels. At idle the HC index is about 25 g/kg (2.3 percevnt inefficiency).
At cruise the levels are an order of magnitude lower, and at tateoff and (ash
conditions the levels were very low. Ther- is; considerable scatter in the cruise 7.
and idle data, but the regression curve fit exiponent (2.79) 1L. in good agrecmetn.\
with past experience (about 1.5 to 3.0). Table Y6 summarizes the HC lesults for
all fuels and operating cn s aIdl-eý and' cruise data arc ploried .. ains

fuel hydrogen content in Figure 36. Tote idle dIata are further plotted -gia-inst fuel
volatility and relative spray d..uplet size in Figure 3i. bkich-r of these plcts

indicates any clear fueLl propelty effect on the E,. emiss-iop.levetŽ.

2. NOx Emiss .i-s '

Oxides of ritrogven (NO may fCra' from oxida.t'an of nitrog:en which
originated either in, the air or in the fuel, Curre.nt jet engine fuels and all

of the fuels used 1.n, ZhIis progrum cont:ii.,ie.] negligible amoaults of bound nitrogen,
but in the future, altt-riate scu-ces an-ior processing economJcs mar result
,-- stgnilf-ico.rt qu.antt.• es. of boc;;d nitrow(en in aircraft fuels, The following

discussion is therefore epolica-blc only to the "thermal" NO. production
characteristics of current and advanced fuels. Fuels, cotaint,:lng significant
quantities of bound nitrogen have been inve3tfgatei in ether programs, and
typical results are co¢taine& in References 8, 9, and 10.

In contrast to CO aný HC emissions, which are products of incomplete
combustion and are, therefore, gt.netrally significant only at low power conditions, I I
"1"thermal" NOx is- an equilibrium product of high temperature combustion, and is
therefore highest at high power operating :onditions. Figu;'e 38 shows the Strong
effect of combrutor operating conditions on NO, emission levels with JP--4 fuel.
The data for both combustor assemblies corre:late wel.l with a combustor operating
severity parameter determined by curxve- fit tecthniq-es as descr-ibed in Section
SV-i-1. Tsle cor;aiation shows the significant effects cf inlet pressure,

temperalure, humi:i±ty, velocit3 , and fuel-air ratio. A, takeoff conditions, t1e1
NOy emirs-ioo' index is- about )0.5 g/Yg• which is in goo: a1greetment with several
engine measuz-a'uents. At dash, cruise, and idle operating, conditioas, the NOx I
levels at.e approxilnateil 166, 42, and 24 percent, respectively, of the takeoff
NO, level. Very simiilar results were obtained in each of the te'sts; the results
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Table 16. Summwry of HC Emission Test Results.

Fuel11C Emission Index, g/kg

Number Idle Cruise Takeoff Dash

Fue1 23.6 0.5 0.1 0.e

1R 22.6 0.5 0.1 0.I1!

2 20.4 2.4 2.4 0

3 25.3 0.5 0.1 0

4 15.1 1.0 0.6 0.1

5 23.6 0.5 0 0

6 22.6 0.8 0.3 0.1

7 2.2 0.9 0.3

8 35.1 - 1.8 0.4

9 30.5 2.6 1.5 0.4

10 22.4 1.9 1.2 0.4

11 26.8 2.2 1.2 0.4

12 17.3 1.5 1.1 0.5

13. 15.5 1.5 0.5 0.1

76



o JP-4 Based Fuels

O JP-8 Based Fuels

5No. 2 Diesel Fuel

Tailed Symbols:

Monocyclic Aromatic

40 B lend s

A//Ak , ,_

"-& 30 - / -

.1 2 Idle

o,, ////.,." 'r ," //S 20 4

11. 12 13 1.4 15

Fuel Hydrogen Content, weight percent

Figure 36. Effect of Fuel Hydrogen Content on HC Emission Levcls.

77



20 ' I-

t0

S0.9 1.1 1 , 1.5 1.7

(SMD)/(SMlD) ,E,. Relative Spray Droplet Size
I;

040

0aa ------- ?

Q c

340 380 420 460 500

ruel 1.0 Percent Recovery 'fe !•,nc-rature, K
(Gas ChroiauatogralpI Simulated Dslill ation)

Figure 37. El.ft',ct of Fuel ,jtomiZation dild VolatiliLy on Idle
1c Ernistý,ic Levels.

1 
78



20I
2 (f) = 2.07 1.07 (1-7) > 1.0

(T4/6
C) Combustor Assy No. 1

9 Combustor Assy No. 2

JP-4 Fool - i

Takemof f

J 12

c a)

Cruise

Idle

0 --__ _ _-.

0 0. 1.0 1"S 2.0

1286 " ýT 664 6.29 "1)
"SNO (f 4

x T 3 --.3.

Figure 38. EffeCt Of Olirat illf Conlldi i riiS LM NO Prvi.-nion

79

!! = • !i



'WW-..• : .. a -•.. -I •,*, -i~• - - - - -•it_. •

are summarized in Tablc 17 and Figure 39. At idle and cruise operating conditions,
virtually no effect of fuel propcrties Is evident, and at the high power
operating conditions (takeoff and dash), NOx levels decreased with fuel hydrogen
content. This depender.ce on fuel hydrogen content can be predicted for diffusion
flame processes such as this because of the flame temperature dependence on
fuel hydrogen content and, in turn, the effect of flame temperature on NTX
formation rates. Figure in showt the effect of flame temperature (from TNble 7)
on the NOx emission levels at takeoff.

3. Smoke Emissions

Smoke, like CO and HC, is a product of incomplete combustion, but combustors
with virtually 100 percent combustion efficiency can produce highly visible
exhaust plumes, because the soot particle sizes are of the same order as the
visible light wave lengths. The J79-17A cumbustion system produces highly
visible exhaust plumes, particularly when fueled with the fuels of lower hydrogen
content (Reference 6).

The effect of combustor operating conditions on smoke leve,,s with JP-4 fuL-l
is shown in Figure 41. No simple operating parameter could he deiived from
the data, so smoke number is merely plotted against combustor fuel-air ratio
and keyed as to inlet conditions. Within the test range, there is virtually
no fuel-air ratio effect, and the repeatability between combustor assemblies
is quite good. At true idle, cruise, and 75 percent density dash operating
conditions, the smoke levels are approximatejy 29, 74. and 65 percent, respectively,
of the smoke level at true takeoff operating conditions. At full density dash

operating conditions smoke levels might he expected to be somewhat higher at
the combustor exit plane and then be partially consumed In the afterburning
process. Because of the uncertainty of the extent of these two opposing
processe-, i.o corrections were made. However, in Table 18 all of the data have
been corrected to engine outlet fuel-air ratio ac ording to the procedure outlined
in Appendix E to account for turbine cooling air dilution el the main combustor
products. When this correction is applied, the engine smoke number at takeoff
with JP-4 fuel (-55) is in good agreement with engine measurements (-62). Also
shown in Table 18 are corresponding smoke emission indiccs, calr tc- irom

the smoke number by the procedure described in Appendix E.

In Figures 42 and 43, the effects of fuel hydrogen content on engine smoke
number and smoke emission index arc illus.±: ''.. .1 power conditions (idle
and cruise) very good correlations are indicated, witi, O i'[scernable effect of
any other fuel property. In particular, these dia were studied to determine
if any effect of aromatic type could be found, since some investigations have
concluded that bicyclic aromatics have a greater adverse effect on flame
radiation and smoke than do monocyclic aromatics in the same \ 'umetric
concentration. No effect of aromatic type is -ident iLt thecp low power data,
and if thiree is any effect in the high power data it is less than the data
variability.

80

- . t .a....A. 1- .nS s=



Table 17. Summary of NO Fmissioin Te-st Rucsults.

