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REMARKS FOR THE OPENING OF THE . T
UNIVERSITY SYNFUELS R AND D PANEL |
by
Samuel S. Lestz
Department of Mechanical Engineering

The Pennsylvania State University C e
Good morning ladies and gentlemen:

Back in the early part of August when Jchn Russell approached me for my
thoughts pertaining to the organization of a University Panel for this con-
ference, I tried in vain to tell him of my ignorance concerning the subject.
matter; namely, that I really didn't know anything about the composition of
finish synfuels for transportation. However, John did prevail and [ agreed
to help organize this panel and serve as its moderator. In this, the or-
ganizing proved.to be a relatively easy task because, fortunately, we were
able to assemble a panel of three highly qua]jfied peopie whom I will introduce.
in just a few moments. The other part of my agreement to serve as panel
mdderator,twh11e‘appearﬁng to be & most enjoyable undertaking,.did leave me
Isomewhat apprehensive. To overcome this, I felt that it might be a goed jdea
to organize my thoughts and, once having done this, perhaps there may be an
idea or tQﬁ that would be worth sharing with you all this morning. So if you
would please bear with me for just a Iittfe bit, I would }like to inject two
of these ideas that I came up with.

First - I asked myself, why hold such.a conference -as this. [sn't the
answer to this question obvious? The scope of this conference s clearly sét
fortn on the cover of the program announcement. But really are all the reasons

for holding this conference obvious? I think not! I personally feel that a
—_—
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i'ﬁost impurtanf reason for this conference is to arouse an awarengss of the
7'hfgency to set a high priority on the development of the commercial capacity
for producing finished synfuels fﬁr transpbntation. Strange as it seems, eien
though the social, economic, po1iti§a1, and military reasons for doing so are
“most compé1ling, there doesn't in my opinion appear to be the kind of commitment
directed toward ensuring a future supply of transportation synfuels that one
might expect.',l feel as others.of you have a1réady indicated that this is
crﬁtical, and therefore, cpnc]udeg.that\an,important goal for this conference
would be to strive to bring about increased recognition of just how crucial it
is {o have a national commitment for the development of a viable production
cépabi]ity.
Second - The idea that I would like to throw out also seems to turn about
an obvious notion. Namely, that in order for a synfuel to be generally ac-
ceptable in the near future as a transportation fuel, it necessarily will have
to be a liquid and prpbab1y not too ferribly different from present day fuels.
That near future fuels will be liquids arises out of logistical (eﬁergy density)
and hardware considerations. That.they will not -be too different from present
fuels arisés out of my reading of the current literature. If I am correct then,
I thinf it is appropriate to ask what research involving transportation fuels
can and should we in the univefsit1es by doin§ now? 1 do not presume to have the
wisdom or the knowledge to pnnvidé 3 wholly satisfactofy answer to this question,
However, my experience and history does say that we must contihue to do the
'basic research that will ultimately supply thé fundamental physical charaéteristics
that will be vitally needed in the future so that combustion and fuel management |
systems might be altered to acc0mmodaté synfuels as they become available. In
the near future, the next five to ten years, while I can see the impact of synfuels
becoming appreciablé, I cannot see during this same period the immergence of an
alternative prime mover for transportation (over fhe road) ‘that will displace

i\-—'.;m'u [T,
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the internal combustion engine of today. True, we are apt to see in certain
applications & shift from one kind of an engine to another as for example we
are now witnessing the Diesel engine maving into the 1ight duty automotive
field, but it is doubtful that we will shortly witness a whally new type engine
moving into this same field.

A vital task then for university researchers is to supply fundamental
information that will enable us to model the beha#ior of future synfuels as a
function of their compos i tion whatever that maf be. This is a formidable task,
but not I think an impossible one. Currently at our university, an interdis-
ciplanary team of researchers is attempting to do this in the area of environ-
mental compatibility for future Diesel enginé fuels. If this effort is successful,
it will provide a model which will alow one to predict the mutagenic activity of
a given fuel based upon the c0mpositibn of that fuel. The model itself will be
based an data obtained while burning various blends of pure compounds in a
diesel engine. There are other areas that can be approached ih the same way
and certainly the attempt should be made.

Thank you for listening to my comments, and now we should move on to the
panel presentation and discussion. So, without further delay, let me now
introduce our panel. They afe:

Prafessor Otto A..Uyehara - University of Wiscomsin

Professer Richard T. Johnson - University of Missouri-Rolla

Professor Arthur M. Mellor ~ Purdue University
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ABSTRACT

Estimation of depletion dates of natural crude oil
for the U.S. and the World, the type of chemical structured
fuel to expect from coal derived synthetic fuels and fhe
questions that need to be answered to use fuels refined

from synthetic crude oil, for transportation use.



TRANSPORTATION FUELS -_1978 CRUDE OIL SCENE

by
0. A. Uyehara

Even with fuel.consérvation practicé ihe demand for crude
0il in the United States has not décreaséd;

Federal law now states the autoﬁobiles produced by a par-
ticular manufacturer must sétisfy the fleet average gas mileage
of each model year so that by the year 1985 the average fleet
must meet 27.5 miles per gallen. To comply, automobile manu-
facturers have been reducing the weight of the vehicles of
certain medels in their fleet yearly. The reguirement of low
pollutant emission is still very stringent. The Federal govern-
ment, however, has relaxed the NOx requirement from .4, gram per
pile to 1.0 gram per mile for future.

In order to comply with the regulations, that is more miles
per gallon and at the same time to cémply with the emission
restriction, the following methods are being tried depending
on the manufacturer: lean burn enginés, the use of two combus-
tion chambers, use of catalytic mufflers, use of lower rolling
resistance tires, lower differential gear ratios. These
metheds have been integréted to satisfy the yearly Federal and

State of Califernia laws.

Passenger Car Economy

The writer presented a paper entitled "Diesel Vehicles?

Crude 031", {(I)* at the 1876 SAE February meeting showing miles

*Numbers iIn parentheses designate references at end of paper.
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ﬁer gallon data of spark ignited vehicles and diesel engine
vehicles vs. curb weight plus 300 pounds. These plots for
urban and highway driving modified by drawing the line for
19?8'passenger cars using spark ignition engines are shown in
Figures 1 and 2. The improvement in,econom§ éan be seen by
inspecting Figure 1 and Figure 2.

Figure 1 contains data for urban'dritiﬁg of the 1974 and
1975 vintage new automobiles, Figurﬁ 2 giveé similar informa-
tion for highway driving. Additional data are shown in both
Figure 1 anleigure 2 giving the mﬁg vs. féhicles curB ﬁeight
plus 300 pounds for the 1878 spark ignitedréquipped vehicles.
it shows increased mpg far 19?3 vehicles of the same wéight.
Limited data was used to draw the line 55 care must be éxér-
cised in'interpreting the.plot. Also there is fhc qucstion
whether the EPA (Z) published milecage data, which was doter:
mined in a different manner, coula Eé higher iﬁ npg £haﬁ can
be obtained in actual vehicle'bpéraiiﬁn on the road. The
improvement  in mpg is betwéenlzoztdndn"perceﬁt which indicates
substantial imprnveﬁent. Whén.dafa wefe'giveﬁ'for both aﬁtoF
matic transmission andlﬂénual:tfansmission the manual trans-

mission data werc used.

Air Transportation .

In air transportation field, the, jet engines nave been
uéing turbo-fan (fan jets) to improve;.the propulsion efficiency.
Tt is well known that the thrust is proportional to MAV where
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M is the mass rate of flow of filuid through the jet engine and
AV is the difference“in_veldcity of the jet leaving the jet
engines to the velocity of the air frame. With the use of a tur-
bo fan, the mass rate M of the fluid through the jet engine is
increased-and for the same thrust, AV decreases. The improve-
ment in quantity of jet fuel consumed for the same payload and

speed is a%cut 15 to 20 percent.

Fuel Consumption Trends

Even with improvements shown by new aﬁtomobiles and_improve—
ment in the propulsive efficiency of éirplanes the consumption
of total crude oil in the United States has not decreased. It
can probably be attributed to the rate of new cars purchased
to the rate of old cars take# out of service in such that the
total population of vehicles is still iﬁcreaging. The older
cars (pre 1976) with lower value of.mpg_are still a large pro-
portion of the autcomobile population. o |

_Figure 3 is being presented -to show the'trends of petreo-
leum demand (cpnsumption). production, gasoline consumptian
and import of crude'oil anﬁ products. From inspecting fhis
plot-the rate of demand of petroleum Had decrcased during the
period from 1973 to 1976, but it started to increase again in
1877 and the yearly rate of consumption seems to be leveling
off at about 18.5 million barrels a day. Looking at the import
curve during the vears between 1873 and 1976,_the rate of con-

sumption stayed, on the average, about constant. During the
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period from October 17, 1973 to March 18, during the oil em-
bargo we had a shortage of import of crude oii. Buring this
period the import stayed fairly constant at about 5 1/2 million
barrels a day. The percentage of the import to the daily rate
of consumption was roughly 5 1/2/17 or about 33%. However,
looking at the import curve of 1977, the percentage of import
to consumption increased to about 8 1/2 te about 18 1/2 or’
about 46%. The import seems to be taking a strong downward
trend in 1978 but the year is not compiete. If the ﬁuantities
indicated at mid-year are used to make the estimate,. the per-
centage import is about 42% which is in trend of the right
direction.

Observing the trend in gasoline consumption we can see
after a lull from 1973 to 1975 the trend is a gradual increase
in consumption even with the addition of improved gasoline
mileage automdbiles introdﬁced with new automobiles. :At the
present time the gasoline consumption is about 7.2/18.5, about

. 39% of the total petroleum consumption.

