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SECTION I

INTRODUCTION

For more than 25 years, the primary fuel for USAF gas-turbine-powered
aircraft has been JP-4, a wide-cut distillate with excellent combustion
characteristics and low-temperature capability. Typically, its heating value
hag been over 43.5 MJ/kg (18,700 BTU/1b), its freezing point below 219 K (-65° F),
and {ts 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.

Convcrsion from high volatility JP~4 to lower volatiiity JP-8, which is
similar to commercial Jet A-1, as the primavry 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
since 1972, the cost and availability of high-grade 2ircraft turbine fuels have
drastically changed. These considerations have spuived 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, o0il 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) Minixize the toral cost o Tcvaft =
3) Avoid sacrifices of engine performance, flight safety, or
environmental impact.

Engine, airframe, logistic and fuel processing data are being acquived to establish
thcse specificatfons. This report contributes to the needed data base by
describing the effects of fuel property variations on the General Electric J79-17A
engine main combustion system with respect to perfommance, exhaust emissions,

and durability. Similar programs, based orn the General Electric F101 enpine and
the Detroit Diesel Allison TF41 and High Mach engines, are also being conducted.
Collectively, these programg will provide representative data for the engine
classes that are expected tc 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 properties are important to J79-17A
engine combustor operatiom and quantitatively relate fuel property variations
to combustor performance, emission characteristics and durability characteristics.
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Thirteen test fuels provided by the USAF were utilized. Descriptions and
propertias of these fuels are presented in Sectiocn III. In Task I of the program,
test plsoning and prepsrations 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. 1In Task II of the
program, 46 tests (14 high pressure/temperature combustor performance/emissions/
dursbility tests, 14 low pressure/temperature cowbustor cold-day ground start/
altitude relight tests, and 18 high temperature fuel nozzle fouling tests) were
conducted. Thes2 are summarized in Section VI-A. In Task III of the program
these test data were analyzed to establish the fuel property correlations also
presented in Sectiom VI-A and to establish the engine system life predictions
presented in Sectiom VI-B.



SECTION 11

SUMMARY

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

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

satent, but no discernable effect of any of the other fuel properties

hydtogen content, igce

was found. Carbon moroxide and HC emissions were very low at each of these
operating conditions with all of the fuels. Combustor exit temperature profile
and pattern factor were essentially 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 NO, 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.

t cold-day ground siari conditions K) lighroff was obtained with all
fuels, but the required fuel-air ratioc increased with the more viscous fuels,
primarily as a result of the associated increases in relacive fuel spray droplet
size.

{to 129

At altitude relight conditions, the current engine relight limits with JP-4/
JP-5 fuel wvere 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 nigher ignition energies would be needed with a diesel-type fuel.

Combustor liner 1life analyses, based on the test data, were conducted. These
analyses resulted in velative life predictions of 1.00, 0.78, C.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.
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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 aystem
performance and combustor/turbine life.

-




SECTION III

TEST FUEL DESCRIPTION

A. General Description

Thirteen test fuels were 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 JIP-4, five
blends of the JP-B, and a No. 2 diesel. The blends were made up by the USAF to
achieve three different levels of hydrogem content: 12, 13, and about 14 percent
by weilght. 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 sclvent” (a naphthalene concentratc)
A third blend component, used to increase the final boiling point and the
viscosity of two blends, is deacribed as a Mineral Seal 0il, 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
avellatilicy, 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, Z dies2] was seiecred to approximaie the Experimental Referae Broad
Specification (ERB.) aviation turbinc fuel that evelved in the NASA-Lewis workshop
on Jet Aircraft Hydrocarbon Fuel Technology (Reference 1).

B. Physjical and Chemical Preperties

Fuel properties shown in Tables 1, 2, and 3 were dctermined, for the most
part, by Monsanto Research Corporation under contract to the USAF. Table 4
presents conventional fuel inspectio: data determined by the Aerospace Fuels
Laboratory, WPAFB., These data may be useful for assessing the accuracy of test

e fuels to those used in other investigations.

mcchods and comparing thes

In Table 1, density, viscesity, 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
the fuel components, hydrogen centcnt 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 (Qnet, MJ/kg) is very
nearly a unique function of hydrogen content (H, X) which can be closely

approximated by:

Qnet = 35,08 + 0.5849 H (1)

Surface tenaion i{s virtually the same for all of the fuels. The other propertircs
are, in general, quite dependent upon fuel components as well as on hydrogen coutent.

Table 2 shows hydrocarbon type analyses by mass spectroscopy (ASTM Method
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D2789) and Figure 1 shows a coamparison of total aromatics determined by mass
spectroscopy (from Table 2) and by fluorescent indicator absorption (ASTM Method
D1319 from Table .). It is appatrent that there is a conaisten. bias between the
results by the two methods, with the mass spectrometer yiealding che moxe favorable
(lower avomatic) results, particularly with the JP-8-bassu fuels. Aromatic type
(monocyclic or bicyclic) does not appear to affect this biac.

Figure 2 shows the variation in fuel aromatic conten® (h.v mass spectroscopy’
vith hydrogen content for these fuels. There is, of cour-:e, strong negative
correlation, but it is apoarent that both base fuel type and aromaric cowponent
structures affect this relationship.

Table 3 lists the Gas Chromatographic Simulated Diuvtillation (ASTM Method
D2887) data for each of the test fuels. Among the blended fu ls, those containing
the Mineral Seal 0il (Fuels No. J and No. 12) hYad the I zhost final boiling points.
Figure 3} shows the complete simulated distillation cu. v for the three dasic fuels
and the variation in initial and end points for all oi che blenda. Points worthy
of note are:

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

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

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

4) The JP-4 blends had a broad range of FBP's, spanning those of
ihe JP-8 blends (about 385 + 35 X).

5) The diesel fuel had a significantly higher FBP (about 680 K).

Figure 4 compares fuel volatility characteristics as measured by gas
chromatography and conventional distillation (ASTM Method D8€). It is apparent
that gas chromatography signiticantly extends the apparent boiling range in both
directions; the IBP and 10 percent recovery temperatures are lowered while the
90 percent recovery and FI? temperatures are raised. Temperature differences
of up to about 70 K are obtoined by the two procedures.

C. Thermal Stability Characteristics

The thermal stability of test fuels was determined bv the Jet Fuel Thermal
Oxidation Tester (JFTOT) described in ASTM Method D3241. The actual thermal
stability is given in terms of the breakpeint, 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" own the tube is a color code of 3 or darker as described
in the ASTM procedure. In practice, the fuel {s tested first at the estimated
breakpoint, and then, depending upen whether {t fails or passes, is rerun at a
temperature 10K lower or higher until the breakpoint is established.
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Table 5 shows the JFIOT data that were provided by the USAF. Occasionally,
anomalous or ipdeterminate results were obtained, and somctimes the fuel sample
(one gallon) was expended »efore the breakpoint was determined. For these reasons,
breakpoints are not shown for all of the test fuels. Apamolous 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 wvhich no additional tests were
run at higher or lower tesperature to determine by which criterfon it would fail
first. Generally, it appears that the repeatability and reproducibility of the
breakpoint it greaier than the difference in thermal stability of the base fuels
and their blends.

 ——— o o

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
0il has oo apparent effect on the thermal stability. This would be expected,
since it is a high-purity white o0il, 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. Computed Combustion Parameters

Table 7 shows several tuel parameters which were computed frox the physical
and chemical properties for use in conducting the cowbustion tests and aunalyses
of the results.

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

_11.915H ,
B =700 - H =

and ranged from 1.625 to 2.021 as hydrogen content increased.

Stcichiometric fuel-air ratio (fg;) was used to calculate comparative
adiabatic flame temperatures. It wzis calculated from the fuel hydrogen-to-carbon
ratic (n) by the relationship:

_ 0.0072324 (1.008 n + 12.01)

st (1 +0.25 n) )

which assumes that the fuel is Cif,, that the air is 20.9.95 volume-percent oxygen,
and that the air has a molecular weight of 28.9666. For the test fuels the
stcichiometric fuel-air ratio racmged from 67.50 to 70.19 g-fuel/kg-air as hydrogen
content decreased.

Stoichiometric flame temperature was used in analvses of KOX emissions. 1t
was calculated at takeoff operating conditioms (I3 = 664 K, P3 = 1.339 ¥?3) using
a standard equ;librium-thermodynanics computer program (Reference 2) and ranged
from 2494 to 2515 ¥ as hydrogen content decreased.




Tablc 5. Fuel Sample Thermsl Stability Test Results (ASTM
Method D3241).

it n‘aﬂnbiﬂﬁuhm‘u Ligld me\lm&mmm Lo i bl s it et a2n b il

Mode of
Fuel No. Breakpoint, K Failure

i <518, 518 Tube

1 533 Tube

1 528 Tube —-

1 538, 543 Tube =
2 <563 AP

2 548, 553 Tube

2 558 Tube

2 563 Tube.

2 593, 603 Tube
2 603 Tube =
2 553 Tube e
2 573 Tube :;
3 568 Tube and AP 4
3 583 Tubc
3 573 Tube

4 <573 Indeterminate

4 >533, <573 Indeterminate

A 573 Tube

5 <333 Indeterminate 3
5 - <533 Tube
5 >583 Indeterminate

6 513 AP

6 >583 Indeterminate

6 >553, <583 Tube

7 >573 Indeterminate

B <523 AP

B 553 Tube

9 >513, <533 Tube

9 533 Tube
10 553 Tube
11 543, 553 Tube and AP
12 543 Tube

b L T i e o e e e m o
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Table 6.

Estimated Thermal Stability Ratings of
Test Fuels (ASTM Mcthod D3241).

Breakpoint Estimated
Fuel No. Range, K Rating, K
1 <518-548 533 + 15
2 548-603 576 + 28
3 568-583 S76 + 8
4 >533-<573 253 + 20
5 <533->583 558 + 25
6 513-583 548 + 35
7 >573 573
8 <523-553 338 + 5
9 >513-533 523 + 10
10 553 552
11 543-553 548 + 5
12 343 5413
17
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Relative requived fuel flow rate was used in all combustion tests to adjust
the JP-4 fueled engine cycle operating fuel flow rates for the reduced heating
values of the other fuels. The factor is mercly the ratio (QJP-A/Q) ar d ranged
from 1.000 to 1.0395.

Relative fuel spray droplet size was used in analyses of the low-power
emlssions and relight performance. The J79-17A combustion system emplovs pressurc-—
atomizing fuel nozzles, so Jusaja's correlation parameter for this type atomizer
(Reference 3) was used to estimate the relative fuel spray droplet Sauter Mean
Diameter (SMD) from the test fuel density (p), surface tension (o) and
vigcosity (v) by the relationship:

(SMD) . ( v )0.16 (—2 )0.6 ( e )0.43 (%)
(SMD) ot Vap-s %3Pt P 3p-4

As shown in ‘iable 7, none of the blending agents appreciably changed the predicted
relative droplet size of the base fuel. Hovever, 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 diesei fuel {s expected to produce mean droplet sizes

19
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SECTION 1V

J79 ENGINE AND COMBUSTION SYSTLM 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 bave been developed.
The model currently in use by the USAF, the J79-17A, was the reference engine
for this program. An overall view of the engine Is presented in Figure 5. The
J79 has a 17-stage compressor in which the inlet guide vanes and the first six
stator stages are variable. The compressor pressure ratio is approximately
13.4:1. 1lie combustion system is cannular with ten louvered combustcrs. The
turbipe has an air—-cooled first-stage stator and a three-stage uncooled rotor
that is coupled directly to the cowmpressor. The engine rotor is supported by
three main bearings. The afterburner is fully modulating with s three-ring "V"
gutter flameholder. Afterburner thrust variation is accomplished by meanc of
fuel flow scheduling and a variable area exhaust nozzle.

on

o

ne
s

P

B. Combustion Systeom Descr

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 system with the various components, including the compressor
rear frame and the turbine first-stage nozzle, is shown in Figure 7. Fipure §
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. FEach
combustor 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 leading edge of the outer liner hag a snout which extends inteo
the diffuser flowpath. The snout incorporates internal vames which distribute
air to the dome in the desired flow pattern. A slot in the srout permits access
of the fuel nozzle to the inner liner dome. The rear liners are oval shaped and
oblique at the rear to fgcilitate removal from the engine during overhaul or
inspection. Cooling air for the inner surfaces of the inper 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 2omne
and mixing and turbine inlet temperature profile control! at the aft end. 1In 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 lirers 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 mountiang 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.
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The tragnsition duct grevices 3 rinyg o) ten oval dinlet porte te accept e
ten combustor (aun. The et of the transition duct §2 annulal 1o match up with
the turbine §flowpath. The transition sectfon «rit ares $u spprorinate] ; ons—iwif
of the tots] exnfe ares of Whe tep ¢one providing an acceletating flow streas into
the turbine., The transition duct S wounted Ly (ive radia) support pine §n the
funer ombuition wsing. Jhepe ¢ins have 2 2)1Cinz 150 with the transition duct,
alloding Sov S38ferentss] thernsd zrowth, but they madntadn the zz5al Towztfon
of the duct, 21188ny sesls are provided with Loth the conbustors and the turbise.

