General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



N*“2A TECHNICAL NASA TM-78865
MEMORANDUM
(NASA-TM-T788€5) CHARACTERISTICS AND N78-24370
COMBUSTYION OF FUTORE HYDECCARECN FOUELS
(NASA) 26 p HC RO3/MF AO01 CSCL 21D
Onclas

G3i/28 1€797

NASA TM-78865

CHARACTERISTICS AND COMBUSTION UF FUTURE
HYDROCARBON FUELS

by R. A. Rudey and J. S. Grobman
Lewis Research Center
Cleveland, Ohio 44135

!
|
i
|

{
i

TECHNICAL PAPER to be presented at
Lecture Series 96

sponsored by A« \RD

Paris, France; . .unich, Germany; and
London, England, October 12-20, 1978

|
l
!

|
}




E-955¢

Z7=-1
CHARACTERISTICS AND COMBUSTION OF FUTURE HYDROCARBON FUELS

R. A. Rudey and J. 5. Grobman
NASA Lewis Research Center
Cleveland, Ohic 44135, U.5.A.

SUMMARY

As the world supply of paotroleum crude oll is being depleted, the supply of high-
gquality crude is alsc dwindling. This dwindling supply is beginning to manifast itsgelf
in the form of crude oils containing higher percentages of aromatic compounds, sulphur,
nitrogen, and trace constituenta. fThe result of this trend is described and the cheage
in important erude oil characteristics, as related to aircraft fuels, is discussed. As
available petreleum is further depleted, the use of synthetic crude oils (i.e., those
derived from coal and oll shale) may be reguired. The principal properties of these
vsyncrudes” and the fuels that can be derived from them are described and diseussed. In
addition to the changes in the supply of crude oil, increasing competition for middle-
distillate fuels may require that specifications be “broadened" in future fuels. The
impact that the resultant potential changes in fuel properties may have on combustion and
thermal stabllity characteristics is illustrated and discussed in terms ignition, soot
formation, carbon deposition, flame radiation, and emissions.

INTRODUCTION

This paper desecribes some of the changes in fuel properties that may be expected in
future' hydrocarbon fuels for alrecraft and discusses the effect that these property changes
may have on Sclected combustion and thermal stabillty characteristics relevant to aircraft
jet engines. Many studies are currently under way within the United Svates to predict the
Future availability and characteristics of crude oils {1-4). Included in many of these
studles is an apnalysis of the processing reguired to upgrade low-quality feedstocks, such
as erude olls derived from oil shale and coal, te the eurrent sSpecifications for jet alr-
craft fuels. Severc economic and energy consumption penalties will likely occcur if these
low~quality crudes must be refined to current specificaticna. Similarly, cenverting
high-bolling perrolewum fractions to current~specification jet fuel, which may be necessary
because of a shortened supply of middle distillates, requires energy-intensive hydropro=-
cessing (5). An alternative would be to relax fuel specifications and thereby minimize
the economic and erergy consumption penalties. lowever, the relased-fuel-specificatien
approach would require the development of a new level ¢f engine and aircraft fuel-system
technology (6).

An assessment of the maln advantages and disadvantages of these two approaches is
ghown in Figure 1. The continved production of current-specification jet fuel certainly
i5 the hest approach from the alrcraft airframe and engine manufacturers'’ point of view.
But, as already menticned, it may be prohibitive from an econemic and rafining-energy-
consumption polnt of view. BRelaxing the current jet-fuel spectfications would obviously
minimize the eneryy consumption and economic penalties but may be prohibitive because ie
may require more complex component technology and may adversely affect engine life.

The solution to projected fuel availability problems will most likely be to relax
the fuel specifications to a point governed by a trade-off between the fuel cost and
refinery chergy consumption and the cost and development difficulty of new technolegy for
engines and alreraft fuel systems. Developing the data base needed to make this trade-~
off is the primary objective of the Fuels Technology Program being conducted by the
National Aercnautics and Space Administration {NASA). Much of the information presented
in this paper is derived from this program. Other U.S. Government and aircraft-industry-
gponsored programs also provided information te this paper.

Illustrations are used to describe the changes in jet aircraft fuel properties that
will most probably occur if fuel specifications are relaxed. The effect of these prop-
erties on certain combustion characteristics is also illustrated, and possible variations
in fuel thermal stabil ty are described. ‘This is the first part of a two-part lecture
on the characteristics of possible alternative hydrocarbon fuels and their effects on
future jet airertft, Reference 7 is the second part of the lecture.

CHAHRACTERISTICS OF JET-FUEL FEEDSTOCKS
Petroleun Crude 0il

The compositions of some typical petroleum erude olls from various sources are shown
in Table I (taken from ref. B). Selected data are included in Table I for hoth the total
crude and several middle-distillate fractions from which jet and uizsel fuels are pro-
deced. The sulfur content of petroleum obtained from different scurces varies consid-
erably. The variability of the hydrogen content is significant ip that many of the cur-
rently important sources of petroleum, such as the Alaskan crude from Prudhoe¢ Bay, tend
to have a relatively hig!: aromatic content. The nitrogen content of petruleum is gen-
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erally aquite low. The higher~boiling range fractlons contain relatively moere aulfur and
nitregen and less hydrogen {(a lower hydrogen-carbon ratle, thus a higher aromatie content)
than the lower-kolling-range fractions.