Fu NOx Eflmission IndiX, x',/Ikg( 1 )

Numnber I dl e' Crui tse Take,,f f D'ish

1 2.44 4.29 10.10 16.79

IR 2.70 4.71 1!.01 18.26

2 ".82 4.81 1 1, q.28

3 2.79 4.86 1..32 18.76

4 2.73 4.95 11.69 19.98

5 2.98 5.08 11 .) 19.26

6 2.44 4.69 11.76 19.91

7 2.47 4.41 10.5n 17.52

8 1.96 4.28 H1."!, 19.92

9 4.-2 4,42 !. 31 19,27

10 2.72 4.7( 10.91 18.06

I1 2.31 4.S1 11.43 19.,Uj

12 2.41 4.44 10.80 IS.13

13 2.62 4.78 11.52 19.29

"Corrected to ambient hum iTv of 6.3 '.3
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4. Carbon Deposition and Emission

As discussed in Section V-A-2, each high pressure combustor test was run
with procedures established to provide information as to the relative carbon
deposition tendenci,ýs of each fuel. Each test began wJth a clean combustor
and fuel nozzle, and was run tt approximately the same total time (4.5 hours).
At the completion of each test, visual rar•ngs of the relative carboning tendencies
were made which are summarized in Table 19. Photograph.s, which are included in
Appendix B, were also made, in order to document the carbon deposition tendencies.
Figures 44 and 45 illustrate the approximate extremes in carbol, deposition which
were found. As shown, some carbon deposition was found in all tests, with the
greatest accumulations on and around the fuel nozzle air shroud face. The
variations between fuels were, however, fairly subtle, and no massive "clinker"-
type deposits were found. Figure 46 shows the variation in visual rating with
fuel hydrogen content. The tendency for deposits to decrease with increasing
fuel hydrogen content is evidert, but there is considerable scatter in the data-
which was not unexpected in these relatively short tests.

In an effort to better quantify the relative carbon forming tendencies,
cycle-averaged large carbon particle emission samples were collected with the
procedure described in Section V-A-2. It was expected that these measurements
might provide a better measure of the carbon formation tendencies thln weuold th-
posE-test covihu.ror inspectio:s since pcriodic shedding is known to occur
(Reference 6), particularly in the first few hours of test (Reference 11).
Results of these analyses are also listed in Table 19, and the variation with
fuel hydrogen content is illustrated in Figure 47. A strong effect of fuel
hydrogen content is indicated, but the data scatter is too great to identify
any other fuel property effects.

5. Liner Temperature and Flame Radiation

Inner liner temperature measurements were obcained in the high pressure

combustor tests at the locations described in Section V-A-2; detailed data
are listed in Appendix A. Figure 48 shows typical ,,ptiall varlatiu in measured
liner temperature rise (TL - T3 ). Peak temperatures always occurred at the 60

degree position and either at the fourth or fifth thermocouple row. The effect
of combustor operating conditions or average and peak inner liner temperatures
with JP-4 fuel is shown in Figure 49. Strong effect of combustor inlet
temperature (and pressure), a negligible effect of fuel-air ratio, and good
repeatability between combustor assemblies are all indicated. Similar results
were obtained with each of the other fuels, and results are summarized in
Table 20. Rises in both peak and average inner liner temperature at all four
engine power levels correlate very well with fuel hydrogen content: as shliow in
Figute 50. At each power level, peak temperature rise is about 50 percent
higher than the average temperature rise, end the peak temperatures are much more
sensitive to fuel hydrogen contenL than are asetage temperatures. These litter
tctperature levels and trends are in good agreement with those in Reference 6,
and also with those in Reference 10. as shown in Figure 51. The dimensionless
liner temperature parameter O'L. max. - TL, max.. .P-4 )/TL, max., JP-4 - T3)

w•s shows Iii Reteli.-l.e it# to %.urtelatu a wide variety of data Involving rich
combustion syStems with pressure-atomizing fuel injection systems designed by
three different engine manufacturers. With the addition of the current data
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Table 19. Summary of Carbon Deposition and
Emission Test results.

Visual rating
of Carbon

Dc:pos tlon on
Liucr/Fuel Nozzle Test Cycle Averaged

" 1) (2) Large Carbon Particle
Fuel First Second Emission Rate,

Number Rater Rater g Carbon/kg Gas

1 B 2 35.1

IR A 8 20.1

2 A 1 3.4

A 7'4.

4 A 13 21.1

5 B 4 99.0

6A 3 44.0

7 A 6 15.3

8 81.6

9 A 9 -

10 w 11 407.8
i1 w 1-1 342.5

12 A 5 218-0

13 W 10 40.9

A - Average, B Better (Cleaner) than Avera, e

W - Worse (Dirtier) than Average.

Ranked I (Cleanest) to 13 (Dirtiest).
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to this correlation, it appears that fuel hydrogen content. has been shown to be
the only important fuel parameter with respect to liner temperature trends,
and (by inference) probably the only important fuel parameter with respect to
flame radiation and smoke emissions.

Flame radiation measurements at the cross-fire port plane were obtained
with the apparatus and procedures described in Section V-A-2; detailed data
are listed in Appendix A. Figure 52 shows the effect of combustor operating
conditions on flame radiation with JP-4 fuel. The operating parameter shuwn
was obtained by multiple regression curve fit of these dawa. An exponentlal
effect of inlet pressure and temperature, with a weak inverse power effect of
fuel-air ratio, correlate the data. The inverse fuel-air ratio effect is
interpreted to be associated with axial lengthening and/or downstream movement
of the intense flame zone with increasing fuel-air ratio. Good measurement
repeatability is indicated in these two JP-4 fuel tests, but in later tests
some problems were enecuntered in processing the pyrometer signal, maintaining
pyrometer alignment and viewing window cleanliness. Overall results are
summarized in Table 21, and effects of fuel hydrogen content are illustratcd
in Figure 53. The effect of hydrogen content seems to increase with inlet
pressure and temperature. The reduced hydrogen content fuel data are, however,
judged to bc not accurate enough to determine if other fuel properties are
important but, on the surface at least, Figure 53 indicates a tendency for
hiryr1ir aromatic blends t'- produce Ligher flame radiation than monocyclic

aromatic blends with the same low hydrogen content. It seems thaL if this e.ffect
wele real, it would also show up in the liner temperature and smoke data.

6. Combustor Exit Profile and Pattern Factor

Combustor exit temperature distributions were measured in the high pressure

tests using the fixed thermocouple rake array described in Section V-A-2.
Detailed data are listed in Appendix A, and typical results arc shown in
Figure 54. Both average and peak radial temperature profiles always tended to
be inboard peaked, and some small but consistent differences between the
profiles of the two different combustor assemblies were observed. Combus'or
assticIiily INumfber I tesue to prduc Gcewhniuc aver-age 4 'shthgr
peak profiles. The effect of combustor operating conditions on pattern factor,

shown in Figure 55, also differed somewhat between the two assemblies. Combustor
assembly Number 1 tended to be less sensitive to operating conditions than
assembly Number 2. Pattern factor and average profile peak factor for all tests
are sutmarized in Table 22. Overall, pattern factor was about 0.05 higher and
average profile peak factor was about 0.02 lower for combustor assembly Number 1.
No significant fuel effect was expected, and as shown in Figure 56, if there is
one it is small relative to this combustor geometry difference.

7. Cold-Day Ground Starting and Idle Stability

Fourteen cold--day ground start tests were conducted in the low pressure

rig using procedures described in Section V-b-2. Detailed test results are listed
in Appendix C. Typical results are illustrated in F•igure 57. In each test,
1000 rpm engine motoring conditions were simulated, an,-' lean lightoff and lean

blowout limits were determined as a function of ambient (fuel and air) temperature

in steps from test cell ambient down to 239 K (-30" F). As shown in Figure 57,



400 I

o Combustor Assembly No. I

o Ccmbustor Assembly No. 2

CA eJP-4 Fuel
a

"*• 300- 0

4,4

u 200 n -

w× X

t °= i: 0 0 < <

Ly =211 (x-0.30)

0.4 0.8 1.2 1.6 2.0

(20. X ,3 . - + 3667 , g/ks, M11a, K

tU
M1- 0'7 --6_ _
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Table 21. Summary of Radiant 11eat Flux Test Results.

Radiant lieat Flux, kW/mFuel -

NuAber Idle Cruise Takeoff Dash

1 108.3 113.0 152.6 260.2

IR 99.1 10.8 142.4 247.3

2 119.1 124.0 164.1 273.0

3 111.1 115.6 152.7 253.6

4 201.0 212.5 306.4 562.0

5 113.6 11 f9.7 169.5 304.9

6 116.9 121.6 1b2.5 273.!