Dating the vvadidon  of vl 379 engine, Lot Saproved-313fe z2uc Vo enobs
vmbustors huave Leen developed.  For thine prozran, boweses, the otfyinz) desfyn
{withaut these Jow enoke su9 fmproved-180¢ features) was employed, The 18fc-
Yindtin, compounent of the combuster o the Snuuer 3Mner. Luriny tervice v,
theae dinere developes cracke st the Jouver endy dus to therns! fztfyue,  The
dopes alen eventually «xhib it somse warping and distoertson.  The veor ine: haee
glznifscaitly Tomger 145¢ than the foiwsrd cection Lut alse everniwally develops
therpa) Satizu cracks at the louver ends, Versodic fnspestions are yenserally
onduited after L0 hurs oy 450 gurtive with the Youvered dpner 1iuer,

The ten fued pozzics are of the Cuasl-orfifce, prepsute-atonizing type.
betadls of the fue) sorzle are shown §y Yizure 39, 68s ¢uald-os e $ued 1ozzle
inniets of o single fue) dniet, 8 fued-f)one dividing valve externsl] 1o thw mvunt-
Sy $dange, and o ewirl-stowizing tis which delivers fucd to the combustor as a
Y0, Wellwe e GhTay.  Lach iwrzie hes twl fued Circuiis, orifary and gecondary.
Thoe yprdmary «frovft €= o Givaatl connection $oou the fuc)] Inlet Lo o exall
atordzing tiy disharging fucl ay the center of ¢ha dischorze end of the fuel
sozzle . Fhe prinsyy oSrcuit of cach nezzle hiae three 0.64 2 055 e plots wifich
fuee the splo shawbor Jrn the 185, Tluee are the smallest fuel flow passayzes
withdn the nozzle, The privary orifice e¢xit diameter $o )09 wr, Frotection Sron
coptaminagted fuel Jo provided Ly a 20 wicron Tow pressure $5)ter fupstrean of
waln wpeine vy, &0 Wlcrun Wizh grescuge $1)ier (Cownptresn of yung ), and s
VoUweel piresy 3 the valve bousitrg . bt s englis fuel flow vate of spprorinately
13% 2/%, the Sswe) oressars couses the flow divider valve to oben and aduits
fc) te the secondsry <drowit.,  Mhe valve opens gy 07 bzx fw) differentiz]
vressyre,  The ecoondury (frewft Lae o832 3,07 2 1,77 we glots $n the endy chunber,
T o ffdee, which Is cuncentrdc with the primary orifice, I35 4.9% pe §5 digncier,
Fhe: Sued $ow sohedule fory 5 sinpgle $ye) nurzle $s shown 11 Fieure 310 The tSp
oV wach Jue) gouzrle §e provided with an iy ehroud which directe cooling alr
Yauissd )y Soaard gvcy the fued nuzzle tip Lo reduce the tendency for Carbos
format fon,

Fhe J/1Y9 Jued wozzle sepsloe seeord 9o gernTally zood, with no erosfon or
Irvernal wamtng provicws, Bozzle vecalfloration §o currently performed at 1200
hiours, Nozzles thay fa3)l to et §low sddwdules (penerally fowey than 107 of
thoer tested) are everbaguled, The yaeraindny aozzles arce contéinued i1 service
o5 wdditsunsl 7100 hours, at which tiwe they are W11 overhauled,  This §¢ bojieved
te Lo o copseryative yractice, % the nvzzles dre convidered toy have practically
unlistted Yife,

€. Cumbuster Operatiny Cuncitions

The combustor must operate over g wide range of fucl flow, inlet afrilow,
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Fuel Nozzle Pressure Drop, MPa

Figure 11. J79 Engine Fuel Nozzle Flow Characteristics.
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temperature, and pressure. TYable B presents the cosbustor operating paramcters
at four important steady-state engine couditions which are typically eucountered.
Az these conditions, fuel effects an combustor performance eaissions and combustor
and turbine life are of particular interesc.

In addition to sieady—siate operation, thi socusticn syster must provide
for starting over a wide range of conditions ranging from cold day ground start
to relight at high altitade and high aircraft Mach oumber. Figure 12 presents
the required J79 relight eavelope. :
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Table §. J79-17A Engine Combustor Operating Conditioons.

il ) 1
Ground Subsoniz [Supersonic] Gr oun?”

Idie Takeof{ [ Cruise Daxsh Start

Flight Alvitude, km 0 0 10.7 16.7 7]

Flight Mach Number ] 0 0.9 2.0 (4]

w1 Toral Aicflov, ke/s 18.3  75.2 29.5 87.5 | 3.2

Hc(n. Combustor Airflow, wg/s | 13.3 ©2.7 256 73.3 3.2
) o LA {2) 3
H‘ «» Fuel Flow, kg/s 0.15%& 1.259 0.335 1.173 0.042 k
Y;. Inlet Total Temperature, K | 421 664 559 781 >239 b
P3‘ Inlet Yotal Pressuve, MPa |0.248 1.359 0.471 1.589 0.101 i

f‘. Fuel-Air Ratio, g/kg 9.452 20.07 13.60 16,01 wWE.0

T‘. Exit Total Temperature
(Ideal), K 792 1064 1362 1335 -

v () Reference velocity, m/s | 242 28.6 27.2 3.5 | »70
1
E
(1) Engine flows indicated (ten combustor cans). %
(2) Based on N, and A_ = 3684 ca’. ;‘
i
(3) 1000 rpm, typical starting speed. ;

(4) Minimum engine fuel flow schedule (normal).
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Estimated Current
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Figure 12,
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Flight Mach Number

J79 Engine Altitude Windmilling/Relight
Requirewment Map.
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SECTION V

APPARATUS AND PROCEDURES

All combustor and fuel nozzle testing in this program waes conducted in

speclalized facilities at General Electric’s Evendale, Ohio plant, using apparatus
and procedures which are described in the following sections. Combustor performance/

emissions/durability tests were conducted in a high pressure/temperature single-
can combustor rig which is described in Section V-A. 1In parallel, combustor
cold-day ground start/alvitude 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 dsta 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 repalred units obtained from USAF stores.
Four uniis were obtained, which visually were identical. Before testing, they
were airflow calibrated; the results are listed in Table 10. Asgemblies 1 and
Z were assigned to the high pressure tests becausc they werce the most meavly
alike with respect to flow calibration. Assembly 3 was used in low pressure
testing.

A, Performance/Emission/Durability Tests

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

1) CGaseous emissions (CO, HC, and NOx).

2) Smoke emissions.

3) Carbon deposition.

4) Carbon particle emissions.

5) Liner temperatures.

6) Flame radiation.

7) Combustor exit temperature profile and pattern factor.

£) 1dle 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 Engine Combustor Test Parts List,

Fart Name

CE Part humber

Natfonal Stock Number

Ignition Combustor
Liner Asscnbly

Fuel Nozzle

(Parker-Hannif in 1345-633327)

Main Tgnition Unit
(Bendix 10-358765-1
110VAC, 400 cps)

Main Spark Plug
(Champion FHE JB7-2A)

Main Spark Plug Lead
(Mir 31482 - 59393)

106€3320673

577C796P10

106¢5281P3

696D256P02

517D377P2

2840-01-004~1728-NN
2915-00-110-5514F1

2925-00-992-7904F1.

2925-00-925-05445P1.

2925-00-956-0293FL

kK]

K
F
4
g
3

el
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Table 10. Test Combustor Flow Calibration Results.

PR ™ mum‘..ui..mmui.‘mummuud m

2

Combustor Effective Airflow Area, ca

C:)mbustor 1 2 3 4

Firont Liner Assembiy 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
34
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1. High Pressure Test Rig Description

Tuesc tests wvere conducted in the Small Combustor Test Facilitv, Cell A5,
located in Building 304 of the Evendale Plant. This test cell is equipp:d with
all of the ducting, fucl and air supplies, contrcls, and instrumentation required
for conducting small combustor high pressure/temperature tests. Righ pressure
air is cbtaimed from a cemiral air supply system, and a gas-fired iodirect air
heater is located adjacent to the test cell. For the siogle-can—combustor rig.
J72 engimne idle, cruise, and takeoff operating conditions can be exactl-
duplicated. Dash operati:g vomditions can be exactly duplicated with respect
to temperature, velocity, amd fuel-air ratic, but pressure and flow rates aust
be reduced about 25 percent im order to be within the facility airflow
capabilicy.

The High Pressure Combustor Test Rig, showm ia Figures 13, 14 and 13,
exactly duplicates a ome-tenth sector of the engime flonpath from the compressor
outlet guide vane (OGY) to the first—scage turbine nozzle diaphragn (IND). as
shown in Figure 13, the test rig ialet flange wvhich belts up tr a plenum chanber
in the test cell, incorporates a Bellmouth transition te the simulated OOV plane.
The coambustor housing is a ribbed, thick-walled vessel which forms the inper
flowpath coutour and side walls, covered by a thick 1lid that forms the ocuter
flowpath comtour. Figure 14 shows a combustor installed in the pressure vessel
with the lid removed. The combustor exit engages an actual segment of an engine
transition dect. Immediarely downstream of the trazmsition duce Is anm amnular
sector section which contains an array of water cooled instrumen:zation rakes in
the TXD plane, indicated by an arrow ir Figore 15. Additiomal details of the exit
instrumcntation rakss are shown in Figures 16 and 17, Downstresm of the rakes.
the combustion gases are water-quenched and the sector flowpatk transiticms o
circular, which is belted up to a remote-operated backpressure valve ir the test
cell ducting. Two other features of the test rig can be seem in Figure 13: 2
flaze radiation pyrometer, mounted to view the combustor primary zoee throuch z
crossfire duct window: and bleed air pipes to withdraw, cvllect, aad mager
similated turbine cooling airtlcw.

2. High Pressare Tesi Ins:ruoepial:on

A sumaary of the important compustor operating, perfcradace, aad emission
parameters which were measured or valcrlated ic these tests Is showm in Tahie 1.
Airflow rates vere measured wvith stascar? ASME corifices. Fuel flow rates were
measured with calibrated turbine flowumeters corrected for the deasitvy and
viscosity of each test fuel at the measured suprlvy temperature. Coabustor inlet
temperature and pressure were measured with plenum chamber protes.

Combustor outlet temperature, pressure, and gas samples were measured with
a fixed arrav uf seven water—cooled rakes, arraanged and hooked uwp as showm
iu Yigure 18. Each rake centained five capped chromel-alumel theramccouple
probes, located on radial ceunters ef area, and four impact pressure’gas sample
probes, located midwiy between thermccouple elements. As shown in Figare 18,
eight of rhe impact probe elements were hocked up for total-pressure measurement,
and the other 20 elements were manifelded to three heated gas sample transier
lines leading out of the test cell to the gas compositicn mwssurement lmstruments.
Transfer Lines I and Il were comnected through selector valves to a smoke
measurement comsole (Figure 19) and a gas analvsis comsole (Figure 20)}. Traasfer
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Raké-Blemceni {> Carbon Ewission, 8 Eiements Manitold to Lime IIX
Al ;
F1 :
D2 —— I Smoke w
B3 — Console
D3——1
G4 ——— Gas Sample Each at N
Gl —— Sample points 2-10 i
B2 — Console i
g2 —o II (CAROL) ,
\
A4 )
C4
Flow )
Bl —— .
£l Control Collect One
Valve . ,
A2 — - Cumulative 3.2 scf gas
c2 111 ]&* > Sample (0.8 scf gas
E3 —— at Points 3, 5, 7
o3 — Flow . and 9).
D4 Carbon Meter Wet
F4 Collector Test }
Crucible Meter

Figure 18. High Pressure Test Rig Exit Instrumentation.
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Line 111 was connected to a carbon 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 SAE 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, vhere the
reflectances are measured and the SAE Smoke Number is calculated.