Definition Used in Crude 0il Industry

Figure 4 shows .a'"barrel"of -oil estimated as being found.
The quantity 433 billion barrels thén is termed respurces,

I, being-a layman, may not be giving the abéolute correct
answer but my 'understanding is that the terms have the follow-
ing connotation. The term reserve is the gquantity of crude oil
tﬁat can, at that peried of time, be économically punped from
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During the life of a producing oil well the first 20 to
25 percent of crude o0il is recovered by the effect of the dis-
solved gases in the crude oil gemerating enough pressure to
maintain flow without any external devices. The second period
called secondary tecovery or water-flooding period, - water is
injécted around the producing well to displace the oil and to
increase its pressure, Using water flooding producés an average
of about 10% additional crude oil. There are many intricate
pores of minute size in the oil bearing structure. Special
solvents followed by water flooding, pumping in inert'gas such

as CO,, partial oxidation underground by limiting oxygen supply,

23
etc., are some of the methods that can and if economic condi-
tions warrant are used. This third stage is called tertiary'
recovery method. An additional 15 percent of the original
100% can be recovered. Secondary and tertiary recovery methods
are termed enhanced recovery. There iz about 50% of the ori-
ginal oil in the ground that cannot be recovered by any knownl
technique of today. _

In Figure 4 which depicts Q "barrel" of ¢il, it is assumed
that the location of 433 billion barrels of crude oil, which
was given to us by natufe is known in the United States. if
the estimate of all oil given éﬁ us, but of unkn0wn locations,
the resource i1s. higher - 800 billion barrels (see Figure 3}.
Using tﬁe data.of 433 billion barrels as 100% then by 1975 we
had recovered {gquite easily) 106 billion Barrels'or about 24,5%
of the"barrel) By January 1979, we will have recovered 120
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pillion barrels or about 28%. Some of the oil recovered since .
1575 has cost ﬁore to recover since the new oil wells are much
deeper and hence were made expensive to drill, more of tﬁe new
0il wells are located off shore where platfbrms are required.
Wells of the future many of which will be located many miles
from the shore on the outer continenfal shelf both in the
Atlantic and Pacific Ocean will require elaborate drilling
techniques and platforms which will make then even more expen-
sive. New wells and by using enhanced Tecovery methods (water-
flooding and tertiafy recovery) we can expect about 79 billion
barrels of oil that can be recovered. This quantity is some-

what higher than the lowest recoverable oil line shown in Fig. 5.

U.S. Crude 0il Scene

In Figure 5, the U.S. oil scene is presented. The demand
(consumption) is much greater than the supply (production)
from our ﬁil wells. To make up the diffe;ence ;fude oil and
products must bhe imported. The_import.data as function ofl
time was presented in Figure 3 Let us continue to 1ook‘at
the trends., If we continue to produce more crude o11 trylng
to limit our import, and if we keep on producing by use of en-
hanced recovery methods, dlg more wells and dig deeper wells,
the production to date line, will cross the lowest of the USGS
recoverable crude. oil line by 1988 just a scant eight years
_away. If the more optimistic recovera_blé reserve line is.used

the date will be about the year 1988, which is shown in Fig. 5.
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World Crude 0il Scene

Let us now. look.at the world petroleum scene which is
shown in Fig. 6. Two estimates of recoverable o0il in billien-
barrels are shown. These estimates are roughly 1300 and 2100
biilion Barrels. The,  bottom curve is the rate of production
in barrels per year since 1920. A rough value of the peak
rate.shown on the plot is about 20 billion barrels per year
which was reached about the year 1973. The rate of production
(contfol1ed by o0il producing countries) and to pricing dropped
to about 16.4 billion barrels per year in 19706. The produc-
tion rate per year has increased to about 17.7 billien barfels
per year in 1977, When the second peak in production rate will
occur is difficult to estimate.

1f the assumption is made that the same trend but a£ a
slightly slewer ratelof-consumptioﬁ érowth, the potal.eil pro-
“duced to date dufve.eroeseszthe estihate,'made by King Hubbert's
(3) of rédovéraﬁle'oiifduf{ng tHe'epﬁroximdtefyeaf of-ZUlO -

a short period;nf fime of abou£'32'fearé " If the moré'op-
timistic recoverable 011 estimate of Ryman 5. 15 used the year.
when it crosses is about 2025 or about 47 years away. |

| " Let us sce what the consumpt1on of petroleum of the Unlted
States is tu-the total world productxon in the year 1078. U,S.
Coﬁeﬁieﬁtion was about 3 billion barrels per year. The world
consumpfion.[inéludes Rissia and fhe‘rest of the Cemmueist
countries) is about 17.7 billion'baffels. "U.S. censuﬁes
3/17.7 % 100 or about 17% of the world crude oil with a

- :



percentage population of -about .2/4.1 x 100 or 4.8 percuut of
- the world's populgtion.

It is alarming tb the author that more effort is not being
made to set up large conversion plants whereby coal (estimated
reserve about 300 years) can be converted to synthetic crude.
The effort is there, but at a fairly low cffort. We do have
several DOE co-sponsored small to medium size conversion plants
of pilot plant size to obtain experimental data. The estimated
cost for a barrel of o0il is in the st.oo-range which is about.
twice the cost of impofted 0il. Even if the cost of a barrel
of synthetic crude cost $28.00 a barrel, it is the opinion of
the author that we meet the capability of producing about 2
million barrels per day of synthetic crude. If the supply of
imported oil should suddenly be shut off, we can with storage
system in operation get by Eof about & months, but by that
time we should be producing syntheticzcrude at the above rate.
The économic consequence. of petroleum shortage will be de-
vasting.l

Sooner or later we will be making svnthetic crude from
coal and from shale. In Figure 7 is presented, in greatly
simplified fcrm, the conversion of coal to syncrude plant.

Required is a source of oxygen to keep the gas pumping to
a minilnm, a source of ﬁydrogcn to il.'u:rea_se' the H/C ratio of
ceoal to the required H/C ratio to produce the liquid hydro-

carbon. o



The timely and informative paper by J. P. Longwell (4)
which was presented ﬁt the 1976 Combustion Institute Meeting
held at MIT, Cambridge, Massachusetts during August 1976,
gives some of the cost involved and the preblems that can be
encountered, The amount of hydrogen required to liquify the
coal dépends upon what type of fuei structure we need to have
- to satisfy the transportation fuels. The cost of generating
hydrogen gas is duite expensive. One of the methods is to use
part of the coal and the léft over ﬁaterial called char, in
the process of producing synthetic crude.

In Figure 8 is shown a simple table giving the hydrogen
to carbon atom ratio for a 10 carbon atom liquid fuel hydro-
carbons of different chemical structures. The normal parraf-
fins has the highest H/C ratic with a value of 2.2.

The olefin has an H/C of 2.0. Both diolefin and cycle
péraffins have H/C ratio 1.8. The alkyl benzene, for the
structure shown, has a H/C ratio of 1.4, Napthaiene,
structured of 2 benzene rings, has the lowest H/C ratio of 0.8.

Longwell (4) gives the hydrogen gas requirement to convert
coal with the value of H/C of .75 to synthefic crude. The H/C
ratic of one of the synthetic crude mentioned in his paper is
1.27, made from coal with an H/C ratio of .75, The volume of
hydrogen gas consumed in producing synthetic liquid petroleun
by the H-coal process is given a5.4100 cubic feet. His next
example of hydrogen gas requirement to further increase the
H/C ratio frem 1.27 fo 1.53 by cracking and hydrogeheration.
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The additional volume of hydrogen éés reqﬁifed was given.as
3500 fr>. To produce synthetic crude with an H/C 68 1.53 Te-
quires 7600 £t3 per barrél of synthetic crude produced. ﬁé
also gives the approxiﬁate percent afométic content in the
synthetic crude with H/C = 1,27 as about 80% and for l.SS.H/C
ratio synthetic'liquid'petroieuﬁ ag about 50%. Héléléo-States
the Jet fuels specifiéat{on specifies air aromatic conﬁénf-of
no more than 20%. - ’

Mr. Longwell gavé;fhe_Eost of hydrogeﬂ tin 1980) of $2.00
per 1000 cubic feet. Extrapolating the hydrogen required,‘I-
would‘gueés to convert coal with'aif'H/C of .75 to synéfdde
with an H/C 1.68 would réquire about 10,600;éﬁbic'feet. Af.a
price of $2.00 per 1000 cubic feet, the cost of hydrogen gas
alone would be szo.engéf barrel of synthetic crude. The $2.00
cost by Lcngﬁell'for cbnvertiﬁg coal to“hydrogan, T am aséﬁming
included the éost-qf OZ—NZ sepafﬁtion from‘a{f, the ¢ost of
ceoal,  and included fheitapital cost tor fhe air séparatidn and
coal to H, equipment; In thé above cost of hydrogen gas, the
cost of coal, Ilam Qhofihg LOngﬁell,'"ass&ﬁing the Edst of coal
is $20.00 per ten in 1982". Let us perform'é little simple
arithmetic. Let us assume 2.75 barrels of synthetic cride
can be produced per ton of coal. -Thg;” | .

