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DIESEL FUEL ALTERNATIVES FOR ENGINES
IN CIVIL WORKS PRIME MOVERS

1INTRODUCTION

Background

U. S. Army Corps of Engineers Civil Works activities rely heavily on pe-
troleum as an energy source. To minimize U.S. economic and political vulner-
ability associated with increased or continued dependen Ie on foreign oil sup-
plies, attention is being focused on fuel alternatives, including alcohols,
water/oil emulsions, coal, synfuels from shale and tar sands, vegetable oils,
and several combinations of these. Such fuels would be used primarily for 1

* medium- to high-speed diesel engines that power Corps dredging, mat laying,
and pumping.

Object ive

The objective of this work is to identify diesel fuel alternatives to pe-
* troleum for powering civil works prime movers. The specific goal of this re-

port was to evaluate selected alternatives based on a literature survey to
* identify those most suitable for continued study.

Approach

The literature was reviewed for the most current information on diesel
fuel alternatives with respect to engine performance indicators such as therm-
al efficiency, knock, emissions, and wear.

Scope

Data in this evaluation are primarily from tests on high-speed diesel en-
gines and are limited to a discussion of performance. Issues of fuel cost or

availability are not addressed.

Mode of Technology Transfer

Upon completion of the final phases of this research, alternative fuel
application characteristics and fuel system design guidance will be dissemina-
ted through an Engineer Technical Letter.

'Corps of Engineers Energy Program Engineer Regulation 11-1-10

(Department of the Army, 15 April 1982).
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2 ALCOHOLS

A fuel's ability to ignite quickly in a compression ignition (CI) engine

is indicated by its cetane number (CN).' CN has been interpreted as describ-
ing the completeness of combustion obtainable, the extent ot engine knock or
tailure, smoke emissions, and cold startability. In a range of 0 to 100, a
typical diesel fuel has a cetane number of 53. Although this traditional rat-
ing system has been questioned for its applicability to unconventional diesel

fuels,2 this review will recognize its validity as well as the difficulties

associated with it.

Alcohols have a CN of 0 to 15. Because of this poor ignition quality,
they cannot be used as the sole fuel in CI engines but must be treated with

cetane improvers, dual fueling, emulsification or blending with water or oils,
increased ompression ratio (CR), increased inlet air temperature, or other

techniques. The focus here is on the first three treatments.

In fuel modification with cetane improvers, nitrates are added to the al-
cohol and the resulting solution is substituted directly for the original fuel

oi. Since cetane ratings are not directl correlated to ignition quality in
fuel alternatives, Schaefer and Hardenbergi measured ignition quality as a
function of ignition delay to determine blending ratios. They defined the

minimum improver requirement as the amount that would result in an ignition

delay less than or equal to that of diesel fuel. Table I gives
characteristics of various ignition improvers. Although not explicitly stat-
ed in their report, it is assumed that equal ignition delays for the improved
alcohols and diesel fuels resulted in similar levels of audible knock.

Improvers were evaluated in terms of safety, corrosivity, economy, and
ease of manufacture (Table 2). 5 Since that investigation was conducted in

Brazil, however, it may not be representative of the situation in the United
States, especially in the area of manufacturing. Triethylene glycol dinitrate
(TECDN) and isoamyl nitrate are regarded as the most promising additives. Al-
though kerobrisol BRA (a cyclohexyl nitrate) has an evaluation code equal to

^CN indicates the volume percentage of cetane (CN=100) in a blend of
*-methyinaphthaiune (CN=O)
2. 0. Hardenberg and E. R. Ehnert, "lgnition Quality Determination Problems

with Alternate Fuels for Compression Ignition Engines," Alternate Fuels for
Diesel Engines SP-503 (Warrendale, PA: Society ot Automotive Engineers

[SAE), 1981), pp 51-57.

A. J. Schaefer and H. 0. Hardenberg, "Ignition Improvers for Ethanol Fuels,"
Alternate Fuels SP-480 (Warrendale, PA: SAE, 1981), pp 9-20.

':All tests were conducted on a single-cylinder DI engine with a bore of 97 mm

(3.82 in.), a stroke of 128 mm (5.04 in.), and a CR of 17:1.
4A. J. Schaefer and H. 0. Hardenberg, pp 13-14.
5 A. J. Schaefer and H. 0. Hardenberg, p 19.
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Table 2

Ignition Improvers Evaluation

Manufactur- Corrosive- Evaluation,
Name ability Safery ness Economy Code

Kerobrisol MAR -- + o - n.a.

Cetanox-105 + 0 - -1
D113 -- + 0 - n.a.

DI2 -- + o - n.a.

Ethyl nitrate ++ -- 0 n.a.

Butyl nitrate o + 0 0 +1

Isoamyl nitrate + + o ++ +4
2-Ethoxyethyl nitrate ++ + 0 0 +3
DECDN ++ -- 0 +41 n.a.
DECDN desensitized ++ o o 0 +2
TECDN ++ 0 0 o +4

Kerobrisol BRA ++ + -(--) (++) +4 (n.a.)

Source: A. J. Schaefer and H. 0. Hardenberg, "Ignition Improvers for Ethanol
Fuels," Alternate Fuels SP-480 (Warrendale, PA: SAE, 1981), p 19.

"Sum of all evaluation criteria; an evaluation "--" results in the comment
"n.a." (not applicable).