The gaseous emission measurement console, shown in Figure 20, is onec 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 6402) to measure total hydrocarbou (HC)
concentrations, two nondispersive infrared analyzers (Beckman Models 865 and 864)
for measuring carbon monoxide (CO) and carbon dioxide (CO,) concentrations, and a
heating chemiluminescent analyzer (Beckman Model 951) for messuring oxides or
nitrogen (NO or NOy = NO + NO7) 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. Recadings from the
instruments are continuously recorded on strip charts and hand-logged on test
and calibration puints for later calculation of cuncentraiion, 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 werz 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 cf 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

2 porous crucible. At the completion of the test, the crucible was removed

~ A
ol 10.0 WAL

IWGOVIQ LUy

laboratory analysis to determine 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 combuster. 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 rvadiation in the primary burning zone of the combustor was measured
by a total-radistion 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 1s a4 thermopile which provides a direct current
voitage output. The flame radiation is focused on the thermopile with a
calciun fluoride lens which is transparent to radiation of wavelengths less
than three microns. The pressure seal at the test rig wall is formed by a

45

e




| " qal.!i!i.ﬁ; D 4 i L A L e AL et b A e S TR N
£

L

R o R e L o D B L o S T

"SUOI1EDOT Juowd.inseay njedadusy dour 1oisnquod *1Z Landuyg

R oiwiswn

.
VR RPN L - - - AN o
iror .k o DU\.Q. P ..\n L ...b\ulﬁ..jn I\l/..t‘ ' ' X \\ PN “NN RYAYE
e L T N s FRYRe N7 el e s ~ 7
LTy . - = :

-
Viadi rwusc® - \

— LaqunN N0y O

3 12 ooy
WO STYMD PaINSeaN @ KN

46




Fiywre 22, Cormbustor Lincr Tostrumentation at 60 Deprees, CWALT.
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Figure 240 Combusicr Liner ITnstrumentation at 300 Degrees CWALY.
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sapphire window which i3 tramsparent to xadiation of even longer wavelengths.
The sapphire vindow was swept clean by & small flow of filteved air. The
pyrometer was calibrated by viewing a resistance-heated-carbon backbody furnace
through the same cptical system used in the combuster test. The furnace
temperature was measured with a disappearing-filameat optical pyrvometer.

. H\Eh Pregsure Tegt Procedures

A total of 14 high pressure rig tests were run: ouwe for edch test fue.
Plus a repeat test with fuel No. 1 to establish test variability. Twe Jdiftervent
furl nozzles and combustors weve altermated in the tests, 0 that while one set
vas undergeing test, the other set was bedng cleancd, calibrated, and ve-
iustrumented as needed.

Each test was conducteq te che ten-peint test schedule shown in Table 12,
On Foint Noo 1, minimumm lightett and lean blowout limits at idle inlet conditions
were determined. On Foints No. 2 through 10, steadv-state operating, pevforwance,
and eaissions measurcmcnts were obtatued at simulated engine idle, cruise,
takeotf, and dash operating cofiditicns. At cach of these simulated engine
operating conditions, data wete revorded at twe nominal fucl=air ratios: 30
and 100 percent of the enpine evcele valur corvected for the test fuel heatiug
value. Rowever, 1f the 80 percent fuel-air ratio point indicated that the 100
perevnt fuel=-air ratio point would locally exceed the gas temperature limits
of the exit thermocouple rakes, a lower fuel-aiv ratie peint was substituted.
This limit was usually exceededa at simulated tabeoff conditions, so a4 60 pereent
fuel-air ratie point was usuully substituted for the 100 percent point,

Test Points 2 through 10 were changed every thivey minuies (aominally) in
each test iun order to subject the combustor to approximately the same 4.5 houv
carbon deposition eycle with each fuel. At the completion of cach test, the
combuster was removed for visual {ospection and photographic documentation ot
the cavboun accumulation.  PFre- anpd post-test afvflow calibrations of the com-

bustors were alsoe peciodically conducted to determine 1t the carbon accumala- f
. - j
tion and/or thermal oveling had caused auy change du offective alvilow avea, !

but ne discernable changes were over found, i

——

R, Cold-Day Cround Stavt/Altitude Relight Tests %
- T 1

Low -pressure/temperature single can combustor rig tests were conducted at
simulated J79 englne ground cranking and altitude windmilling opervating
conditions te determine the cold=day ground stavt and altitude relight
chavacteristics of cach ot the test tuels.  The apparvatus and procedutes which
were utilized are described in the followiup seetions,

1. Low Pressure Test Rig Description

These tests were vonducted do the Building 301 Combust ton Laboratory at 1
the Eveadale Plant. This tacility has capabilitics for testing small combuston
rigs over a wide vange of simalated pround start and altigude relight condit{ons,
Liquid nitropen heat exchanpers are used to obtafn low tuel and atv temperdatures,
and steam cjectors in the exhaust ducting are used to obtamn low coubustor fulet
pressures.
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The low-pressure, single-can J79 combugstor rig used in these tests is
shown in Figure 27. The combustor housing is made from actual engine parts
ancd tha 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 combustoer housirg which bolts up to a segment of an engine combustor
transitieon duct. An array of thermocouples is located in the transition duct

to sense ignition and blowout. This rig has no provi-ions for turbine cooling
alr extraction,

Alr obtained from the central supply system was dried at the facility to
a dew point of about 240 K and metered with a standard ASME 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 tem~
perature, pressure, and flow data were read on direct indicating instruments
(nancweters, potentiomeiers, etc.) and hand logged by the test operator.

2. Cold-Day Ground Start Proccdure

The first part of the test with each fuel was structured to evaluate
cold-day ground starting characteristics. The test point 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 conditiens
(1000 rpm). Fuel and air temperature were lowered from ambient to 239 K
winiwwn {(JP-3 freeze point) in steps to simulate progressively colder days.
At cach temperature step, minimum ignition and lear blowout fuel flow rates
were determined. Maximum fuel flow rate was taken as 7.56 g/s/can, which is
well above the current engine minimum fuel flow rare (4.22 g/s/can). The
test sequerce was as follows:

1) With inlet conditions set, energize the igniter and slowly open
the fuel control valve until lightof{ is obtained. Record light-

off fuel flow ratv. 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 1 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 second portion of the test with each fuel was structured to evaluat:
aititude relight and stability charactcristicas. The test schedule 1s also
shown in Table 13. 1lnvestigations were carried out at four airflow rates
€0.23, 0.41, 0.350, and 0.91 kg/s) selected to span the J79 engine altitude
relight requirement map (Figure 12). Alr temperature was sclected from the
windm’1ling data and ranged from 244 K to ambient. Fuel temperature was
maicched to the air temperature. The test sequence was structured to deteimire:
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)

2)

The test

1)

2)

(5]
N~

4)

5)

The maximum relight and blowout pressure eltitudes with current
engine mininum fuel flow rates (4.22 g/s/can),

The mininum relight and lean blowout fuel flow rates at the relight
altitudes determined in {1).

sequence was as follows:

With 15.2 kn (50,000 ft) alcitude conditions set, evergize the
igniter, set fuel flow rate at 4.22 g/s, then incrsase combustor
inlet pressure (reduce altitudeana flight Mach number) until ignition
occurs. Deenergize the igniter and record maximum relight altitude
conditions.

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.

Carnwnimna
Encygize
Deenergize igniter and re
maximum relight altitude.
Slowly reduce fuel flow rate until blowout. Record lean blowout
fuel flow rate at maximum relight altitude conditions.

Repeat Steps } trrough 4 at each airflow setting.

The J79-17A 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 beforc 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 te in the form of valve

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

The J79 fuel nozzle was known to have a long, troui le-free service 1ife 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 Coumbustion Laboratory
using the simple test rig shown in Figure 28, 1In this setup, hot fuel is
flowed through the fuel nozzle which is immersed in a high velocity hot gas

sStream.

Initially selected test conditions were:
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Gas Tewpcrature 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 5.06 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 J79 engire use, and this eleva-
tion was expected te 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. Tuel
tomparature was incressedes 478Kafter the cecond test hecause ne fouling had

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 contaminacted or mistakenly identified. Hand valves were
installed in the fuel lincs near each of the test rigs for obtaining fuel
samples while a test was in progress.

The fuels were delivered in tank trailers, as needed, and transferred
into three isolated, underground storage tanks of 40-~m3 capacity each.
These tanks had previously contained only clean, light distilliates. Never-
tticless, 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 manhcle cover, the test fuel was transferred into the
tank, and a sign identifying the test fuel was placed on the switch control-
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 tor the high pressure tests, it was transferred from
the appropriate tank, using a 4 m) stainless steel tank trailer, This tank
also 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 adjacert 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 test 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
acturlly 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 lsst data point
was taken. In each case, the sample container was rinsed twice with a
small portion of the fuel being sampied, 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 from the trailer to clecan drums which were clearly marked and maved
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-
Parterson 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 anaiyses were performed by
Monsanto Research Corporation.

A compilation of these data is shown on Table l4, From a conparison
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 calcuvlation procedures are indicated in

Table 11 and Appendix A. Some additional special procedures are described
in the following scctions.

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 Seciion III. 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 R:ference 7 the data were
in thie form.
X -
EI -k _XE_ .Q;Zﬁg\ 1 ex fil__;£2 =k S (5)
co” Yo \ 24.1 r3} P K, g ~CO

where the combustor operating parameters (V,, P3, and T3) have been normal-
ized to engine operating conditiong at idle. Multiple regression techniques
were employed to determine the constants kg, k), and kp. A very good corre-
lation was found, as shown in Figure 32, Additional analyses showed that
in general kp was slightly fuel dependent, but lkj and k; essentially not.
The CO emission operating or severity parameter was then taken to be:

0.7
S = Vr 0.248 ex fzi—:—zl (6)
Co 24,1 P P 150

3

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:

°co_engine
EI = EI —— P
CO engine CO test SCO test
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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 werce
then tabulated (Table 15, for example) and plotted against appropriate

fuel properties (Figures 33 and 34, for example). Equations for the cffect
of fuel hydrogen content on (0 emissions shown in Figure 33 are the result
of regression analyses, and show, for example, that

-1.38
EI - 1.8 [t Jk
€0, cruise . 14.5 B/XE

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

2. Combustor Life Prediction Procedures

Field experience shows that the 179 combustor is life-limited by low
cycle fatigue crack propagation from the ends of the punched louvers on the
inner liner. From the measured metal temperature rises, the stresses that
are calculated, including stress concentration factors at these cracks, arz
well above the yicld strength of the material, resulting in plastic vield-
ing on each cycle. Since the metal temperatures are in the range wherv
creep can occur below the yield stress, additional plastic detormation
occurs beyond that which corresponds to relaxation to the yieid stress.
This total plastic deformation correlates reasonably well with low cycle
fatigue life in many applications.