Cost of codl = about $7.30
;dSt'ofmh?dfdgen'(whicB incliudes some coal say to

produce 1,53 H/C synthetic crude = 7.6 x 2.00 = 15.20.
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The cost per barrel of gynthetic ﬁetrolgum with an H/C ratio
of 1.53 produced from coal with an H/C ratiec of .75 is then
15.20 + 7.30 or $22.50. The $22.50 cost does not include the
cost of H-pro;ess'plant (but does include the hydrogen pro-
ducing section of Fiéure 7.) '

In the SAE paper 760210, I made a guess it would cost
éboup $20.00 a barrel. This rough estimate was made in 1975
when the paper was in pfeparation SO My guess was too low.

qu let us look.at'some of the problems that one can en-
coﬁnfer using synthetié crude fof'ﬁaking transportaion fuels,

Porter (5,6) in his cléss;c work of using photoflash
pyrolysis technique, sétisfied himself that carbon is formed
in the manner given in Figure 9. The last step for hydro-

‘carbons other than the aromatic structure, is Csz (acetyleng)
which then forms carbon and hydrogen. For the aromatic com-
pounds? the carbon forﬁation step need not go through only the
CZHZ step but can be formed difectl& from the benzene ring

structure as well as going through the C, Step.

M2
‘The question arises why can't we produce benzene type
~structure hydrocarbon as transportation fuels, from coal which

then will require the least quan%ity of hydrogen and be the
least expensive to produce.

To answer this question Figure 10 is presented. In Figure
10 the tendency to smoke of a flame_burning under stgady state

condition as function of fuel structure for carbon atoms fuels

between 10 to 13 are presented. In Figurevlo it can be seen
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paraffin type of fuel which has the highest H/C”ratiO'has the
lowest tendency to smoke, ?hereés naphthlgnic type of fuels
which has the lowest ﬁjt r;tio has the highest tendency the
smoke.,
~ Even though liquid fuels of naphthalenic structure require

the least quantity_of hydtdgén to produce fram.coal, it seems
that certain types of transportation engines cannot, use them.
For example, at present the spec1f1cat10n of aromatic content
for Jet engine fuels'is llmlted to about 20%. The reason for
this is probably the smoking tendency. The aroma;ic content
of diesel engine fuels, I thiﬁk, are kept below 30% by ;he're—
finery. . |

The spark ignited homogeneous mixture burning engine can
probably tolerate higher aromatic content fuels if the fuel
mixture entering the combustion chamber is in a. homogeneous
vapor state. This hﬁwever'is 1 guess, so furthgr experimental
research is required. From background material ‘presented in
this paper, let us see what 1nformat10n 15 needed tc be able
to use synthetlc fuels OI low H/C ratio in varjous types of
engines. Some of the quest10n5 are: _

1. Will a homogeneous fuel mlxturé spark 1gn1ted eng1ne

tolerate high napthelenlc type of fuels if properly

‘vaparlzed and mixed?
2. What effect does- turbulence have on the capability.

of Sr'englnes to burn hlgh aromatic structured fuels.
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10.

11.

H-toal process given in Figure 7,

. What effect will EGR have on high aromatic type

of fuel?

How much deposits will these fuels form in the

" combustion chamber?

What effect will air to fuel,fafio have on the

‘operation of the engine with these fuels?.

Can diesel engines be designed to burn these fuels?

Can jet engines combustion chambers be designed to

‘burn these fuels?

Can a more efficient method be devised to generate
o

Hzm

What is the economics' of using poweTr plants

(electricity) during'periods of low demand to

generate hydrogen by eieCtrblysis; (1t will

generate both HZ

and 02} Bothlugeéble for the

How much HC would be formed in reciprocating

engines ﬁSing this type of fuel?’

Could water in fuel emulsified fuel help in r:ducing

the tendency to smoke?

Further Comments

Is. it time (1979) now.to start to plan and .construct a

large (4 millicn-bafrels per day capacity), coal to syncrude

plant, which will probably take about § yéars from the drawing

board to operational stage. The output of the syncrude plant
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(H/C = 1.27) can then be mixed with the crude oil from the
ground. In this manner wé cah.produce an average crude oil
an average produce with an H/C of beétween 1.7 to 1.9 range
which can have a much better.chance of satisffing the trans-
portation fuel requirements and at the égme time reduce our
petroleum import. h
In my ownlopinion we do not have much time to dill} dally

around before we take some action, I know the cost is very
high but tﬁe cost will probably be much higher in the fﬁture
if no action is taken.

In appendix a very rough éstimﬁte of the cost of the raw
material (HZ) iﬁ givén fér'pfodu;ing a barfei of syncrgde of
various H/C compositions. The cost is very very high if the

syncrude H/C ratio requirement is in the 1.9 range.
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Pulsed Spray Ignition

Due to the prouspects of improved couibus‘tion efficiency and re-
duced emissions burning with very lean mixtures in reciprocating
engines is highly desirable. However, as the lean limit is approached
misfire in one or more cylinders becomes a severe problem due to the
obvious performance degradation. Fuel injection is one means of
burning with a lean overall équivalence since locally high equivalences
are provided near the spark plug. -

PFuel properties can affect the lean limit in a fuel injected
engine in a variety of ways, TFor éxample, vhen misfire is occurring
at the onset of ignition due to the inability of the spark to evaporate
the fuel and heat the mixture to a temperatwre high enough for re-
actions to proceed unaided, an incresse in volatility or decrease in
viscosity would enhance evaporation and hence ignition as discussed
" for the continuous combustors. If, on the other hand, misfire is caused
by poor fuel distribution or the lack of mnng, increasing the drop
size can mprove penetration of the fuel jet and reduce the lean limit,
vainusly,_ these factors are étrougly dependent on the fluid mechanics
in the cylinder which are not well understood and require much more
experimental work. ' . .

There are, of course, several factors which influence ignition
other than fuel ﬁmperties such as spark andlinjection timing, cylinder
geometry, and injecfor perfomance. Depending on the type of injector,
spray quality can be poor during the begimming and end of the inj ect_:ion
cycle and this changs of drop size with time can inhibit ignition.
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PULSED SPRAY IGNITION

o FUEL VOLATILITY

e FUEL VISCOSITY

o FUEL PENETRATION AND MIXING -~

o INJECTION AND IGNITION TIMING

e SPRAY QUALITY  TIME.. DEPENDENCE
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Heavy FueTS_Ihéﬁease
Combustion Inefficiency

The selection of a gas turbine engine (the AGT 1500) as the’
power source for the next generatfon ma{n Army battle tank and
this engine's multi-fuel and lTong range {fuel economy) fequ1re-
ment has stimulated investigation into the éffect of fuel type
upon combustion inefficiency (i.e. €0 and unburned HC emissions).
Typically combustion inefficiency increase;_with heavier fuels;
that is, as fuel volatility decreases (and viscosity increaﬁes),
fuel droplets becdme more difficult to vaporize and combust.

A rélationship has béeﬁldéve1oped.(and is-incorﬁorated in
the accompanying graph)} which correlates coﬁbustion inafficiency
from conventional gas turbine combustors (such as the T-63 Army
helicopter 11ner) burning tight (i.e. volatile and non-viscous)
fuels nan {suchlas 1iquid propane, JP-4, and Jet A). This
correlation accounts for v&riation in fué1 fypé,'inlet air temp-
erature, fuel-air ratio, pfessure,‘reference velocity, and 1iner.
configuration. ‘

‘ Hoﬁever. this'corré1at10n doe§ not predict the increased -
éambustidn inefficiency from'héavy fue1s'(such'és-#2_niese1 fuel
or #5 011). Hence, more work is required in order to include
the effect of droplets from heavier fuels upon qombustion

inefficiency,
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HEAVY FUELS INCREASE
COMBUSTION _INEFFICIENCY

o INLET TEMPERATURE, PRESSURE, FUEL-AIR RATIO,
& FueL TYPE ARE CORRELATED (LIGHT FUELS ONLY)

e Heavy FUeLs (DF 2 8%5 OIL) INCREASE
COMBUSTION INEFFICIENCY

e REQUIRE FURTHER WORK TO CORRELATE HEAVY
FUEL EFFECTS

} ARMY HELICOPTER (T-63)

gDF2
2. %5 oI | V3

~-JP-4 & JET A

COMBUSTION INEFFICIENCY

-

CORRELATING PARAMETER



Effects of Soot Formaticn

Depicted in this viewgraph is a generalized gas.turbine COM=
bustor. Combustion in the primar} recirculation zone yields the
méjority of total heat're1ea§ed. In the secondary and dilution
zones combustion s completed and the-temperature traverse stabi-
14zed. Fluid then travel.s through the turbine and recuperator
‘'sections where energy is extracted before exhausting to the
atmosphere.