7 173.8 184.5 272.4 511.4

8 - - 395.0 595,0

9 140.2 148.3 214.2 393.6

10 183.4 192.2 265.2 463.6

11 110.0 114.0 190.0 -

12 - - -

13
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yvcn with the most viscous fuel (No. 13. D-2) lightoffs were obtained down to
239K, but the fuel-air ratios required were fuel-type- and temperature-dependent.
Lean blowout fuel-air ratios were usually about half of what the ratios were for
lightoff, with similar fuel-type and temperature depenJence. Results for all
fuels are summarized in Table 23. Effects of fuel properties on lean lightoff
fuel-air ratio art illustrated in Figure 58. As discussed in Section VI-A-1,
volatility and atomization characteristics of these fuels are highly correlated,
but the volatility parameter somewhat better correlated the idle CO emisfsilons.
These cold-day start data do, however, correlate very well with relative spray
droplet size. No effect of hydrogen content or aromatic type is evident.

Lean lightoff and tiowout limits were also measured at idle operating
conditions for all of the test fuels, as part of the high pressure test series.
These data are summarized in Table 24. As shown, lean blowout fuel-air ratios
were less than 2.6 g/kg with all fuels, and lightoff fuel-air ratios ranged
from 3,9 to 8.6 g/kg, the variation being attributed to data scatter rather
than to any fuel property effect. At these inlet conditionb, lightoff and
blowout are probably more dependent on fuel nozzle size (spray development)
and dome airflow than upon any of the fuel properties.

b. Altitude kelight

Fourtecn altitude relight tests were conducted in the low pressure rig
using procedures described in 'Section V-h-2. Deailr!ed reult- arc ltcted I,.

Appcadlx C arid bhwatized in Table 25.

Overall, very good altitude relight characteristich were found, with very
minor fuel effcz&. Lightoffs were generally readily ottair-d at the 15.2 km.,
altitude/mInimum engine fuel flow rate conditions, ard pres- r• blcowout limits
were beyond the facility capability. Over 99 percent of thi, 1JO lightoff
attempto were succebsful, and moet of the unsuccessful attempts wer- outside the
estimated current engine limits (Figure 32).

In table 25(O), cowubttor condltions are tabulated for the ectiiatfed J79-17A
engine eltitude relight litrtfs shcn.n in Fig/ure 12. Relight results (sutcesb)
0f the pres-nt t,'ta rc,, Shu isted Jin Tuble 25(0). For each of the JF'-4-
or JP-S-baued fuels, the prevent i ou.tn are it, gvood agree-ment with, the engine
ettlatus. 1.lightoffs were readily obtalned at the two intermediate airflow
tates. They were ?en,-erally obtained at the two extreme airflcow rates, but
some inc:reased fu0e flcrs rates u e occasionally required, VThe lowet airflow
rate (left-bknd side of the re]lght map) i'A outside the estirated engine start
limits with JJ'-5 or Jr-8 .uel, As expected, therefore, in these tests u"ost of
the rei ght dilliculties were ir, thlis ope-ratln?, region probably be':ause of (I)
ltjw fuel arid air tein.erature, and (2) 'ery low cumbustur prce-sure drop.

In sbari, contrast to the highly succebsful .k-k/JP-8-Lased fu,.l rel iy;hi
'k,.ce5., the discel fuel wais v.ry difficult to lijght, applJarently c,.e to it,

higher vi',cositvt. Aft'.r thif diesel fuel flscliti, a britef rep:at of the JP-4
fuel test was cond,,cted which repeated the earlier resulth very well. It appears
that -44;,iff Icant:,' ,hiher spark e|aergy arid/v,ý.-tter fuel atuilzatltri are neede:d
wIth: dlc.sl-tyI, iul,.
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Table 23. Summary of Ground Start Test Kesults1.

Stndr Dy alo, gikg (23.0I

Fuel-AirRai.gk

Standard Day (288,2 K) Cold Day (2 39.0 K)

Fuel Lean Lean Lean Lean
Ntumber Lightoff Blovc~ut Lightoff Blowout

1 8 3 9 5 I
1R9 4 9 4 ;

2 13 5 16 5

3 15 5 14 5
4 1 3 5 19 7 [

5 10 6 14 7

6 13 4 14 7

7 18 8 19 11

8 16 8 15 8

9 12 10 15 Ii

10 13 7 14 7

l| l 11 15 12

12 13 10 C AV

13 17 8 24 l12

(1) 1imulated 1000 r,-z Cranking Conditions

PF3 - 101 kI-

V1 - 3.18 kg/f per engine
(2) c

All fuels light-off te 239 K (at leaat)
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1 0 - 0....
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- (S11D)/(SfID))p 4 , Reiative Spray Droplet Size
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o 10 P 1i01 kPa 3

*-W c€ 3.18 kg/s-Engine

y -- 13.0 +- 0.0577 (x - 362)

_______ r ,0., 645
340 360 380 400 420 440 460 480 500

Fuel 10 Percent Recovery TemperatureYK
(Qas Chromatograph Simulated Distillatlorn)

Filgjx 58. Effect of Fuel Atomizatiou and Volatility co Cold Day
Growid Start.
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Table 24. Summary of Idle Stability Test Re&ults.

(Simulated Ground Idle Combustox Operating Conditions)

Lightof f Lean Blowout

Wfv f Wf f
Fuel Fuel Flow, Fuel-Mir Fuel Flow, Fuel-Air

Numbex g/s/can Ratio, g/kg g/slcan Ratio, g/kA

1 8.0 5.1

IR 8.1 5.5

2 9.3 6.3 0 I.
c

53 t.3 4.3 1

4 9.4 5.6 o.

5 9.3 5.6 1' c

6 7.6 4.9 =

7 7.6 4.8 .
0 C 0 -c8 7.2 4.6 0 0 .;

o 0

9 6.6 4.3 V 0 t 0

10 12.7 8.6 .• I
Ii 6.1 3.9

12 8.6 5.5

13 12.9 8.5

IIII



Table 25. Sumary of Altitude Relight Test Results.

(a) Combustor Conditions at Estimated J79-17A Engine

Current Start Limits (Figure 12).

. kg/s 2.27 4.08 4.99 9.07

Fuel JP-4 JP-5/JP-8 JP-4 JP-5/JP-8 JP-4 JP-5/JP-8 JP-4 JP-5/JP-8

Alt., km 9.5 - 11.9 8.5 14.6 9.4 18.0 13.4

190  0.57 - 0.92 0.73 1.10 0.85 1.29 1B18

P3 9 kPa 34.5 - 42.7 48.3 48.3 51.7 56.5 84.8

T,* K 244 - 292 275 367 289 467 403

(b) Rig Test Relight Success at Engine Limit Conditions*.

FFuel 2.27 kg/s f 4.08 1g/s 4.99 kg/s J 9.07 kg/=s
c , • I -- , -- l, " I I K I t" " I Ir'- I IP-4 I JP

1 Yes Yes Yes

I Yes Yes Yes Yes(1

2 Yes Yes Yes Yes( 1 )

3 No Yes Yes Yes

4 Yes( 1 ) Yes Yes Yes (2)

5 Yes Yes Yes Yes

6 Yes Yes Yes Yes

7 Yes"- Yes Yes Yes

8 Yes Yes Yes Yes

9 Yes Yes Yes - Ys

10 No - Yes Yes Yes

11 No - Yes(3)- Yes - Yes

12 Yes Yes(3 ) Yes No No

13 No No I No No No No No

* Wf 4.22 g/s/can at relight unless footnoted.

(1) -20 increase in Wf required for lightoff
( 40Z increase in W f required for lightoff

(3) 80Z increase in Wf required for lightoff
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For each of the test conditions where successful altitude relights were

obtained, pressure (altitude) blowout limits were determined; the results are
shown In Table 25(c). These investigations showed even less fuel-type sensitivity
than did the relights. In only two of the 44 attempts were the limits found to

be within the facility capability (approximately 17 km altitude). The two
cases where limits were reached were on the left side of the windmilling map
using JP-8-based fuel blends (Fuels 6 and 7).

