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FUEL EFFECTS ON GAS TURBINE COMBUSTION SYSTEMS:
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SUMNARY

““->The effects of variations in properties and characteristics of liquid hydrocarbon-base fuels in
gas turbine engine combustors was investigated. Baseline fuels consisted of military-specification
materials processed from petroleum and shale oil. Experimental fuels were comprised of liquid petroleum
blends that were prepared specifically to exhibit desired physical and chemical properties. These fuels
were assessed for their influence on ignition and performance characteristics in combustors of the F100,
TF30, and JS7 (TF33) engines at simulated operating conditions. In general, Juring relatively short
duration tests, combustor ignition and performance became increasingly poorer as fuel quality deviated
from specification or historical values.
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NOMENCLATURE
B Mass transfer number in equations (1) and (3)
cop Combustor operating parameter in equation (2)
FCP Fuel characterization parameter in equation (3)
FPR Fuel characterization parameter ratio in equation (4)
LSP Liner severity parameter in equation (7)
PF Pattern factor in equation (5)
Pry Prandtl number of air in equation (2)
RDS Relative droplet size in equation (1)
ref Reference, or referee
SG Specific gravity in equation (1)
SMD Sauter mean diameter in equations (1) and (3)
Spec Specification
Tu Percent turbulence intensity in equation (2)
U Free-stream air velocity in equation (2)
vI Vaporization index in equation (1)
¢ Equivalence ratio
pa Density of air in equation (2)
pf Density of fuel in equation (3)
ua Dynamic viscosity of air equation (2)

1. INTRODUCTION

Gaa turbine engines for military aircraft have been designed and developed historically to operate
on high-quality, 1liquid hydrocarbon fuels produced to very exacting specifications. These
specifications were formulated as & compromise between desired performance characteristics of the fuel
and the concurrence of the processor to supply the quantities of fuel needed at an accepteble price
using available technology. The specifications were composed at a time when crude oil was plentiful and
cheep. Consequently, values of selected physical and chemical properties were chusen thet were
aufficiently conservative to fully accommodatse the most extreme environmental conditions under which
current and future turbine-powsred military eircreft might operate. In 1973, before the oil embargo,
refiners were supplying high-quality jet fuel to the military services for approximately eleven cents
per gallon; the Air Force's bill at that time for 143 million barrels of turbine-engine fuel was less
then 600 million dollars (Reference 1).

The specifications esteblished in the pre-embargo era essentially committed operationel aircreft
engines end those btoth under development and on the drawing boards to use high-quelity fuel during their
lifetimes. Because of the ready availability of such fuel et that time, the specifications were not
optimized using sensitivity tredeoffs releting the values of key fuel properties to the operetion and
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performance of engine components and systems. Few such tradeoff studies had elther been conducted or
documented. As & consequence, there is concern that in the 1light of today's economic and energy
situations, the established fuel specifications might be too rigid: possibly limiting the avallability
of the jet-fuel supply and contributing to its high cost. In 1982, the price of a gallon of jet fuel
supplied to the Air Force had been escalated to $1.30; the annual bill for the 95 million barrels used
was over five-billion dollars (Reference 2). There is also concern that portioms of the specification
might be too loose and need to be made more restrictive; this type of change might again tend to limit
fuel availability and increase its price.

Consequently, for several years the Department of Defense has been sponsoring fuel-accommodation
investigacions with gas turbine engine manufacturers and supporting organizations to quantify the effect
of changes in fuel properties and characteristics on the operation and performance of military engine
components and systems. Inasmuch as there are major differences in hardware, between the operational
engines in the Air Force and Navy inventories, due to differences in design philosophy and .requirements,
efforts were initially expended to acqgvire fuel-effects data from rigs simulsting the hot-sections of
these different engines. Correlations were then sought using the data acquired to produce more general,
generic relationships that could be applied to all military gas turbine engines regardless of their
origin. Finally, models could be developed from these correlations that could predict the effect of
fuel property changes on current and future engines.

This paper describes some of the work performed by Pratt & Whitney Aircraft under Defense
Department-sponsored fuel-effects programs. The experimental work was conducted using hot-section
components from the F100, TF30, and TF33 engines. The analytical effort incorporated data obtalned from
tests of these components as well as data obtained by other investigators from rig tests of their engine
hot-section components. Reference has been made in the text to contractor reports in which the
experimental results and data cited in this paper have been taken.

2. TEST PROGRANMS

Two test and evaluation programs were conducted to determine the impact of jet fuel property
variations on the ignition and performance/durability characteristics of three combustion systems used
in current operational military aircraft. One Iinvestigation addressed the F100 engine, which is used in
the Air Force's F-15 and F-16 aircraft, and the TF33 engine, which is used in the Air Force's B-S2H,
C-135B, C-141 and E-3A aircraft. The other investigation addressed the TF30 englne that is used in the
Navy's F-14 aircraft. Both programs were performed using test rigs comprised of engine combustion
system hardware.

Tests were conducted at conditions that closely simulated those of the three englines under
investigation using the experimentsl fuels that ere described later. Ignition tests were conducted for
both sea-level (groundstart) and altitude (air.tart) operetion over a range of fuel temperstures. For
the airstart test program, simulated altitude conditions were selected from windmilling maps of each
engine; these maps are shown in References 3-6. Performance tests were conducted at four simulsted
power settings. Rig test conditions are shown in Table 1. For the F100 end TF30 rigs these settings
corresponded to idle, cruise, tekeoff and desh. For the TF33 rig, the settings corresponded to idle,
takeoff, and two cruise conditions; a second crulse condition was substituted for the high-eltitude dash
because the TF33 is not used in fighter epplications.