IEar]y in the progression of events shown on encounters the
ant'formiﬁg region. This region corresponds primarily to the
_ volume in and near the fuel spray. The effect of this soot
formation is felt at all TEcgtions d&wnstream. Growth of sﬁot
daposits and increased radiant fiux o the linear wall may
critically reduce the effectiveness of film cooling. Detached
soot depasits way damage turbine blades as well as clog passages
in the recuperator. Visibility of the exhaugt plume in conjunc-
tion with its infrared signature is of considerable impoftance

in tactical situations.
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Heavy Fuels Increase Smoke and Radiation

In clean flames, little soot is produced and most of.the radia-
tion received by the combustor 1iner is band radiation, from water and
carbonldioxide. In sooty, or luminous, flames the majority of radia=
tion absorbed by tﬁe liner emanates from the smoke particles. The
magnitude of this soot radiation is normally much greater than the .
magnitude of the band radiation. Thus, soot is the single most 1mportant'
source of combustor radiatioﬁ To demonstrate the relat1ve "hr1ghtness"
of clean and soaty flames, th1s picture of a clean flame (upper Teft
corner) was tgken at purdue with an exposure time of 17/30th of a
second. The uooty f]amé_picture Was also taken at Purdue, and the
exposure time was 1/1000th -of a second. " |

It has been shown that smoke part1cles and the1r assoc1ated high
1éve1 of radiation prpduce three undesirable effects 1njgas-turb1ne
combustion. First, heavy suotinghcau lggd;io deposit formationr'
Second, smoke production meaus.exhaust uisipility, which 15'espucially
undesirable for mi1itarj_appliuation5 .Finé11y, high levels of combustor -
radiation lead to decreased 11ner Tifetime. \

The graph in the upper r1ght corner 15 a plot of smoke mass
concentration data measured at Purdue versus ax1a1 distance from the
fuel injector. The 1ower,curve-js for_Jep-ﬁlfug] and the upper curve
is an indication of the increased"smoke;form%ng‘tendenciés of heavier

fuels 1ike Diesel Fuel #2.
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Parameters Affecting Ignition Limit

‘For ignition to occur 1n a Qas turbine.ehgine the energy from
the spark plug must evaporate a portion of the fuel and then heat the
fuel vapor and air mixture so combusfion can prdceed unaided,

The volatility of a fuel is simply a measure of how readily
the fuel changes from E Tiquid to a gas and thus increased vo1ati1ity
gases ignitability. The average drop size of a spray strongly depends
on the viscosity of the fuel -- as viscosity decreases so does the
average drop d1aﬁeter. A reduction in the average drop Hiameter of
a spray creates more syrface area for the evapor&tion process., Con-
sequently, decreaéiﬁg the viscosity of a fuel increases the ignitability
of that fuel. In addition, the average drop size of a spray is
influenced by injeétor performance (pressure drop across the nozzie,
for example).

The air f1ow rate near the igniter should be held to a minimum
since increases in the ve1oéity will promote heat loss from the spark
area, reducing the energy available for {gnition. The igniter will
obviously affect the ignition process through variables such as energy
per spark, spark repitition rate, and igniter location.

As an example of the importance of fuel volatility and the effect
of air flow rate {in pounds per hour}, the figure contains ignition
1imit data for the AGT -- 1500 obtained by Avcn-Lycuming‘and correlated
at Purdue. As previously noted, ignition is enhancad as the volatility

increases.



PARAMETERS AFFECTING
IGNITION LIMIT

FUEL -VOLATILI'I"Y.‘ -

e FUEL VISCOSITY -

AIR FLOW RATE

|NJECTOR PERFORMAN;:E‘ o

O JP-5 |

0O *4 OIL
A %6 OIL

IGN. P
/_AIRFLOW - 1000 PPH
e G

D —600 PPH

S NO IGN.

FUEL /AR

~«— \VOLATILITY

PURDUE CORRELATION OF AGT 1500 IGNITION LiMIT
PURDUE
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© Light Fuel Correlation for Flame Stabilization

This slide 111ustrafe5-the-Purdue cofre1ation.f0r Tean Blow off.
Flame stabilization involves the campetitiuh between a fluid mechanic
and chemical time. For a given combustor operating point {consistent
f%ujd mechanic time), too iong an ignition delay time precludes stable
com#ustion; therefore, one approaches the lean blow off 1imit by
increasing the air_ve?ocit& (decreasing the fluid mechanic time} or
decreasing the fuel flow rate (increasing the ignition delay time),
The correlation shown in the s)ide includes variations in combustof
pressure, 1niet temperathre, velocity and geometry {disc-in-duct con-
figuration) for flames in which heterogeneous effects are negligible.
The model does not yet properly include heavy fuel effects which have
been encountered with fuels such as DF-2. ‘In an effort to includé
heterogeneous effects, appropriate time scaigs are being considered

which incnrporate fuel properties such as §n1at111ty and viscosity.
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LIGHT FUEL CORRELA!!ON FOR

ELAME _ $TAB|LIZA TON

e MODEL CORRELATES PRESSURE, INLET TEMPERATURE,
VELOCITY AND GEOMETRY (LIGHT FUELS ONLY)

e HEAVY 'FUEL_EFFI"-:CTS ARE S|GNIFICANT (DF-2)

¢ REQUIRE FURTHER WORK To CORRELATE
HEAVY FUELS -

o

STABLE

’,,,,,,1’45%§E§5 '.. I:
UNSTABLE

|GNITION DeLaYy TIME

PURDUE CORRELATION FOR LEAN BLOWOFF
(LisHT FUELS) PURDUE
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Fuel Property Influence on Combustor Performance

Military Iplreparedmss in an era of limited petrpleum resources -
requires that the mltifuel 'capabilify of various“. fropulsive devices
" be Jnown quantitatively. For_exmrqslg, how-wide & variation in fuel
viscosity and boiling point range can be acgojlm'dated in the standard
_AGT—ISUD Army main battle tank gas turbine englne in both emergency
and long tern substitutions? ‘ |
In general, the heat release rate of a"- flame in a conventional
gas twrbine burning an aviation spécificatig_n fuel is controlled by
the rate of mixing between fuel vapor and air. Although liquid fuel
© is used, the fuel evaporation rate is normally much greate'r. than-
this mixing rate. However, the usel of avi_a_tipnl nonspecification
fuels precludes the assumption that fuel evaperation rate exceeds
this mixing rate. 'Ihﬁs, fuel visal:sity and -vﬁlatilityl are important
determinants of gas turbine combustor perfoiﬁﬁnée in thet they
affect fuel evaporation rate. As is shown in this sumary table,
other fuel propertiés are also important, and performance criteria
mist be defined for combustion efficiency, blow off, exhaust smoké;

flame radiation and ignition.
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INTRODUCTION

Academic research has long been one of the more important
aspects of university life, It is one of the basic mechanisms for
increasing the scope of knowledge and keeping faculty current in
their area of specialization. In addition, the active participation
of faculty members in a research program leads ta continuzl up-
grading of the educational program as they bring new methods and
information to the classroom. Rasically, university engineering
Tesearch has two objectives: '

1. To pose and investigate technical problems and thus add
to the general knowledge of the field.

2. To educate people in an area of technical specialization -
in this case the areaz of transportation energy and fuels.

Since these objectives are somewhat different than those of a
corporate or government research organization, a portion of this
paper is devoted to describing the advantages and'disadvantages of
engineering research at the university level. With this information
as a background, the current and near future program of alternative
vehicle fuels and propulsion system research at the University of
Missouri-Rolla is discussed. :

ADVANTAGES AND DISADVANTAGES OF UNIVERSITY LEVEL ENGINEERING RESEARCH

DISADVANTAGES - As with any scientific endsavor, many problems
confront the university research investigater. To begin with, mest
university research efforts are only part time. The faculty member
who' is the project director normally has many other duties during
the academic year and cannot devote substantial time to research
except during the summer recess and other periods when classes are
noet in session, There is some relief for this situation if the
faculty member Teceives a portion of his academic year salary from
grants and contracts outside the university. This outside support
allows iighter teaching and administrative loads for the faculty
member so that he can devote a greater portion of his time to the
research effort. However, his effort is still only a part time
committment. )

Student assistants are a major part of most university research
efforts. Both graduate and undergraduate students are involved in
the fuels research program at UMR. Most graduate research assistants
are working on a part time basis., The normal graduate appointment
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is for "half-time" effort. This half-time appointment allows the
student to earn a subsistence wage working on the research project
and spend the other half of his time trying to complete required
course work. In most cases the research assistant will spend
approximately one semester working full time on the research project
(for half-time pay).  This is due to his need to complete that
portion of the work that comstitutes his thesis for the graduate
degree. Senior level undergraduate students are often employed on
an hourly basis for the more routine aspects of a research project.
In most cases they can work only a maximum of 10 to 15 hours per
week. Usually they do not work the maximum number of hours per
week because of the demands of their full-time course lpad. Con-
sidering the part-time effort of all the people involved, it takes
substantial organization on the part of the faculty member to keep
the project moving in the forward direction.

Since a great deal of the work done on a university research
project is done by graduate and undergraduate students, the use of
inexperienced personnel is a part of almost any research project.

The training and self education of the advanced undergraduate and
graduate students involved in the typical engineering research
project is a time consuming and error prone process. The quality
of the final work rests heavily on the faculty invéstigator and his
ability to analyze results, ask the right questions, and keep the
student's attention focused on the importance of consistent and
reproducible results. Once the student has developed the experience
and background to exhibit some degree of expertise and self
confidence, he graduates and is eagerly recruited by industry,

and the faculty research director once again returns to square one.
0f course the other side of this coin is the fact that the faculty
research director is providing people with specialized training

and experience to the technical manpower of the country, which is
one of the fundamental purposes of any engineering faculty member.

It jis a well known and well advertized fact that university
investigators, particularly in the engineering fields, have the
perpetual problem of developing and maintaining adequate financial
and equipment resources to keep a research program going. These
problems are particularly acute for the experimentally oriented
investigator who is not subsidized by the university as are many
more theoretical investigators whose major research tools arc the
l1ibrary and the computer. This condition leads to resourcefulness
on the part of the faculty investigator and he learns how te apply
the alchemy of converting sow's ears into silk purses. (Well,
maybe not silk purses but certainly something that is functional
and effective if it is not asthetically pleasing.) A significant
"amount of good quality scientific equipment has been assembled
from surplus apparatus obtained from corporations and government
agencies. This is not to imply that government and industrial
research organizations do not have a problem in maintaining
adéquate resources to accomplish their mission, The problems
there are very similar te those in the university, the only differ-
ence is the orders of magnitude involved.
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The educational aspects of any university research program are
also one of the problems that must be considered very carefully.
Graduate students are most directly affected by university research
projects because they are involved as assistants. Their involvement
must not only be productive to the project but satisfy educational
objectives in the graduate program of study, usually the thesis
requirement. From the pedagogical point of view our objective is
to produce a person with somewhat specialized technical skills who
can conceive and formulate his own research or engineering efforts
and carry them tec a successful conclusion. For the faculty member
trying to supply the motivation and guidance, this aspect of the
ieducational process can indeed be trying. On the aother hand there
'is great satisfaction in ceontributing to the professional develop-
ment of the young individuals that we deal with. If, at the
completion of his program, our student can write an intelligent
and informative report, we have succeeded beyond our wildest dreams.