9. Fuel Nozzle Fouling

Eighteen fuel nozzle fouling teats were conducted; they are described in

Section V-C. The principal results were periodic fuel flow calibrations,

which are listed in Appendix D. The test procedure was altered three times

in this series in an attempt to define more clearly the relative fouling

tendencies of all the fuels, in short tests. Normally, fuel nozzle fouling

occurs only after long use, which would require long-time tests and large fuel

quantitieL to duplicate, but these were beyond the scope of this program. The

test procedure changes made in this series were:

3) After inconclusive tests with Fuels I and 2 (no significant flow

calibration deterioration), the fuel temperature was increased
(from 436 to 478 K) to accelerate the fouling tendency.

2~ Afcrest witeh Fuels 1, 2, and 3 at the higher tepratunret,r.

flow calibration deterioration at the second calibration point

(0.86 MPa fuel nozzle pressure drop) was found and determined
to be due to secondary orifice flow divider valve leakage
(which was never designed to be leakproof or to operate on

primary-only at these severe test conditions). Blocked

secondary flow divider valve configurations elmiminated

this extraneous fouling, and therefore, were used in tests

of Fuels 1 through 6.

3) Another type of extraneous fouling occurred in the later blocked

valve tests (accumulated carbon from the valve cavity deposited

in passages that could neither be inspected nor adequately cleaned

between runs). Therefore, a new standard fuel nozzle was used

in each of the last seven tests (Fuels 7-13), and only
deterioration at the first calibration point (0.522 MPa pressure

drop where only the primary orifice flows) was analyzed.

A summary of the primary orifice flow calibration data for all of the tests is

presented in Table 26, and the standard fuel nozzle data is plotted against fuel

thermal stability rating (from Table 6) in Figure 59. At least in those short

tests, no significant fuel effect is evident. Thus, as expected, the 379 fuel

nozzle is probably quite tolerant to fuel property changes within the range

covered,and much more sophisticated long-term tests would be needed to detect

fuel differences.
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B. Engine System Life Predictions

Life prediction anaiyses were performed using the procedures described in
Sections V-E-2/3 and test data presented in Section VI-A. In particular, the
liner temperature data contained in Section VI-A-5 and the cOmb6eL.,[ C':t
temperature data contained in Section VI-A-6 were considered.

1. Combustor Life Predictions

The maxinam liner temperature occurred near the plane of the cross-fire

tubes, and at the takeoff conditions they ranged from approximately 1090 to 1165K

for the fuels investigated in this program. These maximum temperatures
correspond to peak metal temperature rises (TI., max - T3) of about 425 to 500K.
These data, together with the crack propagation cyclic life curve shown in
Figure 29, are the basis for the predicted inner liner relative life curve
shown in Figure 60. The predicted decrease in life is due to two factors:
the increased effective stress because of larger temperature gradients, and
the decay in material properties at the higher temperature level. The relative
predicted life for several fuels is approximately as follows:

Fuel Hydrogen Content, Relative J79-17A

Weight, Percent Combustor Life

14.0 (cuirent JP-8) 0.78

13.0 (ERBS fuel, Pef. 1) 0.52

12.0 (minimum, this 0.35
program)

2. Turbine Life Predictions

As discussed in Section V-E-3, flasm: radiation chaniges are not predicted
to affect turbine nozzle diaphragm temperatures because of the swall viewing
angle. Profile or pattern factor changes would be expected to directly attect
turbine temperatures, but as was anticipated, no fuel effects on combustor

outlet temperature distribution were observed. The 179-17A turbine life is
therefore not expected to be affected by fuel property changes investigated
in this program.

C. Assessment of Results

The data and aualyses presented in the previous section provide a summary
of the effects of fuel property variations on the performance, emission, and
durability cha.-acteristics of the 379-17A combustion system, based on single
co•ubstor/fuel nozzle rig tests. The data are generally well ordered and in
g••d agrsmest with previous data, there comparisons could be made- Therefore,
these data are thought to be a valuable addition to the USAF data bank. However,
since these are all rig results, some direct verification by engine tests is
recimmeode-.
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These data show that fuel hydrogen content is a key fuel propl'rty,
particularly with respect to high power performince c \ssions and durability.
Smoke, flame radiation, liner temperature (and hence. Combustor life), cat-bon
deposition, arid NU, emissions were all found to bc dependent upon fuel hydrogen
content, with no discernable effect from any cother fuel property. Rence, fuel
hydrogen content is a key fuel property at high engine power operating conditions
(takeoff, subsonic cruise and supersonic dash). At low power conditions, fuel
hydrogen content tends to become unimportant, but fuel volatility and viscosity
are important, since they affect fuel atomization and evapocation char. treristis. I
The J79-17A -combustion system has excellent cold-,lay .ro'und start and altitudet

relight characteristics, but these data indicate that conversion from JP-4 to
JP-8 as the primary USAF fuel will result in noticeable re'duct ions in the'se
starting capabilities. The high energy ignition system which is standard
equipment for the JP-5 fueled US Navy J79-10 engine might be considered tor
USAF use with JP-8 fuel. further, these data indicate that .t mkre viscousý fuel,
such as No. 2 diesel, would very seriously reduce the starting capability ot the
379-17A engine. Bkoth ignition system and fuvl injection changes ;would px.lbaoly
be required to cope with this grtat a tuel change.

The J79-17A fuel nozzle appears to be quite toler.int of ful prperty
changes with respect to fouling. This was expected b,.th fro•L the. service historv
and the design geoaetry (relatively large me'tering ports and loos,,e tioler~nc,'s).
The short but severe tests conducted in thi* program tend to support this back-
er.,n1.Z butt r nort r.'r -rc-n,'nc ive.. It ann.,sAr, th.at one of tIhe" concorns

regarding future fuel characteristics is the extent to which the thenr-,l
stability ratings will change, and the extent to which engine fuel supply'
injection system performance will be affected. Additional studies in this area
are., therefore, needed.
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SECTlON Vll

CONCLUSIONS ANI RECOIENDATIONS

Based on the J79-17A con .astion system experiments and analyses conducted

In this program, the following conclusions and recomendations are made:

A. Conc lusions

1) Fuel hydrogen content strongly affected zmoke, carbon deposition,
liner temperature, flame radiation and woderatly affected NO0
emissions. Hydrogen content is, therefore, probably the single
nost important fuel property, particularly with respect to high
power performance and emission charactcri-stics and combustor
durability (life).

2) Fuel volatility (as indicated by initial boiling range) and
viscosity effects became evident at low pow•r operatilug
conditions. Cold day starting and altitude relight

:A it ...... A&I ' .. .. RIXo" Upo .... ..... C;... . . . .. ;..

3) Within the range tested, neither arowatic type (monocyclic
or bi, clio) nor final boiling range produced any direct
effect on emissions or combustor pcrformuuce.

4) None of the fuel properties produced any rmeasutable eftectA

on ccabustor exit temperature distribution (plofile Atnd
pattern factor), idle stability, fu'l nozzle fouling
tendency, or turbine life.

5) More sophist icated long-tcxtl tests are neieded to de terminle
the effects ct tuel therwal stability On tue ,;uprly/iu'ectton
S•"tSt • omponents.

B. Recomaa' ndat ion-.-

1) J79-17A eaginc tests with s.lcted tuclz a-zre vecotnended to
verifA the ttreids establishod in these single combustor/Zuel
nozzle rig t'ýsts.

) Additional single combu'ztor'fuv'l nozzle rig tests with the
low-smoke/long-ife" ,179 combustor design ar, recosened,
These dati would show the efifeet kt co•bustot design
features on fuel property sensitivity within the same
engine" c-uvelopopop at itg ratnge.

3) Etforts ... d,,terminc the factors which aftfcet tuel thcrtmtl
stability anrd it.- relation.-hip to vnginte tuv,1 .ritpply.!
Xij ection s stem peCrformancc are rocormnended.
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APPENDIX A

HIGH I'RESSURE TEST PIATA

Table A-I prt'sents a sirlwarv ot tlite key re~dct'td datA (torn the high pi essure

performance and emission tests.- Table A-2 pre-sentts additilonal measured an1d
calculated parameters for these tests.