Teble 1. Nominel Operating Conditions for Performence/Dursbility Rig Tests

Inlet Ailr Inlet Ailr Inlet Alrflow

Rig Condition Tenp, K Press, kPs Rate, kg/s
TF30 Idle AAD 3710 2
Tekeoff 750 1790 6
Cruise 620 900 3
Dash 790 1560 S
F100 Idle 490 450 4
Takeoff 700 1160 8
Cruise 810 1470 10
Dth 900 1480 10
TF33 Idle 360 210 2
Tekeoff 550 430 4
Cruise 1 600 530 4
Cruise 2 660 1260 10
’

3. CONBUSTOR HARDWARE

Five mainburner test rigs were used in conducting the experimentel programs. A 90-degree sector
rig wes used for determining both ignition and performance charscteristics of the F100 combustor. PFull
sets of cens, in ennuler srrsngements, were used for ignition testing of the TF33 end TF30 combustors;
pe:formence testing wes sccomplished using single cans.

The F100 burner rig consisted of e diffuser cese, sn instrumented combustor, aend four,
engine-quslity sirblast fuel injectors. The rig wes febricated by cutting the eppropriste sector from
sn engine diffuser csse snd combustor end stteching louver-cooled sidewalls to both. The engine burner
is shown schematicslly, in cross section, in Figure 1. The liner wes instrumented with chromel-slumel
thermocouplas distridbuted exislly end circumferentielly to ecquire tempereture gredient date for
estimating combustor liner 1ife. A deteiled description of the rig is provided in Reference 4.
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Two rigs were used in the TF33 test program. The ignition rig was comprised of eight cans joined
together with dome-located cross-over tubes in an annular arrangement within an engine case; each
combustor was equipped with six pressure-atomizing fuel injectors. Engine igniters driven by engine
exciter boxes supplied the energy and spark rate for ignition to two of the cans. The performance rig
consisted of a single instrumented can, equipped with fuel injectors, mounted in a containment vessel
that simulated a 45-degree segment of the engine case; and an inlet duct and transition duct constructed
from actual engine hardware. The combustor can, shown in Figure 2, was instrumented with thermocourles
and small-diameter tubes to obtain liner temperatures and static pressures, respectively. The combustor
rigs are described in detail in Reference 4.

Two rigs were also used in the TF30 test program. The ignition rig was comprised of eight
interconnected cans in an annular arrangement within an engine case; each combustor was equipped with
four pressure-atomizing fuel injectors. Two of the cans were adapted with engine igniters driven by
exciter boxes that simulated the energy and spark rate of the engine system. The performance rig, shown
in Figure 3, consisted of a single instrumented can equipped with fuel injectors, mounted in a case,
with inlet and transistion ducts, simulating one-eighth of the full-annular flowpath of the engine. The
combustor liner and transition duct were instrumented with thermocouples to obtain information from
which liner 1life could be estimated. In addition, the can and transition duct were fitted with
small-diameter tubes for obtaining liner static pressure measurements. The combustor rigs are described
in detail in References 3 and §.

4. TEST FUELS

A total of 21 1liquid hydrocarbon fuels in three categories were selected for use in the
fuel-effects programs. The first category was comprised of jet fuels made to military specifications
from both petroleum and shale oil. These served as referee fuels primarily to establish baseline values
of combustor operating characteristics. The second category consisted of two sets of nonspecification
fuels produced from petroleum. These fuels were blends of refinery streams that were proportiomed to
exhibit pronounced variations in values of selected properties. The properties addressed were those
that were pred cted to most significantly influence combustor ignition and performance. The. third
category included blended fuels that were prepared primarily to represent reduced-quality rpetroleum
refinery products or emergency fuels. These were incorporated into the programs primarily for their
holistic impact.

Six fuels were included in the first cstegory. TIwo were produced to JP-4 specifications and four
were made to JP-5 specifications. One of the JP-4 fuels and one of the JP-5 fuels were prepared from
0il shale; the remainder were prepared from petroleum. Representative properties of the refaree fuels
are shown in Table 2 relative to JP-4 and JP-S specification values; detailed property information is
provided in References 3-6.

Table 2. Selected Properties of Referee Fuels

Pusl Rsfsrsoce No. 2-1 2-2 2-) 2-4 2-5 2-6 227 2-8
Fusl Typs Jp-4 JP-4 Jp-4 JP-S Jp-$ Jp-S Jp-S Jp-$
{Spse.) (Shals) (Spac.) (Shals)
Hydrogso Cootsot, 13.6¢ 14.54 14.39 13.5¢ 13.9) 13.79 13.81 13.8%
% wt
Aromstics Cootsnt, 25.00 1. 10.1 25.0** 15.9 15.8 22.4 24.0
% vol
Y.scosity, smi/s - 0.97(294K)  1.28(294K)  8.5(253K)**  2.29(289%)  1.58(311K) 2.04(289K) 2.00(289K)
Spacific Gravity 0.751-0.802 0.760 0.781 0.788-0.845 0.818 0.817 0.809 0.807
at 288X
Ioitial Boiling - 293 213 - 431 454 450 459
polat, &
10% Recovsry Tsmp, X - 358 400 478 470 472 466 467
20% Rscovsry Temp, K 418°* 3 421 - 474 an 449
50% Kscovary Temp, K 44)3°° 431 458 - 489 482 480
90% Kecovsry Temp, K S18°° 495 $00 - s1é 516 509 $0S
xod Polot, & Sa)ee 589 $93 $63ee $3% $34 529 $27
Prastiog Polat, X 21800 214 214 22700 27 223 27 2y
Plssh Polst, & - 333 338 338 339 339
Hsst of Comdustico, 42.8° 4).401 43.469 42.6* 43.260 43.041 43.100 43.144
LK TY