The J79 cowbusior, develoned before 1960, has a2 relatively short lite
and is less amenable to detailed analysis than are more recent combusior
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 av which crack propagation procewvds.
Also, the thermal gradients in the vicinity of the ends of the louver punch
are very high because of the presence of the fresh introduction of film airv
at this point creating a sudden transition from hot metal to highly conled
metal. Total life is influenced by changing stress levels as the cracks
prapagate and changing metal temperatures due to metal distortion.
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Table 15. Summary of CO Emission Test Resalts.
CO Emission Index, g/kg
Fuel —

Number Idle Cruise Takeoff Dash
i 7 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 15.38 4.2 2.2
4 72.4 18.9 4.8 2.5
3 73.4 16.1 4.7 2.6
6 72.5 2.S 2.2 1.2
? 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




Cyvlic test ol simple louver specimens in the preseuce 31 thermal
gradients have becn vonducted to provide basic data for estinating the
lite of punched louver combustors.  In these tests, the evack propagated
in approximately divect proportion to the number of thermal exposure
cycles.  Based on these louver specimen findings and low cyele fatipue
material properties, the design cuvve shown in Figure 29 is in use at
General Electric for the J79 combustor liner, for vither tatigue lite to
initial cracking ov for crack propapation rvate,  From this curve it can
be estimated that a 45 K change in liner tempercture vesults in about a
factor of two change in lite.

Detinitive expericnce trom J79 engines tor combustor 1ite ctlcects with
different fuels or with difterent metal temperatures does not exist. Dit-
ference in 1 fe of about 25 percent has been obscerved between Navy (IP-53)
and Air Foree (JP-4) operational experience. 1t ix belicved that ditter-
ences in operational usage are as large an influence on lite as is the tued
difference and may, theretore, mask any attempt to attribute this observed

lite ditterence to the tuel type alone.  However, a 2% peveent lite redue-

tioh is predicted by the trends shown
change of 20 K, and based on the data
the metal temperature change expected

in Figure 29 for a4 metal temperature
in Reterence &, thix as approximanely
tor a change in byvdrogen content of

14.9 to 13,8 percent, i
o
i i
The aft combustor liner has much longer life than does the inner liner §
and it is not affected by ruel type. 1t was noted in Reference 6 that the j
metal temperatures in the art portion of the outer or rear linev wete not .
aftected by the luminosity changes of fuels that did affect the upstream :
inner liner. These data were not actually presented in Reterence 6, so they :
are presented here in Figure 30,0 Temperature measurements were not taken in
this aft liner repton in this present program because of this exXperiency,
and no ditterence in att liner lite with fuel changes is predicied. i

3. Turbine Life Prediction Procedures

1f alternate fuels created substantial changes in temperature pattern
factor or temperature profile in the compusitor exit pases, changes In tur-
bine component life would be predicted, However, as discussed in Section
VI-A-6 no changes were found in these parameters. As indicated above in
Figure 30, the aft liner temperatures which ave well away from the high
flame luminosity were unaifected by the same fuel changes that aftected
significantly the forward liner; theretore, the stator vanes in the turbjne
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diaphragm which are evan further away from these flame luminosity effects
are also expected to be negligibly affected. Figure 31 illustrates the
v.ry small view the stator leading edge has of the lvminous flame region.
This small view factor results in wegligible effects in the J79 engine.
However, in other engines with annular combustors and shorter combustors,
large view factors exist and riame .uminosity may in some cases Hecome
significant to the vane leading edge temperature. !
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SECTICN 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 1ife prediction analyses based on these results
are then presented in Section VI-B., Yurther, 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-1l threcugh Vi-A-7. Fourteen low pressure rig tests
were conducted in parallel te obtain the ground start and altitude relight data.
These data are listed in Appendix C and summarized in Sections VI-A-7 and 8.
Also in parallel, 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 (HC) are both piroducts of
incomplete combustion, and are, therefore, generally nighest at low power
operating conditions (idle and cruise). Figure 32 sinows 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 imefficiency of about 1.5 percent and is in good agr-ement 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 iniet
temperature and pressure on combustion reaction rates, and hence, on combustion
efficiency and CG 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 fuele, and all of the results are listed in
Table 15. The effect of fucl hydrogen content on CO emicsion levels at
each of the power levels is shown in figure 33. At takeoff and dasb operating
conditions CO levels are very low and virtually independent of fuvel hydrogen
content, and any other fuel property. At cruise operating conditions a

significant fuel hydrogen efiect (negative 1.38 exponent) is
effect of other fuel properties (aromatic type or base fuel)
idle operating ~onditions, a relatively weaker fuel hydrogen
0.47 exponent) is indicated, but the correlation is poor and
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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 atomizarion effect.
Figure 34 shows these same idle CN data plotted (without regard to hydrogen
content) against relative spray droplet size (from Table 7) or fuel 10 percent
recovery temperature (from Table 3), the latter belng one of the more commonly
used indicators of fuel volatility. It appears that either of these parameters
correlates the idle CO data better than doec hydrogen content. Beth of these
properties can be expected o affect idle emissions, but for these tesis it is
difficult to judge which pioperty is most important since, for these fuels at
least, they turn out to bc highly interrelated ‘mathematicaily 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 uavse been found te follow the same
trends as do CO emissions, bnt to be more sensitive to combustor cpevrating
conditions and to exhibit mere variability. Both of thess trends were obsevved
in the present tests and are illustrated in Figure 35, where HC emission levels
are plotted agaiiist CC emission levels for the idle and cruise test roints and
all fuels. At idle the HC index 1s about 2% g/kg (2.3 percent inefficiency).

At cruise the levels are an orxder of maygnitude lower, and at taheofl arnd Fash
conditions the levels were very low. Therz 1s conziderable scatter in the crulse
and idle data, but the regression curve fit exponent (:.79) 1¢ in poed agreement

with past experience (about 3.5 to 3.4%. Talle 1€ summarizes the HC 1esulis for .

all fuels and operating conditirus, The idle and cruice dats zve ploried against
fuel hydrogen coutent ia Figure 36, Tae 1dle 3ata are further plotted apgainst fuel
volatility and relative spray sdrcplet size in Figure 37. Nedcher ol these plots
indicates any clear fuel propetty effect on the hii emission levels:.

2. NO, Emisslens ' ' .- : -
Oxides of pitrogen (NO,3 may tfomw from oxidation of nitrogen which
originated either in ¢he aiv or in the fuel, Lurrent jet eugine fuels and all
of the fuels used in Ihic progirem vontained nepligibhle amounts of bound nitragen,
but in the future, alternate scuices anifor processing ecoromics may result
in gignificent quaptities of bouud nitrogean in aivevaft fuels. The followiag
discussion is therefore zpplicable cmly to the "therwal" NO, production
characteristics of current and advanced fuels. Yuels comuaining significant
quantities of bound nitrogeu uave been investigateld in cther programs, and
typical results are ccentained in Refexences 8, 9, and 190. '

In contrast tce CO and HC emigsions, which are products of ircomplete
combustion amdl are, therefure, generally significant only at Jow power corditions,
"thermal”™ NO, iz an ecuilibvium product of high temperature combustion, and is
therefore highest at high power operating conditiomns. Figure 38 shows the strong
effect of combuster operating conditions on NO, emission levels with JP~4 fuel.
The data for both combustor assemblies corvelate well with a combustor operating
severity paramecer determined by curve fit techniques as described in Section
V-E-1. This corrzlation shows the significant coffects of inler pressure,
temperature. huemid?ey, velocity, and fuel-alr ratio. A takeoif conditions, the
NOy emigaion imdex i about 10,5 el¥g, which is in good agreecuent with severval
engine measulewents., At dash, cruise, and idle operating conditicns, the NOy
Jevels are appreximately 1606, 42, and 24 perceni, respectively, of the takeoff
NO, level. Very siwilar results were oktained in each of the tests; the results
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Table 16, Summary of HC Emission Test Results.
Fuel HC Emission Index, g/kg
Number Idle Cruise Takeof f Dash
1 23.6 0.5 0.1 0.1
IR 22.6 0.5 0.1 0.1
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 ¢.5 0 0
6 22.6 0.8 0.3 0.1
7 33.9 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 26.6 2.2 1.2 0.4
12 17.3 1.5 1.1 0.5
13 15.5 1.5 0.5 0.1
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are summarized in Table 17 and Figure 39. At idle and cruise operating conditions,
virtually no effect of fuel properties 1s evident, and at the high power

operating conditions (takeoff and dash), NOy levels decreased with fuel hydrogen
content. This dependence on fuel hydrogen content can be predicted for diffusion
flame processes such as this bhecause of the flame temperature dependence on

fuel hydrogen content and, in turn, the effect of flame temperature on NO,
formation rates. Figure 40 shows the effect of {lame temperature (from Table 7)

on the NO, emission levels at takeorf.

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 scot particle sizes arc of the same order as the
visible light wave lengths. The J79-17A cuambustion 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 leveis with JP-4 fuel
is shown in Figure 41. No simple operating parameter could be derived from
the data, so smoke number is merely plotted against combustor fuel-air ratic
and keyed as to inlet conditions. Within the test range, there is virtually
no fuel-air rativ «fieci, and the repeatability between combustor assemblies
is quite good. At true idle, cruige, and 75 percent density dash operating
conditions, the smoke levels are approximately 29, 74, and 65 percent, respectively,
of the smoke level at true takeoff operating conditions. At full density dash
operating conditions smoke levels might be expected to he 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., 1.0 corrections were made. However, in Table 18 all of the data have
been corrected to engine outlet fuel-air rutio ac-ording to the procedure outlined
in Appendix E to account for turbine cooling air dilution ot 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 indices, cale "~t¢  1rom
the smoke number by the procedure described in Appendix E.

In Figures 42 and 43, the effects of fuel hydrogen content on engine smoke
numbher and smoke emission index are illuscia:r ‘+ 7 - power conditions (idle
and cruise) very good correlations are indicated, witu » Jiscernable effect of
any other fuel property. In particular, these da* 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 v 'umetric
concentration. No effect of aromatic type is . 'ident ii. thesr low power data,
and if theve is any effect in the high power data it is less than the data
variabilitcy.




Table 17.

Summary of NOx Fmission Test Results,

Corrected to ambient hur "frv of 6.3

Fuel NOy Emission Index, R/kg(l)
Number Id1v Cruise Takeoft Diash
1 2.44 4.29 10.10 16.79
IR 2.70 4.71 11.01 18,26
2 2.82 4.81 1. 18.28
3 2.79 4.806 1..32 18.76
4 2.73 4.9% 11.89 19.48
5 2,98 5.08 11.6) 19.26
6 2,44 4.69 11.76 19.91
7 2.47 4.4 10.950 17.52
8 1.96 4.28 11.54 19.92
9 2.22 4,52 11,30 19,27
10 2.72 4.7 10.91 18.06
11 2.31 4.51 11.43 19,40
i2 2.41 4,44 10,30 15.11
12 2.62 4.78 11.52 19,29
(1) IR
8/R0
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4. Carbon Deposition and Emission

As discussed in Section V~-A-2, cach high pressure combustor test was run
with procedures established to provide informatjon as to the relative carbon
deposition tendencios of each fuel. Each test began with a clean combustor
and fucl nozzle, and was run ti approximately the same total time (4.5 hours).

At the completion of each test, visual rarings of the relative carboning tendencies

were made which ave summarized in Table 19. Photopraphs, which are included in
Appendix B, were also made, in order to document the carbon deposition tendencies.
Figures 44 and 45 iilustrate the approximate extremes in carbon deposition which
were found. As shown, some carbon deposition was found in all tests, with the
greatest accumulations om 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 than would the
Posi~tesi combustor inspections since periodic 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 measuremenis were obtained in the high pressure
combustoxr tests at the locations described in Section V-A-2; detailed data
are listed in Appendix A. Figure 48 shows typical spatial variations in measured
liner temperature rise (Ty ~ T3). Peak tempcratures always occurred at the 60
degree position and either at the fourth or fifth thermocouple row. The effect
of combustor operating conditions or average ard 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 shown in
Figute 50. At each power level, peak temperature rise is about 50 percent
higher than the average temperature rise, ond thc peak temperaturcs are much more
sensitive to fuel hydiogen conteni than are aveirage temperahures. These liner
tewperature levels and trends are in good agreement wich those in Reference 6,
and also with those in Reference 10. as shown in Figure 51. The dimensionless
liner temperature parameter (TL_ max. TL_ max.. JP~4 TL' max., JP-4 T3)
was showa Li Refeledue 2U L0 worrelate a wide variety of data involving riach
combustion systems with pressure-atomizing fucl injection systems designed by
three different engine wanufacturers. With the addition of the current data
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Table 19. Summary of Carbon Dcposition and
Emission Test Tlesults.
Visual Rating
of Carbon
Depostion on
Liuner/Fuel Nozzle Test Cycle Averaged
) (2) Large Carbon Particle
Fuel First® Second '~ Emission Rate,
Nunber Rater Rater g Carbon/kg Gas
1 B 2 35.1
IR A 8 20.1
2 A 1 3.4
3 A 7 14.9
4 A 13 21.1
5 B 4 99.0
& A 3 44.0
7 A 6 15.3
8 - - 8l.06
9 A 9 -
10 W 11 407.8
it 1. 342.5
12 A 5 28.0
13 w 10 40.9
Q1)

(2)

A = Average, B = Better (Cleaner) than Avera, e,
W = Worse (Dirtier) than Avetage.