Table A- 3 presents Eiet nca~sure'! anid L-orrvctt d CO emiss Lo t est data at thet.
four engine operating condit ionis- The prt.,cvdut e fm~ cerrcctitug the measuled
data to engine' conditions by the rati-o of the scvericv parameters is also shwu;11.
As c~m be seen, the correc:tions are all relat ivelv small except at dash4 opt-rat i'a4

1conditions, whtere thie test pressure was reduced. Measured and corrected hvdro-
carb-on emission data are similarly presented inl Table A-4.

The NO\ emissions datai werev cone kited as shown inl Table A-S. A I iwctie
regression curve fit of the test data points for cacti fuel was pet t oned
(see Figure 38) from which the quoted engineý c:,mss ion indices twere ca iculatted.
Small differences in meaisured and curt-ected indices .ýrc pr imuiil due to the
humidity co~rrecýt ion

Table A-6 prOesents the smoke data aia l~sits. As dizcusstd in 'Sect ioni V-A -

no opt-rat ing condition severity paramoter (or smohke: ckuld be real'tly tountd. Se
the dat-a presented are as, measured,* except th~at they have been correý"ctd to
en~gine Stat ion 8 fuel-c~ii ratito 4-ondit ions as describedl in Appendix F.

Table A-7 presenits the detaile-d 1 met tempzierature, M4r1Ucasutemen~ts . The data
are present ed as liner temperattirk- r i"t (T1 11W U - T3' h br~cu~1ebatitn
imdicatetd corrcsponid to those shown in Figure -'I . Aveti age i nerI t t'm~pt': a t urc, ri :it

is .alSO lis`Zt edl. W i tItOl oI> tWO t-XN:t'j't ton i *~z t he flkXliflhiih aIlways % Ctt'II ted! onl
Thermocoukpe 1t'1) or 23 tud is lisýted in Tab It- A-1.

T..kl.. A SC rýi t .. k-. .. C-11. .Lq[ *'L'w.' ra.i:..,o. al.... c...........

regress iotn Cur've fits o t tilit' dat a (see F ive Str' $) wet'r pt'i tocaavd ft ou whichi the4
quoted enigine flamxe t adiat ion levels wtere calceulatedl

Tab~le A-9 presents; a qumwnary Ml t he pat tt'Lti factor tiata ainalvscs. Ag-a tin.
1lnt'a~r recrZt' VSs in I'l UIr~t fits Of the. kjtiat (seeIL Figuilt- 55) 1- jer p'tforwt'd frOM
which the quote-d engtnie pat tern factor It-eels WenTt' t'alculated. Table A- 10
prt'senczs thet detailed cýOmbustor exi t teoperatuLlt' profile datl a on all1 te~sts.
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Tablc A-2. Supplcmt~ntari High Pressare Test W t a (Conc Iuded) .
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Table A-3. CO Emrw."lon Test Data Correlation.

(a) Data Correction to Engine Condition.:

Ell.. engine 4EIC. tes S( , test

whlere :

v 0_7 e_ 421-T

r 3 15

Elmo, test, g/kg Elms, engine, g/kg

( as measured, Table A-1 .)0(,corrected tc SW =)

(at test points 3, 5, 6 andi )9 1.00 0-286, 0.0710 and 0.0345

Fuel~ h s Cruse]I

(alIdle Cx Takeoff i Das Idle corretd f SDas

-uaber (3) (5) (6) (9) (1. 000) (0-286) (0.0710) (0.0345)

I __ _ _ U I I I _ _ _ _ _ _ _

1 69.2 17.4 5.5 3-1 68.2 16.5 5.7 2.4I1 57.2 14.2 4.3 3-2 63.8 14.2 4.8 2.6
2 67-2 17.5 5.9 3.5 73.2 17.3 5.8 2.9
3 64.7 15.8 4.0 2.8 71.2 15.8 4.2 2.2
4 77.5 20.8 5.2 3.2 72.4 18.9 4.8 2.5

5 73.0 16-6 4.2 3.2 73.4 16.1 4.7 2.6
6 68.1 21.4 8.1 4.1 72.6 21.5 8.2 3.2
7 69.8 19-2 3.5 2.1 75.5 18.5 3.6 1.5
8 76-5 22-1 3.6 2-2 75.9 20.5 3.4 1.7I 'A 118.2 3_7 12.3 I69_7 _ J 3.7 1-9

10 61.5 18.0 4.4 3.6 66.2 17.7 4.5 3.7
11 61.1 15-6 3.1 .1.9 63-4 15.1 3.1 1.6
12 53-9 14-1 4.2 3.4 57-0 13.7 4.3 2.7
13 62.9 15.0 3.0 2.1 68.0 17.0 3.0 1.5

Wb Data Correlatio with Fuel Rydrogen Content:

El CO = (14'S )

Euagiz Pommr L'tl Idle Cruise Takeoff Dash

b, Intercept 65.93 14.85 4.48 2.25
a. Slope -0.470 -1.384 0.198 -0.070
r, Correlation Coefficient -0.414 -0.753 +0.051 -0.017



Table A-4. HC Emission Test Data Correlation.

R11lteur C, engine 2 1.79

SoS -•"O test

where:

SC(lLO (048 07 exp24.2 p3 150

HC, Test, HC, Engine.
( as measured, Table A-I ) / coriected to S, -at points 3, 5, 6, 9 & 10 1.000 0.286, 0.0710, 0.0345)F1c ----

Number idle Cruise Takeoff Pash idle Cruise Takeoff Dash(3&10) (5) (6) (9) (1,000)1 (0.286) (n.0n?' (n n(!.Cý.-I I " *I . . . " . . . ."

1 25.5 0.5 0.1 0.1 23.6 0.5 0.1 0.1

1lR 19.1 0.5 0.1 0.1 22.6 0.5 0.1 0.1
2 18.2 2.4 1.7 0.0 20.4 2.4 2.4 0.0
3 22.6 0.5 0.1 0.0 25.3 0.5 0.1 0.0

16.9 1.2 0.6 0.1 15.1 1.0 0.6 0."

5 24.3 0.5 0.0 0.0 23.6 0.5 0,6 0.0
I 20.5 U.b 0.3 0.1 22.6 0.8 0.3 0.1
7 31.7 2.4 0.9 0.5 33.9 2.2 0.9 0.3
8 34.3 - 2.0 0.7 35.1 - 1.8 0.4
9 28.4 2.6 1.5 0.5 30.5 2.6 1.5 0.4

10 19.6 2.0 1.2 0.5 22.4 1.9 1.2 0.4
11 25.7 2.3 1.2 0.6 26.8 2.2 1.2 0.4
12 17.6 1.6 1.0 0.7 17.3 1.5 0.5

13 13.5 1.7 0.5 0.2 15.5 1.5 0.5 0.1
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Table A-6. Smoke Emission Test Data Correlation.

(a) Data correction to engine conditions:

SN4  SN 8

as measured, Table A-1, at ( as corrected to f 8 , Table A-2,
test points 3, 5, 6, 9 and 10 at test points 3, 5, 6, 9 and 10)

Fuel -- .- __-
Idle Cruise Takeoff Dash Idle Cruise Takeoff Dash

(3&10) (5) (6) (9) (3&10) (5) (6) (9)

1 23.3 47.8 62.3 42.6 17.1 41.4 55.2 36.0
iR 19.6 44.2 57.8 39.2 14.0 37.8 51.5 33.6

2 34.2 56.3 67.9 43.5 28.5 50.1 61.8 38.0
3 29.0 53.1 58.4 38.5 24.1 47.6 53.1 33.3
4 54.6 82.1 80.8 56.4 51.1 77.3 75.8 51.8
5 43.o 65.9 42.2 44.8 38.2 61.6 66.9 40.2

82.4 5 4/, 56.0 78.8 72.1
7 55.9 74.8 87.4 64.1 51.3 69.9 85.6 59.2
8 56.0 8.1.0 90.8 80,0 52.4 76.6 88.9 74.6

9 45.9 76.0 75.2 79.1 43.5 71.6 73.1 75.2
10 63.0 82.0 68.9 85.1 58.7 77.3 67.1 80.0
11 47.4 72.4 64.2 52.0 43.8 68.8 62.7 47.5
12 32.4 58.4 65.2 51.6 27.4 53.2 63.9 47.1
13 48.0 67.4 70.3 56.6 40.9 61.2 69.4 51.1

(b) Data correlation with Fuel Hydrogen Content;Ia
SN8 - b + m0 (14.5 - H)

Engine Power Level Idle Cruise Takeoff Dash

b, Intercept 141 42.24 55.51 35.12
m, Slope 15.23 14.83 8.95 11.59
r, Correlation Coefficient 0.960 0.966 0.744 0.676
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Table A-7, Dutailed Linter Tampqrature Data.
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Table A-7. &~uailvd Liner Tewperaturv 11-ta (Concludco).
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Table A-8. Flame Radiation Date COrrmletioa.

