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IMPACT OF FUTGRE FUEL PROPIRTTES ON AIRCRAFT ENGINES AND FUFRL SYSTEMS

R. A. Rudey and J. 8. Grobman
NASA lawis Rescarch Canter
(leveland, ohio  4413%, U.S.A.

SUMMARY

From current projections of the availability of high-quality petroleum crude oils,
it is becoming increasingly apparent that the specifications for hydrocarbon jet fuels
may have to be moditicd. The preoblems that are most likely to be encountered as a re-
sult of these moditications relate to enagine performance, component durability and main~
tenance, and aircraft fucl-system performance. 7The effect on engine performance will be
associated with changes in specific fuel consumption, ignition at relight limits, at ex~
haust emissions. Durability and maintenance will be affected by increases in combustor
liner temperatures, carbon deposition, gur formation in fuel nozzles, and erosion and
corrosion of turbine blades and vanes. Aircraft fuel-system performance will be affected
by increased deposits in fuel-system heat exchangers and changes in the pumpability and
flowability of the fuel. The severity of the potential problems is described in terms of
the fuel characteristics most likely to change in the future. Recent data that evaluate
the ability of current-technology aircraft to accept fuel specification changes are pre-
sented, and selected technological advances that can reduce the severity of the problems
are described and discussed.

INTRODUCTION

This paper describes and discusses the propulsion-system problems that will most
likely be encountered if the specifications of hydrocarkbon-based jet fuels must undergo
significant changes in the future and, correspondingly, the advances in technology that
will be required to minimize the adverse impact of these problems.

Future jet aircraft fuels derived from petroleum or "synthetic" crude stocks such as
oil shale or coal may have sicnificantly different fuel properties than current jet fuels.
The effect of these changes in fuel prope “ties on selected combustion processes are des-~
cribed and discussed in reference 1. As pointed out in reference 1, significant changes
in fuel properties may be cncountered in the not~too-distant future; the most probable
changes will be in the hydrogen-to-carbon ratio, the percentage of aromatic compounds,
the percentage of nitrogen :zompounds, and the fuel boiling range. The relationship of
these fuel property chances to potential propulsion-system problems is illustrated in
Figure 1. A higher fuel boiling range will likely result in a less volatile, more vis-
cous fuel, which will affect both ignition characteristics and idle emissions, and a
higher frecezing point, which will affect th. pumpability and flowability of the fuel.
Increases in aromatic compounds will result in increased smoke and flame radiation and
poorer chemical stability. Increases in nitrogen compounus will result in increased
nitric oxide emissions and, again, poorer chemical stability. These potential problems
impose some very severe constraints on the ability of conventional aircraft-engine tech-~
nology to accommodate fuels with variations in these prorerties. Several investigations
have been recently made or are currently under way to evaluate the effects of some of
these property changes on conventional aircraft-engine technology (2-7). The principal
problem areas that have been identified to date are primarily associated with the engine
combustor and turbine and with both the engine and the aircraft fuel system,

Although this paper describes potential problems and the ability of advanced tech-
nology to minimize or eliminate them, in the final analysis, the choice between estab-
lishing allowable variations in fuel properties and implementing advanced propulsion-
system technology will be arrived at through an iterative process. Obviously, cconomics
will play a key role, as will the availability of high~quality crude oil feedstocks.
Therefore, the criteria by which to make an optimum trade-off between future fuel
specifications and advanced technological needs must be established. This is the prin-
cipal objective of the Fuels Technology Program that is being conducted by the Mational
Aeronautics .and Space Administration (NASA) and from which o large part of the informa-
tion presented in this paper was derived. Many other programs sponsored by both the
d.8. Government and private industry are also under way, and they too have contributed
information to this paper.

Several investigations conducted are summarized. Illustrations are used to describe
the relative effects of selected fuel properties on the behavior of propulsion-system
components and fuel systems. The selected fuel properties are those that are most likely
to be relaxed in future fuel specifications (1). Illustrations are also used to describe
technological advances that may be necded in the future. Finally, the technological areas
needing the most attenticn are described, and programs that are under way to address
these necds are briefly discussed.
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ENGINE PLRFORMANCE

Potential future fuel properties will aenerally affect enqine performance by changing
gpecific fuel consumption, 1gnition and relivht limita, and exhaust eminsiona. Each of
these factors iy dealt with separately.

Specific Fucl Consumption

In gencral, the specific fuel consumption (SFC) characteristics of aircraft engines
go through u cyclic deterioration with time (Fig., 2): A short-term engine performance
deterioration, or increase 1n SFC occurs during carly operation within the lleet; long~-
term engine performance deterioration 1s modified in a cyclic manner by cngine repair,
The short~term detertaration ordirarily results from chanaes in running clearances and
tolerances in what might be called the break-in period:; it is not gencrally rccoverable.
The long-term trend can he modified by engine repair; for the newer high-pressure~ratio
engines this generally mecans replacement or refurbishment of hot-section parts. Many
hot-section problems are caused by temperature maldistribution and by crosion and cor-
rosion. Without the repair of hot-section parts, the overall long-term engine performance
deterioraticn woulu be nuch greater than that shown on Figure 2. Relaxed fuel specifica-
tions, especially in the percentage of aromatic compounds and trace species such as
vanadium and sulphur, may considerably agaravate long-term deterioration. The problems
that may be caused by changes in aromatic centent and trace species are described in more
detail in the section ENGINE COMPONENT DURABILITY AND MAINTENANCE.