Ranked 1 (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 cress-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 shown
was obtained by multiple regression curve fit of these darta. An exponential
effect of inlet pressure and temperature, with a weak inverse power effect of
fuel-air ratic, correlate the data. The inverse fuel-air ratio effect is
interpreted to be associated with axial lengthening and/or downstream movemcent
of the intense flame zone with increasing fuel-air ratio. Goeod measurement
repeatability is indicated in these two JP-4 fuel tests, but in later tests
some problems were enccuntered in processing the pyrometer signal, maintaining
pyroneter alignment and viewing window cleanliness. Overall results are
summarized in Table 21, and effects of fuel hydrogen content arc illustrated
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
bicvelic aromatic blends tn produce higher flame radiation than monocyclic
aromatic blends with the same low hydrogen content. It seems that if this effect
were real, it would also show up in the liner temperature and smuke 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. Combusior
asseiwbly Number 1 tended to producc scmowhat lower awverage prefiles but higher
peak profiles. The effect of combustor operating conditions on pattern factor,
shown in Figure 55, also differed somewhat between the two assemblies. Combustor
asseubly 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 summarized 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 Stabllity

Fourteen cold-day ground start tests were conducied 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 Filgure 57. In each test,
1000 rpm engine motoring conditions were siwmulated, and lean lightoff and lean
blowout limits were determined as a fuuction of ambient (fuel and air) temperaturc
in steps from test cell ambient down to 239 K (-30" F). As shown in Figure 57,
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Table 21. Suumary of Radiant Heat Flux Test Results.

Fuel 3§diant Heat Flux, kw/m2 i} ]

Nusher 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

S 1i3.6 115.7 1€9.5 304.9

6 116.9 121.% 162,95 273.2

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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even with the most viscous fuel (No. 13, D-2) lightoffs were obtained down to

239K, but the fuel~air ratios required were fucl~type- and temperature-dependent.,

Lean blowout fuel-afir ratics were usually about half of what the ratiovs were for
lighcoff, with similar fuel-type and temperature dependence. Results for all
fuels are summarized in Table 23, Effects of fuel properties on lean lightoff
fuel-air ratio are 1llustrated in Figure 58. As discumssed In Section VI-A-~1,
volatility and atomization characteristics of these fuels are highly correlated,
but the volatility parameter somewhat better correlated the 1dle CO emissions.
These cold-day start data do, however, correlate very well with relative spray
droplet size. Ko effect of hydrogen content or aromatic type 18 evidenct.

lLean lightoff and tjowout limite were also measured at idle operating
conditions for all of the test fuels, as part of the high pregsure test series.
These data are summarized in Table 24. As shown, lean biowout fuel-air ratios
were less than 2.6 g/ky with all fuels, and lightoff fuel-~air ratios ranged
from 3,9 to 8.6 g/kg, the varfacion being attributed to data scatter rather
than to any fuel property cffect. At these inlet conditions, lightoff and
blowcut are probably more dependent on fuel nozzle size (spray develcopment)
and dome afrflow than upon any of the fuel propertics.

. Altitude Kelfight

Fourtecn altitude relight tests were conducted in the low pressu
using procedures described in Section V-BE-2. Detziled regulte 3 i
Appcadis C and pummar jzed in Table 5.

Overall, very good altitude relight characteristics were found, with very
minor fuel effecta. Lightoffis werc geperally readily oteafraed at the 15.2 ki
altitude/minimun engine fuel flow rate conditions, and pres: re blowout limits
were beyond the facility capability. COver 90 percent of the 1J0 1ightoft
attemptes were successful, and most of the unsuccessful attempts were outside the
estimated current engine Iimite (Figure 12).

In Jable 25(a), combustor conditions are tabulated for the ectimated J79-17A
engine zlticude relight 3dmits shown ip Plpure 12, Kelight results (success)
of the prezent testy ore then 1isied in Tuble 22(b). For each of the JF-4-
or JF-B-baped fuels, the present 1 sults are 15 pood agreement with the engine
estimates. Lightoffe were readily obtained at the two Interuwedfate afrflow
rates., They were gzenerally obtatned at the two erxtreme afrflow rateg, but
sumie Increascd fuel flew rates w € occasfonally regquired. The Jowest afrflow
rate (Jeft-hand side of the relfght map) is outnfide the estinated engine start
Tiwite with JP=5 or Jr-§ .ucl, As expected, therefore, fn thege tests wost of
the reifght d¥fffculties were in this operating regfon probably because of (1)
Jow fuel and afr temperature, and (2) ~ery luw combustur pressure droj.

In gharp contrast to the highly successfol Jb-4/IF=-5-Laved fuel relighe
guccess, the diesse] fuel was very difficult to 1ight, apparently cae to fts
higher viscosity. After thin dienc) fue) finafng, o brief repest of the JV-4
fuel test was wonducted which repeated the earlfer results very well. Tt appears
that siznificantly Wizher epark encrgy and/o. better fuel atomizatfon are needed
with dicec)~type fucle,
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Table 23.

Summary of Greund Start Test Results

D 2 T e

Fuel-Afr Ratio, g/kg

o o . e A o el TR e

1)

.

Standard Day (288.2 K) cold pay'? (239.0 1
Fuel Lean Lean Lean Lean
Number Lightoff Blowcut Lightoff Elowout
1 g 3 9 5
1K 9 4 9 4
2 13 5 1) 5
3 15 5 14 5
4 13 5 19 7
5 10 6 14 7
6 13 4 i4 7
7 i8 & 19 il
& 16 £ 15 8
9 12 10 15 1]
10 12 14 7
11 1¢ 1] 15 12
12 13 14 1s 10
13 17 8 24 12

(1) §1mylated 1060 rrz Cranking Conditions

Py= 101 ¥ta
W = 3.18 kg/& per engine

C

(2)

All fuels light-off tc 239 K (at leaut)
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Cold Dav (239 K) Yean Lightoff Fuel-Alr Ratio

40 — T
O JP-4 Based Fuels
O Jr-8 Based Fuels
30 ——— %o. 2 Diesel Fuel —
Tails: H#Honocyclic Aromatic Blends A
| /“‘/r—’
20 [JQ/U —’,1-_—- - -—r_
(o g
—> QR O y = 11.4 + 24.6 (x - 1.0)
10} — r = 0.816
O
¢ : - , -
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
(sm)/(srm)”_a, Reiative Spray Droplet Size
JX, J—— .
' ) i 1 i
1000 rpm Cranking Conditions
P, = 101 kPa |
30— 3
h‘c = 3.18 kg/s~Engine
| A
1
2 - -~ +
%O ]
___3 --_;o‘,,ﬂ—-‘/’?.‘—ﬂjgg
10 — i _
(19 Loy =13.04 0.0577 (x - 362)
‘ r = 0.645
o 1 1
340 360 380 400 420 440 460 480 500

Fuel 310 Percent Kecovery Temperature, K
(Cas Chromatograph Sisulated Distillation)

Fign~ 58, Effect of Fuel Atomization and Volatfility on Cold Day
Cround Start.
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Table 24. Summary of ldle Stability Test Results.

(Simulated Ground Idle Combustor Qperating Conditions)

Lightoff Lean Blowout
Wee f, Wes £,
Fuel Fuel Flow,] Fuel-Air Fuel Flow, Fuel-Air
Numbey g/c/can ]Ratio, g/kg g/s/can Ratio, g/kg
1 8.0 5.1
1R 8.1 5.5%
o
2 9.3 6.3 € §
3 6.3 6.3 : =
3
4 9.4 5.6 ° - ¥
(€9 - ™~
5 9.3 5.6 v DR
(] = @ WO
6 7.6 4.9 c = 2 o
L]
7 7.6 4.8 s = =
© [ o =
8 7.2 4.6 A v
— ~— T
] 6.6 4.3 e e -
— -t -
10 12.7 8.6 = z
11 6.1 3.9
12 8.6 5.5
13 12.9 8.5
111
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Table 25. Summary of Altitude Relight Test Results.

(a) Combustor Conditions at Estimated J79-17A Engine
Current Start Limits (Figure 12).

V.. ke/s 2.27 4.08 4.99 9.07

Fuel Jp-4 | JP-5/JP-8 | JP-4 | JP-5/JP-8 |Jp-4 JIp-5/9P-8 | JP-4 |IP-5/JP-8
Alt., km | 95| - 11.9 8.5 |14.6 9.4 |18.0 13.4
N, 0.57 -~ 0.92 0.73 1.10 0.85 1.29 1.18
Py, kPa 34.5 - 42.7 48.3 |48.3 51.7 56.5 84.8
T3, K 264 - 292 275 367 289 467 403

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

Fuel 2.27 kg/s 4.08 kg/s 4.99 kg/s 9.07 kg/s
Ramber Jr-4 JP--S JP-£ Jp-5 JP—£4 Jp-5 -4 -5
1 Yes Yes Yes -
1R Yes Yes Yes Yes(l)
2 Yes Yos Yes Yes(l)
3 No - Yes Yes Yes
4 Yes(l) Yes Yes Yes(z)
5 Yes Yes Yes Yes
6 Yes Yes Yes Yes
7 Yes(:) Yes Yes Yes
8 Yes Yes Yes Yes
9 Yes Yes Yes - Yes
10 No - Yes Yes Yes
11 Bo - Yes(3) Yes - Yes
12 Yes Yes(3) Yes No No
13 No - No Ko No No No No

W~ 422 g/s/can at relight unless footnoted.

L ~202 increase in W, required for lightoff

i
22 “40Z incxease in Hf required for lightoff
(3)

~80Z increase in Hi required for lightoff
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For cach 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. 1In 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 rcached were on the left side of the windmilling map
using JP-8-based fuel blends (Fuels 6 and 7).

9. Fuel Nozzle Fouling

Eighteen frel nozzle fouling tests 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
quantities to duplicate, but these were beyond the scope of this program. The
test procedure changes made in this series were:

1) After inconclusive tests with Fuels 1 and 2 (rno significant flow
calibration deterioration), the fuel temperature was increased
(from 436 to 478 K) to accelerate the fouling tendency.

&)
s
>
L&)
re
)
rt
rt

5 with Fuels 1, 2, and 3 at the higher temperature,
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 extranecus fouling, and therefore, were uscd 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 adequaiely clcaned
between runs). Therefore, a new standard fuel nozzlec was used
in each of the last scven tests (Fuels 7-13), and only
deterioration at the first calibration peint (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 neceded to detect
fuel differences.
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B. Engine System Life Predictions

lLife prediction analyses were performed vsing the procedures described in
Sections V-E-2/3 and test data presented in Section VI-A. In particular, the
Jiner temperature data contained in Section VI-A-5 and the combustior oxit
temperature data contained in Section VI-A-6 were counsidered.

1. Combustor Life Predictious

The maximum 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 progras. These maximum temperaturces
correspond to peak metal temperature rises (T, max ~ T3) of abour 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 decrecase in life is due to two factors:
the increased effective stress because of larger temperature gradieats, and
the decay in material properties at the higher teamperature level. The relative
predicted life for several fuels is approximately as follows:

Fuel Hydrogen Content, Relative J79-17A

Weight, Percent Combustor Life
14.5 {current JP-4) 1.0 5
14.0 (current JP-8) 0.78 1
13.0 (ERBS fuel, Ref. 1) 0.52 }
12.0 (minimum, this 0.35 :
program) .