ADVANTAGES - Now that somé of the better known problems of university
research have been reviewed, let's examine some of the positive
features of university research efforts. One of the most significant
aspects of university research is the general freedom for a faculty
member to investigate any topic that takes his interest, In fact,

we may even pursue work ocutside the general area of our formal
training. Of course if we want support in our work (anéd we all do)
we may have to consider some bounds for our ideas. However, if we
have a good idea, we are free to seek support from federal agencies,
foundations, corporations, and sometimes our own university.

Ancther important plus for university research is that we can
place the emphasis on information rather than results. Since we
are not producing a commercial product, our work does not have to
produce positive results. Although positive results provide a
boost to the ego (and to the chances for additional outside funding),
& thorough examination of a concept or project that produces
results other than our expectations is still valuable information.
Publishing this information in the open literature may save wasted
effort by many other investigators. In addition, very few projects
are completely negative and many important ideas and new areas of
investigation have resulted from efforts that did not produce the
anticipated results.

The potential to provide objective answers is another strong
point for university research efforts. Since we are not selling
8 product and do not have the resources for exhaustive, detailed,
and comprehensive programs, cne of the major things that we have to
offer is objectivity. We do not always succeed in being objective
but the potential is there. There is also a certain amount of
public acceptance of the objectivity of our work, particularly when
contrasted to industrial results provided by companies that might
have some financial interest in the nature of the results. This
is in no way meant to cast any doubt on the published results of
corporate research efforts, it is simply an attempt to point out
how university research results can be perceived compared to those
provided by companies having a financial interest in the results,

273



Another nice feature about university research is that it does
not have to have direct economic justification. After all, our
major products are educated people and information. A significant
portion of the cost of university research can be charged against
the education of skilled technical people. Therefore, very basic
and fundamental projects or "high risk' projects-can be undertaken
in the university research program. These projects are those of
significant interest that can not be justified by corporate product
needs and available rescurces. Engineering research projects of
this nature can be conducted very effectively in the university
atmosphere, .

One of the more compelling advantages of university research

is the cost factor. Overall, university research.is a bargain.

Not only do we produce cbjective information and trained people,

we do it at low cost. Where else can you employ a graduate
_engineer that will earn $19,000 in industry for $5000 to $6000

per year. Not only do we get him for a low rate but we expect him
to put in a lot of free overtime in getting the job done. Now
couple the low cost of our engineering help with the typical salary
situation for our faculty investigator and the reason for our

cost advantage is obvious..

In the preceding paragraphs I have attempted to illustrate
the important factors that influence engineering research at schools
such as the University of Missouri-Rolla. Xeeping this background
in mind, I would now like t¢ briefly describe the current and near
future programs in fuels and engine research at UMR.

TRANSPORTATION VEHICLE FUELS AND ENGINE RESEARCH AT UMR

The majority of the effort in tramsportation vehicle fuels
and engine research at UMR is based upon the premise that the spark
ignition and diesel engines will remain the primary powsr plants
for ground. transportation vehicles in the near and mid terms. The
thrust of our work is devoted to three major areas:

1. Conservation of fossil fuels through improved engine
efficiency. _ _

2. Characterization of synthetic and alternate fuels, additives,
and blending materials that may be used to extend fuel
supplies or modify fuel properties.

3. Examination of engine modifications needed to optimize the
use of synthetic and alternate fuels, additives, and
blending materials with particular attention to emissions
and fuel economy performance.

A fourth item on the above list might be "dll of the above” since
the interrelation of the three areas is obvious.

CONSERVATION - The conservation efforts now underway are primarily
related to improving the efficiency of spark ignition and diesel
engines. One of the "high risk” prajects that is now in pre-
liminary stages is the lean supercharge operation of spark ignition
engines. The objective of this project is a feasibility study of
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recovering exhaust energy through the use of a turbo-supercharper
and lean operation., More specifically, we hope to provide power
levels equivalent to the naturally- aspirated engine but at signifi-
cantly leaner air-fuel ratios. Improved cycle efficiency and
potentially reduced NCy emissions are hoped foar. Figure 1 shows
some very preliminary results from a single cylinder research
engine, In this case the supercharged power level was maintained
at the same level as maximum power for the naturally aspirated
engine., Since the supercharged condition is a substantial leaning
of the air-fuel ratic from the rich mixture required for naturally
aspirated maximum power, the Tesults are about what could be
anticipated: The efficiency is substantially increased, the HC

and CQ emissions are drastically decreased, and NOy emissions are
increased, Figure 2 illustrates the case when the supercharged
power level is maintained at the power level for maximum efficiency
in the naturally aspirated engine.  For this condition the efficiency
is increased, HC and CO emissions are virtually unchanged; and NO,
emissions are dramatically reduced. These tests were all conducted
at equal manifold and inlet conditions, MBT spark timing, and with
no EGR. We are now in the process of upgrading our research engine
to undertake a significantly more extensive investigation.

FUELS - Our fuels work is based upon the assumption that liquid
hydrocarbons are going to¢ remain the major transportation fuels

for the near and mid term. Liquid fuels will be produced from the
substantial coal and shale rescurces in the United States. Fronm
my viewpoint, the major problems with the syncrude fuels produced
from the coal and shale resources will be the lack of hydrogen and
the presence of fuel nitregen and sulfur, not to mention the trace
metallic compounds and other inorganic materials. The availability
of process energy and water required for the hydrogen upgrading of
these fuels is certainly in question. Efforts to minimize refinery
energy consumption, water, and siting problems will lead to changes
in the properties of finished fuels produced from these resources.
After considering the raw materials, the refining processes, and
some of the current trends in finished fuels, I can speculate that
spark ignition engine fuels will become more aromatic in content
and diesel fuels possibly more paraffinic., Because of the special
problems associated with jet aviation fuels, changes in these
materials will be slower and less dramatic.

Another facet of near term future fuels is the question of
alcohols. Methanol from waste, coal, or natural gas currently
being flared is a distinct possibility. Ethanol from agricultural
products and waste is also receiving a great deal of attention,
1f these materials are available we should seek ways to utilize
them for transportation. The alcohol/gasoline blend has been
examined extensively in the last few years and its use and problems
are reasonably well understood. Blends, solutions, and other
combinations of alcohols and diesel fuel have not received the same
attention as the "Gasochol" combinations. Figures 3; 4, and 5
illustrate some very preliminary results that we have obtained
with a combination of number 2 diesel fuel, 10% methanol, and
7% higher alcohol. These tests were conducted on a commercial
diesel engine equipped with 2 turbocharger. No adjustments were
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made to the engine to compensate for the altered properties of the
alcohol/diesel fuel blend. Examination of figures 3 and 4 indicates
that, other than reducing maximum power, the addition of alcohel

to the fuel had relatively minor effects on the engine efficiency
and the NO emissions. Figure 5 illustrates that some slight
reduction in the particulate emissions might be attributed to the
presence of alcohol in the fuel. However, caution should be used
before drawing any conclusions on this point. The alcohols have
displaced 17% of the diesel fuel and the apparent reduction in
particulates could be related to these lighter, more hydrogen rich
alcohol molecules, rather than to any alteration in the combustion
process. Nevertheless, these results are promising in that 17%
alcohol was added te the diesel fuel and no substantial degradation
of engine efficiency, NO or particulate emissions .was observed. We
hope to be conducting a more extensive investigation of stable
alcohol/diesel fuels in the near future,

In the longer term, some thoughy should be given to the
possibility of using ethanol and methanol from non-fossil resources
to provide the hydrogen for upgrading future synfuels from coal
and shale. UMR is now beginning something called the "Ccors"
project aimed at the conversion of Missouri wood waste into producer
gas. One aspect of the project currently under consideration is
the conversion of this producer gas Into methanol. Given this type
of source for mcthanol and ethanol, a more effective utilization
of the resources might be achieved at the refinery level rather
than in blended fuels. A current example of the possibilities
is Methyl tert-Butyl Ether (MTBE) formed from methanol .and Isobutene.
This material shows promise as a high octane blending component
for unleaded gasoline.

Non-conventional fuels is another area where some of our efforts
are directed. Currently, a joint program between the Mechanical
Engineering and Chemistry Departments is being implemented to study
the possibilities of microemulsions of water and diesel fuel as
diesel engine fuel. This will be a comprehensive program to seek
optimum water/fuel microemulsions and svaluate the fuel properties
of these microemulsions., In addition, engine parameter studies
are planned to optimize the engine fuel combination for emissions
and efficiency. Preliminary published information indicates the
possibilities of reduced NOy and soot emissions, and/or efficiency
increases.