(a) Correlation with Combustor Operattag CAcDditions:

Sj mS+ b

whterv

Radiant lkeat flux. ki;mU
C.r

Calculated From Operatkng

a . - 0.9 io.st Correlation at S
-c Idle Cruise Take,,tff D& Sh'

1 7 -109 -; 09 106.: 11312t, 2t"

I 0.45 9,- I 1 142.-k ~(~

S9 21! 46 O.90O 119.1 1 0 1 ."t-4. 1 Z. 0

3 9 19 -4 0.98S II1 115.t 1. .
A 9 497 -191 0.795 2N)I I ý 1 :1.5 33 .• %6:,0

6 9 215 - 53 0.913 !lb.9 1:1.; 1tz•!.53-

7 9 465 -193 OA.5 3.. S

I&

9 9 • -135 0.92-,4 1-0-•.:• 31.- •t

e 7 so -121 0.97j 1_3.-____.-_. "_.

11 ... 1 1

(b) lwaa Correlation• vith IFuel ey~r,3Cen Content

bmpire ft'er L&Vel Idle Crui se Take'-ff i Da Sh

b. Intercept Iro".S 1 i05. 3 IMI :-41-S•.

W, Sope 51 N- .S Sk I I
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Table C-8. Crouid Start Test Results, Fuels 1 Through 3.

Combustor Operatiig Conditions Lvan Blowout Loan Lightoff

*TF T3  P 3  W A f f W fC p

Fuel (Engine) (Engine)
No.

K F kPa kgs g/s g/kg g/s g/kg

"- " 278.(- 278.6 100.0 3.175 0.79 11.2 3.5 20.8 6.5
275.0 274.0 100.0 3.175 0.79 11.3 3.6 25.6 8.1
270.4 267.3 !00.0 3.175 0.77 7.3 2.3 27.6 8.7
262.6 260,2 100.1 3.175 0.72 11.2 3.5 26.1 8.2
254.9 254.5 100.0 3.175 0.67 13.1 4.1 27.5 8.7
252.7 246.5 100.0 3.175 0.70 13.9 4.4 28.9 9.1
249.0 243.4 I00.0 3,175 0.67 11.2 3.5 32.8 10.3
239.8 237,2 100.0 3.175 0.67 15.6 4.9 29.4 9.3

1R 261.2 260.9 0. 3.175 0.76 13.6 4.3 22.9 7.2
254. 11.0 3,175 0.76 12.1 3.8 28.6 9.0

24.4 256,9 1)1(
251.0 248.6 0 . 3.175 0.71 12.0 3.8 28.4 3.9
241.2 243.6 i01.1 3.175 0.64 10.1 3.2 31.9 10.0
239.0 23 9 .3 101 . 3.75 0.64 13.9 4.4 27.6 8.7

299.7 294.8 99.6 '.175 0.94 8.7 2.7 41.3 13.0

278.4 278.1 99.6 3.175 0.80 14.2 4.5 39.1 12.3
268.7 267.8 99.5 3.175 0.88 12.5 3.9 37.8 11.9

260.4 258.8 99.5 3.175 C.73 15.8 5.0 44.0 13.9

255.6 255,4 99.5 3.175 0.83 17.6 5.5 47.8 15.1

248.7 248.7 99.5 3.175 0.80 17.6 5.5 47.9 15.1
244.0 243.7 99.5 3.175 0.83 11.3 3.6 53.9 17.0
240.7 23I.1 99.0 31175 0.78 15.4 4.9 52.5 16.5

-9~ 30. 10.78 15______4

3 297.0 300.4 98.3 3.175 ].01 7.3 2.3 39.7 12.5

278.2 275.4 98.2 3.175 0.86 25.8 8.1 60.2 19.0
266.5 265.4 98.1 3,175 0.86 19.5 6.1 62.0 19.5
261.5 261.8 98.1 3.175 0.89 19.5 6.1 54.8 17.3
255.4 254.6 98.0 3.]75 1.04 18.8 5.9 52.3 16.5
249.8 249.3 98.0 3.175 0.91 16.3 5.1 46.6 14.7

244.3 243.6 98.0 3.175 0.99 16.4 5.2 45.4 14.3

243.2 239,4 98.0 3,175 0.94 15.4 4.8 45.4 14.3
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Table C-9. Ground Start Test Results, Fuels 4 Through 7.

Combustor Operating Conditions Lean Blowout Lean Lightoff

IF 3 3 Tc - f4 f

Fuc.l (engine) (unginc)
No.

K K kPa kg/s gfs g/kg gls g/kgl

4 277.4 278.0 102.5 3.175 0.66 14.5 4.6 40.6 12.8
272.9 272.0 102.6 3.175 0.73 17.4 5.5 41.8 13.2
268.5 267.0 102.5 3.175 0.68 17.6 5.5 44.1 13.9
261.5 261.2 102.5 3.175 0.61 15.8 5.0 42.7 13.4
254.0 255.8 102.5 3.175 0.74 20.7 6.5 46.4 14.6
250.9 249.3 102.5 3,175 0.60 18.6 5 9 47.9 15.1
244.8 242.8 102.5 3.175 0,51 18.8 5 9 52.3 16.5
238.5 237.5 102.4 3.i75 0.49 20.8 6.6 59.1 18.6

277.0 277.4 102.0 3.175 0.71 18.3 5.8 34.0 10.7
272-5 272.2 102,0 3.175 0.73 18.3 5.8 33.1 10.4
265.9 267.5 102.0 3.175 0.61 18.8 5.9 36.5 11.5
262.1 26U.4 102.0 3.175 0.81 18.3 5.8 38.4 12.1
254.7 256.0 102.0 3.175 0.76 19.5 6.1 40.1 12.6
250.9 248.3 102.0 3.175 0.61 19.8 6.2 44.0 13.9
244.8 245.0 102.0 3.175 0.54 21.0 6.6 45.4 14.3
238.6 237.8 101.9 3,175 0.55 20.9 6.6 44.0 13.9

6 275.8 277.4 101.7 3.175 0.67 20.2 6.4 42.7 13.5
273.7 272.3 101.7 3-175 0.A7 11.3 3.6 37.8 11,9
267.2 265.5 101.7 3.175 0.73 10.7 3.4 43.2 13.6
263.5 260.7 101.7 3.175 0.64 7.6 2.4 39.1 12.3
255.8 256.3 131.7 3,175 0.64 14.5 4.6 41.5 13.1
251.3 24Q.0 101.7 3.175 0.62 12.0 3.8 42.2 13.3
246.7 243.2 101.7 3.175 0.61 10.7 3.4 42.2 13.3240.2 239.0 101.7 3.175 0.64 20.8 6.6 44.1 13.9

7 280.0 276.6 99.4 3.175 0.61 26.8 8.4 57.2 18.0
272.0 272.0 99.4 3.175 0.60 28.9 9.1 52.9 16.7
263,9 2265.4 99.4 3.175 0.60 28.4 8.9 60.2 19.0
262.3 263.1 99.4 3.175 0.58 30.2 9.5 59.1 18.6
258.1 254.6 99.5 3.175 0.56 28.9 9.1 56.6 17.8

249.6 248.5 99.5 3.175 0.70 32.8 10.3 59.0 18.6
245.8 243.4 99.7 3.175 0.64 37.0 11.7 61.7 19.4
239.3 124P.1 99.8 3.175 0.65 36.3 11.4 61.2 19.3
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Table C-10. Ground Start Test Results, Fuels 8 Through 1.1.