2. Turbine Life Predictions

it

As discussed in Section V-E-3, flamc radiation changes are not predicted
to affect turbine nozzle diaphragm temperatures because of the small viewing !
angle. Protile or pattern ifactor changes would be expected to directly attect
turbine remperatures, but as was anticipated, no fuel effects on combustor
outlet temperature distribution were observed. The J79-17A turbine life is
therefore not expected to be affected by fue) property changes iavestigated
in this program.

C. Assessment of Results

The data and zualyses presented in the previous section provide a susmary
of the effects of fuel property variations on the performance, emissicn, and
durability chucacteristics of the J79-17A combustion system, based on single
combustor/fuel nozrrle rig tests. The data are gencrally well ordered and in
good agrecwexit with previous data, vhere comparisons could be made. Therefore,
these data are thought to be a vaiuable addition to the USAF data baphk. However,
since these are all rig results, some direct verification by emgine tests is
recommended .
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These data show that fuel hydrogen conteut is a key fuel property,
particularly with respect to high power performunce ¢ 'ssions and durabiligy.
Swoke, flame radiation, liaer temperature (and hence, combustor 1ife), carbon
deposition, and M), emissions were all found te be dependent upeon fuel hydrogen
content, with no discernable effect from any other fuel preperty. Hence, fuel
hydragen content is a key fuel property at high engine power operating conditiens
(takeoff, subsonic cruise and supersonic dash). At lew power conditions, fuel
hydrogen content tends to become unimportant, but fuel volatility and viscosity
are important, since they affect fuel stomization and evapocation char. stevistics.
The J79-17A combustion system has excellent cold-aay pvound start and altitude
relight characteristics, but these data Indicate that conversion trom JP-3 to
JP-8 gs the primary USAF fuel will result in noticeable reductions in these
starting capabilities. The high energy dgnition svstem which is standard
equipment for the JP-5 fueled US Navy J79-10 cogine might be considered torv
USAF use with JP-8 fuel. Further, these data indicate that o more viscous fucl,
such as No. 2 diesel, would very sceriously reduce the startiag capability ot the
J79-17A engine. Both ignition syvstem and fuel injection changes would probasly
be required to cope with this great a fucl change.

The J179-17A fuel nozile appears to be quite tolerant of fuel property
changes with respect to fouling. This was expected both from the scrvice history
and the design gevamerry (relatively large metering ports and loose tolerances).
The short but severe tests conducted in this pregram tend te suppert this back-
ground | hut vers not vory conclongive. It appears that one of the concerns
regarding future fuel characteristics is the extent to which the thencal
stability ratings will change, and the extent te which engine fuel supply’
injection syvstem performance will be affected. Additional studies in this drea
are, theretore, needed.




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

SECTION VII

CONCLUSIONS ANL RECOMMENDATIONS

in this program, the following conclusivns and recommendations are made:

A,

Conclusions

1)

2)

b))

4)

5)

Fuel hydrogen content strongly affected smoke, carbon depesition,

liner temperature, flame radiation and moderately affected Ny
eaissions. Hydrogen content is, therciore, probably the single
wost Important fuel property, particularly with respect to high
pwwer performance and camissfon characteristics and combustor
durability (life).

Fuel volatility (3s indicated by initial beiling range) and
viscosity effects became evident at low power operatiung
conditions. Celd day starting and altitude relight

mmm =L P2l —ma . Bt LY, Yoo . X _..a mrem e [ T o R N O I SR
SaljfalltA A ALYy A KT IILblIL’ UT PLIMMTIIL URAALTIL LR DS 78 W'Y A L AL e

Within the range tested, ncither aromatic type (woneeycelic
or biczelic) nor final boiling range produced any dirvect
effect on emissions or combustor performaunce.

None of the tucl properctics produced any measurable effect
on combustor vxit temperature distribution (prefile and
pattern factor), idle stability, fuel nozzle fouling
tendency, or turbiue life.

More sophisticated long-term tests are weeded (o determine
the effects of tuel thermal stability on tuel supplyfinjecticu
systes components.,

Recomaendat fens

1)

N

J19-17A engine tests with selocted fucls are vecommended to
verify the trevds estadlished in these single combustor/fuel
mozzle Tip tasts.

Additicnal single combustor’fuscl nozzle rig tests with the
lov-smoke/long -1ife 379 coabustor design are recommended,
These dats would show the offect ot corbuster design
features on fucel property scusitivity withia the same
engine vuvelope/operating range.

Etforts 1o Jeotermine the factors which aftoct tuel thermal

stability and its relationship te engine foel supply!
ajection systea perfemmince are recomcnded.
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AFPENDIN A

HIGH URESSURE TEST DATA

Table A-1 presents a summary of the key reduced Jdata fiom the high ptessure
performance and emisxsion tests. Table A-2 prescuts additional measured and
calculated parametars for these tests.

Table A-3 presents the weasured and corrected €O cmission test data at the
four engine operating conditions. The procedute for correcting the measured
data to engine conditiens by the ratic of the sceveritv paramcters is alsoe showen,
As can be seen, the corrections are all relatively small except at dash operating
conditions where the test pressure was reduced.  Measured and corrected hydro-
carbon emission data ave similarly preseated in Table A-4,

The N0y emissions data were correlated as shown in Table A-5. A lincar
regression curve fig of the test data peints tor each fuel was pertormed
(sve Fipure 38) from which the quoted engine emission indices were calceulated.
Small differences in medsured and cortected indices ore primarily due to the
humidity correction.

Tablie A-0 presents the smoke data analysis. Az discussed in Sectien VI-a-3
nre operating condition severity parameter for smohe could be readily found. so
the data presented are as measuted, except thar they have been corvrectaed to
engine Station 8 fuel-zin ratio conditions ax Jdescribed in Appendin ¥,

Table A-7 presents the detailed liner temperature measutements.  The data
are preseated as liner temperature vise (Trjper - T3Y. The thermocouple Iocations
ndicated covrespound to those shown in Figure 21, Average liner temperature rise
is alse listed. With enly two exceptivns, the maximuw always cocutved on
Thermocouple 19 or 23 qed is listed in Table A-1.
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o 1 ©
regression curve fits of the duta (see Fipure 52) were perterwcd frow which the
quoted engine flame vadiaticn levels were cateoulated.

Tahle A-9 presents 3 sumsary ot the pattein factor data analyvses,  Avain,
Huecar vegression curve fits of the data (sce Figuie 59%) were performed from
which the quoted engine pattern factor levels were caleulated. Table A-10
prescats the detailed combustor exit temperatute prefile data ter all tests.
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Supplementary High Pressure Test Data (Concluded).

Table A-2.
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Table A-3. €0 Emission Test Data Correlation.

i
(a) Data Correction to Engine Condition.: .,’43

t %

. S .., engine !

\ El i EI t 0 g
! co* €ogine cor &= Sco- test i)
where: ;
' v 0.7 421-T 3
s =% ) (28) 7 Jex ( 3) 3
o0 24.2 2'3 155 i
J
— _— 3
Elm. test, g/kg Elco, engine, g/kg -

( as measured, Table A-1 ) ( corrected tc Spp, = )
at test poiats 3, 5, 6 and 9 1.060, 0.286, 0.0710 and 0.0345 -
el | TTdie [Ciuise [ Takeoff | Dash | Ydle | Cruise | Takeoff | Dash ’
) (5) (6) 9) (1.000) } (0.286) (0.0710) | (0.0345)
1 69.2 17.4 5.5 3.1 | 68.2 16.5 5.7 2.4 :
1K 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 é
5 77.5 20.8 5.2 3.2 72.4 18.9 4.8 2.5 ;
S 73.0 16.6 &.2 3.2 13.4 16.1 4.7 2.6

6 68.1 21.4 8.1 4.1 72.6 21.5 8.2 3.2 ]
7 65.8 15.2 3.5 2.1 75.5 18.5 3.6 1.5 ~,1
8 76.5 22.1 3.¢é 2.2 75.9 20.5 3.4 1.7 I
o &e & IR.2 3.7 2.2 697 IR O 2.7 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. 1.9 63.4 15.1 3.1 1.6 .
12 53.9 1&4.1 4.2 3.4 57.0 13.7 5.3 2.7 J

13 62.9 18.0 3.¢ 2.1 68.0 17.0 3.0 1.5 <
- ' - 3
+
(b) Dara Correlation with Fuel Bydrogeo Content: %%
B - ‘<
_ Bl = (iﬁ) 3
t —— T T !

) Engine Power Levwel 1dle Cruise Takeof f Dasb i
b, Intercept 65.93 14.85 4 .48 2.25 H
m, Slope ~0.470 ~1.384 0.198 -0.070 ii
r, Coxrelatiom Coefficient] -0.414 -0.753 +0.052 -0.017 ii
T
h
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HC Baission Test Data Correlation.

S.4: engine 1.79
EIHC’ en.gine ’(EIHC’ teﬁt) ____02__

Sco» test
where:
WA ) ( 0.248 ) 0.7 [ _ i >]
Sco (21..2 N exp ﬂlﬁT—l
I’:IHC, Test, g/ke l""I!{C, Engine, 8/ke
( as measured, Table A-1 ) ( cortected to SCo = )
at points 3, 5, 6, 9 & 10 1.000, 0.286, 0.0710, 0.0345

e | 1dle |Cruise | Takeoff | bash | Tate Toroios Troreorr T ooa
T (3&10) (%) (6) 9) | (1.00001c0.286) | (n.0710) | ¢0_0345)

1 25.5 0.5 0.1 0.1 | 23.6 0.5 0.1 0.1

1R 19.1 0.5 0.1 6.1 | 22.6 0.5 0.1 0.1

2 18.2 2.4 1.7 0.0 | 20.4 2.4 2.1 0.0

3 22.6 0.5 0.1 0.0 | 25.3 0.5 0.1 0.0

2 16.9 1.2 0.6 0.1 | 15.1 1.0 0.6 0.1

5 24.3 0.5 0.0 0.0 | 23.¢ 0.5 0.0 0.0

3 20.5 0.8 0.3 c.1 | 22.6 0.8 0.3 0.1

7 31.7 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 U.4

12 17.6 1.6 1.0 0.7 | 17.3 1.5 1.2 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.

(a) Data correction to engine conditions:

Smoke Emission Test Data Correlation.

bt bttt ool il i 1.

SNA SN8
as measured, Table A-1, at as corrected to fg, Table A-2,
( test points 3, 5, 6, 9 and 10 at test points 3, 5, 6, 9 and 10
Fuel p——eunr
Number Idle Cruise Takeoff Dash Idle Cruise Tskeoff Dash
(3&10) (5) (6) 9) (3510) (5) (6) (9
1 23.3 47.8 62.3 42.6 17.1 41.4 55,2 36.0
1R 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 43.0 65.9 42.2 44.8 35.2 61.6 66.9 40,2
6 59.% 8Z.4 76.5 47.5 5.0 78.8 72.1 45,4
7 55.9 74.8 87.4 64.1 51.3 69.9 83.6 59.2
8 56.0 &1.0 90.8 §0.0 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 §2.9 68.9 85.1 S8.7 77.3 67.1 80.0
11 47.4 72.4 64.2 52.0 43.8 68.8 67.7 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:
SN8 =b+m (14.5 - H)
Engine Power Level Idle Cruise Takeoff Dash
b, Intercept 18.41 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
1209
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Table A-7,

Detailed Liner Teaperature Pata,

1M P 2%
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arled Liner Temperature Data (Concluded),
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Teble A-8. Flame Redistion Deta Correlstioa.