ENGINES - Our efforts concerning engines are related to modifica-
tions of current technoleogy spark ignition and diesel engines to
optimize engine-fuel combinations. Currently a program is under-
way to evaluate the prechamber stratified charge engine as a way
to minimize external power requirements for cold starting of low
vapor pressure fuels such as methanol. As previously mentioned,
diesel engine efforts will deal with the water/diesel and alcohol/
diesel fuels currently under consideration. The relationship

of engine variables such as compression ratio and injection timing
on emissions, efficiency, and power output will be examined.
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SUMMARY

The advantages and disadvantages of engineering research in
the university atmosphere provide unique 0pportun1t1es for fundamental
rescarch that are generally not available in corporations or govern-
ment agencies. In addition, the specialized training of technical
personnel is a vital aspect of university research., In this paper
I have attempted to describe this framework that university investi-
gators must work within and provide illustrations of the trans--
portation energy and fuels work being done at the University of

MISSOUTI Rella.

I feel that universities .are going to contribute importantly
to synfuel research and development. By the nature of their basic
goals, objectives, and operation they can and will contribute in
three significant ways:

1. Basic research into the fundamentals of synfuel productlon

. refining, and combustion. :
2. Undertaking of "high risk" projects.
3. Providing trained technical personnel for the transportation
fuel segment of our economy.
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Figure 1 - Lean Supercharged Engine at Maximum Naturally

Aspirated Power.

78



80

POWER AT MAX.

- | N.A. EFFICIENCY

40

20

N. A.

V/ 2 PS| BOOST -

- O

[/ —77
gmH-Q | m.CO' , gﬂ':"I Ox
4hp-hr /ihp-hr /ihp-hr

Figure 2 - Lean Supercharged Engine-' at Power Level for
Maximum Naturally Aspirated Efficiency

o m



AJuaT1d13Ig - puUSIy (9N Tasat(g/Toyoaly - ¢ 2indty

avol Tind %

00! gL . 06

ST

T10HOOTY HLIM : SLNIOd n_jom..u .

Wdd ooge [
Wdy 00SE O

_ —O

GE

oy

GlL
(8 YA
Gz

og



SUGTSSTUY N - PUSTg Tong [9587Q/IOYOSTY - ¢ oIndig

avol 1nd %

0oL - Gl 0S T4
- 1 - . ¥ T
" JOHOOW HLIM : SINIOd QI10S e
WdH 00SC O
INdY 0061 O
| a o
i—
\\\\E“ .
\.\_M_ L \\\
8 | el
-~ -
,._-..._.._..._.l.. . -llll-».‘lln

Si



SUOTSSTUg S}B[NIIIIRd - pU3aTg Tond [A59TA/TOYIITY ~ § sand1q

TOHQOW |
13s3ia 13s3aid
Z'ON - Z°ON
<01
Jw
402
ILVINDILYUYD
7 : _
7/ |
Y loe
aAvO1 %E6 |
Wdd 00S1 . S0



COMPOSITION AND PERFORMANCE OF
PARAHO SYNFUELS

E.T. Robinson
The Standard 0il Company

8. Kumar Kunchal
SOHIQ Natural Resources Company -



I
l

PRESENTED AT THE COWFERENCE ON .
COMPOSITION OF TRANSPORTATION SYNFUELS
IN SAN ANTONIO, TEXAS

11-13 OUTDBER 1978

COMPOSITION OF SBALE OIL .
- _AND SHALE OIL DERIVED FUEL

The information provided in this presentation is the result of rllot
plant studies conducted by The Standard Uil Caﬁpapy.(ohio) for the U.S.
Navy under contract NOOOl4-77-C-0750. Part of this report was
presented at the Navy's Workshop on Synthetic Jet Fuels on June 13,

1978. ("pilot Plant Refining Studies" by L. W. Kruse, E. T. Robinson,

The Standerd 0il Company, Uﬁio).

Attached are copies of the slides and back-up tables used in this

presentation. The tables are included to provide additional data not

shown on the glides.
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-TOPICS OF DISCUSSION

1. SHALE OIL ANALYSES

"II.  SHALE OIL nﬁr1n1nc PROCESS

II1. SHALE OIL HYDROTREATING RESULTS
Iy, COMPOSITION OF SHALE DERIVED FUELS

V. CONCLUSIONS
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AVERAGE PARAHO SHALE OTL ANALYSES

(SETTLED)

AP1 GRAVITY

HYDROGEN, WT.%
CARBON, WI.%
NITROGEN, WT.%
OXYGEN, WI.%
SULFLR, WT.%

TRON, PP
ARSENIC, PFM
NICKEL, PPM
VANADIUM, PPM
TBP DISTILLATION
IBF-650°F
- B650°F=750"F

750°F® BOTTOMS

ETR:bb
IOISXTB

20.6

11,55
84.66
2.15
1.31
0. 66




BS&W, VOL.%

ASH, WI.% ¥

IRON, PEM

ARSENIC, PPM

ETR:bb
10/9/78

' SETTLING OF PARAHO SHALE OIL

. BEFORE

085 E

whoaEE b QT

an e

AFTER

.’0'. 38 )

11.8

ils



1.

2.".

A

k.

SIGNIFICANT CONSIDERATIONS TN REFINING SHALE OTL

HIGH NITROGEN CONTENT (=~ 2.15 WT.Z).

IOV HYDROGEN CONTENT (= 11.5 WT.%).

- SMALL VOLUME OF 650°F MINUS MATERIAL (% 32 VOL.%).

*JRON AND ARSENIC LEVELS.

ETR:bb
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EFFECTS OF HYDROTREATING

WHOLE SHALE OIL

API GRAVITY

HYDROGEN, WT.%
caiuaou, WT.%
NITROGEM, WT.%
OXYGEN, WIL.%

SULFUR, WT.%
MOLECULAR WEIGHT

TBP 650° PT, VOL.%

ETR:bb
10/5/78

SHALE OTL

20.3

11.32
. 8471
2.14
1.35

0.68
297

32%

250

" HYDROTREATED
WHMOLE SHALE OIL

4.4

12.96
85.93
0.30
0.53

< 002
261

657



, _ I Rl T RE R R R AR
T i il JUA R AL
Il j ! 1 ,_aﬁ gl JHEL Tt i
i it il Ll L
] é_ il ,_ u ML ,_:. w J w Y
.J .m ___
N o8 ; .
.,._ 14T -H 4 HH H | R TR H e R : . L+
N, Ot [k _._ .
T
A\ i . i
11 it il i il il ! m __ |
P itk
.ﬂ .1.,_ . ﬂn _ T 1t
ek T k559
” S _.T._._[_‘ L. * L .w”,..wﬁ_...
H w .nﬂw__ | (I
el (R T i i
! ! . 1]
7! 1 @.Tr “ T
il et
- . _......_Jr ﬂ Y H i
& i i HitdiE
Lz e heas :
“ LI i i
[ f MTETT q M. .a - ..m.. HIELT H ]
A IR S T LS
] . ﬁ _ hooa !
; . ) _ ._ i _.n._ __ H1 | 13| B A.rﬂ_ ERA |,w_; nl__u
: * | N . B
_ AR ! _ﬁm..mum IfN
g B ERRER oA BIHED a4 il

zmgﬁth 100408 °5 A NOLIJWASNOD zm_ocua.wz -5

aandia



CATALYST DEACTIVATZION .

$ DEACTIVATION OF CATALYST (W.R.S.7T. DENITRIPICATION)
DID NOT SIGNIFICANTLY ALTER TBP FUEL YIELDS.

B

¢ CAUSES OF CATALYST DEACTIVATION:

1. COKING _
~ HYDROGEN PARTIAL PRESSURE
"~ REACTOR TEMPERATURE

2. METALS DEPOSITION
- GUARD BED EFFECTIVENESS

‘= FEED METALS CONTENT

ETR:bb
10/9/78



COMPOSITION OF SHALE OIY. DERYVED GASOLINE

API GRAVITY

c wi.%
H WI.Z%

N PPM
RESEARCH COCTANE, CLEAR

- PARAFFINS
NAPHTHENES

AROMATICS

D=86 IEP, °F
D-86 50%, °F

D-86 EP, °F

ETR:bb
10/9/78

BEFORE
REFORMING

s

85.51
14.54

47

. 53"9 Fc

30.7

190 ‘
258
332

293

AFTER
REFORMING

48.7
87.74
11.89
0.5
93
. h2.1
6.8

81,1

115
264
377



COMPOSITION OF SHALE DERIVED JP-5

APL GRAVITY

CARBON, WI.%
HYDROGEN, WI.%
NITROGEN, PPM
OXYGEN, PPM
SULFUR, PEM

D-86 1BP,°F
D-86 50%,°F
. D-86 EP, °F

PARAFFINS, VOL.%
NAPHTHENES,VOL.%
AROMATICS, VOL.%
FRERZE PT,°F

SMOKE PT, MM

ETR:bh
i0/9/73

BEFORE

~ ACID/CLAY

40.9

85.96
13,28
3200
63
0.5

AFTER
ACID/CLAY

43

86. 64

13.68
. 8.3
=53

1.3

35U
414
487



STABILITY OF SHALE DERIVED JP=5

© BEFORE AFTER
ACID/CLAY ACID/CLAY
TREAT TREAT
EXISTENT GUM, Mp/100 e 12.2 0.6
POTENTIAL GUM, Mg/100cc 47.8 3.9
| D-3241 (JFTOT) @ 500°F
VISUAL , & (FAIL) . <2
Ap MM 5 1.0

ETR:bb
10/9/78
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ACCELERATED AGING:-TEST QF '