Ignition” and Relight Limits

The principal fuel properties that affect the ignition and relicht limits of an air-
craft engine are volatility and viscosity. Fuel volatility and viscosity affect the
atomization and vaporization characteristics of the fuel as it is sprayed into the ccm~
bustion chamber. liow these propertles affect combuster igniticn characteristics is illus-
trated in Figure 3 (taken from ref. 5), where time to start :s plotted as a function of
combustor primary-zone cquivalence ratio for a JP4 fuel and a Jet A fuel. Two effects
are clearly shown in Figurc 3: For a given fuel (e.¢., IT-4), the time to start increases
dramatically with decreasing equivalence ratio after a critical minimum is reached. This
is primarily due to the effect that reducing fuei-nozzle flow rate has on the atomizaticn
quality of the fuel spray. The second cffect relates to fuel volatility and viscosity.
Substituting a Jet A fuel for a JP-4 fuel, and thus varying volatility, made a higher
primary-zone equivalence ratio necessary for successful icnition., The need to provide a
ticher primary-zone equivalence ratio could make it difficult to obtain adequate ignition
limits for a fixed-gcometry conventional combustcr. Volatility and viscosity can also
affect an engine's altitude reliaht envelope, as illustrated in Figure 4, for a modern
high-bypass-ratio jet engine combustor using cold and heated IP-5 fuel. Reducing fuel
volatility and increasing viscositv, as simulated by using the cold fuel, caused a notice-
able loss in altitude relight capawility, especially at the higher flight Mach numbers.
Several techniques that can be used to improve relight are described later in this paper.

Exhaust Emissions

The principal fuel properties that can affect tnyine exhaust emissions are volatility,
hydrogen .content, and fuel-bound-nitrogen content. These properties affect all four of
the principal exhaust emissions that have been designated as air pollutants and that are
currently being regulated by the U.S. Environmental Protection Agency (EPA); carbon
monoxide, hydrozarbons, nitrogen oxides, and smoke.

Effects of hydrogen content. ~ Fuel hydrogen content can affect all four pollutant
emissIons. Vory dramatic incrcases in cembustor smoke number with decreasing fuel hydro-
gen content have been obtained in experimental evaluations using conventional combustion
chambers from current-tcchnology aircraft engines. An cxample of this effect, for a
conventional can-type combustor, is illustrated in Fiqure 5 (taken from ref. 6). At a
simulated takcoff operating condition (Fig. 5(a)) the mecasured Society of Automotive
Engincers (SAFE) smoke nurker increased in a ncarly lincar manner as the percentage by
weight of fvel hydrogen wus reduced. The relative impact, as indicated by the slope of
the experimental data, was more severc at the cruise and idle operating conditions, as
shown in Figures 5(b) and (¢), respectively. For the enuine that uses this combustor, an
SAE smoke numbes of 25 is required at takeoff for compliance with the currently proposed
U.S. EPA standards.

The carbon monoxide (CO) and unburned hydrocarbon (HC) emissions of this same can
combustor operdating at idle conditions are plotted as a function of fucl hydrogen content
in Figure 6 (taken from rf. 6). Although a congiderable amount of scatter is evident, a
trend of slichtly 1nereasing €O and HC emissions 18 detoctablie with decreasing fuel hydro-
gen content.  Thin oflfcot ot fuel hyarogen content on Ctoand 0 emissiens will bo most
prevalent at the idle condition, as Lllustrated in Figure 7 (1aken trom ref, 5), where the
emission characteristics of a low-pressure-ratio endine combustor are plotted as a function
of the percentage of cngine rated power for a variety ¢t furl types. Hecause the number
2 diesel fuel (DF-2) has a significantly lower hydrouen content and lower volatility than
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the jet fuels, it produces higher emistsions, The larqer relative effect on emisnslons j
at idle, as compared with the other cpetating conditions, i attributed to the much
lower compressor discharge pressure and temperature at tdle.  The effect of fuel hydro~ { !
gen content on CO and HC eminsions, au 1llustroted in this example, may not be as signifi- 0t .‘
cant in currcent and future modern high-prossure-ratio ongines, The hiqgher compreassor L

discharge pressures and temperatures of Chese engines should moanimize this problem.

The effcct of fuel hydrogen content on oxides of nitrogen (NO.) emissions is {llus-
trated in ligure 8 for the same can combuster used to obtain the results shown in Fig-
ures 5 and 6. For this combustor, the Oy emission index increase was more pronounced
at the takeoff condition than at the crulse condition. This increase in NOx emissions
was attributed to a possible increase in combustion flame temperature that could have
occurred as the fuel hydrogen content was decreased.  An example of such an increase in
flame temperaturc is illustrated in Figure 9, where a computed maximum flame temperature
(based on a homogeneous fucl-air mixture) io plotted as a function of fuel hydrogen con-
tent for the same cruisc and takeoff test conditions used to obtain the experimental re-
sults shown in Figure 8. Those thecoretical temperature characteristics indicate that a

trend toward increasing NOy emissions with decreasing fuel hydrogen content should be ex-
pected.
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Of all of these effects of fuel hydrogen content on exhaust emissions, the dramatic
increases in smoke emission are felt to be the most severe and challenging problem.
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Effects of fuel-bound-nitrogen content. - Increasing fuel-bound-nitrogen content is
expected to have an effect only on fio, cmissions. This offect for a low-pressure-ratio
engine combustor is illustrated in Figure 10 (taken from ref. 7) for three simulated en-
gine operating conditions. The M0y emissions increased substantially at all operating
conditions as fuel-bound-nitrogen ccntent was increased. The magnitude of the increase in
NOx emissions would be even rore pronounced if all the rnitrogen were converted into NOy,
but this was not the case, as shown in Ficure 11. The conversion cfficiency shown in Fig-
ure 11 is quite typical and comparable with many results currentiv lLeing cbtained in other
experiments. In some studies, however, conversion cfficiency has | .-en shown to ke a1 func-
tion of variations in combustor configuraticn and operating conditicns. Conversion effi-
ciencies from as high as 80 percent down to 40 or 50 percent have been realized.