(a) Correlation with Combustor Operating Conditioans:

il-usli'b

where Q.7
- LS -
_(2.90) | Py - 139\ Ty - s\ |
S "\t l"" 76 66T !
- L
c Q_. Radiant Heat Flux, k&/m”
- c
- ::“. : -~
-“c - b il 3 Calculated From Qperating
NN R . LT Conditions Correlation at § =
e | = o e ¢ 0.788, 0.8611, 1.000 and 1.514
TE|ES | TS "3 °3 121 Cru Yakeof f Dash
33 = - - -c e 15 akew O sh
bE|=c ] EX = > il .78 | .s1n | a.eom | a.s1)
1 7 209 - 57 0.970 195.2 113.C 152.0 0.2
ik 7 204 - e 0.955 94.1 103,58 1424 T3
2 9 212 - A8 0.962 119.1 12+.0 161 273.0
3 9 190 - 4&& 0.988 111.1 115.¢ 152.7 2B3e
A 9 497 -191 0.795 201.1 g ) 3.4 S62.0
5 9 264 - 94 0.943 lid.e 1197 169.5 NS
6 9 215 - 53 0.913 116.$ 121.8 b T
7 9 465 -193 0.952 173.8 1845 274 S11.4
[ 2 400 . & - - - 395 555
9 9 345 -135 0.92< 1102 1453 g Pl N3k
1C 7 35¢ -121 0.972 183~ 1620 65,2 YRS
11 2 400 -197 - 110 114 1N -~
12 ~ - - - - - - -
13 - - - - - - - -

(b) Data Correlatica with Fuel @vdrogen Comteat:

q‘-b*xu;.s‘n)

Bapine Poaer Lewvel 1dle Cruise
b, Intercepy 10 .8 i05.3
=, slope g iy
r, correlatior coefficient t.et C.e™l
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Tatle A-9.

Fattern

Factaot

(2) Correlatica wvith Combustor Operating Conditicas:

Pl‘tn&PF*\b

Cotrelation.,

al

vhere 1.3 N
U /P i AT ! o
- - ave 3
Sr =\ 1 o-l t.03a8
- = o Pr, Fatsoesn Factor
-t T
s & = Calouiated Froa Opervating
T E a N S - conditicas vorrelation at Ny, -
S & 2 o Lo=3e, LS4, 1L0LS and 092
21ée = A3 S :

s € 'g : T Lile | Cruise | Takeot: | Dash
ax |24 E = v G CLLA30) F Qa1 sa) |t o) felesan
1 9 Co1A2 0.7 Q.c0d AN B O, 33y UL 003313
1K 8 Q.1953 LUN L N Q953 (UL RS (AN [\ 0. 2ey
2 9 0.0500 0,278 Q. 33 LU 03N oL Qe [\ ]
3 N G.2T78 CGo7 (U SN 0. Q.50 Q.2 0.l
L O.lede LU B\ Q.903 O, 33 Gl CoadD C.led
3 N caTag =0.0181 (NI A QoI oo ¢ e oW
« & g Sy Q037 C. 39 Q. oo [UNR S ] 0, e
7 9 0. 330 -0 1225 O8> Qe OLles LN L LU
N 9 C.oleds LA S\ Q.92 L\ ¥ 0, 253 TUREY NN
9 3 Q.28 | =0l LURL DY Q. e LIS LU} NN S
[N v ¢.3731 A ) AN AL (U O N8 (AN NI
11 S QIS C.N> AR [\ T Q.oNT Colel
i 9 Qallt -0l Q.90 L LR NN, LA L2208
13 S ¢ 110 (AT B B Q.o LAT NN LAT N )

(®) Corrclation with \oukuwtor \\ewatl} e tael efiovt found):
Enhxue Rowwr Lewel 1dle Cruise | Taheolf] Daxh
Assembly Noo 1T (Puels 2, 2, 4, o,

10, £ 1)
PF, YMear Fattern Factorv OS5 JORIIS | OINDD oY
Nppr Staadard Deviation C.03at | 01 CLQSN  Ci0asS
Assrably No. 2 (Foels IR, X, S, 7,

8 9, 11, 3 1)
B, Wean Fattora Factor C. 8500 J OIS | O I3 JELIN2
Qg Standard oeuiatiowm C.0A8 ] 0.0 ] O | O

LR

[
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Table A-l0,

Coabuster Pavt Tewmperature Fretile Data,

Twa;erature Rise Ratic, atlo\.n!n“;
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- Es Average Profile Feak Profile
2y 1s 1 N ) ) s 1 2 3 A
= R yten) (laner) ] (Outer) (lnaer)
3 fO.6I2 O.¢3x O.%% O™ AL F R0 L.d®e LY l.lel 13Ny
Q2 JO.0% OwM LM L1078 LN LLONY LS LAl LU Y owwmy
3 J0.82) Qv L.asl 0N RN N 5 T TR B U I P D TR LW
A4 O8N Q.vas 10X AT .00 ] ENCRY Q.08 RN !.3?\ 1.3
® O.815 A.vas 103 L NIC LA [ .ty oMy del . A T ¥
¢ 10,4} 0.97 L% LT LOwW fosel  L.owy ke 1..\.2: 3.3
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Yable

A-10.

Combustor Fait Tempotature Protile Data (oone ludedd

) Tesserature Rise Ratieo, “LNH’“A\-;
[
§ Average Frofile Paar Tictile
3 Bk 1 H y N 1 2 3 4 3
-~ - . lnaet ¥
\yter) oner Y iouter) o
(S TS L I T Ser I TR\ R T . B T P T T D B o M P L L R b
FYIA T N S EE I CTEEE PE I PR T LY SR TR S PR L I OLLL T PR R B A
(S T N0 THREE U T N PRV CE SR TS R TS RO N IR PR VTN U LA P L I P S A R A S
(X3 0 S T Dol S WAL VR S S S R W\J U N WG T PR Tl SO P N LI TP B 3 R I
[SIE ST N L PO P VO P SR O R RS L 90 b i I B B £ A R
TRIATRY M AR L W NN l.u. [ N B T \E TN U ENL T U8 L B2 )
L2 Ay \\ e \ v | LS B ¥ LU Sol NS WAE\ PSR WAL B T U SO ST BN ¥
1 .\e&\“-.\ LY NS NI RETEY IO R \.\n 1134 1
- ‘L\ -a \\ Yo < ALY n XY . ‘-\ ! 00N RN -
RN a\u' ! i * {%‘ I x.~'4 Voe X !.ﬁ""
T N T T R I R Y P B I T N N N
b Y VT LN IO TEUNE SR S T AN T B I R SR I A B T8 B R R
hixt E\PRoL TR ol YRS ST RN T B T IS U SR (I FULC DU T IR G PO P B L N
bl 1T R U Dol S YOS PO N\ A O AR B DA RO PR L P AL B S L DRIP4
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The txpes of tost wyete conducted o thy Tow prossule comdustor test yig:
altitude relight testa and cold-day ground stary tests. ppatatus and procedutes
whilvh wore used arg dexevibed Lo Sevtion \-B,

Detailed vesalts of the altitude rnelight tosis are presented in lables (-1
thiough T-7. The combustor opetating conditions ave listed frem which the
simglated flight conditions were detewmined, and iv the remarks column, the type
ol data polut is indicated (LLGHU = maximum ultitude rvelight capability at noyrwal
mintmgm fuel flow rate, PBO = pressure blowout, LLO = Lean lightatt, LBQ = lean
blowout).

Detailed vesylts of the cold-day ground start tests ave listed in Tabhles
C-8 through C-11, At each combustory cperating condition shown, lean lightott
and lean blowout fuvl-aiv ratlos were Jetermined vhich are listed. All lightott
attempts were sucvesstul, so each test was tewminated cnly after the plawngd
nininan tewperature (2395) was reaghed.
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Table C-8. Ground Start Test Results, Fuels 1 Through 3.
Combustor Operating Conditions Lean Blowout Lean Lightoff
T T3 Py W, %E W, £ W f
Fuel (Enginc) Engine)
No,
K i« Kba Kg.'s % g/8 g/kg g/s g/Kg
1 278.¢ 278.6 100.0 3.175 | 0.79 11.2 3.5 20.8 6.5
275.0 274.0 10C.0 3.175 0.79 11.3 3.6 25.6 8.1
270.4 267.2 100.0 3,175 | 0.77 7.3 2.3 27.6 8.7
262.6 260,2 100.1 3.375 0.72 11.2 3.5 26.1 8.2
254.9 254.5 10n.0 3.175 0.67 13.1 4.1 27.5 8.7
252.7 246.5 100.90 3.175 0.70 13.9 4.4 28.9 9.1
249.0 243 .4 100.,0 3,175 0.67 11.2 3.5 32.8 10.3
239.8 237.2 190.0 3.175 0.67 15.6 4.9 29.4 9.3
1R 261.2 260.9 i01.0 3.175 0.76 13.6 4.3 22.9 7.2
254 .4 256.9 | 1a1.0 3,175 | 0.76 12.1 3.8 28.6 9.0
251.90 248 .6 161.0 3.175 0.71 12.0 3.8 28 .4 3.9
241,2 2W3.6 101.1 3.175 0.64 10.1 3.2 1.9 10,0
239.0 239.D 101 .1 3.175 0.64 13.9 4.4 27.6 8.7
< 299.7 294.8 99.6 2.175 0.94 8.7 2.7 41.3 13.0
278.4 278.1 9.6 3.175 0.80 14,2 4.5 39.1 12.3
208.7 267.8 99.5 3.175 0.88 12.5 3.9 37.8 11.¢9
260.4 2:8.8 ¥9.5 3.175 .73 i5.8 5.¢ 44.0 12.9
255.6 255.4 499.5% 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 92.5 3.175 0.83 11.3 3.6 53.9 17.0
240.7 2331 20 4 3.175 | 0,78 15.4 4.9 52.5 16.5
3 297.0 300.4 98.3 31,175 | 1.01 7.3 2.3 39.7 12.5
278.2 275.4 9§ .2 3.175 0.86 25.8 8.1 6G.2 12.0
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 .89 19.5 6.1 54 .8 17.3
255.4 254.6 98.7 3.175 1.04 18.8 5.9 52.3 16.5
249.8 2493 98.0 3.175 0.91 16.3 5.1 46.6 14,7
2443 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 I.ean Blowout Lean Lightoff
JF 13 P3 wc %? wf f wf f
Fuel (engine) (enging)
No.
K K kpa kg/s % g/s  alky sls g/
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 3.175 | 0.49 20.8 6.6 59.1 18.6
s 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 260U.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.s61 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.h7 11,2 2.6 37.8 11.¢%
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 2490 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 2.2 13.3
240.2 239.0 101.7 3.175 0.64 20.8 6.6 44,1 13.¢9
7 280.0 276.6 92 4 3.175 | 0.61 26.8 8.4 57.2 18.0
272.0 272,90 99.4 3.175 0.60 28.9 9.1 52.9 16,7
263.9 265.4 99.4 3.175 0.60 28.4 8.9 60.2 19.0
4 262.3 263.1 994 3.175 0.58 30.2 9.5 59.1 18.6
2581 254.6 89.5 3.175 0.56 28.9 9.1 56.6 17.8
249 .8 248.5 $9.5 3.175 0.70 32.8 10.3 5.0 18.6
245.8 243 .4 99.7 3.175 0.64 37.0 11.7 61.7 19.4
239.3 2441 99.8 3.175 0.65 36.3 11.4 61.2 19.3

it
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Table C~10. Ground Start Test Results, Fuels 8 Through 11.