Synthetic Crude 0ils

A similar set of data for "synthetic" crude oils derived from sil shale and ceal are
shown in Table IT {taken from ref. 8). The sulfur, nitrogen, and hydrogen contente of the
shale—derived erude olls are reasopnably comparable with one another regardlees of the
procoss used to sxtract the oil from the shale. The sulfur, nitrogen, and hydrogen con-
tents of the cocl-derived syncrude produced by the Synthoil process were all lower than
those of the shale oils. The higher-boiling-range fractions in the shale oils contain
considerably more nitrogen, iu the form of organic nitrogen compounds, than do the lower-
boiling-range fractiens. Thu hydrogen content for hoth the shale cils and esal syncrude
is raduced slgnificantly as the holling .*nge is inecreased. The low hydrog.n eontent of
the middle-distillate fractions in the cosl syncrude is particularly significant because
of the corresponding high aromatic content. (The composition of the Synthoil fractions
can vary considarably depending on the properties of the coal feedstock used and the
process operating conditions, inmeluding the degree of hydrogenation.) In addition, other
processes such as H-coal (8) would produce an oil with somewhat different properties from
the same Kentucky coal feedstock.

Comparison of Selected Key Properties

Two of the key crude-ocil properties that have an important uffect on jet-fuel char-
acteristics are compared in Figures 2 and 3 for varicus crude-oil feedstocks. Fiqure 2
comparos the hydrogon content by weight percent of petroleum erude, shale oil, and coal
syncrudes derived f£rom a varlety of sources and processes. The variation in shale-eil
hydrogen content is minimal, but the variation in petroleum-crude hydrogen content is
rather lurge, with the lower end nearly at the same level as the shale oil and coal
syncrude, This factor is important because the need to upgrade low-guality petroleum
crudes *o the same extent as the shale oll and ceal synerude may impose an economic
penalty on refining eurrent-spacification iot fuel long before any of the "synthetie" crude
©ils ave available. As mentioned earliex, the hydtogen content =f£ ¢oal syncrudes may
vary considerably beyond that shown in the figure, depending on the amocunt of hydrogen
added to the ecoal, which has a hydrogen content of about 4 to 5 percent. Figure 3 com-
pares the nitrogen content by welght percent of the varicus crude-oil feedstocks. For
this property, both the variation and the level in petroleum crude arc minimal, but both
the variation and the level in shale oil are very significant. These characteristics
inply that upgrading of the crude to reduce nitrogen content in jet fuels probably will
nit be neaded until shale-oil feedstocks become available.

The lmpertance of the hydrogen and nitrogen levels in fuels is discussed in detail
in the scction FUEL PROPERTY EFFECTS and THERMAL STABILITY.

CHARACTERISTICS OF JET FUELS
Current-Specification Fuels

Some of the key characteristics of aireraft hydrocarbon jet fuels ave shown in
Table III, along with their effect or relevance in aircraft propulsion systems. The
American Society for Testing Materials (ASTM} specifications for jet fuels, inecluding
“Jet B, Jet A and Jet A-1l, are shown in Table 1V. The average properti=s for a current
Jet A fyel are also shown in Takle IV for comparison. In general, the average property
values for Jet A fuel fall well within the required maximum or minimum specification
limits. Many of these characteristics are interrelated and can vary considerably with
changing base-point conditions. For example, the variatien in heat of combustion with
specific gravity is illustrated in Figure 4. A significant decrease in heat uof com=
bustion by weight occurs as specific gravity (density) 1s increased over the range
allowable in the specification. This decrease is somewhat compensated for by the increase
in the heat of combustion by volume that ocecurs simultanesusly. Since alroraft fuel sys-
tems are volume limited and the aircraft themselves are often weight limited, there are
no aignificant range or performance penalties as long as the spacific gravity remains
within the specified linits.

The boiling range of jet fuels can vary from about 60° € for Jet B to about 270° ¢
for Jet A. The boiling ranges of these fuels and two other petroleum predusts are shown
in Figure 5. The boiling range of Jet B fuel (JP~4) is directly comparable te the beiling
range of gasoline (also naptha for petrochemicals) at the low ends and to the boiling
range of Jet A {JP=5), no. 2 diesel oil, and home heating oil at the high end. The boil-
ing range of Jet A fuel is primarily comparable to the high-boiling-range no. 2 diesel and
home heating eils. This overlap of bolling ranges can have a significant impact on the
specification values 1f they have to be relaxed to improve jet-fuel availability. Com-
plete distillation curves for scme fuels are presented in Figure 6. Jet A and Jet A-1
fuels are less volatile than Jet B and Avgas, as clearly illustrated on this figure by the



27-3
much highor initial boiling point {0 porcent evaporated).

Another measure of fuel velatility is the vapor pressure characteristics ghown in
Flgure 7, The initial bolling point of jet fuels is dotermined by the allowable limits
for flashpoint {(Jet A} or Roid vapor pressure (Jot B} shown in Table IV. The fual vola-
tility must be low enough to prevent the ymation of flammable vapors at ambient condi-
tions. Jot A is currently endorsed for commercial aircraft becauvse of ite lower proba-
bility of fire during emergency landings {18). Although low volatility is desirable for
safety, it adversely affocts the ignition and altitude relight capabilities of the fuel.

Another fuel properey that is important in determining fuel lgnition characteristics
is fuel viscosity. fThe varlation of viscesity as a funetion of fuel temperature is shown
in Pigure 8. The less volatile fucls are mors likely uvo encounter ignition difficulties
because of their higher viscosities. As with vaper pressure, the variation of viscosiey
with tgmpurnturu is an exponential effect and becomes much more severe ad temperature is
reduced.

Thig discussion does not include all the characteristics of current-specification
fuels. It was iptended only to polnt out some selected key fuel characteristics and to
describe how they vary within tae listed specification limits.