*  Niolmum eccaptsbls valuas
*t Nexrimum eccaptadle valuas
- Mo valus specifiond

The sacond catagory consistad of sight fusl blands in two sets. Tha first set contained four
fusls that wers salacted to azhibit perametric varistions in thosa propertiss indicated to impact
ignition charscteristics most significantly. Tha properties of primary intsrest in ths prepsration of
thass ignition fuals wera viscosity and volatility. Thras of tha fuel blands were producad to exhibit
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specified variations in these two properties, including one blend for evaluating the significance of the
shape of the front end of the distillation curve. The fourth fuel was selected for evaluating chemical
effects, related to aromatic structure, on ignition characteristics. The second set of four fuels was
produced to evaluate the sensitivity of combustor performance characteristics to variations in fuel
properties. These characteristics included pattern factor, liner durability, exhaust gas objectionable
emission concentrations, and combustion efficiency at low-power operation. Key properties operated on
to produce the performance fuel blends were viscosity, aromatics content and type, hydrogen content, and
volatility. Pertinent properties of the ignition and performance fuels are shown in Table 3. Properties
of the seven blending stocks that were used in preparing the test fuels, as well as detailed
characteristics of the test fuels, are provided in Reference 4.

Table 3. Selected Properties of Ignition and Performance Fuels

agnition Fuels Performance Fuels

Fuel Reference No. 3-1 3-2 3-3 3-4 3-5 3-6 3-7 3-8
Hydrogen Content, % wt 14.24 13.44 14.04 12.27 13.44 12.94 11.56 11.50
Aromatics Content, % vol 10.¢ 27.5 13.8 55.4 20.1 34.7 61.6 45.5
Naphthslene Content, % vol 2.1 0.7 0.7 0.4 2.8 3.8 4.0 14.9
Viscosity, mn?/s

239K Solid 3.46 6.74 1.73 8.11 5.60 18.8 Solid

244X 5.56 3.03 5.68 1.50 6.56 4.25 12.6 Solid

273K 2.55 1.66 2.55 0.96 2.83 2.09 4.34 4.93

294K 1.71 1.17 1.71 0.74 1.87 1.46 2.65 2.85

311K 1.33 0.94 1.32 0.62 1.42 1.16 1.93 2.03
T (X) st % Recovered

10 370 398 459 365 432 368 430 470

20 399 422 462 384 452 394 435 481

50 509 456 473 419 482 461 483 522

90 542 499 494 442 522 575 611 581
Spacific Gravity at 288K 0.789 0.796 0.801 0.795 0.817 0.814 0.879 0.886
Freezing Point, K 244 216 225 204 226 239 238 253
Flash Point, X 315 319 313 336
Heat of Combuation, NJ/kg 43.287 43,001 43,232 42.560 42.818 42.537 41.212 41.451

The third category was comprised of seven petroleum-base blends. Four were prepared from refinery
streams to be representative of production-type, relsxed-specificstion jet fuels. The remeaining three
were selected to be representative of emergency fuels. One of the emergency fuels was a No. 2 fuel oil;
the other two were bdlends of noneviation fuels and specification-grade JP-5. Some of the principal
properties of these fuels sre sh~wn in Teble 4. Detailed physical and chemicel properties of these
fuels are provided in Reference §.

Table 4, Selected Properties of Relaxed-Specification/Emergency Fuels

Relezed-Specification Fuels Emergency Fuels
Fuel Reference No. 4-1 4-2 4-3 4-4 4-5% A-6%% LR AL
Hydrogen Content, % wt 13.36 13.48 13.66 13,82 13.22 12.83 13.54
Aromatics Content, % vol 28.5 19.8 22.8 18.6 25.9 26.4 18.6
Viscozity, mm2/s at 311K 1.78 2.27 1.62 1.74 2.60 1.77 2.06
Specific Gravity at 288K 0.830 0.836 0.8)9 0.817 0.839 0.847 0.830
Initiel Boiling Point, K 436 441 444 453 426 466 453
10% Recovery Temp, K 463 500 46% 475 491 477 [YR]
30% Recovery Temp, K 549 545 534 537 590 545 570
£3d Point, K 570 $54 549 555 606 561 596
Freezing Point, K 243 249 239 239 270 242 263
Heat of Combustion, MJ/kg 42.648 42.798 42.919 42.961 .t2.706 42.392 42.873
Flash Point, K 330 kYY) 332 342 346 kYY) 349

& No. 2 fuel oil
**  20% (vol) hydrocracked ges oil + 80% (vol) JP-5
*ex  50% (vol) Diesel Fuel Merine + 50% (vol) JP-S
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For ease of identifying the various test fuels throughout the test, all of the fuels in the three
tables have been assigned two-digit reference numbers. The first digit refers to the table number and
the second digit to the reference number of the fuel in the table. For example, the shale-base JP-5
referee fuel in Table 2 is Fuel 2-8, and the emergency fuel comprised of Diesel Fuel Marine and JP-5 is
Fuel 4-7.