CAmbustor Operatiug 02riditions LeIn Blowout Lean Lightoff

T T P Wf f W
3 c f w

Fuel (engin.2) (engine)No. "'

K kPa kg/s g/s g/kg F'I: g/kg

8 277.0 278.7 100.2 3.175 0.67 25.7 8.1 48.9 15.7
270.6 272.2 100.2 3.175 0,66 26.2 8.2 52.7 16.6
268.4 266.6 100,2 3.175 0.61 27.5 8.7 49.1 15.5
260.9 262.0 100.2 3.175 0.62 2?.0 8.5 52.3 16.5
257.0 252,8 100.2 1.175 0.68 27.0 8.5 47.3 14.9
252.6 250.9 100.4 3.175 0.45 15.0 4.7 40.3 12.7
246.5 245.2 100.2 3.175 0.52 20.8 6.6 44.7 14.1
248.7 242.4 100.2 3.175 0.50 23.9 7.5 46.4 14.6

9 2?5.4 27 2 0 . 3.• , .2 9 57. I .
272.0 270.9 100.2 3.18 0.81 31.2 9.8 34.6 10.9 .

268.2 267.5 101.2 3.18 0,76 31.2 9.8 36.5 11.5
263.0 258.7 1.013 3.18 0.52 32.0 10.0 37.8 11.9
256.4 255.7 100.3 3.18 0,52 32.0 10.0 37.2 11.7
251.5 249.8 101.5 3.18 0.62 32.6 10.2 41.0 12.9
246.3 245.3 101.6 3.18 0.44 32.6 "10.2 40.3 12.7
239,9 238.6 101.6 3.18 0.44 34.0 10.7 48.5 15.2

10 278.4 276.9 100.9 3.18 0.49 23.3 7.3 42.8 13.4
271.1 272.5 101.0 3.18 0.32 19.5 6.1 42.5 13.3
262.6 261.4 101.0 3.18 20.2 6.4 40.1 12.6
252.5 255.5 100.8 3.18 0.62 j 22.7 7.1 42.2 13.2Z
249.6 248.5 100.8 3.18 0.50 19.5 6.1 40.3 12.6
243.7 243.8 100.9 3.18 0.40 21.4 6.7 42..6 13.4
248.3 238.6 100.9 3.18 0.4) 21,4 6.7 43.2 13.6

11 277.5 277.5 102.1 3.18 0.57 34.7 11.0 :i2.3 16.5

274.4 271.4 100.6 3.18 0.59 34-7 11.0 47.9 15.1
266.1 266.4 100.6 3.18 0.53 34,7 11.0 50.4 15.9
262.0 260.3 1 ).6 3.18 0.53 35.7 11.2 46.5 14.7
257.5 256.8 100.6 3.18 0.52 36,3 11.4 47.) 15.1
248.1 250.1 100.7 3.18 0.57 38.7 1.2.0 49.1 15.4
247.0 239.4 100.7 3.18 0.56 39.7 17.5 53.6 16.9
245.7 245.1 100,6 3.18 0. C 36A4 11.5 4A.5 15.3
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Table C-1l. Ground Start Test Results, Fu.els 12 and 13.

Comustor Operati-\ CoznIitiono Lean Blowout Lean Ligatoff

TT 3 fP Wf f wf1TT3 P3 Wc I'f-

Fue I ~~~(engin~e) '" ire

kpa kg/s g/s g/kg g/s g/kg

1? 27773 277.2 100.1 3.18 0.60 33,9 10.7 42.2 13.3
270.4 2,1.6 100.1 3.18 0.56 320.1 9.5 41.3 13.0
266.4 267.0 I.00, 3.18 0.64 310...2 9.5 40.2 12.6
262,0 2.59.5 100.2 3.18 0.47 34.6 10.9 40.3 12.7
255.4 254.7 100." 3.18 0.58 25.8 8.1 38.4 12.1

...... .... . .ir~ I. .....52 q. 9. 41.0 12.9 --
2 .5., 245.6 100.1 3.18 0.54 32.4 10 3 45.4 14.3

254.4 237.9 100.2 3.18 0.66 32.1 10.1 47.2 14.9

13 279.8 278,8 100.0 3.18 0.60 25.2 7.9 54.1 17.0
270.) 273.9 100.2 3.18 0.60 25.3 8.0 56,0 17.6
218.7 26t.3 100.6 3.18 0.57 26.4 8,3 51.0 16.0
259.? 260.6 100.8 3.18 0.58 26.7 9.4 51.4 16.1
255.6 255.4 100.8 3.18 0.60 27.0 8.5 5,5.4 17.4
249.3 251.4 100.8 3.18 0.75 28.9 9.1 57.9 18.2246.8 246.0 100.8 3.18 0.72 32.7 10.3 63,0 19.8

243.7 240.3 100.6 3.18 0.74 39.6 12.4 76.3 24.1
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APPENDIX D

FUEL NOZZLE FOULING TEST

Fuel nozzle fouling tests were conducted in a small flame-tunnel rig
using apparatus and procedures described in Section V-C. Primary results were
periodic bench flow calibrations of the fuel nozzles to detect metering orifice |

plugging and/or flow divider valve seizure. These results were supplemented.
with visual inspection of the fuel nozzle tip and flow divider valve components.
As described in Section VI-A-9, two types of fuel nozzle configuration were
tested, Blocked flow divider valve configuration periodic flow calibration
results are listed in Table D-1. Standard fuel nozzle actual periodic flow
calibration results are listed in Table D-2, which have been normalized in
Table D-3.

1i7
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Table D-1. Fuel Nozzle Fouling Test Results with Blocked Secondary
Orifice Valve.

Fuel Temperature 478 K

Fuel.
Test Nozzle Test
Fuel Serial Time, Fuel Flow Rate, g/s Fuel Flow Rate

Number Number Minutes at APf = 0.35 2 ?'a l'retost Fuel Flow Rate

1 76520 0 8.57 --

100 8.44 0.985

300 8.44 0.985

2 80417 0 8.27 --

100 8.27 1.000

30."I.- 1.000
3 76520 G 8.-19 --

100 8.20 1.001
300 8.06 0.984

4 106575 0 8.69 --

100 8.57 0.986
300 7,87 0.906

5 76520 0 9.05 -- -

100 8.95 0.9t

300 8.63 0.954

6 80417* 0 9.13 -

100 8.04 0.881

300 4.85 0.531

*Suspect fuel nozzle was aot fully cleaned before test.
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1Table 1-2. Fuel Nozzle I oul ing Test IRe'sul ts wit h1 Standard Dual
"Orifice Yuvl Nozzle.

, , F lo,.] V1,w Rate (g,.;) at P (MI'a)
-14 , 4.

t- z V. m - -H ~ 0.552 0.862 2.06 3. 3,447 2.068 0.8H(2 0.552

1 80417 436 0 8.59 27.2 139.6 257.9 140.2 26.5 8.53
436 100 8.61 27.1 140.5 261.4 145.9 26.8 8.5t,
436 300 8.56 26.3 139.2 2,..7 139.0 25.3 8.39

2 76)20 436 0 8.43 28.2 145.9 256.7 145.9 28.1 8.32
4 16 100 8.42 26.5 143.3 254.1 144.8 27.8 10.45
436 300 8.32 [ 27.0 143.6 ?Ij.9 144.4 2 .7 8.28

1 76520 478 0 8.34 i 27.2 139.4 254.0 119.14 .212 S. 33
478 100 8.14 22.0 135.8 245.2 135.8 26.3 8.69

S478 300 9.73 t 16.0 122.2 221.1 122.7 25.#) 8.04

2 158578 478 0 8.35 26.2 137.5 252.8 138.1 28.3 8.61
478 100 8.13 22.2 134.2 245.1 134.8 27.7 8.95
478 200 7.94 21.7 I V13' 1 24',. i 34. 8 27.o .