Projected Changes in Fuel Properties

Porhaps one of the most significant trends in fuel properties over the last 15 years
has been the steady increasSe in the average aromatic coptent of commercial Jet A fuel.
This trend is {llustrated in Figure 9, where it 18 compared with the current ASTM Jet A
specification limit. During the emergency period 1973~74, limited quantitles of highly
aromatic jet fuels were used ag illustrated an Figure 9 by the 22-percent arcmatic con-
tent of Jet A refined from a heavy Arabian crude. An estimate for Jet A refined from
Alaskan crude indieates that arcmatic content may be as high as 25 percent. Because of
those recent trends, a waiver limit of 25-percent aromatic content has been set by the
ASTM for Jet A fuel. The higher-arcmatic-content petroleum crude sources may reauire
additional hydroprocessing at the refinery to reduce the aromatic content to current
specifications. Furthermore, future shortages of middle distillates may ncessitate the
conversion of higher-boiling-range petroleum cuts to middle-distillate fractions (&).
These "cragked" fuels would have higher apcmatic eontent and thus would regquire additional
hydroprocessing to mect current specifications. A very simplificd schematic of the type
of processing required is shown in Filgure 10.

Hydroprocessing techniques to improve fuel guality in terms of hydrogen and nitrogen
content will alsc be needed if fuels pefined from syncrude feedstocks muSt meet current
specifications. The amount of hydrogen that would be consumed to raise a coal-syncrude
hydrogen content from 12.5 percent o 13.5 percent would be 100 cubic meters per cubic
meter of oil, as illustrated in Figure 11. Also shown in the figure is the amount of hy-
drogen that would be consumed to reduce the nitrogen content of a shale-oil syncrude.
These large amounts of hydrogen would likely cause both economiec and energy consumption
penalties at the refinery.

The increasing trend toward higher-arcmatic-content fuels, regardless of the crude
source, will result in straight-distillation fuels with lower hydrogen content. The roe-
lation between hydrogen and aromatic contents is shown in Figure 12. At the currently
spacifiad aromatic content of 20 percent, thes hydrogen centent can vary between approxi-
macely 13.2 and 14.2 percent by weight. Within the band shown, the decrease in hydrogen
content is gonerally a linear functien with increasing aromatie content. An adverse
affect .of reduced hydrogen content is illustrated in Pigure 13, where heat of combustion
by weight is plotted as a function of hydrogen content. This effect is related to the
effect of specific gravity shown in Figure 4 since reductions in hydrocgen content result
in proportionate increases in specific gravity. Substantial reductions in the heat of
combustion occur with decreasing fuel hydrogen content. A an example, a reduction of
approximately 1000 kilojoules per kilogram results when hydrogen content is reduced from
14 to 12 percent by weight.

in Flgure ® it is shown that Jet A fuel has a relatively narrow boiling range, with a
final boiling pu.nt of approximately 270° €, which is necessary to comply with limits on
the freezing poiat. The relation between freezing peint and final boiling peint is illus-
trated in Figure 14. The freezing point of a fuel is generally defined as the temperature
at which wax components in the fuel begin to solidify. As shown in Figure 14, the froezing
point is quite sensitive to variations in £inal boiling peoint.

The foregoinyg discussion considered enly those fuel properties that are most likely
to change, Potential increases in petroleum-crude aromatic content wlll result in de-
creascd fuel hydrogen content unless additional hydrotreating is done at the refinery.
Additional hydrotreating will surely be needed to reduce the nitrogen content and to in—
crease the hydrogen ~ntent of fuely refined from oil shale and coal syncrudes if they
are to meet current jet-fucl specifications. Hydrocracking will alse be redquired to con-
vert higher-boiling~range fractions to the boiling range and composition of current-
specification jet fuels, 7Thase projected needs for additional hydrotreating will surely
increase the cost of future-specification fuels and energy consumption required to refine
them. Therefore, some relaxation of the current specifications may be nceded to minimize
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much higher initial boiling point (0 percent evaporatad),

Another measure of fuel volatility is the vapor pressure characteriastics shown in
Figure 7. fThe initial boiling point of jet fuelas is determined by the allowable limits
for flashpoint (Jet A) or Reid vapor pressura (Jet B) shown in Table IV. The fuel vola-
tility must be low enough to prevent the formation of flammable vapors at ambient condi-
tions. Jat A is currently endorsed for commarcial aircraft because of its lowar proba-
bility of fire during emergency landings (10). Although low volatility is desirable for
safety, it adversely affects the ignition and altitude relight capabilities of the fuel.

Another fuel property that is important in determining fuel ignition characteristics
is fuel viscosity. The variation of viscosity as a function of fuel temperature is shown
in Fiqure B, The less volatile fuels are more likely to encounter ignition difficulties
bacause of their higher viscosities. As with vapor pressure, the variation of viscosity
with temperature is an exponential effect and becomes much more severe as temperature is
reduced.

This discussion does not include all the characteristics of current-specification
fuele, It was intended only to point out some selected key fuel characteristics and to
describe how they vary within the listed specification limits.

Projected Changes in Fuel Properties

Perhapa one of the most significant trends in fuel properties over the last 15 years
has been the steady increase in the average aromatic content of commercial Jet A fuel.
This trend is illuserated in Figure 9, where it is compared with the current ASTM Jet A
spocification limit. During the emergency period 1973-74, limited quantities of highly
aromatic jet fuels were used as illustrated in Figure 9 by the 22-percent aromatic con-
tent of Jet A refined from a heavy Arabian crude. An eStimate for Jet A refined from
Alaskan crude indicates that aromatic content may be as high as 25 percent, Because of
these recent trends, a waiver limit of 25-percent aromatic content has been set by the
ASTM for Jet A fuel. The higher-aromatic-content petroleum crude sources may require
additional hydroprocessing at the refinery to reduce the aromatic content to current
specifications. Furthermore, future shortages of middle distillates may ncessitate the
conversion of higher-boiling-range petroleum cuts to middle-distillate fractions (5}.
These "cracked" fuels would have higher aromatic content and thus would require additional
hydroprocessing to meet current specifications. A very simplified schematic of the type
of processing required is shown in Figure 0.

fiydroprocessing techniques to improve fuel quality in terms of hydrogen and nitrogen
content will also be needed if fuels refined from syncrude feedstocks must meet current
specifications. The amount of hydrogen that would be consumed to raise a coal-syncrude
hydrogen content from 12.5 percent to 13.5 percent would be 100 cubic muters per cubic
meter of oil, as illustrated in Figure ll. Also shown in the figure 1s the amount of hy-
dregen that would be consumed to reduce the nitrogen content of a shale-oll syncrude.
These large amounts of hydrogen would likely cause both economic and energy consumpticn
penalties at the refinery.