S. TEST RESULTS

A significant amount of experimental data was obtained during the conduct of the fuel-effects
programs. No attempt will be made in this paper, however, to present all of the data acquired for the
combustor rigs and 21 fuels investigated; this information is contained in contractor final reports
(References 3-6). The objective of this paper is to provide a condensation of these reports, supplying
representative results from the ignition and performance investigations. These results include both
input - output information and correlations depicting fuel-property effects on combustor rig
characteristics.

{a) GROUNDSTART IGNITION

Groundstart ignition testing was conducted over a range of airflow rates to determine the minimum
fuel flow at which stable ignition could be achieved in a given combustor rig. For the can-annulsar
arrangements, stable ignition was considered attained when all combustors lit within 30 seconds after
fuel flow had been initiated. For the sector burner, stable ignition was considered achieved if burning
was observed directly downstream of each of the four injectors within 30 seconds of fuel initiation.
Prior to each ignition attempt, a common temperature was established for the inlet air, fuel, and test
rig.

The data shown in Figure 4 are representstive of those obtained during groundstart ignition
testing. In this figure, results for the FlOO sector burner rig are presented for a simulated cold day
(244K) using the two baseline JP-4 fuels (Table 2) and the four ignition fuel blends characterized in
Table 3. In general, petroleum-base JP-4 fuel 1it at the lowest flowrates. The other fuel blends, and
the shale-hase JP-4 fuel, 1it at higher flowrates. The increases were essentially proportional to the
relative droplet size (EDS) of the fuel, i.e. the ratio of the Sauter mean diameter achieved for the
fuel under investigation, using a given injector, to the Sauter mean diameter obtained for a baseline
fuel when the same injector {is used; and the fuel voletility, as represented by the 10% recovery
temperature. As the relative droplet size of the test fuel increased, due to higher velues of
viscosity, surface tension, and density, and as the 101 recovery temperature increased, e higher fuel
flowrate, indicative of a higber fuel-air ratio, was needed to effect groundstart ignition.

Figure S shows the results of a more general correlation thet was developed for predicting
groundstert ignition charecteristics. In this cese, the combustor wes the TF30 end the fuels used were
the referee low-aromatic content JP-S fuel, identified in Table 2 as Fuel No. 2-6, end five of the fuels
identified in Table 4. The fuel-eir ratio required for full rig ignition et eech of three eirflow rates
is presented as a function of e vaporization index, which is defined in equetion (1).

2
VI = (RDS) “(S6) "
log (1 + B)

This equetion,described in more detail in the Appendix, conteins physicel properties of the fuel
both explicitely, es specific grevity (SG) end 1implicitely through reletionships defining reletive
droplet size (RDS) end mess trensfer number (B). Ae the index increeses, there is less propemsity for
the fuel to ignite et eny given velue of eirflow rete. Higher velues of the index represent heevier,
poorer-quelity fuels heving, inter elie, higher densities, surfece tensions, end viscosities end lower
voletility cherecteristics. In this case, cherecteristics of heevier, poorer-quelity fuels were elso
echieved by reducing the temperetures of three of the test fuels.

(b)  AIRSTART IGNITION

Airstert ignition tests wrre conducted to determine the cepebility of eech of the three combustor
rigs to echieve steble ignitior. et simuleted eltitude conditions using e variety of test fuels. Steble
ignition in these teste wes defined es it wes for groundstart ignition. Altitude conditions eimulated
for these tests were selected from stenderd-dey windmilling maps. These maps represent known
windmilling opereting regions within the bounds of eircreft eltitude end Mech number for the engine
combustors under investigetion. Tbe eerodynamic veriebles involved include flowrete, totel pressure,
end tempereture of tbe eir entering the combustor rig; fligbt Mech number, end eltitude. By specifying
ony two of theve veriebles, the others cen be obteined from the windmilling msp for tbe engine.

The fuel-dspendent veriebles include physicel end chemicel cherecteristics of the blends being
introduced into the rig, end the fluid dynamicel fectors thet determine the cherecter:stics of the
fuel-eir mizture in the vicinity of the igniter. In generel, es the quelity of the test fuel
deterioreted, es indiceted by increesed viscosity end surfece tension, end decreesed voletility, the
cepebility of e combustor rig to ignite stebly et simuleted eltitude conditions decreesed. Figure 6 is
representetive of tbe impect of fuel properties on eirstert ignition for the TIF3I0 combustor rig et e
tempereture of 40 F (278K). The fuels used were a referee JP-5 thet was described in Teble 2 (Fuel No.
2-6), and five of tbe broedened-specificetion end emergency fuels described in Teble 4. The referee
JP-S fuel end the emergency fuel blend (comprised of Diesel Fuel MNerine end JP-S5) cleerly provided tbe
best end worst eirstert ignition cherectevistics, respectively. Performance of the other fuels 1ley
essentielly midwey between the two extremes.

The cepability of e combustor rig to ignite stebly elso decreesed when tbe tempereture of the
fuel, inlet eir, and rig were reduced. In ¢ sense, the fuel viscosity, surfece tension, end »slatility
were degreded ertificlelly to eimulete cherecteristics of poorer-quelity fuels. Figure 7 shows the
verietion in airstert ignition capebility with tempereture for & ¥P30 msinburner rig fired with the
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reforee JP-5 fuel (No. 2-6) that was described in Table 2. The impacf of increasing viscosity and
surface tenaion, and lowering volatility on airstart ignition characteristics is as pronounced as if
poorer quality fuels were used.