|

™n these experiments, fucl hydrogen and fuel-hound-ritrogen contents were varied by
"doping" existing~specification fuels with such purce compounds as alkyl benzenes and
pyridine. The range of hydrogen und nitrorcn contents was purposely made large in order
to evaluate the effects 1n a parametric ranner. The lower and upper limits were not set
to imply that any particular levels dre expected in future fuels. Also, bear in mind
that most of the results were obtained in controlled comrbustor test-rig experiments and
thus may not be comparable to actual engine results. Nevertheless, the trends in exhaust
emissions that were illustrated are felt to represent what can be expected if fuels having
properties sinilar to the test fuels are used.
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ENGINE COMPONENT DURABILITY AND MAINTENANCE

Changes in future fuel characteristics will likely have a pronounced effect on engine
component durability and raintenance. The increasing flame temperature and luminosity
that can be expected as fucl hydrogen content is reduced (1) can cause problems in cooling
combustor liners and turbine vanes and blades. Changes in tuel volatility and chemical
stability can be expectced to increase carbon tormation and deposition. And any increase
in reactive trace constituents will certalnly agaravate the erosion and corrosion problems.
Each of these changes are considered in the following discussion.

ORIGINAL PAGE I
Combustor Liner Temperature OF POOR QUALITY

The effective cooling of combu- .or liners is becoming more difficult because of the
changing engine cycle conditions  ssociated with high-pressure~ratio enqines. The cffect ;
of increasing combustor inlet te-perature on liner temperature is illustrated in Fiqure 12
(taken from ref. 8). The ¢ffect 15 almost lincar and 15 probably caused by the increasing ,
cooling-air temperaturc and the incrcasine flame terperature that weuld occur at a fixed '
primary-zone fucl-air ratio as inlet air temperature 15 oincreased.  Another factor thad l

can increase flame temperature and £ lame emissivity is cembustor pressure. The effect of

increasing combustor pressure on liner temperature is illustrated in Piqure 13. Calculated

liner temperatures are also shown in both Fiqures 12 and 13 and, in goneral, they are in b
reasonable agreement with hoth tie shape and trend of the measured experimental temperature !
and pressure effects.  However, the caleulated absolute liner wall temperature levels are
too high probably ccause total flare radiation cannot bLe decurately torecast.  The sensi~
tivity of lincer wall temperatures te f lame emissivity (luminosity) 1y strerqgly affected by
the hydrogen-to-carben ratio of the fuel (1). This ot foct iz 1llustrated in Fiaure 14,
where experimentally measured liner terporatures are plotted as a function of the hydroaen
content in the Cuel aeod Con testane o can combustor (0 At Lwo Stenlated cndaine aperataing
conditions. The stecper slope of the weasurcd Liner terporatures at the crulse conditions
suggests that the flame luminosity ctfect Loecome:s more I ronodnced at the compressor dis-
charge pressures associated with Fhe crulse condition, The offect of combustor pressure on
soot formation, and hence flame luminosi Yo 49 dederibed an o detall in reference 9.
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affoct combustor liner tonperatures

In summary, there are soveral factors that could
o ratioc that are being aought to

in future aircraft enqginet. Increases in cycle prensur
improve engine efficicney are cortainly qgoing to regquire additional attention to the liner
cooling problem. 1t 14 also apparent that reductions in the hydrogen content of future
fuels will surely aggravate any problems asgociated with liner cooling.

Carbon Formation and peposition

nability to effectively atomize
duction in fuel hydrogen content can cause some rather

sition problems, as jllustrated in Figure 15, Figure 15
rod in an experimental annular combustor for a iow-
this severe is not prevalent in today's high=
pressure-ratio engines. [lHowever, carbon formation could once again become a problen if
fuel volatility and hydrogen content are significantly modified. The effect of both
volatility and hydrogen~carbon ratio on carbhon deposition is illustrated in Figure 16
(taken from ref. 11). The use of fuels with higher boiling ranges (e.9., diesel oil) and
lower hydrogen-carbon ratios (high:. aromatic content) would tend to increase carbon
deposition. Because these cffects arce pressure and temperature dependent, the higher
cycle temperature of most modern hich-performance enaines should reduce the probability
that carbon formation and deposition as dramatic as that shown in Figure 15 would occur

with the use of future fuels having low volatility and hydrogen content. However, some
of the new low-pressure—ratio small engines used in remote-piloted vehicles (RPV'Ss) could
encounter rather serious problems when using fuels with relaxed volatility and hydrogen

content specifications.

The combination of the i the fuel that is injacted
into a combustion chamber and a re
dramatic carbon formation and depo
shows carbon deposition that occur
pressure-ratio engine. carbon deposition

carbon deposition and coking within fuel nozzles can cause problems in fuel atomiza-
tion such as illustrated in Figure 17. The streaking effect that is shown in the spray
pattern is most likely caused by deposits in the small fuel-nozzle passages that occurred
due to thermal stability problems in the fuel. Poor fuel atomization can cause the carbon
formation and deposition problems that were previously discussed and can also result in
significant hot-streak and pattern-factor problems within the combustor.

Erosion, Corrosion, and Deposition

There are tiaree principal factors that can cause problems within the hot section of
an aircraft engine, particularly in the turbine: high combustion-exhaust-gas temperatures,
unburned combustion products, and impurities in both the fuel and the air. All these
factors can combine to produce turbine materials (12), as shown
schematically in Figure 18. Impurities such as sodium, chlorides, and sulphur can result
in gaseous reactions, liquid deposition, and oxide fluxing, all of which can produce high=
temperatuie oxidation and corrosion damage. Damage from liquid and solid deposits and
fouling occurs because of calcium, potassium, and magnesium impurities within the fuel.
Erosion damage can occur from the impact of liquid or solid particles such as carbon, ash,
or dirt particles in the combustion gases.