The increasing trend toward higher-aromatic-content fuels, regardless of the crude
sourcae, will result in straight-distillation fuels with lower hydrogen content. The re-
lation between hydrogen and aromatic contents is shown in Figure 12, At the currently
speacified aromatic content of 20 percent, the hydrogen content can vary between approxi-
mately 13.2 and 14.2 percent by weight. Within the band shown, the decrease in hydrogen
content is generally a linear function with increocasing aromatic content. An adverse
affect of reduced hydrogen content is illustrated in Pigure 13, where heat of combustion
by weight is plotted as a function of hydrogen content. This effect is related to the
effect of specific gravity shown in Figure 4 since reductions in hydrogen content result
in proportionate increases in specific gravity. Substantial reductions in the heat of
combustion ocour with decreasing fuel hydrogen content., AS an example, a reduction of
approximately 1000 kilojoules per kilogram resulta when hydrogen content is reduced from
14 to 12 percent by weight.

In Figure 5 it is shown that Jet A fuel has a relatively nurrow bolling range, with a
£inal boiling point of approximately 270° C, which is necessary to comply with limits on
the freezing point. The relation hetween freszing point and final boiling point is 1llus-
trated in Figure 14. The freezing point of a fuel is generally defined as the temperature
at which wax components in the fuel begin to solidify. As shown in Figure 14, the freezing
point is quite sensitive to variations in final boiling point,.

The foregoing discussion considered only those fuel properties that are most likely
to change. Potential increases in petroleum—crude aromatic content will result in de-
creased fual hydrogen content unless additional hydrotreating is done at the refinery.
Additional hydrotreating will surely be needad to reduce the nitrogen content and to in-
crease the hydrogen content of fuels refined from oil shale and ceoal syncrudes 1f they
are to Mmeet current jet-fuel specifications. Hydrocracking will alse be reguired to con-
vert higher-boiling-range fractions to the beiling range and composition of current-~
specification jet fuels. These projected needs for additional hydrotreating will surely
increase the cost of future-specification fuels and energy consumption required te refine
them. Therefore, some relaxation of the current specifications may be needed to minimize
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tho adverse impact on cost and encrgy consumption. Several of the major fuel propurtics
that could be affected by such a relaxation are shown in Table V. The values in the

table arwe levels that have becn suggested {11}, as being reasonable for setting the possi-
ble limits of a candidate *"broad-specification” fusl.

Haasurement Technlques

A8 was pointod out in the preceding discussion, an accurate knowledge cf the level of
cartain critical fuel propertics 16 needed to evaluate the level of other dependent prop-
erties. The current rethods for measuring several key fucl characteristics are shown in
Table VI and are also cowparcd with test methods that may be required for future fuels.

It may be nocessary te modify or teplace current laboratory test methods for fuels with
broadencd specificicions bucause test results using certain metheds may be unacceptable
when fuol property values sxceed the range of sensitivity of current methods. Since
hydrogen content i3 one of the key fuel propertics, a direct measuremant cf hydrogen con-
tent should be made by using a technigque such as nuclear mognetic resonance {NMR). Also.
the hydrocarbon compesition may be needed to detormine its effect, if any, on combustion
and thermal stability characteristics, Gas chrometography - mass spectrometry (GCME) is
a likely candidate for hydroecarben analysis. New techniques to measura volatilicy, fluld-
ity, and thermal stability will alse be valuable to more accurately determine the veola-
tility of high-belling-range fuel, correlations between freeze point and pumpability,

and correlations between fuel deposition and engine life. TPlnally, techniques such as
the Kjeldahl method will be nceded for measuring the nitrogen content of future synerude-
dorived fuels.

FUEL PROPERTY EFFECTS

The preceding sections of this paper described and discussed fuel properties that are
most likely to change in future bread-speclification fuels. In this gection, the effect of
varying those properties on the combustion and thermal oxidation characteristics of future
fuels is considered.

Flame Characteristics

Tha fuel property that has the largest effect on the characteristics of the flame
within a gas-turbine combustor is the hydrogen centent of the fuel., It affects scot for-
mation, carben deposition, flame temperature, and total flame radiatien. The effect of
hydregen content on scot formation is shown in Figure 15 (taken from ref, 12), where the
soot concentration is shown to inercase markedly with decreasing hydrogen content. Thase
results were obtained by collecting seot samples from the primary zone cof an experimental
atmospheric bugner at near-stoichiometric conditions for blends of benzene and n-heptane.
The tendency to form soot is a function not only of hydrogen content but also of combustor
inlet pressure and temperature and primary-zone equivalence ratio. The results shown in
Figure 15 were cbtained in a very carufully controlled experiment and may not be typical
of the actual characteristics that would occur in a gas-turbine combustor. Seot forma-
tion rate can also be affected by the atomization guality and vapcrization rate of the
fuel belng injected into the £lame zone. Both volatility and viscosity can affect theee
processes. The calculated effect of fuel visgosity on drop-size distributicn of a typleal
fixed-orifice fuel nozzle is illustrated in Figure 16 (taken from ref. 13).