SHALE-DERIVED JP45°~. *'7

~ 1«MONTH @ 140°F
BEFORE " APTER: -
AGING _ AGING

LOW NITROGEN

12 PPM NITROGEN

JETOT @ 500°F
VISUAL <2 <3
AP MM T 1.0 . 1.0
MAX TDR ' 4.5 7.0
_JFTOT @ 550°F
VISUAL : L <2 L TR
gF MM 0 2.0
MAX TDR & 4,0 2.0
| KIGR NITROGEN L Lt
189 PPM NITROGEN
mof'@'sou"r_-;r
VISUAL ' , 2 ' 1
MAX TDR : 11.5 3.0
JFTOT @ 550°F -
VISUAL No . <3
AP MM Sample 10
MAX TDR - 22.5

" ETR:bb
10/9/78



COMPOSITION AND STABILITY OF

SHALE OIL DERIVED DIESEL FUEL MARINE

BEFORE AFTER

“ACID/ ACID/CLAY
AP1.GRAVITY. | 334 * 34.8
POUR, °F 15 5
cLoup, °F ' _ 20 16
CARBON, WI.% 86.44 86.75
HYDROGEN, WI.% 12.91 13.02
 NITROGEN, PFM _ 4000 90
GETANE NUMBER | 50.1 55.3
p-86 IBP, °F . 507 506
p-86 S0%, °F - 553 555
p-86 EP, °F 628 631
PARAFFINS, VOL.% © 32.8 42.2
'NAPHTHENES, VOL.% 18.2 25.8
AROMATICS , VOL.%% 49.0 '32,0
STABILITY, Mgfl00ec - a 8.3 0.4
(ASTM 2274)
ETR:hb
10/9/78

297



COMPOSITLION OF SHALE OIT. DERIVED

#5 OR #6 FUEL OIL

API GRAVITY
POUR PT, °F

VIS @ 122°F, CST
VIS @ 210°P, CST
CARBON, WT.%
HYDROGEN, WT.%
NITROGEN, PPI‘!
SULFUR, PPM
.D=1160, IBF, "f

50% PT, °F

87%.(EF), °F
- PARAFFINS, VOL.% ' -

NAPHTHENES, VOL.%
AROMATICS, VOL.%

ETR:bb
10/9/78

3300

30.3
105

25.7

B7.32
: 12,59

572 .
814
951



, CONCLUSIONS

1. PROCESS FLOW REQUIRES SETTLING PRETREATMENT AND GUARD BED

TO PROTECT CATALYST,

2. HYDROTREATING REQUIRED TO INCREASE Bf' C, IMPROVE FUELS YIELD AND

REMOVE HETEROATOMS.

3. PRODUCT YIELDS FROM HYDROTREATED SHALE OIL ARE:

GASOLINE 5 3

JET FUEL - 26,
DIESEL FUEL MARINE : - 3sy
VY FUEL OIL .  am

4. ACID/CLAY TREATING REQUIRED TO MEET THERMAL AND STORAGE STABILITY

REQUIREMENTS. .

5. SPECIFICATION MILITARY FUELS CAN BE PRODUGCED.

ETR:bb
10/9/78



TABLE T

| COMPOSITE SETILED
WEOLE SEALE OIL

T.S5. Number 168-3245=-58
APl Gravity | 20.3
BS&H, Vol. % _ 6.10
Water by Dist, wt.% Trace
Ash, D=482, wt. % 0.013
Iron, PEM , i 38
Arsenic, PPM 9.6
Carbon Residue, wt. % 0.842
Asphaltenes, wt. % 1.059
Aniline Pg, T.F., °F - 137°F
Four Pt, °F T B5°F
vis @ 140°F, GST 16.68
Vis @ 21C°F, CST 6.13
Molecular Weight ' 297
Vapor Pressure @ 212°F (Reid) 6.9 psi
€.0.C. Flash Pt., °F 265°F
c, wt. % 84.71
H.’ wt. % . 11.32 .
N, wt. % ' 2.13 (C.E.)
0, wt. % 1.35
5_,_wt. ?_, 00 68
DISTILLATION D-1160
15P _ . 376
2 ' - 436
5 ' . 464
10, - , ' 524
30 635
50 S 791
70 : o 878
90 | o . 1015
95 _ --
EP . .-
% RCVRD Q0%
% Residue 10%
ET&:bb
4724778

300




API GR

Pour Pt. '
ASH = D=482, wt. %

TAK MG KOB/GM
BS&W, Vol., %

Agphaltanas, wt. 2

vis @ 100 CST
Vis @ 210 CST

IBP=250
250-300
300-350
350-400
400=-450
450-500
500=550
550600
600=650
650-700
700-750
750+

ETR:bb
8/16/78

API .

50.0
4£7.5

'43.0

38.5
34.6
30.8
28.2

27.1
22.9

20.9
17!5
15.2

TABLE 11

DISTILLATION AND INSPECTIONS OF
RAW SHALE OIL FEED TO TEE HDN

77-2349-5

PHYSICAL TNSPECTIONS

20.9 - €, WE. %

85 : - H, We. %
0.004 H, Wt. %
2.02% - o, Wwt. %
0.06 g " B, Wk, %
0.576 As PPM

46,09 : Fe PrH
5.74 v PFM

Ni FPIM

D-1160 DISTILLATION

1BP/5 ; 410/478
10/30 , 521/870
50 ' 799"
70/90 " 855/ ---
EP -

DISTILLATION AND ELEMENTAL ANALYSES

- Cum.

“ Wt % Vol.% vol. % B c
0.27 ‘0,32 0,32 12.56 84.93
0.37 D.44 0.76 12.53 B4.35
1.29 1.48 2.24 12.42 83.75
1.26 . 1,41 3.85 12.36 84.19

6.22 6.51 - 10.46  12.26  B4:3S

3.67 3.02 14.38 - 12.05 B84.36
2.73 z.87 17.25 11.80 83.B6
¢,79  10.23 27.248 - 11.75  B4.66
5.07 - 5.16 32.64 11.41 84.71
6.22 6.25 38,89 11.38 85, 04
8.14 7.99 45.88 11.17 84.96
54.95 53.12 100.00 - 10.65 §4.98 - .

M

P Iz
v o
- D T

SO~k

L] 1] - L] - » - -
L] L] - L] a 1 ] a L L ]
=3 ke L P oLy ch:#*kﬂtn

BRI PO RO B et b e (D
H O e e e OO

FW PN WV © N

L]

0,97
1.28
1.03
0.88
0.79
0,23
0.83
0.73
0.76
0.75
Q.70
0.5
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DETATLED MATERIAL RALANCES AT LOW TARTIAL FRESSURE

Nesr Start of Run Kear End of ﬁun_
% TaF1 . VoL % R E2 T LT TR
B, - 2.6 | - 2.5
NE,/E,5/H,0 4.0 | N _ L | 3.3
£ 1.0 3.2
1.0 1.5
£3 N 0.9 \ 1.1
T 0.8 11i.0 1.5 1.1 111.0 1.8
es | 1.0 92.7 1.6 11 87 1.8
£6-315°F 6.3 lsa.o . 7.8 0.05 Cd.B 55.2 © 6.0 0.08
315-480°F  22.2 42.2 25,3 £.25 21.8 41.9 24.9 0.40
© 483-B50°F 3.8 33.3 3.5 0.43 33.3 33.3 36.4 0.7¢
€50+ Brms. 33,4 28.7 as5.2 0.22 33.} 27.5 34,7 6.59
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2

RE3IH25!H20
o

£2

€3

¢4

cs

C6-315°F

315-4B0°F

4BO-6S0°F

650+ Btms.

TABIE IV

TETAILED MATERIAL BALANCE AT HIGE PRESSURE

W 2 CaP1 voL x  WIX N
~ 2,8
4.2
1.4
1.1
6.7
1.2 111.0
2.2 '92;7
4.6 56.2 5.7 0.02
'19.9 43.0 22,9 0.3
io.z 33.9 32.9 ©.23
37.3 29.0 39.9 0.18
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- Table XV

" ANALYSES OF GASOLENE ¥FEDSTOCK, iE.EPDRHAZ: A¥D ELENDED PRODUCTS

Eydro.Ehale O1]

: Reformed Yinal Elendpd
Saxple Deseription Type T-MOGAS _IBP-320 [ TEP-320 Product 2
7.5, ¢ - MIL-G-3056D 78-5050.8/  78-53515 75+5351~5 A
AFI Cravity - 57,5 rA:0) SA |
DLETLLLATION DBE I De2BE7| D-BE | De28EY p-Bé | D-2887 | p-56] D-7887
IBP 'F - ! - 190 | 308 113 3 102 I3
10 {122-138| - 226 | 202 201 | 160 177]| 130
20 270-356] = 288 | 320 317 | 339 317 236
b x 2 i = - 232 | 352 3771 358 378 | 2398
vnlo z R:m - - 99.0 - 93 - 97-0 -
VDI. z x.‘ 2-0 |- 100 - 1 - 1.0 -
Yol. X Loss - - 0.0 - 1 - 2.0 -
RVP ¢ 100°F, PS1 7% . 1.3 3.8 7.5
¥/L Ratio » 20, °F 140°F min.: 200 ;fo 200.5
Researeh Octant Nuzber 51 min, &t & 93 (avz,) 92. 64
¥otor Octane Nusber B3 min,’ - - B4.2°
Lead, Oms/liter 0.65 mux, ¥one None 0.60
Water and feliment, Vol.% ©.0] max, - Trace
Corrosiveness @ 122 °F 1 max. ie . 1 1B
Oxidacion Erabiliry, wmim, &80 min, L ] 9602 LBDZ
Urashed Gui, mgfl00 md & mrxy 1.0 &0 3%4.6
] oneinl Gum, we/100 2l - 1.5 - 32 &
- T wt.Z - B5.51 87.74 B7.36"
B wt.X - 14.54 11.8% 12.30
X PEH - 402 0.51 0.46
0 P - 55 260 234.0
& PN | 1000 max. 30 . 0.50 0.45
Evérocarbon Type Analyees Vol.% Vol, % Vol. % vol.2
Faraffins - 55,67 42.06 47.853
el - 25.61 .54 5.89
m - 1-11 ‘0028 0-25
AZ - $.87 49,93 44,99
Indazs + TetTalins - 2,11 1.00 0.90
¥aphrhalenas ' - b.33 0.22 £.20
Carbor ¢ Par,/terbon $ABZ - - B.0177,.8} 2.6377,87

3 Xo laad
2 Tizal Preduse;

$O% Reformate <+ 3T s«pantane + 7% n-butans and neludes

24 mg/liter AD29 antiecxidant + 5.7 mp/2iter DXD metal

dax:ztivator and D.