an environmental attack on

The effect that the preceding damage forms can have on a turbine is iliustrated
schematically in Figure 19. Weight loss from erosion is estimated to occur in a nearly
linear fashion with time as would the weight gain from deposition (fouling) . Corrosion is
the most severe form of environmental attack, and long-term joss in specific weight be-
comes disastrous. All of the factors illustrated in Fiqure 19 affect turbine life.
Deposition and fouling can lessen the efficiency of turbine cooling by plugging film-cooling
holes, as shown Liv Figure 20; and erosion and corrosion can cause material distress, as

illustrated in Fijure 21.

o_related turbine life factors with the

1imiting picture of turbine components
This schematic representa-

horten turbine-component life

By combining the aforementioned "impurity
normal life-limiting factors of materials, a life-
such as the onc jllustrated in Figure 22 can be constructed.
tion illustrates how erosion and corrosion can drastically 3
beyond that which would normally be controlled by fatique, creep. and material melting
temperatures only. 1If the allowable limits of fuel impurities, such as sodium and sulfur,
and of the fuel hydrogen content are relaxed in future fuels, the aforementioned effects

may become significant problems.

ENGINE TECHMOLOGY NEEDS

describe several problems that may arise from
the relaxing of fuel specifications for aircraft engines. The technology that will be
needed to minimize or eliminate these problems iy described in this gection of the paper.
Some critical research and development needs have been identified:

Improved cooling techniques

Reliable ignition and relight

Reduced exhaust emissions

Improved fucl inject ry

prevention of carboen deposition

improved maturials and coatinys

The precading sections of this paper

L ST PN

— . -4-""-—;_-@. Muc&“n&n—- _‘.::-‘ ,:..,, - J,’. N Q.

4 N b gy » ok —— -
: b m—

P e

sttt

-

-—

TR R T

I gl

ey
= Lt

P s

o

RN

ST A ;_:"’-




"
o

—— @ &N ... — - ,.:;_[’, ,‘L——_—-‘-MJ,*!‘_;_‘ ﬂ“*y __‘L- t——r :‘

L &Hi: S RO S D A B i ot ity

27-5

Although it is not within the scope of this paper to discuss in detall the research
and development needs in all these areas, technological advances currently being
sought are presented and discubsed.

Engine Performance

A variety of tochniques can be considered to minimize potential ignition and re-
1ight problems. leating the fuel to reduce its viscosity can be cffective in improving
fuel atomization. Primer or auxiliary fuel nozzles, designed for use during ignition
and relight only, can also improve fucl atomization at engine starting conditions. Torch
ignitors have been very offoctive in many military applications for high-altitude re-
1ight. All thcse techniques will add a degree of complexity to the engine and its fuel
control. Therefore, simpler and more reliable techniques are surely going to be needed.

Several potential desian concepts can be used to control exhaust emissions, a prob-

lem that may be aggravated by relaxed fuel specifications:

Staged combustion

Air-atomizing fuel injectors

Intensive fuel-air mixing

Lean combustion

Fuel-air premixing

Fuel prevaporization
In practice, a combination of many of these techniques could be used in any particular
combustor concept. As an example, two recently evaluated advanced combustor concepts are
shown by the cross-sectional schematics shown in Figure 23. Both the Vorbix and double-
annular combustion concepts, which were evolved during the NASA Clean Combustor Program
(13,14), incorporate fuel staging, air-atomizing fuel injectors, and lean combustion.
The Vorbix combustor also uses irntensive fuel-air mixing. Both combustor concepts sub-
stantially reduce all the gaseous exhaust cmissions below the levels of the conventional
engine combustors that they were designed to replace. The use of one stage (pilot) to
reduce CO and HC emissions during idle and a second stage (main) to reduce these emissions
during high-power operation proved to be verv effective, as shown in Figure 24. Staged-
combustor concepts such as these will be needed to minimize the impact of decreasing fuel
hydrogen content or increasing fuel-bound-nitrogen content on aircraft engine exhaust
emissions. Both concepts have gone through successful experimental engine testing and
are strong candidates for future energy~-conservative and environmentally acceptable engines.

1f more dramatic reductions in exhaust emissions are are required (e.g., NOx) comkining
techniques such as prevaporizing the fuel and premixing the fuel and air will allow com=
bustion to occur at extremely low fuel~air ratios and thus will dramatically reduce flame
temperatures. Successful development of prevaporizing-premixing technigues could provide
additional decreases in NOx emissions, such as those discussed in reference 15 and shown
in Figure 25.

A variety of minor combustor modifications can be used to reduce CO and HC emissions
without the mcjor changes in combustor design shown in Figure 23. These modifications
would deal mainly with improving fuel atomization and the distribution of air and fuel in
the primary zone.

Although most of the aforementioned concepts have been or are being evolved to re-
spond to environmental problems with current-specification jet fuels, they can certainly
apply to future engines that would use relaxed-specification fuels. Therefore, continued
exploration to define the capability of these concepts to control exhaust emissions from
fuels with relaxed specifications is certainly going to be needed.

Enyine Component purability and Maintenance

Several potential design approaches can improve component durability and reduce main-

tenance requirements:

Lean combustion techniques

Advanced materials and coatings

Advanced liner cooling techniques

Improved structures
Lean combustion can reduce the effect of fuel hydrogen content on flame luminosity and
therefore reduce liner temperaturc, as shown in Figure 26. A maximum liner temperature
over 200° ¢ lower than that of conventional combustors was realized when the two combustor
concepts shown in Figure 23 were tasted with a fuel havina a hydrocen content of about
12 1/2 percent by weight. Another fcature of the lean-combustion approach that is indi-
cated by the results shown in Figure 26 is that the liner temperature appcars to be in-
sensitive to fuel hydrogen content. This insensitivity would be a gignificant advantage
in future engines because a rather flexible fuel-hydrogen content specification could be
used without compromising linerx durability as affected by increasing iiner temperaturcs.