‘ Combustor Opevatimg Conditions Lean Blowout Lean Lightoff
T T, Py v, .A_I}’_ W f LA £
| Fuel (engine) {engine)
No.
K K kPa kgls % gls  glkg nfa g/ky
'J 8 277.0 278.7 100.2 3.175 0.67 25.7 8.1 48.9 15.7
270.6 272.2 106G, 2 3.175 0.66 26.2 8.2 52.7 16.6
268.4 366.6 100.2 1.175 0.61 27.5 8.7 49,1 15.5
260.9 262.0 100.2 3.175 0.62 22.0 8.9 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 40,32 12.7
246.5 | 245.2 | 100.2 3.175 | 0.52 20.8 6.6 4h.7 141
248.7 | 242.4 | 100.? 3.175 1 0.50 23,9 7.5 46.4  14.6
9 275.4 277.2 100.2 3.1¢ 6.75 36.2 8.5 37.8 1.2
272.0 270.9 100.2 3.18 0.81 31.2 9.8 34.6 1C.9
268.2 267.5 101.2 3.18 0.76 3i.2 9.8 36.5 11.5
263.0 258.7 101.3 3.18 0.52 320 19.0 37.8 11.9
256.4 ?55.7 160.3 3.18 0.52 3.0 10.0 37.2 11.7
251.5 249.8 101.5 3.18 0.82 3.6 10.2 41.0 12.9
246.3 245.3 101.6 3.18 0.44 32.6 0.2 40.3 12.7
239.9 238.6 101.6 3.18 9. 44 34.0 10.7 48.5 15.2
10 278.4 276.9 100.9 3.18 0.49 233 7.3 42.8 13.4
2711 272.5 101.0 3.18 0.32 19.5 6.1 42.5 13.3
262.6 261.4 101.0 3.18 0.30 20,2 6.4 46.1 12.6
252.5 255.5 100.8 3.18 0.62 20,7 7.1 42.2 13.2
249.6 248.5 100.8& 5.18 0.50 18.5 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 52.3 16.5
\ 2744 | 271.4 | 100.6 3.18 | 0.59 6.7 110 | 47.9  15.1
266.1 266.4 109.6 3.18 0.53 347 11.0 50.4 15.9
262.0 7260.3 1 ).6 3.18 0.53 35.7 11.2 4€.5 14.7
257.5 256.8 100.6 31,18 0.52 36.3  11.6 | 47.9  15.1 :
l 248, 1 250.1 100.7 3.18 0.57 38.7  12.0 | 9.1 15.4 }
247.0 239.4 100.7 3.18 0.56 39.7 12.5 53.6 16.9 '
245.7 245.1 100.6 3.18 0.8C 36,4 11.5 48.5 15.3
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Table C~11. Ground Start Test Results, Fuels 12 and 13.
Conbustor Operating Conditions Lean Blowout Lean Ligatoff
[\ - -
4 T 1)
F T3 l3 Hc %; wf f Hf F
Furel (engince) {mpine)
MNor.
K K kPa kgls % gls  gfkg gls g/kg
12 277.3 271,2 100.1 3.138 Q.60 33.¢ 10.7 42,2 13.3
270.4 2/1.86 100.1 3.18 0.56G 301 9.5 41.3 13.0
206.4 267.0 in0.1 3.18 Q.64 30.2 6.5 40.2 12.6
62.0 259.5 100.2 3.15 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
752.6 1 2500 | 10002 2,18 1 0052 .0 8.3 41,6 iz2.9
205.7 245.6 100.1 3.18 0. 54 32.8 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 iNvo.o 3.18 Q.60 25.2 7.9 54.1 17.0
270.0 273.9 100.2 3.18 0.60 25.3 8.0 56,0 17.6
268.7 26€.3 100.6 3.18 0.57 26.4 8.3 51.0 16.0
259.7 260.6 100.8 3.18 0.58 26.7 R4 51.4 16.1
255.6 255.4 100.8 3.18 0.60 27.0 8.5 SH.4 17.4
249.3 251.4 100.8 3.18 0.75 28.9 S.1 57.9 18.2
246.8 246.0 100.8 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 76.8 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 ovifice
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 {low 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.
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Table D-1.

Orifice Valve.

Fuel Temperature 478 K

Fuel Nozzle Fouling Test Results with Blocked Secondary

Fuel
Test Nozzle Test
Fuel | Serial Time, Fuel Flow Rate, g/s Fuel Flow Rate
Number | Number |[Minutes at APf = 0.552 MPa Pretest Fuel Flow Rate

1 76520 6] 8.57 -
100 8.44 0.985
300 8.44 0.985

2 80417 0 8.27 -—
100 8.27 1.000
oo S.27 1.000

3 76520 ¢ 8.19 -
100 8.20 1.001
300 8.06 0.98¢

4 106575 0 8.69 -
100 8.57 0.986
300 7.87 0.906

5 76520 0 9.05 --
100 8.95 0.9c
300 8.63 0.954

6 80417% 0 9.13 -
160 8.04 0.881
300 4.85 0.5931

* Suspect fuel nozzle was act fully cleaned before test.




Table D=2, Fuel Nozrle Vouling Test Results with Standard Dual
134

r Orifice VYuel Nozzle.
Py
! 3 »
b . v -
. ' L ot -
H { o :é 2 g Fuel Flow Rate (p/s) at .".l‘t. (MPa)
- O o - 0
( S 2z o i IR
Q ] Q P
H oo — et — . « 3
: ¢85 25 L 88
> ! == oo g =1 [ > 0.552 0,862 2.064 3,447 2,001 0.8 0.55
o 1 80417 436 0 8.59 27.2 139.6 257.9 140.2 26.5 8.5%
P 436 100 8.61 27.1 140.5 261 .4 145.9 26.8 8.50
| J 436 300 8.56 26.3 139.2 2007 139.0 25.3 8.49
| 2 76320 436 0 8.43 28.2 145.9 256.7 145.9 28.1 8.32
. 436 100 8.42 26.5 143.3 254.1 144.8 27.8 |10.45
4136 300 8.32 27.0 143.6 253,y 1444 2.7 8.28
1 76520 478 ) R.34 | 27.2 139.4 254.0 139.4 27.2 8.13
478 100 8.4 22.0 135.8 245.2 135.8 26.3 8.69
478 300 9.7% 16.0 122.2 221.1 122.7 25.5 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 1346.2 245.1 114.8 27.7 8.95
| 478 200 7.94 2.7 135 ¢ 265, 1 134.8 Zi.o 1.57
! 3 106575 | 478 0 8.57 27.7 140.9 250.2 140.9 2000 8.49
; 478 100 8.79 26.3 139.5 2mn 139.5 27.6 8.42
i 473 300 8.57 23.4 131.9 245.1 133.9 25.7 8.42
! | 7 122372 | 478 0 8.91 "q,1 138.8 249 y 133.3 9.0 2,03
478 100 8.92 26.3 135.8 245.1 135.8 2R 5 8.98
478 300 8.79 27.% 134.6 240.0 134.6 28.7 8.79
[ 8 82575 a7 0 8.56 30.0 14" 8 259.2 140.8 30,3 9.23
; 478 100 R.03 26.8 130.7 2641.3 135.7 31.2 9.93
478 300 8.48 26.0 108.6 1R3.6 110.5 28.1 9.41
) 132823 | 478 0 8.72 25.1 134.6 242.8 134.6 24.7 8.60
475 | 100 8.85 22.8 132.4 265.1 1346.4 23,8 6. 67
478 300 8.67 1 9.3 122.0 219.9 125.4 24,4 H.5%
10 15922 478 0 9,42 29.0 135.8 245,2 134.6 28,0 9.80
4/3 | 100 8.79 28.1 119.4 222.6 125.¢0 29,4 |10.68
478 300 8.:.9_ﬁ 21.7 112.1 215.7 123.5 26,5 9.95
i 11 131471 ui 0 8.14 27.2 150.0 251.5 140.9 27.5 8.15
l 478 100 8.13 23.6 117.8 216.7 126.0 20.7 8.13
! 478 1 300 | 8.06 23.¢ 110.9 190.5 10,4 252 8.06
i 12 23878 418 | 5.8Y 27.6 134.6 245.2 133.2 28,2 9.16
| at® 1 q00 | 8.50 | 22,9 | o127.3 | 23303 | 1298 | 1501 [10.39
| 478 | 300 8.42 24.3 118 9 206,74 119.7 2.6 10,77
13, 47960 | 478 | o 8.20 | 26.6 | 131.9 | 2477  1%.5 | 27.5 | 8.46
478 1 qo0 ] 8.32 ) 24,2 127.5 o8t 127.5 | 2700 | d.s
" 1300 | 8.5 J 22,3 | 129.5 | 2372} 129.5 | 26,3} s,
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Table D-3.

Normalized Fuel Nozzle Fouling Test Results with

Standard Dual Orifice Fuel Nozzle.

s | %
ﬁl,§ S R
° N = 2 _g - (Fuel Flow kate)/(Pretest Fuel Flow Rate) at APf {MPa)
o ou 2 5 - o
U « o +
FUR=} — — L=
n g U [T w e -
¢ 3 3 3 W U -~ Bl
cZ| mo | &6& | =% §0.552 | 0.862 ( 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.Gl4 1.003
436 300 0.996 0.968 0.997 0.995 0,991 0.957 0.98¢
2 76520 436 100 0.999 G.938 0.982 0.9%50 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 1.04n0
L78 366 0.550 0.827 Q.97yv 0.920 0,976 0.973 0.996
3 106575 478 100 1.026 0.950 G.990 1.000 0.990 1.005 0.991
4738 300 1.00¢ 0.845 0.936 0.979 0.946 0.936 0.991
7 122372 478 100 i.001 0.865 0.982 ¢.984 0.982 0.930 0.994
478 300 0.937 0.765 0.973 0.964 0.973 0.989 0.974
8 82575 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
] 132823 478 100 1.014 0.910 0.984 1,009 0.999 0.964 1.001
478 300 0.994 0.771 0.¢) 0.906 0.932 0.990 0.987
10 35922 478 100 0.923 0.907 0.879 0.908 0.929 1.017 1.090
478 300 0.901 0.746 0.826 0.880 0.918 0.917 1.015
11 131471 478 100 0.998 0.866 0.836 0.6862 0.894 0.970 0.998
478 300 d 991! 0.8/2 0.787 0.758 0.784 0.915 0.990
12 23878 478 100 0.962 0.831 0.946 .952 0.974 0.957 1.135
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.C94 0.839 0.082 0.%66 U.9y82Z 0.957 0.965
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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 combustor exit plane by the method
specified in Reference 4. The result is a Smoke Number (SN) which expresses
the opac‘ty of {ilter paper that has been stained by the exhaust gases. SN
is therefore, not a true thermodynamic property of the exhaust gas. A relation-

ship between SN and carber weight fraction (X.), which is a thermodynamic property,

is presented in Reference 12. This relationship 1s reproduced in Figure E-1.

When combustor exhaust gases are diluted by turbine cooling air as they
are in the J79 engine, both SN and X. are reduced. Smoke emission index (EI) g

carbon/kg fuel, however, remains constant. Elg is calculated by the relationship:

)y A28y (1073
1

EI, = (xCi

where:

i = engine station wvhere sample 1s 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 f;) at simulated engine test conditions

2. SNy + X, t(trom ¥Figure El)

3. EI. = (X.z) (3000 + f4, 0-3,
s T fl‘ Fi \Aw ¢
4. Cycle data + fg at eimulated engine test condition
£

= S 3
6. Xcp > SNg (from Figure E-1)
For the J79-17A engine, f8/f4 = 0.833 at non-afterburning operatiag conditions.

In the test data summary, SN4, X.g, EIS, and SNg are all cabulated in Tables
Al and A2 for possible future use.
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X , Exhaust Gas Carbon Concentration, mgC/kg gas
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from Shaffernocker and
Stanforth, Reference 12.

Figure E-1.

20 30 40 50 60 0 80

Smoke Number (ver SAE ARP1179)

Experimental Relationship Between Smoke Number and
Exhaust Gas Carbon Concentration.
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X

SYMBOL

co
co
CWALF
EI

FBP

HC
IBP
JFTOT

NO

SMD

SN

APPENDIX F

NOMENCLATURE

Area

Carbon monoxide

Carbon dioxide

-Clockwise aft looking forward

Pollutant emission index

Final boiling point

Fuel hydrogen content (weight %)
Hydrocarbon

Initial boiling point

Jet Fuel Thermal Oxidation Tester
Total oxides of nitrogen (=NO+NOy)

Heat of combustion

Combustor operating severity parameter

Sauter mean diameter

Smoke number (by ARP #1256)
Temperature

Velocity

Mass flow rate

Exhaust gas pollutant concentration

Curve fit equation intercept
Fuel-air ratio
Absolute humidity

Arbitrary constant
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LNITS

-

g pollutant/kg fuel
K

wt 2

K
m/s
g/s, kg/s

mg pollutant/kg air

g fuel/kg air

2 HZO/kg air
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Best Available Copy
SYMBOL UNITS
] Curve fit equation slope -
a Hydrogen~-to-carbon atom ratio -
q Heat flux : KN/m?
14 Curve fit correlation coefficient -
x Independent variable -
y Dependent variable -
AP Pressure drop mPa
AT Temperature rise K
n Combustion efficiency r4
v Viscosity mmzls
p Density kg/m3
g Surface tension mN/m
d(f) Fuel-air ratio function (Figure 38) a -

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

Imm.max Immersio~ Maximum
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