The effect of hydrogen.content on carbon deposition characteristics is illustrated in
Figure 17 {taken from ref. 14}. Also included in this figure is the effect of volatility.
Fiqure 17(a) shows the effect of hydrogen content (hydrogen-carbon weight ratic) and val-
atility (volumetric average boiling temperature} on a correlating parameter, the NACA K
factor. The effect of LACA K factor on average carbor deposition in a fingle-can com-
bustor operating for 4 hours at a pressure of about 2 oatmosphores, an inlet temperature

of 136° ¢, and & fuel~air ratio of 0.0123 is illustrated in Figure 17(b). Both incroases in

boiling temperature and decreases in hydrogen content resulted in increases in the NACA

X factor (Fig. 17fa)) and, thercfore, increases in the average carbon deposition {(Fig.
17(b}). The fucl propert: :s were varied by “doping" a MIL specification fuel to get the
deaired characteristics. The carbon deposition results shown in Figure 17({b} were ob-
teined in & single-can combustor operating at relatively low inlet temperature and pros-
sure and are not necessarily typical of advanced high-pressure-ratic, gas-turbine-engine
combustors. Fuel injector characteristics can also affect these relations; hence fuel
viscoslty is also an important fuel property when evaluating carkon deposition character-
istics.

Figure 1B shows the calculated effect of hydrogen content on maximum flame tempar-
ature within & combustor at simulated takeoff and cruise conditions (ref. 15). This in-
creasing flame temperature characteristic with decreasing hydrogen content can have sev-
eral adverse effecty within an aireraft engine combustor. Both the rate of oxides-of-
nitrogen (NOy) formation and the total £lame radiation energy would inerease. A more
dramatic impact of hydrogen content on flame radiation is shown in Figure 19 (taken frem
ref. 16), where total radiant energy is plotted as a function of combustion pressure and
fuel hydrogen content. ‘Two distinet characteristics are ebservable: {1} total radiant
ancrgy lnereases dramatically as the hydrogen content of the fuel ia decreased at a con-~
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stant combustion pressurc; and (2) totoal radiant cenergy lncresses significantly as
combustion pressure is increased at & constant fuel hydrogen content. fReducing hydro-
gen content or increasing preosgure both inercase sooct concentrations and thus lnereasa
flame lumincaity.

Emieslion Characteristies

The effect of fuel properties on the fermatlon of pollutants manifests itself in
both soot (particulate} and gaseous emissions. The c¢ffect of hydrogen ccntent on the
smoke emissions of a single-ean combustor is shown in Pigure 20 (taken from rof. 15).
Ovar the range of hydrogen content tested, a nearly twofold difference in smoke numbar
was moasured. The cffect of hydrogen content on the NOx emissions of this combustor is
shown in Figure 21 (also taken from ref., 15). The increase in NOyx emissions noted is
attributed to the increase in maximum flame temperature that was illustrated in FPig-
ure l8. The combined effect of hydrogen content and fuel volatility op the formation of
total unburped hydrocarbon (HC) and carb:z. monoxid (CO) emissions in a single-can con-
bustor is shown in Figure 22 (taken: lrom ref, 17). The largust effect iz at the low-
powar operating conditions, where low pressure, temperature, and fuel-air ratio are all
conducive to poor conbustion efficiceney and, hence, high €6 and HC emission levels. Re-
ducing fuel volatility and hydrogen content (.., geing from a Jet B (JP-4) to a no. 2
diesel fuel {DF-2)) resulted in a more than twofold increase in HC emissions and a 50-
percent increase in CO ~missions at the lowest power condition {idle}. The increases in
the €0 and HC emir=ions are most likely the result of poor fuel atombzation and vaporiza-
tion characteristics,.

One other fuel property that affects the formation of pollves=L cemissions lg shown
in Figure 23 (taken from ref. 18), where the NO, emissions of a single-can combustor are
plotted as a function of fuel-bound-nitrogen content for varicus simulated engline oper-
ating conditions, At all operating conditlons, increasing fuel-bound nitrogen resulted
in substancial lincreases in the N0, emissions. These increases are caused by the con-
version of fuel-bound nitrogen to nitric oxide, The conversion rate for this process can
vary from about 50 percent to 100 percent, depending on combustion geometry and cperating
conditions.

Ignition Characteristics

Two fuel properties that have a significant effect on the ignition characteristics
of a fuel are velatility and viscosity. Viscosity plays an important rele in determining
the effectiveness of a fuel injecter in atemizing the fuel intoc small, easily ignitable
droplets. (Filg. 16.}) The lgnition limits of several fuele are pleotted as a function of
combustor primary-zone equivalence ratio in Figure 24 (taken from ref. 17}. Significantly
higher primary-zone equivalence ratios {(higher injictor fuel flows) were needed to
successfully ignite the higher-boi’ing-range fuels vhan to ignlte the lower-boiling-range,
more volatile JP-4 fuel. For the operating conditions chosen for these tests, no. 2
diesel fual (DF-2] could not be ignited without adding a blending fuel (10-percent pen-
tanefj. One other characteristic shown in this figure is alsc worth mentisning: FPer any
given fuel, the time to start can be dramatically affected by the flow rate through the
injector, as indicated by variations in primary-zone equivalence ratio. The injector
spray pattern can be severely distorted at low fuel flow rates (low nozzle pressure drop)
especially for the more viscous fuels,

Throughout the foregeing discussion, the effects of selected fuel properties on com—
bustion and emission characteristics were described. It was pointed out that several
fuel properties may combine to produce a particular adverse effect and that it is not al-
ways clear which property is the predeminant factor. Nenetheless, certain trends ean
be attributed to partieulair fuel properties and, therefcre, changes in these properties
in future fuels will cause results similar to those that were illustrated. Therefore, if
fuel properties change in accordance with the propeosed broad-specificaticn fuel described
in the preceding section of this paper, we can expect to be faced with the need to evelve
acvanced technology to minimize the adverse impacts on combustion, emission, and ignition
that have been discussed.