Airstart ignition results as presented in Figures 6 and 7 faithfully represent rig characteristics
for the fuels investigated. However, fuel property influences are not in a form that would enable the
degradation in altitude ignition capability with fuel properties to be readily ascertained.
Consequently, a model was formulated and a correlation developed that did, indeed, allow this to be
accomplished. The model is based on the work of Ballal and Lefebvre (Reference 7) and on the
observation that over a wide range of combustor aesrothermal operating pararsters, the ignition process
is evaporation-rate controlled. It is assumed that a spark creates a spr-rirsl volume of inflamed gas
that, if it ia to propagate through the gas mixture, must be of sufficiei” vri:e that the rate of heat
release within its volume exceeds the heat loss to the surroundings. The radius of the critical volume
is termed the quenching distance and the energy required iz the minimum ignition energy.

Por a given combustor design the quenching distance and, hence, the required energy are functions
of the aerodynamic conditions within the combustor, the fuel droplet diameter, and the fuel volatility.
The internal combustor aerodynamics are directly related to flight conditions, viz. altitude and Mach
number. The droplet size is determined by injector characteristics and by the fuel viscosity, density,
and surface tension. The energy liberated by the igniter varies slightly with the aerothermal
condition, but may be assumed to be constant over the range considered. Therefore, the gquenching
distance can be taken as a measure of ignition capability.

The relationship developed by Ballal and Lefebvre (Reference 7) for the quenching distance, was
rewritten to isolate terms dependent on combustor aerodynamics from those dependent only on the fuel.
The aerodynamic grouping, containing terms that vary with altitude and Mach number, is referred to as
the combustor operating parameter, COP, and is defined as

0.5
Pr {Tu U
a

COP = ———

1wdlp u

(2)

The fuel-dependent variables are collected in the fuel characterization, or correlation,
paramoter, FCP, which is defined as

p sy

FCP = (3)

Tog (1 + B)

The combustor operating parameter can be calculated from operating conditions defined on a
windmilling map for the engine in question. Figure 8 ahows the variation in altitude with combustor
operating parameter for a TF30 combustor rig.

To the extent that the igmition scenario and model are valid, there is a fixed relationship
between the values of the combustor operating parsmeter and the fuel characterization parameter that
will result in ignition. Figure 9 ahowa such a relationship that was developed from airatart ignition
data for the TF30 combustor rig using three of the referce fuela identified in Table 2. The fuels were
a low-aromatic content JP-5 (Fuel No. 2-5), a high aromatic JP-5 (Fuel No. 2-7), and a shale-base JP-5
(Fuel No. 2-8). The data indicate a linear relationship between the two parsameters for each of the four
burner airflow ratea inveatigated. For a particular airflow rate, any combination of the two parameters
falling below the correlation line for a specific airflow rate would indicate a “"no-light" situation;
any combination falling on or above the line would indicate stable-ignition.

Figurea 8 and 9 in combination form a basis for predicting the effect of fuel chenges on airatart
capability. For a given fuel, the fuel characterization parameter is first calculated from fuel
propertiea and injector characteristics. For this value of the fuel characterization parameter, the
ignition limit of the combuator ~gerating parameter ia then defined by Figure 9 at each airflow rate.
Finally, the value of the combustor operating parameter is converted to altitude uaing Figure 8.

A refinement of the preceding model waa foimulated to provide a simplified airatart ignition
correlation. Using Figure 8, with a referee JP-5 fuel as the baseline, the change in value of relight
altitude between that resulting from the use of the referee fuel end that resulting from the use of the
teat fuel was determined aa a function of the fuel characterization parameter for each of the four
airflow ratea. Each fuel characterization parameter was then normalized, wusing the fuel
characterization parsneter for the referee JP-5 fuel, to obtain a fuel characterization parameter ratio,
FPR, which ia defined in equation (4).

FCp
FPR = ———F (4)
( CP)JP-S

The reaulting plot is ahown imn Figure 10, where the difference in relight altitude for the TF30
combuator rig is preaented aa a function of fuel propertiea and airflow ratea. Fuela having ignitioen
qualities better than those of the referee militery-apecification fuel ere identified by fuel parameter
ratioa leas than unity, increasea in relight altitude ebove that ol the referee fuel ere identified by
fuel parameter ratios greeter thanm unity.
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The validity of the approach taken to produce Figure 10 was tested using data from airstart
ignition tests in which a number of the fuels listed in Table 4 were evaluated. As discussed earlier,
the fuels in Table 4 were prepared to be fully representative of relaxed-specification and emergency
fuels. Figure 11 presents the results obtained for the specified test fuels relative to the 27,000
1b/hr (3.4 kg/s) airflow rate correlation line shown in Figure 10. The good correlation achieved for
this airflow rate line was also obtained for the remaining three airflow rate lines.

(¢) PATTERN FACTOR
Pattern factor, PF, defined in equation (5), was determined from temperature measurements of the

air entering the performance combustor rig and of the working fluid leaving the rig.

-T
Tmax,out avg,out

T - T .
avg,out avg,1n

where Tpgay out = maximum exhaust gas temperature measured in the plane of
the turbine first-stage vane

Tayg,out = average temperature of the exhaust gas in the same plane
Tavg,in = &verage temperature of the combustor inlet air

This parameter provides a measure of the quality of the working fluid being supplied by the
combustor to the turbine, which influences turbine durability and performance. The lower the pattern
factor, the greater the durability of the turbine.