Thermal-barrier coatinys also offor the potential for reducing liner temperacures. A
sonventional can combustor with a thermal-barrier coating is shown in Figure 27 (taken
from ref. 16). A zirconia ceramic coating was applied to the liner inner wall. The com~
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| bustor was toeuated over 4 randge cf conditions simulating engine takeoff and cruine; the ,

resultant eoflfoct ol the cerarie coating on the paximum liner te: serature ia shown in

Figqure 28, Gigniticant reductions 1o maximum liner temperature were realized at both
, the cruise and tuakeoff conditioprs.  Research and development of this and othec advanced
: liner~cooling techniques, suca as those shown in Figure 29, ig certainly warranted,

The continucd development of all the aforementioned approaches will surely be
needud to maintain acceptable durability and maintenance characteristics of future
engines using relaxed-specification fucls,

j Erosion, Corrosion, and Deposition

N Solving the problems of erosion, corrosion, and deposition on engine hot-section

: life will require many of the desiun techniques already described. Reducing combustor

i soot and carbon formation and minimizing the effect of such tracs constituents as sulphur,
potassium, and manganese must be actively pursued. Corrosion-rcsistant materials are

being developed, and the use of coatings to protecct the parent -atal is also being eval-

uated (17). One cxample of how materials and coatings can affest the impact of corrosion

on specific weight chanage is shown in Fiaure 30. Continued exp.>ration in this area is

i certainly warranted, as well as the development of advanced turiine blade and vane cooling

; schemes that are less susceptible to plugging by deposits.
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' Many of the aforementioned research and development neceds are being addressed in the \
' NASA Fuels Technology Prograr, as well as in other U.S. Government and industry-sponsored
o programs. Presently, the main emphasis in the NASA program is cn evaluating combustion L

N and durability problems. However, because of the importanze of all the problem areas dis-

. cussed in this paper, problem definition and response to technological neceds must be con-

: tinuously reviewed. A comprehensive data base will surely be needed if we are to optimize
the trade-off between advanced technology development and fuel specification relaxation for

: future aircraft applications.
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AIRCRAFT ENGINE FUEL SYSTEMS

B

The fuel properties that are most likely to cause problems in aircraft engine fuel
systems are those that affcct fuel thermal stability, flowabili:y, and pumpability and
fuel-system material compatibility. These factors are principally affected by the fuel- Pt
bound-nitrogen and nydrogen content, freezing point, and aromat.: content of the fuel. I
Another factor of concern in fuel systems is the effect of fuel volatility on safety. -
Since the forecasted trend in futurce fuels is toward a less volatile fuel, rather than a -
more volatile fuel that would present safety hazards, changes in potential safety prob- e
lems are not expected and therefore are not discussed in this paper.
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Thermal Stability and Deposition

i‘ncreasing fuel-bound-nitrogen content can result in a less thermally stable fuel. A

similar effect is also noted for reducing fuel hydrogen content. The use of fuel as a

heat sink in most aircraft fucl systems results in a rise in fuel temperature. If the

fuel temperature approaches or exceeds the "breakpoint" of the fiel, deposits may form in

the heat-exchanger passages and a loss in heat~tvansfer effectiveness can occur. (Fuel

‘ breakpoint temperature is discussed in ref. 1.} .In the extreme, these deposits can become

. severe enough to produce flow restrictions in the fuel passages, thereby increasing the

pressure drop. Fucl nozzles are also susceptible to this poten:ial problem. One test that

is commonly uscd to measure the thermal stability of the fuel i: the JFTOT technique (1).

As an example, a fuel that was derived from shale oil and refined to two different fuel-

| bound-nitrogen content levels was exposed to this test and the rosults are shown in Fig-
ure 31. As illustrated, the deposits that were formed within tle tube were much more se-

vere for the fuel with high fucl-bound-nitrogen content when both fuels were heated to

the same temperature (e.g., 260° C). ‘
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Many factors are involved in the formation of fuel-system deposits. Several of the
. principal ones that have been identified are: '
, , Fuel propertics
p Engine-cycle pressure ratio 4 3
J Flight duration
Fuel contamination f
Surface material
Fuel oxyqgen content ;
Fuel additives b
Even though fuel properties (i.e., fuel hydrogen and fuel-bound-nitrogen contents) is only
one of the many factors involved, it is the one factor that will most likely be affected
by any relaxation of fuel specifications for future aircraft encines.
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Fuel Pumpability aad Flowability

At the freeze point, a fuel beuing to epter a gemisolid state, which can have an
adverse offect on ity punpability and flowability,  For example, a semisolid fuel can
scverely block a screen filter, an 1llustrated in Figure 32. Any blockaqe of this mag-
nitude in an aircratt fuel system could have disastrous consndquences. Hence, maintaining
fuel temperature at g safe margin above ts freeze point is an absolute necessity.
Therefore, any incrcases in fuel freeze point that could occur from relaxing the specifi-
cations of future fucls must be carefully considered,

iy

Many factors must be considered in evaluating the minimum allowable fuel~-tank tem=-
perature, such as flight routes, altitude, and duration and the initial fucl temperature.
The effect that flight routes can have on fuel temperature is illustrated in Figure 33,
where the average of the recorded in-flight fuel temperaturcs of a large number of air~
craft is plotted as a function of the percentage of flight time that the fuel was above
the minimum temperature recorded during the flight. The average fuel temperature data
for each of three different routes, as documented by the International Air Transport
Alaociatign, are shown. The North Atlantic and North Pole routes had fuel temperatures
below ~30~ C about 20 percent of the time, but the Europe-to-South~America route had fuel
temperatures below -30° C only aboul 2 percent of the time. An example of the calculated
effect of both flight duration and initial fuel temperazture on the fuel temperature for a
long-range flight of 9300 km is illustrated in Fiqure 34. The procedures involved in this
calculation are described in refercnce 18. After about 6 hours of flight, the calculations
indicate that fuel temperature wculd reach about -400 C regardless of the initial tem-
perature. This effect of initial fuel temperature could allov a higher-freeze-point fuel
to be used for short-duration flights, but it would probably not provide any substantial
benefit on typical long~duration flights.