THERMAL STRBILITY

Alrcraft jet fuels must be stable at the temperatures that they will encounter in the
fuel system. No gums or deposits should occur on heated surfaces such as heat-exchanger
tubes and no cracking or particulate formation should occur that could clog small passages
such as those in fuel nozzles. Laboratory tests that have been develepud te check on this
particular fuel behavior subject the fuel to a thermal stress in a test rig such as that
shown schematically in Figure 25. A small tube is heated electrically to the test tem=
perature. The fuel flows up through an annulus surrounding this heated surface and out
through a test filter. During this procedure, any tendency of the fuel te form partic-
ulates large enough to block the test filter can be noted by a bulldup of pressure drop
across the fllter. At the same time, deposits may also form on the heated tube. Any
chemical changes bringing about the fuel instabjlities should occur at ap increased rate
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ag the fuel temperature is inercased. In goneral, either che pressure drop acrogs

this test filter increases at a fagter rate or the indicoated deposits on the tube bulld
up at a faster rate, a8 the cest temperature is ipcreased, Thus, one way of camparing
the thoermal stabilities of Fuels is to determihe the moximum temperature cf the heated
tube beleca the tegt excceds certaia specified limits of pressure drop or tube deposit
buildup. Thia temperature i8 then referraed to as the “breakpoint temperature.®

Broakpoint temperaturcs for A number of oil-shale- and coal-~derived fuels wero
datermined by using the test apparatus shown in Figure 25 {taken from rof. 19). The re-
sults are shown in Flgures 26 and 7, where the broakpoint temperatures were deter-
mined froin tube deposit bulldup, which turned out to be the limiting factor. Figure 26
shows the effect of fuel-bound=nitrogen contont on breakpolint temporaturo for several
oil-shale-derived fuels. The variation in fuol-bound-nitrogen content was controlled
by hydrotreating the fuels to different degrees of soverity. The cffect of the fuel-
bound-nitrogen content is gignificant, and these data indicate that nitrogen content
in excess of 0.01 percent by weight would reduce the broakpoint temperature to levels
below the minimum allowable for current Jet A fuel. Thercfore, crude cils with high
fuol-bound-pitrogen contont would have to be hydrotreosted to meet current fuel specifi-
cations. Although it is Kpown that fucl-bound nitrogen is a factor contributing to the
instability of fuels, it is not pousible to determinge if it is solely responsible for
the stability differonce shown in Figure 26,

Figure 27 showa the breskpoint temperature for some coal-derived fuels as a funetlon
of thoe weight percentage of hydrogen. The fuel-bound nitregen in all the fucls way
6 ppm or less., In this case, o general trend was eo higher Lio kpoint temperatures as
the hydrogon centent was increased: A 2609 € breakpeint gueneral.y regquired at 1 ast
13=percent hydregen content. Typieal Jet A, which has a hydrogen content of about 13.5
to 14 percent, must have a breakpoint temperature greater than 2609 ¢,

. Another factor that affects breakpoint temperature is the final belling point of jet
fuels. Figurc 28 shows tho decreasing trend that breakpoint tomperature follows for
fuels from two different syncrudes ay the final belling point of the fucls is Lpcreasaed.
The difference in level between the two curves i most likely cauged by differences in
hydrogen and fuel-bound-nitrogen content. Figures 26 to 2B present some of the early
stability data available on turbine fuels from synthetic sources and indicare the general
soverity of the refining processing that would ke required to produce synthetic fuels
with stabllities comparable to those of current jet fuels,

CONCLUDING REMARKS

The avallable sotirces of petroleum erude oll that are used to produce aircraf* enaine
jet fuel have been slowly undergeing changes in sceveral critical properties, Foremost
amonyg these changes is the sleow average increase in the content of aromatic compounds
and geveral rather large increasces in these compounds that have recently occurred or
are projocted to ccour (e.g., in Alaskan ecrude oil). These large increases in aromatic
content have led to considerable comcern regarding tho hydrogen content in jet fuels
derived from these crude-oll securces, Making up for future shortages of niddle-
distillate fractions by "cracking” higher-boiling-range petroleuwn fractions would also
reault in higher-arematic-content jet fuels unloss hydreprocessing were used to upgrade
thage fuels to current-specifications, In addition, initial evaluations of the character=
igtics of jet Fuels that could be refiped from Yynerudes ohtained from oil shale and coal
have shown that copsiderable hydentreating will be needed to upgrade the hydrogen content
of thesc fuels to satisfy current specifications. Along with these concerns about hydro-
gen content, indications are that variations in fuel-bound-nitregen content, boiling
ranga, freezing point, and trace constituents may all be encountered in future fucls,
especially in thowe derived frem syncrudes. In this paper, the effect of varying all the
aforementionoed fuel proporties on the combustion and thermal stabllity characteristics
of a fue] were described and discussed. A knowledge of how severe the cffects of varia-
tions in hydregen content, fucl-bound-nitrogen content, and boiling range are on such
combustion phenowmena as socot and carbon formation, emissions, and i-nition, i85 going to
be neceded. The severity of these related effects will be an importunt cnnsideratien in
determining the tradeoff between the cost and energy consumption needed at the refinery
to produce current-specification fuel and the cost of developing new englne combustion
chambers that can wae broaden-speciflcation fuel.