3 106575 8 0 8.57 27.7 140.9 250.2 140.9 ?.5 8 49

478 100 8.79 26.3 139.3 .5 ''139.5 27. 8.42
1 1 418 3o0 1 8.57 23.4 131.9 24 S.l 13 J.1 2 •7 I ,42 •

7 122372 478 0 8.91 1 138.8 249 k 136.3 29.1) Q

478 100 8.92 24.3 135.8 245.1 135.8 28 ', 8.98
478 300 8.79 q15 34.6b 240.0 134.6 Z8.7 8.79

8 82575 678 0 8.36 30.0 14' 8 259.2 140.8 30. 3 9.23

82478 7100 8 .03 2b.8 130.7 241.3 135.7 31.2 9.93
478 300 8.48 26.0 108.6 1R3.6 128.1 9.41

I -'1)R93 478 1 8.72 25.1 134.6 242.8 134.6 24.7 8.(,,
47. 100 8.85 92.8 132.4 245.1 134.4. 23.8 6.67
478 300 8.67 .9.3 122.0 219.9 125.4 24.4 8.SV

10 35922 478 0 9.4z 29.0 135.8 t45.2 134.6 28. 9.80
4,i 100 8.79 28.1 119.4 222.6 125.r 29. 10.68
478 300 8.49 21.7 '12.1 215.7 123.5 26.5 9.95

11 131471 47 0 8.14 27.z 1 ',0.1 251.5 140.9 27. 8.15
478 100 8.13 23.6 117.8 216.7 126.0 2b.7 8.1
478 300 8.06 23.P 110.9 190. l10.4 25. 8.061.

82288 48T.4 24. 50.12 23878 -,78- - '~8 - - 27.6 134.0 245.2 133.2 28..2 9.160R 100 8.50 22.9 127.3 233.3 129.8 15.i i.7 30 842 24.3 W a1 M 6.'j 119.7 2/1. f 10. 77

13 8967) 478 8.20 26.6 131.9 ?47.7 . 8.46
478 l 8.32 4 .2 127.5 t .8 127.5f 27.0 8.47

300 8.15 22.3 . 129.5 237.P 129.5 26.3
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Table D-3. Normalized Fuel Nozzle Fouling Test Results with
Standard Dual Orifice Fuel Nozzle.

i ''

7 E (Fuel Flow kite)/(Pretest Fuel Flow Rate) at A4 (MPa)
L..1- Z-. d)&-G

W; f i L f -. 0.552 0.862 1 2.068 3.447 2.068 0.862 0.552

1 80417 436 100 1.001 0.995 1.006 1.014 1.040 1.014 1.003
436 300 0.996 0.968 0.997 0.995 0.991 0.957 0.98b

2 76520 436 100 0.999 0.938 0.982 0.990 0.992 0.991 1.256
436 300 0.987 0.955 0.984 0.989 0.990 0.987 0.995

1 76520 478 100 1.012 0.810 0.975 0.965 0.975 0.968 1.044
478 300 1.166 0.588 0.877 0.871 0.881 0.940 0.965

2 158578 478 100 0.973 0.846 0.976 0.970 0.976 0.987 1.040
Jk3u u.v I U. 27 UI9/y 0.920 0.976 0.973 0.996

3 106575 478 100 1.026 0.950 0.990 1.000 0.990 1.005 0.991
473 300 1.000 0.845 0.936 0.979 0.946 0.936 0.991

7 122372 478 100 1.001 0.865 0.982 0.984 0.982 0.980 0.994
478 300 0.987 0.765 0.973 0.964 0.973 0.989 0.974

8 52575 478 100 0.938 0.894 0.928 0.931 0.964 1.031 1.076
478 300 0.991 0.865 0.771 0.708 0.785 0.927 1.020

9 !32823 478 100 1.014 0.911) 0.984 1.009 0.999 0.964 1.001
478 300 0.994 0.771 0.1 )6 0.906 0.932 0.990 0.987

10 35922 478 100 0.933 0.967 0.879 0.908 0.929 1.017 1.090

847 300 0.901 0.746 0.826 0.880 0.918 0.917 1.015
11 131471 478 100 0.998 0.86b 0.830 0.862 0.894 0.970 0.998

478{ 300 C0 9• i .S/ 1 0.787 0.758 0.784 0.915 0.990

12 23878 478 I0 0.962 0.831 0.946 0.952 0.974 0.957 1.135

II

478 300 0.952 0.881 0.861 0.844 0.900 0,872 1.176
13 87960 478[ 100 1.014 0.910 0.967 0.964 0.967 0.979 1.001

478 300 0.994 0.839 0.982 0.960 v u.F82 0.957 0.96'
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APPENDIX E

SMOKE DATA CALCULATION

In this program, combustor component rig tests were conducted in which
smoke emission levels were measured at the conbustor exit plane by the method
specified in Reference 4. The result is a Smoke Number (SN) which expresses
the opaoity of filter paper that has been stained by tke exhaust gases. SN
is therefore, not a true thermodynamic property of the exhaust gas. A relation-
ship between SN and carbon weight fraction (Xc), which is a thermodynamic property,
is presented in Reference 12. This relationship is reproduced in Figure E-I.

When combustor exhaust gases are diluted by turbine cooling air as they
are in the J79 engine, both SN and Xc are reduced. Smoke emission index (ElI) g
carbon/kg fuel, however, remains constant. Els is calculated by the relationship:

l= (xi) (1000 +fis (X. (10-3)

where:

1= engine station where sample is taken

f fuel-air weight ratio (g fuel/kg air)
Therefore, engine smoke level, which would be measured at engine Plane ?, can be

calculated from combustor rig measurements, taken at simulated engine Plane 4, by
the following procedure:

1. Measure (SN4 ) and f4) at simulated engine test conditions

2. SN 4 ÷ Xc4 itrom Figure El)

3. Els = (N) (I00 + f4\ iin-3Q
f 4  ....

4. Cycle data f8 at eimulated engine test conditionf8
5. X¢8 E Ils i000 +f)(1031)

6. XcS - SN8 (from Figure E-1)

For the J79-7A engine, f84 = 0.838 at non-afterburning operatiag conditions.
In the test data sumiary, SN4, Xcy, Els, and SN8 are all tabulated in Tables
Al and A2 for possible future use.
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Figure E-1. Experimental Relationship Between Smoke Number and
Exhaust Gas Carbon Concentration.
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APPENDIX F

NOMENCLATURE

SYMBOL UNITS

Area 2 2

A Area cm ,m

CO Carbon monoxide

CO2 Carbon dioxide

CWALF Clockwise aft looking forward

El Pollutant emission index g pollutant/kg fuel

FBP Final boiling point K

H Fuel hydrogen content (weight %) wt %

HC Hydrocarbon

IBP Initial boiling point K

JFTOT Jet Fuel Thermal Oxidation Tester

NOx Total oxides of nitrogen ("NO+N0 2 )

Q Heat of combustion MJ/kg

S Combustor operating severity parameter

SMD Sauter mean diameter

SN Smoke number (by ARP #1256)

T Temperature K

V Velocity M/s

W Mass flow rate g/s, kg/s

X Exhaust gas pollutant concentration mg pollutant/kg air

b Curve fit equation intercept

f Fuel-air ratio g fuel/kg air

h Absolute humidity g H20/kg air

k Arbitrary constant
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SYMBOL UNITS

a Curve fit equation slope

n Hydrogen-to-carbon atom ratio

4 Heat flux kW/m 2

r Curve fit correlation coefficient

x Independent variable

y Dependent variable

AP Pressure drop mPa

AT Temperature rise K

n Combustion efficiency Z

V Viscosity mm2/s

P Density kg/m 3

a Surface tension mN/m

0(f) Ftiel-air ratio function (Figure 38)

SUBSCRIPTS

3 Compressor exit station (Combustor inlet)
4 Combustor exit station
8 Engine exit station
c Combustor
e Effective
f Fuel
m Metered
r Reference
st Stoichiometric
L Liner (metal)
gs Gas sample
TC Thermal (Thermocouple)
s Sample
avg Average
max Maximum
OGV Outer guide vane
TND Turbine nozzle diaphragm
I=m.max ImmersiO7 Maximum
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