Since the "candidate" broad-specification fuel described in reference 1 has a freeze
point of about -29° ¢, some form of fuel heating will probably be required to prevent fuel
pumpability and flowability problems in long-range aircraft using this fuel. A calculated
projection of the percent of flights that would require fuel heating as a function of
season, flight duration (mission), and fuel freeze point is shown in Table I. The analysis
used to arrive at the data shown in Table I is discussed in detail in reference 19.

Based on this analysis, the need for fuel-tank heating would be very minimal for the -29° ¢
freeze-point fuel, but increasing the freeze point to -19° C would require heating on all
flights at all times of the year. From these freeze-point considerations only, it would
appear that a fuel with a relaxed fuel-freeze-point specification of -29° C (current value,

;:g° C) may be acceptable for aircraft use if fuel heating can be provided for selected
ghts.

Material Compatibility

One concern in aircraft fuel-system materials that could be affected by relaxing
fuel specifications is the impact that increasing aromatic content may have on the
elasticity of elastomer compound and sealants. This effect is shown in Figure 35. For
an exposure time of 4 hours, the elasticity ratio f£¢/f0 of a butadiene acrylonitrile
rubber elastomer decreased from about 0.7 to 0.15 when the aromatic content of the fuel
that it was immersed in was increased from 20 to 60 percent. The elasticity ratio fe/f0o
is described in reference 19 where fr i3 detined as the measured stress relaxation after
exposure and fg before exposure. The loss in elasticity shown in Figure 35(a) may affect
the ability of this elastomer material to be effective in applications such O-ring secals.
A similar, although not quite as pronounced, effect is shown in Figure 35(b) for a typical
sealant material. It should be noted here that many elastomer compounds can be and are
tailored to specific fuel properties so that these affects would be minimized for a given
fuel in a given application. However, for aircraft fuel systems that must operate with
fuels having a wide range in aromatic content, the material compatibility problems illus~
trated could become significant.

AIRCRAFT FUEL-SYSTEM TECHNOLOGY NEELS

The preceding section describes some of the fuel-system problems that can be antici-

pated from the relaxing of fuel specifications. The technologies that must be developed
to minimize or eliminate these problems are discussea in this section. Some of the criti-
cal fuel-system areas where continucd rescarch and technology efforts are needed are:

Fuel-tank heating

Fuel manifold and fuel injection fouling

Elastometers and sealants

Ground handling
Although the need to improve ground handling techniques for storing and loading higher-
freeze-point fucls is recognized, it is not discussed in this paper because we are pcinici-
pally addressing potential propulsion-system problems. The cffects of fuel properties »n
fuel manifold and injector fouling and on elastometers and sealants still needs consider-~
able evaluation before the technological neceds can be clearly defined and pursued. There-
fore, we will concentrate on those advances in technology that are needed to solve the fuel
pumpability and flowuability problems that could occur when using fuels with freeze points
higher than thosce currently specified.
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The caleulaved eftect of fuel-tank heatlng on fuel temperature as a function of
flight time for a typical long-randge, wide-bodied jet aircraft ia shown in Fiqure 16
{t-ken from ref, 19), Pwo levels of conrrant heat input to the fuel were used in the
computation, For rhe entire 9300-km mission, a heat input of 3700 kJ/min per fuel tank
vould ba needed to maintain the fuel temperature above a freeze point of =299 ¢, and
6500 kJ/min per tucl tank would Lo pecded to miintain the fuel temperature above -18° C
frecze point, Since the fuel temperature sitays above the =299 ¢ freeze point during the

#irst several houts of the missicn, no fuel heating would be needed during this portion
of the mission for a fucl having this relaxed freeze-point specification. Thercfore,
from an cconomic¢ standpoint, it would seem reasonable to consider the use of sclective
heating ar requircd rather than the continuous heating that was used to calculate the
characteristics shown in Figure 36. The effectiveness of this approach is illustrated
in Figure 37, where calculated fucl temperatures are plotted as a function of flight time
for a 9300~km mission of a typical wide-bodied jet aircraft. The calculated character-
istics shown for the various tank locations also indicate that it would probably not be
necessary to apply heat during the ecarly portion of the flight. Using selective fuel-~
tank heating would certainly reduce the total heat input needed to heat the fuel during
the entire mission.

Another technique that could be used to reduce the total heat input needed for a mis~
gion would be to insulate the fuel tanks. An example of how tank insulation thickness
could reduce heat input is shown in Figure 38 for a 9300-km mission of a typical wide=
bodied jet aircraft. Increasing tank insulation from zero (value assumed in the Fig. 36
calculations) to a 2.5-cm thickness would result in a factor-of-4 reduction in the heat
input needed to maintain the fuel above -290 ¢. The application of this much insulation
would produce an aircraft weight penalty that would have to be compared with the savings
in heat input before such a technique could be considered.