The best means of determining pattern factor for an engine is by using the engine itself as the
test bed. 1In this way, the influences of combustor inlet air distribution, associated with a specific
compression system, and internal aerodynamics, resulting from the interaction of the fuel and air
injection systems, are measurable exactly. Unfortunately, this type of testing is not routinely
possible because of the high costs of preparing for and conducting the tests., In the case of
determining the effect of fuel properties on hot-section performance, engine hardware could be
jeopardized because of the many unknowns involved. Therefore, although engine testing would provide the
best data on fuel-dependent pattern factor effects, combustor rigs, with their inherent deficiencies,
were used to deveiop relative trends. From these trends, however, the magnitude of fuel effects on
engine hardware can be projected and then engine testing, incorporating automated recording temperature
systems (ARTS) in the first turbine vanes, could be indicated to guantify the rig trends and refine the
preliminary models and correlations.

The trends obtained in pattern factor variations with fuel properties were found to correlate,
generally, with the vaporization index of the fuel, which was defined in equation (1). However, in the
performance-test version of this index, the 90% recovery temperature of the fuel, was used in
determining the relative droplet size and mass-transfer number. Processes within the combuator that
would tend to influence droplet size, penetration, and evaporization and then impact pattern factor were
considered to be more dependent upon the final stages of droplet life than upon the initial stages.

Figure 12 shows a correlation indicating the influence of fuel properties on pattern factor and,
in turn, their impact on the predicted low-cycle fatigue life of & first-stage turbine vane for the
TF30. The data have been normslized to emphasize trends rather than absolute vslues, which for this
type of rig testing are of little value. Aas the pattern factor incresses, the low-cycle fatigue life is
predicted to decrease as would be expected. However, the impect of fuel properties on pattern factor,
both explicitly in terms of hydrogen content of the fuel and implicitly through vaporization index,
sre well depicted. Although the megnitude of the trends observed sre not especially pronounced, the
potential impact on turbine life due to the fuel burned is significant. As fuel quality deteriorates in
terms of viscosity and volatility, the resulting turbine performance, in terms of dursbility, is
projected to deteriorate.

(d)  LINER DURABILITY

The life of conventionally cooled combustor liners in operational aircreft engines is generslly
limited by cracks in specific louver sean welds csused by low-cycle fatigus. Low-cycle fatigue results
from cyclic expansion and contractior of the combustor liner during engine operation. Crack initiation
occurs at locations in the liner where high stresses exist due to sever¢ thermsl gradients. This
location is usually at a sesm weld between two adjacent louvers, as shown in Figure 13, where a
relatively large tempersture gradient exists between the louver wall and the knuckle. At high-power
operating conditions the stress concentrations in the vicinity of the seam weld cen bu well sbove the
yield strength of the material ceusing plastic deformation with esch cycle.

For s specific engine operating condition st which a referee fuel is burned, s thermal gradient is
established between the louver lip and the knuckle causing s bending stress in the seam weld. When s
poorer quality fuel is substituted for the referee fuel and is burned, the flame luminosity increases,
which incresses the temperature of the louver lip, but not the colder knuckle. The knuckle tempersture
remsins essentially constant becsuse of the radistion sh. elding provided by the lip and the temperature
invarience of the cooling air entering the vicinity of the knuckle. Consequently, the incressed flame
luminosity increases the lip-to-knuckle thermel gradient and causes higher stresses in the sesm weld.

Estimates of relative liner life were made for the F100 and TFI0 combustors using messured liner
tomperatures from tests in which both baseline and experimental fuels were durned. To ensure the
echievement of maximum streain in the critical louvers of the liners, the Type I engine cycle (off to max
to off) was used to estimate fuel effects on Fl00 combustor life, and the Type I and Type II engine
cycles (off to max to off with Type II going to supersonic) for the IFI0 estimstes.
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The technique used for the low-cycle fatigue snalysis incorporated eguation (6) for calculating
thermal strains.

Ae AT

u - L (6)
Ae AT .
baseline baseline
where AeT = total strain from burning the test fuel
Q€ = total strain from burning the baseline fuel
baseline
ATT =  temperature differential between seam weld

and knuckle when test fuel is burned

X =  temperature differential between seam weld
baseline and knuckle when baseline fuel is burned

A value of baseline strain was taken from a figure relating the dependence of total strain range
on cycles to failure for the liner materisl over a range of metal temperatures. Ficld history provided
information on cycles to failures for the engine combustors.

Figure 14 shows the varistions in life for the F100 and TF30 combustors that were estimated using
rig temperature data, egquation (6), and the low-cycle fatigue properties of the liner materials as a
function of the hydrogen content of the fuel burned. The abscissa has been normalized by the hydrogen
contents of the baseline fuels used in the test programs for the two combustors. Also shown in figure
14 are variations in predicted combustor liner life with the fuel hydrogen content parsmeter for two
models of the J79 engine (Reference 8) and for the F101 (Reference 9). All trends are generally the
same; as the hydrogen content of the fuel is reduced, the predicted liner life is also reduced. The
magnitude of the predicted reductions in 1life are dependent upon the strain model selected, the
materials data used, and the baseline information from field experience.

During the conduct of the TF30 fuel-effects investigation, a porous-plug radiometer was installed
in the liner to measure the radiative heat load from the burning of lower-quality fuela. Figure 15
shows the variation in measured radistive heat flux with tho hydrogen content of the fuel being burned
at a number of opereting conditions. As expected, the thermal radiation contribution to the total heet
transfer rate from the combustion process to the liner increased as the hydrogen content of the fuel
decreased. The significance of the increased thermal radiation load on combustor 1liner life at
sea-level takeoff conditions is shown in Figure 16. For a seven per:ent decrease in hydrogen content of
the fuel, the radiant heat flux increased by 16 percent resulting in a predictad reduction in linar life
of approximately ten percent.