Calculsted From 7E-5951-

60 gm/liter lead,

3 cal 5 Data to include the 3% pentans + 7% butane
& BOK with C; 4 Cg, pddivives but no load = BS.0 '
5 M with €, + 0, additives but mo lesd » 80.3
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Teble XVIIT
JP=5 STOCE. ANALYSES

HIL~T=5524K
Amendment 1 78=-5059-5 TBe5540-5
36 CAPL < 48 41.B 40.9
A ey -51°F max -51.7 -53.5
Flesh, P.M. °F ' 140 min. 157 144
TAN 2§ XOR g | 0.015 max 0.022 0.054
Aniline Pc.,"F T 127.5 128.5
Heat 'of Conb; MS X&' - - &2.6 min 42,97 42,96
"Molmcular We. gm/mole - . 192
vis @ «30" r' cEt _ - ) B.58 | ©8.00
Vis @ =20°C (=4"F), et 8.5 mx - -
Smoke PL., 2% b st; min 13 19
Explosivensss, % , J - max - -
Copper Btrip Corr. 2 br @ 212° 13 mux 1% 13
ExZdetent Guz mg/lD0 ml 7 max 10.2 12.2
Potenrial Gun mz/100 w1 - 20,7 47.8
WSI ' ._ £5 .min - 27
JFIOT @ 500°F, Visusl <y ok -
JIT0TR SO0, AR M ER . . 25 me : .0 -
DISTILYATION, °F ‘ _DeBS  [D-2B8Y | D-B6(pe2BB7I D-86 | DP-28E7
IEF : . - R B 356 288 343 283
B 4] i ) 401 méx| 265 max] 880 248 376 - 244
20 , B k. | asp]| a7L | 3B } . 366
50 R R | 415 430 | 46 426
90 R R { &56] &9%0 | 456 479
EP 554 max| 608 max] 477 523 &7 520
% Res 1.5 | =~ - 2.0 - 1.0 -
2 Ioss 1.5 - B.0 - 0.0 -
Ca-bem, Wi, 2 . - B5.07 85.96
Eydrogen, Wt. % 3.5 min 13.45 13,38
Xirrogen FPH - 32100 A200
Usxrgen PPY - 251 63
Sulfim PP _10_ wa? 1.4 ©.38
Total paturates = 77.03 77.10
Totxl Avpmaties : A 25% maz 22,97 22.50
!l'ota.‘l Dlefins ; (X% pax 0.0D ___G.00
E - Eeport

1l « bmoke Pt or Byd.rngen c:n:unt
2 = 10 PP Marcaptan Sulfur
3 - - Aniline Gravity COrnhﬁm .h'ni-lwﬁ
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Idtte XXT

FINAL SP-5 BLERD
_ Pinal Jp.5
MIL-T-5624+K Froduct 1
: __Apsndmental TR=-3775-8DT
API GT. 36 ELAPI S4B %3.0
Freeze ¥ - =~51°F Max =52.6
Flash °F 140°F Min 136
TAN mg KOS/ pm G, 015 Max Ril
Aniline P, °F .. - 134
Heat of Comb. MI/Kg £2.6 Min 43,06
vis .@ O*p, C8T - &.77
Vis @ -30°F, COST - 7.86
vie @ -20°C, CST4 2.5 Max 5.06
Color, Saybelt . R +20
Emoke pt, 19 Min 20
Copper Strip Corrosiom ASTM FNo. 1 Max . IB
Existeat Guz mg/l00 cc 7 Max 0.6
Potenrial Gum mg/l00 ec - 3.9
Particulate Hatter mg/liter 1.0 Max .67
JFTOT @ 500°F, Visual <3 <2
JPTOT @ 500°F AF MM 25 Max 1.0
wWsH . 85 Min . 86
Explosivenens, 2 30% Max __1.5.
PISTILLATION D-8¢ D-2847 r-86 D-2B87
IBF R 350 2B5
10 401 (max) R T1] 380 346
20 B 3By 365
50 R &14 426
S0 E 458 4B6
Er 554 (max) 608 487 529
L Res 1.5(max) - 1 -
% Luse 1.5(max) - D -
Carbon, Wt. 4 5 - Bb. b4
Eydrogen, Wt. B 13.6 Min 13.68
Nitrogen, FEM - - B3
Oxygen, PPM - _ k53
fulfur, FFM 4000(max);: 10 mercapcan 1.3
Total Saturates - 9,97
Totsl Avomaties 25 Max 20.93
Toral Olefins 5 Max 0.00
Hapthalenep 3 Max 0.22

1, With 0.10 Vol. % De-Icar

2. &niline Cravity or Hasting Value Accyptable
). 8moke Point or Hydrogen Comtent '
&, Calculatad ASTM D-341 (Appendix)

T1.8, = Inpufficient Bample



Table XXTIT
DIESEL FUEL MARINE FEED AND PRODDCT INSPECTION

1Feed to Acld/Clay Final Treated

qrnﬂu:t
i ¥IL-T-) 6884 7B=-5795-5 78-1752-52
APl Grlﬂ.ty. E 33.4& 34.8
Flash . 140°F min - 29D
Pour - °F 20°7 pax 15 3
Cloud = °F 30°'F mex 20 16
Anlline °r x 150°F pi-11
BRI (¢ 140, *F - 1.4625 1.4582
-Color, AS™ .8 mER 4.5 . <2,5
. Molecular Wt. - - 201, . 208
cer.Reé. 107 Beme, wi 3 0.20 max €.512 0.176
Ash, b-4-32. wt. -4 0.005 max 0.011 THil
Wit @ 100°F est 1.8<rlaB100%.5 4.33 &,15
Vi @ 210°F est - 1.55 1.81
Cetane Nunmber 45 min. 50,1 55.3
Demuleificaticn Minutes 10 mex - Ap nin
Weutrality Fed.-5101,6 . Neutral N Neutral
CoerTosion 3 br @ 212 Yo.l ASTM max 18- TS
A:celerne:l Ox{d,ASTH 2274 2.5 max 0.371
_ . mp/100 eo . : 8.3240.63 '
mszmnnﬁ DeEb D86 | n-2E8Y D=§6 D-2E57
- IBF - 507 1 454 508 - 459
TN - - 539 | 457 s, | %
L B , R 553 | 577 555 5717
$0 - €75 max g5 | €42 538 643
b < S T25 max 625 | BBL £31 £91
% Ees + Loss - 37 mex 11§ - 1 -
L loss . _ - - - B -
Carbon  Wr. % - BE.4d B6.75
Eydrogm’ Wt 2 - 12.91 13.02
N ¥FX - 4000 .80
o PR - - &54 -
E Pr . - ing az_
turates ¥ol. 2 - 5.0 68,0
Arocaticy Yol. T - &3.? 3.0
. Dlefine Yol. 2 - 5, 0.00
Pe PPE. ' -0-025
Arsenic . FPH . 0.17 < 0,01
Vamadiume PPM - - 8.41 < 0,01
Sodiam b 4.4 0.48 0.40
Fotaspir FRM _=<0.10 -

1. Includes 24 mg/liter AD23 45.5 mg/liter DMD (metal deact{vator)
2. Results guaptionable - ;o olafinz ghould be prasent.



Table v

GRADE #5 FUEL OTL

6502 Bims

Fed . Spec. YW-F=BLSC
Grade No. € Residual T8-2773=5
APl Gz - 30.3
Tlash °F 150°F wmin >300°F
Ash « D4BZ wt. R - 4]
ESAN VYol. % 2,00 pax ¢.60
TAN =g KR/ go - 0.002
PNE ?C-. .r - 105
Color, ASTM - »B pil
¥olaciuler WE. - 351
Antline Pr.,"F - 214
Aspheltenes, wt. 4 - €. 244
vie @ 122°F, CST §2=-638 25.71
yiz @ 2310°F, CST - 6.45 |
DISTILLATION - D-1160 P=2BB7
Ipr °F ! 372 68%
10 - 75% 738
50 - Bl4 830
70 - 872 a7
80 - 908 9l2
90 - 551 558
P - - 106D
% Rac - ar% -
2 Rep - 137 -
¢ WwWe. % - B7.32
E . 2 - 12,59
¥ PP - 3300
0 Fre - 102
£ PPM e S
Tocal Saturates, Vol. 2 - 57,1
Total Aromatics, Yol. % - 42.9
Iotgl Olefine, Vol. % - - 0.0
1rocn PP - N 0.93
Arssnic PP - D.13
Vanadium PRy - .36
Eodium b 728 - 0.7% -
Fotassium P - <0.10

310