An, example of aircraft heat sources that could be used to provide the needed heat in-
put to the fuel tank is illustrated in Figure 39. The use of the cabin air-conditioning
‘and lubricating-oil heat exchangers would require minor modifications to the aircraft and
fuel system ana could be implemented with a relatively low risk. The use of fuel boost-

pump recirculation and an engine-driven electric heat exchanger would probably require
minor-to-moderate modifications. The use of compressor air bleed would reguire moderate
modifications and developmental risks. And the use of a tailpipe heat exchanger would
require the most difficult and highest risk modifications. The calculated increases in
alrcraft weight for a typical wide-bodied jet aircraft and the resultant fuel penalties
associated with using these fuel heat sources are given in Table 1I. In the minor-to-
moderate class of modification, the jubricating-oil heat exchanger and the engine-driven
electric heater appear to represent a reasonable approach from a combined heat input and
fuel penalty consideration. Neither the air-conditioning-system heat exchanger nor fuel
boost-pump recirculation would provide a satisfactory heat input rate (Fig. 37). Com-
pressor air bleed would result in a very high fuel penalty. And the tailpipe heat ex-
changer would have a very high development risk, which certainly reduces its attractive-
ness even though its successful application would result in the lowest fuel penalty for a
given rc juired heat input rate (e.g.. 6500 kJ/min).

w,...-.“-
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Although research into all these heat-input techniques should and will be continued,
the results of the present studies indicate that the engine-driven electric heater may
offer a reasonable trade-off between heat input rate and fuel penalty. This technique
may also have an additional advantage over the others because auxiliary ground power could
be used for tank heating while the aircraft is on the qround with the engines off. This
could be important for operations in extremely cold climates. The very large fuel penalty
associated with the weight of effective tank insulation certainly minimizes the attractive- J
ness of this approach. Although these results were based on calculations and experimental
verification is still needed, they do help to focus the research and development needed
?o provide the technology that will allow fuel freeze-point specifications to be relaxed.

PR S SU - -

CONCLUDING REMARKS . ,

A The objective of this paper was not to discuss or debate the advisability of using re-
laxed fuel specifications for future aircraft applications. Rather, the intent was to

. ; point out and discuss some of che problems that could arise if these fuels must be used : i

[ . i and to illustrate the advances in engine and fuel-system technology that may be needed ' |

t.r these fuels t: be acceptable in future aireraft. In this context, then, it has been

stated that the principal tuel properties ol concern are those related to increased l

\ . aromatic compcunds (lower fuel hydrogen content), increased fucl-tound-nitrogen compounds,
! i higher boiling points (rcduce volatility), and hiuher freeze points. All these properties !
N are associated with the relaxation in fuel specifications that may be needed to provide a ]
! 1 larger supply of petroleum-derived jet aircraft fuels and to reduce the degree of refining

&-l-JU : needed to convert oil-shuale~ and coal-derived crude oils into acceptable jet aircraft fuels
. a in the future. In addition tu these fuel properties, increases in such trace constituents
' . as vanadium and potassium may also be of concern. Techniques such as fuel heating may

. } also be important.

- ‘ Potential adverse fuel property effects on engine performance are related to probable
o7 ‘ changes in ignition and relight lirity and in exhaiust-gas emissioa levels. Counteracting
. ! both of these effects will require auvanced cembustor technolony such as improved or
auxiliary fuel atomizers, bettes fuel-air distribution, and mixing and lean combustion

R
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techniques.  Counteract ing problems related to component durability and maintenance will
require such advaneed technoloyy o improved tuel atomizer:s, lean combustion techniques,

thermal-barrier ceatinds, ond new materials.  Solving problems an atreraft fuel systems
will require fuel-tank heatong techiugques ond “tatlored" elastometer materials,  Even
though preliminary evaluations of several of these technologieal advances have been en-
couraqging, consiiderable research and development i ntill needed to make them aceeptable
in production engines ool arieraft tuel systems,  Yurthermore, the ability to cope with
2 several other probloms, such ag those caused Ly varfations in thermal stability and by
‘ trace constituents, hat not bLeen demonsitrated to even an acceptable experimental level
1 , at the present time. The factors that contribute to variations in thermal and chemical

= stability are not well understood and much more research 16 needed.  Turbine erosion and
corrosion problems may be somewhat relieved by using coatinas, but considerable rescarch
| i is needed to fully understand all the factors that contribute to these problems.

‘ Because of the many unknowns that must still be explored and explained through re-

. search and development efforts, it ls apparent that these efforts should proceed at an
orderly and timely pace. Although it is unlikely that aircraft will have to operate
with the wide variation in tucl properties discussed in this paper, a sound and complete
technological data base must be developed as soon as possible if the aircraft industry is
to have any impact on sctting acceptable variations in the specifications of future air-

i craft fuels. It is none too soon to start developing this data base since trade-offs will
. have to be made to determine the optimum choice between the cost and difficulty of develop-

q ing advanced engine and fucl-system technology and the cconomic advantages to be gained by
o reducing the degree of rufining needed to produce current-specification fuels from projected

future fuel feedstocks.

REFERENCES

',' 1. Rudey, R. A. and Grobman, J. S., "Ccharacteristics and Combustion of Future Hydrocarbon
Fuels," AGARD Lecture Series 96, Oct. 1978.

2. Pinkel, 1. I., "Future Fuels for Aviation," AGARD-AR-93, 1976.
3. "Aircraft Engine Emissions," NASA CP-2021, 1977.

- i 4., Stewart, W. L., Johnson, H. W., and Weber, R. A., "A Review of NASA"s Propulsion Pro-
grams for Civil Aviation," NASA TM 73831, 1978.

| 5. Moses, C. A., "Studies of Fuel Volatility Effects on Turbine Combustor Performance,"”
. Presented at the 1975 Joint Spring Meeting of the Central and Western States Section
of the Combustion Institute, San Antonio, Texas, Apr. 21-22, 1975.

6. Butze, H. F. and Smith, A. L., "Effect of Fuel Properties on Performance of a Single
Adrcraft Turbojet Combustor at Simulated Idle, Cruise, and Takeoff Conditions,"
NASA TM x-73780, 1977.

7. Klarman, A. F. and Rollo, A. J., "E<fect of Fuel Bound Nitrogen on Oxides of Nitrogen
Emission from a Gas Turbine Engire," NAPC-PE-1, 1977.

8. Norgren, C. T., “"Comparison or Primary 2cne Combustor Liner Wall Temperatures with Cal-
culated Predictions," NASA TM X-2711, 1973.