Combustor liner metal temperatures measured in the tast programs and usad in tha durebility
analyses ware correlated using a linar severity parametar, LSP, which iz defined in agquation (7).

Tmetal.max - Tair.in
LSP = - (7)

gas,out Tair,in

This peramatar is similar in form to that for pattern factor, equstion (S). Whan plottad against
tha hydrogen contant of the fual burnad, tha linar sevarity parametar indicates tha sansitivity of liner
hot-spot temparature to poorar gquality fuels. As shown in Figura 17 for a variaty of combustor rigs
operating et saa-laval takaoff conditions, as tha hydrogen contant of tha fual being burnad was
decreased, tha linar savarity peramatar incraesad. Although tha reta of change of this parametar to
hydrogen contant was ralstivaly small for all of tha combustors considerad, tha megnitude of tha

parsmeter diffared significantly for aach.

(a) COMBUSTION RFFICIENCY

The combustion afficiancy for a gas turbina combustor is a meesure of tha affactivenass in which
chamical raactions batween fual snd air ara complataed within a givan volume. This affactivenass is
strongly dapandant upon tha preperation of tha fual-air mixtura. Undar high-power conditions, tha fual
injactors operata in a ranga whare atomizetion is optimum and rapid veporization of the injacted fual is
anhancad by high temparatures of tha inlat air. At low-power operating conditions, atomixation is
genarelly poorar, rasulting in largar droplats baing injactad; end inlat air temperatures are lower,
resulting in lass of the incoming fual being vaporized.

Poorar preparation of tha fual-eir miztura for reaction contributas to enm obsarved lower
combustion afficiency at idla: aspacielly with thosa engines having 1low prassura ratios. Intriasic in
tha variables effacting fual praparetion are the physicel propertias of tha fual. Highar valuas of
viscosity and surface tansion, end lower velues of volatility can yiald largar, lass vaporization-prona
droplets.

Tha affact of fuel propertias on coabustion afficiency at tha idla power setting was azamined
using data acquirad in tha F100, TF33 end TF30 burner investigations (Refarancas 3-6). Date obtained
from othar sourcas were also azamined to obtain fual-dapendency comparisons betwean diffarant combustion
systems (Rafarancas 10-13). Tha correlating parsmeter salected for combustion efficiency at the idla
power satting is tha veporization index, which wes dafined eerlier in equetion (1). It is conjactured
that idle afficiancy is controlled by tha ebility of the fimel portion of the fuel spray (tha portion
associatad with the upper end of tha distilletion curve) to vaporize rapidly enmough to raact before
laaving tha combustor. For this raason the mass transfar numler in the Janominetor of eguation (1) was
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evaluated at the 90% recovery temperature for each fuel investigated. As described in an earlier
section, es the velue of the vaporizetion index increases, the tendency for the fuel to vaporize
decreases. The poorer preparetion of the fuel-air mixture contributes to a lower value of combustion
efficiency being obtained.

The vaporizetion indez for each of the fuels tested in a given combustor wes normalized by the
velue of the veporization index for that combustor when a referee fuel was burned. Likewise, the value
of combustion efficiency et idle power operetion for eech fuel was normalized using the efficiency
meagsured for the combustor in question when the same referee fuel was burned. Consequently, the fuel
effect trends, relative to conventional, militery-specification fuels, can be more readily ascertained.
In addition, this technique provided a means to compare the fuel-effects trends for all combustors on a
common besis.

Figure 18 shows the resulting variation in idle efficiency ratio with vaporizetion index ratjo for
rigs representetive of combustors in the F100, TF33 end J79 engines. These systems were selected as
being typical of high pressure ratio modern powerplants and of more mature, lower pressure ratio
systems. Therc is very little effect of fuel properties on the efficiency of the F100 sector burner at
the idle opereting condition. The combustor pressure and inlet air temperature as well es the air-blest
fuel nozzles contribute to good fuel preparation and high combustion efficiencies et idle. Over the
range of vaporization indexes for the fuels tested with this combustor (Tables 2 and 3), there is but a
one-point decrease in idle efficiency etiributed to fuel properties. However, for the lower pressure
ratio TF33 combustor, there is a significant decreese in combustion efficiency at idle with fuel
properties. Over the renge of veporization indexes corresponding to the fuels tested (Tables 2 and 3),
the idle efficiency was observed to chenge by seven points. The effect of fuel property variations on
preparetion of the fuel eir mixtures is significant. It is interesting to note that the correlation
obteined for the J79 combustor can is essentially identical to that obteined for the TF33 can, even
though the fuel blends evalueted in each were different. The fect that the results shown in Figure 18,
for the J79 end TF33 were so similer indicates that the processes controlling mixture preparation and
reection in each were essentielly identical end predictable through thas use of the vaporization index.

(f) SMOKE

During the performance tests, the smoke number of the exhaust gas discharged from the combustor
rigs was measured in accordance with the method described in Reference 14. Of the fuel properties and
relationships examined for correlating the smoke numbers, the single variable hydrogen content of the
fuel provided the best correlation.

The absolute values of smoke number that were measured in the performence rigs can be quite
different from those that might be obtained during engine testing. Experience gained during engine
development has shown this to be true. However, rig data is very valuable for providing information on
relative changes and in indicating trends. Therefore, the smoke data obtsinad during the fuel-effects
programs for the F100, TF33, and TF30 combustor rigs (Referencea 3-6), as well as the date reported for
the J79, F101, and TF4l combuster rigs (References 10-13), were operated on end ere presented in Figure
19 in a form showing the tendencies of the different combustor rigs to produce smoke s fuel quality is
reduced. In combination with actual engine smoke date, Figure 19 can elso be used to estimate the
increase in engine smoke number resulting from the use of poorer quelity fuels.