To provide a commen basis for cbtadning the data needed for this tradecff, a speci-
fication for a reference-type fuel was developed at a werkshop conducted at the NASA
Lowis Rosecarch Center (l1). The propescd specificotions for this experimental reforece
broad specification {ERBS) aviation turbine fuel are presented in Table VII. Both the
proposed speclfication levels and the measurement techniques for determmining these levels
ar¢ shown. The principal preperties that have boen “broadencd" are those that have been
discussed In this paper: composition (hydroegen centent), volatility (boiling range),
fluidity (froczing point and visgosity), and thermal stability {breakpoint temperature).
The use of this common breood-specificatian fuel in experiments conducted by many investi-
gators should provide & basis for maximicing the usefulness of basic studies as well as
a basis for comparing the ability of future alrcraft-engine combusteors to successfully
operate with a broad-specificaticn fuel, Future experimental studics should not and will
not be confined to the ERBS fyuel. Continued effort is still needed to parametrically
oavaluate the impact that large variations in propertics, as discussed in this paper,
has on the combustion and thermal stability characteristics of future fuels.
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TABLE I. =- COMPOSITION ('F PETROLEUM CRUDE OILS

Crude Can- Totul | Middle-distillate fractions
fsolircen stituents| crude >
Boiling point, ~C
120 - 205 | 205 ~ 275 275 - 345
Cantent, wtt
Nigeria Sulfur 0.14 0.02 0.09 0.17
{light) Nitrogen .12 .001 001 ,012
Hydrogen t13.0 13.4 13.1 12.8
Aga-Jari, Sulfur 1.34 0.04 0.40 0.95
Iran Nitrogen .13 . 001 .004 010
Hydrogen | 13.0 14.3 13.6 13.1
Ruwailt Sulfur 2,53 0.10 .45 1.52
Nitrogen .13 001 .092 .10
Hydrogen | 12.7 14.2 13.8 13,1
Alaska Sul fur 1.04 .05 0.23 0.60
{Prudhoa Bay)} | Nitregen .23 . 001 . 009 .028
Hydrogen | 12.3 13.8 13.0 12.7
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TABLE II. = #OMPOSITION OF "SYUTHETIC" CRUDE OILS

Crude Can- rotal Middlo-diatillato fractions
gourcae stituunts |crude =
{process) peiling polnt, ~C
120 - 205 | 205 - 2751 275 - 345
Contont, wti
Shale oll Sulfur 6.71 0.90 0.66 0.69
(Paraheo) Nitrogen 2.0 L 001 1.01 1.9
Hydroyen (11.5 12.5 12.2 11.5
Shale oil Sulfur 0.67 0.85 0.82 0.75
{Tosco) Hitrogen 1.85 1.0 1.45 1.86
Hvdrogen [11.6 13.1 12.3 11.5
Shalae oil Sulfur .64 0.65 .58 0.60
{Garrott-Insitr’ “itrogen 1,30 001 .48 1.03
dydrogen |1ll.8 12.6 12.5 12.0
Coal syncrude® | Sulfur B.22 0.10 0,092 0.14
{Synthoil) Nitrogen .79 . 30 .29 + 32
Hydrogen 9,2 11.0 10.8 10.4

aKuntucky coal.

TABLE III.

~ CHARACTERISTICS OF AVIANTION TURBINE FUEL

Characteristic

Effect or relevance

Heat of combustion
Speclific gravity
Volatility

Viscosity

Aromatics (H/C)

Plashpoint
Freezing peint
Sulfur

Olefinu

Taermal stability

Specific fuel consumption: takeoff gross welght

Heat of combustion (by weight, by volume)

Ignition; altitude re.ight; idle emissions; wvaporation

loss; carbon formation

Fuei atomization; ignition; pumpability

Smoke; flame radiation; heat of combustion; carbon
formation; thermal stability |

Fire safety

Pumpability on high-altitude, leng-range missions

Corrosion; emissiona

Gum formatiecn (thermal stability)

Maximum fuel temperature; fuel deposition

ORIGINAL PAGE J
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TABLE IV. - SPECIFICATIONS FOR AVIATION TURBINE FUEL

ASTM D1655-77 standard Average
specification for properties
aviation turbine of Jet ?

fuel (1976 ERLA)

Jet B Jet A, Jet A-lb

Composition: maximum content of -
Aromatics, vold 20 20 17.0
Sulfur (toial), wth 0.3 0‘3 0.06
Naphthalenes, w¢¢ | eeeee———————— 1 1.70
Olefins, vol | eeeec——————— a. 1.10
Volatility:
pistillation temperature (max.), °C:
Initial boiling poine | ==smsssseemeee | secemee—e— e 171
108 recovered | meecccecccees- 204 188
208 recovered 143 s 195
50% recovered 188 4232 213
90V recovered 243 Report 245
Final boiling polat ------------- 300 267
Flashpoint (min.), ¢ | =e=——e——e———— 37.8 $3.7
Reid vapor pressure I-lx.16 kra 20.7 | =vevececccce—-
Specific gravity (15° c/15° c) 0.751 - 0.802 0.775 - 0.840
Fluidity:
Freezing point (max.), % -50 b_go -4
Viscosity at -34° C (max.), m2/s (e8) | =—ememc————e- C15x10-6 9.3x10"¢
Net neat cf combustion (min.), kJ/kg 42 80O 42 8OO 43 280
Thermal stability (JFTOT breakpoin® temperature, °¢) 260 260 ————

2Value is from earlier specifications; currant specifications omit this.

bjet A-1 freezing point is -50° C.
Ccurrent viscosity specification is 8x10"% mZ/s (cS)

at -4° c.
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Fuel characteristic

TABLE VI.

TABLE V.