9. MacFarlane, J. J., Holderness, F. H., and whitcher, F. S. E., "Soot Formation Rates in
Premixed C5 and Cg Hydrocarbon-Air Flames at Pressures up to 20 Atmospheres," Com~
bustion and Flame Vol. 8, no. 3, September 1964, pp. 215-229.

10. Jonash, E. R., Wear, J. D., and Cook, W. P., *Carbon~Deposition Characteristics of MIL-
F-5624A Fucls Containing High-Boiling Aromatic Hydrocarbons," NACA RM E52G1l1l, 1952.

11. Jonash, E. R., Wear, J. D., and Cook, W. p., "Effect of Fuel variables on Carbon Forma-
tion in Turbojet-Engine Combustors," NACA Report 1352, 1958,

12. Deadmore, D. L. and Lowell, C. E., "Plugging of Cooling Holes in Film-Cooled Turbine
Vanes," NASA TM X-73661, 1977.

13. Roberts, R., Fioreatino, A., and Greene, W., *pxperimental Clean Combustor Program, n
Phase III." PWA-5493, Pratt & Whitney Aircraft Croup, 1977. (NASA CR-1352513.) a

14. Gleason, C. C., Rogers, D. W., and Bahr, D. W., 'gxperimental Clecan Combustor Program, )
Phase II," R76AEG422, Ceneral Electric Company, 1976. (JASA CR-134971.) }

15. Rudey, R. A., "Status Revicw of NASa Programs fur Reducinug Aircraft Gas Turbine Engine
Emissions,” NASA TM X-71861, 1976.

16. Butze, H. F. and Liebert, €. H., "Effect of Ceramic Czating of JTBD Combustor Liner on
Maximum Liner Temperatures and Other Comhustor Performance Parameters," NASA TM
X-73581, 1976.

17. Grisaffe, G. J., Lowell, C. F., and Stearns, C. A., "High Temperature Environmental '
Effects on Mctals," MNASA TM X-73878, 1977.

18. Unpublished Data, The Boeing Company. December 1977.

19. Pasion, A. J. and Thomas, I., “preliminary Analysis of Aircraft Fuel Systems for Yse
with Broadened Specification Jet Fuels," D6-44538, Boeing Commercial Airplane Co.,
1976. (NASA CR-135198.)

e
S

Tt A el AT IR YT

20. Unpublished Data, NASA Jet Propulsion Laboratory. February 1978,
l - M-‘,” -1._._‘__1’_ ,,,M-M,‘;_.;L;,,L,:_,I_’ i’—_".'::‘ .
r;~-f s ) - o A, B T - -




TABLE I. - UTILIZATION OF HEATING SYSTEMS (FROM REF. 19)

Mission length, Winter
km

months

Summer months

-19° ¢ fuel

-29° ¢ fuel | -19° ¢ fuelJ-29° ¢ fuel

Flights predicted to use
percent of total

fuel heating systems,

3700 53
5600 59
9100 73
Combined utilization 62

]

@ w =

5.
1

TABLE II. - COMPARISON OF POSSIBLE FUEL HEAT SOURCES

Maximum heating Weight Fuel
rate per tank, increase, | penalty,
kJ/min kg percent
Alr conditioning system 2200 140 0
tubricating-oil heat exchanger 4500 140 .4
Fuel boost-pump recirculation 2100 140 ~.4
Compressor air bleed 6500 300 3.9
Engine-drive electric heater 6500 450 .5
Tail-pipe heat exchanger 6500 250 .1
Insulation - 2.5 cm thick -———- 5900 14.6
Equivalent heating by combustion 6500 ———— .4
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Figure 1. - Potential problems from relaxing jet fuel specifications.
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Figure 2. - Specific-fuel-consumption performance deterioration trends for b
typical engine. (From ref, 4,)
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Figure 10. - Effect of fuel-bound-nitrogen content on total
emissions of nitrogen oxides. (From ref. 7.)
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Figure 12. - Comparison of experi-
mental and calculated liner wall
temperatures over a range of
inlet-air temperatures.
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Figure 13. - Comparison of ex-
perimental and calculated
liner wall temperatures over
a range of inlet-air pressures.
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Figure 26. - Effect of fuel hydrogen content on
maximum combustor liner temperature.
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Figure 28. - Effect of ceramic coating on maxi-
mum liner temperature.
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Figure 36. - Fuel-tank temperatures for a 9300~
kilometer flight with heating
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Figure 37. - Effect of intermittent heating on fuel tank tem-
perature. Wide-body jet; 9300-kilometer mission. (From
ref. 18.)
g b
ORIGINAL PAngY
oF RooR &

_— L s o
bt e




L INSUIATION Coy
o THICKNE'SS,
o o~ m L9 13 (]
P "
! (oo
{ i 2O
\ [sed =4
v S
- i35
- T =
’ [
ﬁ z= ‘
- | =
5‘7 1 -50 | | | I | I |
" 0 1000 2000 3000 4000 5000 6000 7000
g v HEAT INPUT PER FUEL TANK, ki/min
. . 1 Figure 38. - Reduction of fuel heating requirements
? by tank insulation. |
i |
- . ] .~ CABIN AIR-CONDITIONER }
,{ HEAT EXCHANGER
N ~BOOST-PUMP RECIRCULATION
: ~ INSULATION
L [ . : /
> T "J a
! N
Lo ~ TAILPIPE HEAT 3
VR : ENGINE-DRIVEN EXCHANGER |
S ELECTRIC HEAT o :
e EXCHANGER-" Nt i ~COMPRESSOR AIR BLEED \& 1
N °”\‘_ o0 L LUBRICATING-OIL HEAT l
} EXCHANGER ;
. u
J';' Figure 39. - Potential fuel-tank heating sources. ! ’
-~
)
fJ
| | b
o 5
}. I LT TIC R VRNUY U PRI S SOUY PN N S R [ SISV G s
! [ . Y s %
. A - Porem omrdmemee e Py ey o " .

A . @
= ,