To develop Figure 19, the smoke deta for the different combustor rigs, operating et simulated
sea-level takeoff conditions where smoke production is greetest, were first lineerized against the
hydrogen content of the fuel used. The smoke numbers meesured when the verious fuels were burned in a
given rig were normelized with the smoke number thet wes obtained when e referee fuel was burned. The
referee fuel selected for developing Figure 19, for all combustors except the TF30, was
military-specificetion JP-4 fuel that conteined 14.5 percent hydrogen. For the TF30 combustor, the
procedure was somewhat modified beceuse the referee fuel used was military-specification JP-5 thet hed a
hydrogen content of only 13.79 percent. In this cese, the linear relationship between smoke number end
hydrogen content was extrapolated to e hydrogen content of 14.5 percent, end the smoke nuaber
corresponding to this value was used es the normelizing base for the IF30 rig results.

As shown it Figure 19, the rate of increase in smoke number with decreesing hydrogen content is
essentielly the same for the TF4l, TF33, F100, and F1Ol rigs. However, the rates for the TFIO end J79

rigs are more then twice as great. These trends ere the result of the different design feetures that
heve been incerporated into the combustors.
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8. APPENDIX
Veporization Index (VI)

The vsporizstion index (VI) is defined in equstion (1') ss

5
(RDS) (SO

VI &8 ,
log (1 + B) (1*)

and conteins the three principsl varisbles relstive droplet size (RDS), specific gravity (SG), snd
mass-transfer number (B).

The relative droplet size, is defined in equation (2') as

MDD
R (2')
R reference

and is the ratio of the Sauter mean diameter of a fuel obtained under s given set of operating
conditions., For pressure-atomizing fuel injecltors, for exzample, relstive drop size has been
estimsted using relstionships from Reference (16), which has been simplified to the expression
shown in cyustion (3*)

0.6 0.2
g v ,
o - |5 (3')
ref ref
where o = surface tension
v = kinematic viscosity
ref = reference

Similar relstionships can be developed for air-blast fuel injectors (Reference 17).
The mars-transfer number (B) is defined in equation (4') as
(mo ¢ R/r) + ¢ (Tg - Ts)

B = - 4
Q (4')

SR S—




where By, g = mass fraction of oxygen

H = heat of combustion
} r = stoichiometric ratio
¢ = gpecific heat at constant pressure
Ts = combustor inlet temperature ‘
Ty = recovery temperature; 10% recovery point for ignition and
90% recovery point for combustor efficiency and pattern
factor
Q = heat conducted from gas per unit maes crossing the phase

boundary, as defined in equations (5') and (6') which is the
sum of the latent heat of vaporizai on and the incresse in
enthalpy between the base temperatvre and the surface

temperature
Q=L +cy (Tg-Tg) (5"
Q= Ly + cyap (Tg-To), (6")
where L = latent heat of vaporizetion at droplet surface
(3} = specific heat or liquid
Ig = surface temperature of ligquid

Cvap = specific heat of vapor at constant pressure

Le = latent hest of veporization at T,

Fiypure 1. FIOU Combustion Scetion Flow Path Figure 2. Instrumented TF3I3 Combustor Can
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DISCUSSION

J.Vieghert

You mentioned effects of fuel temperature on several characteristics of combustion; is there also an influence on
smoke production?

Author’s Reply
An increase in the temperature of a fuel that is injected into a combustion chamber should, in general, serve to
produce a lower level of smoke in the exhaust gas. The elevated temperature, in essence, increases the volatility
of the fuel. Enhanced volatility has been demonstrated to assist in the suppression of smoke and carbon deposition.

C.Moses, US
You have had considerable success in developing a parameter for fuel properties for use in correlating engine

performance characteristics. Have you done any work in trying to include engine design characteristics so that
many engines can be correlated together into one model?

Author’s Reply
We have been successful in correlating characteristics of specific engine burners using the parameters described in

the paper. We have not yet developed a unified parameter that would apply to a wide range of gas turbine engine
burners.

J.Peters, US

In regard to the question of extending your correlations (particulerly for ignition) of fuel effects to include different
engines, | believe it can be done by including air mass flow rates and geometry with reference velocity and fuel

injector effects with drop size correlations. This is illustrated for ignition, lean blowoff and combustion efficiency
in Paper No.32

G.Winterfeld, Ge

The two parameters used, vaporization index V1 and fuel characterization parameter, FPC, look quite similar,
with the exception of the exponent of drop size. Can you comment on that difference in the two parameters?

Author’s Reply
The fuel characterization parameter FCP, defined in equation (3), was formulated for predicting altitude ignition
characteristics from the quenching distance relationship of Lefebvre and Ballai (reference 7). The value of
(SMD)!"®, which appears in their basic equation, has been maintained per se, The vaporization index VI, as
defined in equation (1), was developed for groundstart ignition, combustion efficiency, pattern tactor and lean
blowout from a relationship relating droplet lifetime to the square of the droplet diameter. In the derivation,
the single droplet diameter term was replaced with SMD for a droplet array and was normalized using the value of
SMD for a reference fuel. Therefore, the expression for VI includes an SMD ratio rather than an absolute value
(as in the expression for FCP), and the exponent of the ratio has been maintained as a squarc term. The exponential
difference between 1.5 and 2 is small; however. the terms being raised to the different powers are quite difterent.