= MAJOR PROJECTED CHANGES IN
FUEL PROPERTIES

Hydrogen content, wtd

Final boiling point, °C

Current Future broad-
Jet A spec fuel
Aromatic content, vols 17 - 25 3o - 35

14 - 13.5 | 13.0 - 12.5%

260 - 280 | 290 - 330
Freezing point, °c -46 - -40 | -34 - -29
Thermal stability (JFTOT 2260 2240
breakpoint temp, °C)

ASTM method (current

= CURRENT AND FUTURE FUEL-CHARACTERIZATION METHODS

Composition:
Arcmatic content, vol®

specification)

Test method for future fuel
(broad specification)

Naphthalene content, voll

Nitrogen, ppm
Volatility

Pluidity

Thermal stability

Fluorescent indicator absorption
(ASTM D1319-77)

Ultraviolet spectrography
(ASTM D1840-64)

None

ASTM disti.lation (D86-77) ez
other methods

Freezing point determination
(ASTM D2386-67)

CRC coker (ASTM D1660-72) or
jet-fuel thermal oxidation

Direct determination of hydrogen weight
percent, i.e., by nuclear magnetic
resonance, for higher aromaticse

Hydrocarbon compositional analysis, i.e.,
gas chromatography - mass spectroscopy,
for synfuels

Kjeldahl or equivalent approach, for
nitrocgen-containing fluids

Simulated distillation by gas . ‘wromatography,
for high-bolling-point fuels

Pumpability test for hijh-freezing-point fue.s

or correiation of freezing point with
punpability

test (ASTM D3241-77)

Improved correlation with engine deposition

and life; .mproved test methods

oT-L2
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TABLE VII., - PROPOSED SPECIFICATIONS 10R EXPERIMENTAL REFERFE BROAD-
SPECIVICATION (ERBS) AVIATION TURBINE FUEL

dpecification ERBS jet fuel Proposed test method
Composition:
¥yarogen content, wth 12.840.2 | Nuclear magnetic resonance
Aromatic content, vold Report ASTM D1119
Sulfur content (mercaptan), wth C.00) (max.) ASTM D1219
Sulfur content (total), wth 0.3 (max.) ASTM D1266
Nitrogen content (total), wthd Report Kjeldahl
Naphthalene content, vol®d Report ASTM D1B40O
Hydrogen comwositional .nalysis Report Gas chromatography -
mass spectioscopy
Volatility: &
Distillation temperature, C
Initial boiling point Report ASTM D2892
108 recovered 205 (max.)
508 recovered Report
908 recovered 260 (min.)
Final boiling point Report
Residue, percent Report
Loss, percent Report
Flashpoint, °C 38 to 49 ASTM D56
‘Gravity, deg API at 15° C Report ASTM D287
Gravity (specific), (15° c/15° ¢€) Report AST™M D1298
Fluidity:
rro.a{nq point, °¢ =29 (max.) ASTM D2386
Viscosity at =232 C, m?/s (c§) 12x10~€¢ (max.) ASTM D445
Net heat of combustion, kJ/kg Report ASTM D2382
Thermal stability (JFTOT breakpoint 240 (min.) ASTM D3241

temperature, blnsd on TOR = 13
or AP = 25 mm, “C)




ACTION ADVANTAGES DISADVANTAGES
PRODUCE OPTIMIZED FUEL PROPERTIES | INCREASED REFINERY
SPECIFICATION | o\R CRAFT/ENGINE RETROFIT ENERGY CONSUMPTION
JETFUEL | NoTRrQutery | INCREASED FUEL COST
RELAX JET FUEL [ CONSERVATION OF ENERGY | MORE COMPLEX
SPECIFICATION |p FUEL COST COMPONENT TECHNOLOGY

EDUCED FUEL COS REQUIRED
ADVERSE EFFECT ON
ENGINE LIFE
Figure 1. - Assessment of potential actions.
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Figure 2. - Hydrogen content of
alternative sources of jet fuel.
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Figure 3. - Nitrogen content of alternative
sources of jet fuel.
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Figure 4. - Effect of specific gravity of jet fuels on
heat of combustion by w.'ght and volume,
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Figure 5. - Boiling range of various petroleum products.
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Figqure 6. - ASTM D-86 distillation curves for various
fuels. (Source, U.S. Bureau of Mines.)
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Figure 7. - Effect of temperature on true vapor pressure of
aviation fuels. (From ref. 20.)
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Figure 8. - Effect of temperature on fuel
viscosity. (From ref. 20.)
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Figure 9. - Trend in aromatic content of commercial Jet A fuel. A ?
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Figure 10. - Simplified refining sequence.




NITROGEN CONTENT,
PERCENT BY WEIGHT
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Figure 11. - Hydrogen consumption in processing.
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Figure 12. - Relation between aromatic content
and hydrogen content.
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Figure 13, - Effect of fuel hydrogen content on heat of
combustion.
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MASS LOADING OF SOOT, mg/m3
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Figure 15. - Effect of fuel hydrogen content on peak soot concentration. (From

ref. 12.)
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F.gure 19. - Effect of fuel hydrogen content and pressure on
flame radiation. Inlet-air temperature, 430° C. (From
ref. 16.)
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Figure 20. - Effect of fuel hydrogen content on smoke number
at takeoff condition. (From ref. 15.)



EMISSION INDEX, g/kg OF FUEL
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Figure 21. - Effect of tuel hydrogen content on ox‘des-of-nitrogen
emissions at takeoff and cruise ronditions. (Taken from ref. 15.)
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Figure 22. - Effect of fuel type on total hydrocarbon and
carbon monoxide emissions. (From ref. 17.)
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Figure 23. - Effect of fuel-bound-nitrogen content on total
emissions of nitrogen oxides. (From ref. 18.)
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Figure 24. - Combustor ignition characteristics using dif-
ferent fuels. (From ref. 17.)
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Figure 25. - Schematic of thermal-stability test rig. (From ref. 19.)
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Figure 26. - Effect of nitrogen level in oil shale-
derived fuels on breakpoint temperature.
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Figure 27. - Effect of hydrogen
content in coal-derived fuels
on breakpoint temperature.
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Figure 28. - Effect of final boiling point on
fuel thermal stability. ORIGINAL PAGE 18
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