++ very good

+ good

o without effect or not ascertainable
- poor

-- very poor, cannot be used

the two just mentioned, its very poor corrosive tendencies prohibit its
consideration.

Ethanol/DI12 (DM12 is a mixture of primary hexylnitrates) was investgat-

ed to test the performance of cetane-improved alcohols in diesel engines.
For these experiments, the fuel injection quantity was adjusted to compensate
tor the lower heating value of alcohol, and the injection nozzle holes were

modified to accommodate a larger fuel flow. Tests showed that diesel and

ethanol fuels had very similar performance in terms of brake mean effective
4 pressure (BMEP) and brake specific fuel consumption (BSFC) (Figure 1). 7 BMEP

6AeO
6A. J. Schaefer and H. 0. Hardenberg, p 14.
7A. J. Schaefer and H. 0. Eardenberg, p 14.

12
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Figure 1. FuIl-load BMEP and BSFC versus engine speed for diesel
and ethanol/ignition improver fuel. (Source: A. J. Schaefer
and H. 0. Hardenberg, "Ignition Improvers for Ethanol Fuels,"
Alternate Fuels SP-480 (Warrendale, PA: SAE, 19811, p 14.)

is the average pressure on the piston during the power stroke and is derived
from measuring the brake horsepower output. BSFC is proportional to the in-
verse of the overall thermal efficiency and is indicative of the fuel consump-
tion rate (energy input) per rate of energy output.

Emissions from engines with the improved ethanol showed fewer
hydrocarbons and nitrous oxides and less black smoke than the diesel-fueled
engine under most operating conditions (Figure 2).8 Oxides of nitrogen were

4 greater than diesel emissions, while engine speed was below 45 percent
capacity, but less than the diesel at faster speeds. This result is contrary
to expectations, since the alcohols were improved with nitrates. However, un-
burned ethanol and aldehydes in the exhaust were not measured.

Alcohol fumigation involves the addition of alcohol to an engine's intake
air. In addition, diesel fuel is injected in the normal way to act as a pilot

9light for the alcohol. Heisey and Lestz experimented with the alcohol
tumigation in a diesel engine with simultaneous diesel fuel injection to moni-
tor effects on thermal efficiency, combustion, smoothness, and emissions.

The experimental engine was a four-cylinder, 4.47-kW (6-Bhp) diesel with
a 76.2-mm (3-in.) bore, 77.79-mm (3.0625-in.) stroke, 21.7 CID, 18:1 CR, and a

8A. J. Schaefer and H. 0. Hardenberg, p 15.
9J. B. Heisey and S. S. Lestz, "Aqueous Alcohol Fumigation of a Single-Cyl-
inder Dl Diesel Engine," Alternate Fuels for Diesel Engines SP-503 (Tulsa,
OK: SAE, 1981), pp 1-14.

T 13
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Figure 2. Relative exhaust emissions at full-load operation with

ethanol/ignition improver fuel. (Source: A. J. Schaefer
and I. 0. Hardenberg, "Ignition Improvers for Ethanol Fuels,"
Alternate Fuels SP-480 (Warrendale, PA: SAE, 19811, p 15.)

rated speed of 3000 rpm. With this engine, up to 30 percent of the energy re-

quirement could be substituted with ethanol, with the amount of substitution
limited by ignition failure or knock. The amount substituted could be 0

increased, however, as the load setting was increased. The brake thermal ef-

ficiency (BTE) of various combinations of ethanol and water was plotted as a
function of fumigated ethanol at 2400 rpm (Figure 3).10 All fuels were tested

to their misfire limit.

At large Load settings, BTE rose somewhat with increased percentages of

alcohol. This increased efficiency is assumed to be due to rapid combustion
near top dead center, which approximates a constant-volume process. This

nearly constant-volume combustion is closer to an Otto cycle than a diesel

cycle and is more efficient for the fixed-compression ratio of the engine
hardware. Rapid combustion is promoted by the increased ignition delays and,
therefore, the large quantities of vaporized alcohol present at ignition.

Pressure rise is greater for this combustion and may be due to the more rapid
release of heat and the larger quantity of moles of product formed during

alcohol combustion. Also, heat loss may be reduced in this rapid combustion.

At smaller load settings, for example, at 1/3 load, BTE is lower, and
less alcohol substitution is permitted before misfire. At this load, less

10J. B. Heisey and S. S. Lestz, p 5.
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Figure 3. Thermal efficiency as a function of fumigated ethanol at
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total heat is released and a proport ionaielv larger amount of this heat is
I[,.sr. Furthermore, 1essne t heat is available tor combustion, and burning

quality deteriorates.

Fhe amount of water in the fuel had minimal effects on engine

performance, although the increased water percentage in the lower proof fuels
did expedite combustion quenching. Duplicate tests with methanol showed simi-

lar results at medium and high loads, but slightly decreased performance at
low loads.

ignition delay lengthened with greater additions of alcohol (Figure 4),11 iii
as well as with decreasing alcohol quality (i.e., lower proof). This increas-
ed deLay led to combustion knocking. Figure 5 shows the region of intense
knock. - In this interval, combustion noise increased due to lengthy ignition

delay, which resulted in cooling of the vaporizing alcohol; rapid combustion
ot large amounts of vaporized alcohol at ignition also contributed to the

noise.

Emissions of nitrous oxides, carbon monoxide, and particulates were moni-
tored in this fumigation experiment. Figures 6 and 7 show the nitrous oxides
and carbon monoxide emissions as a function of fumigated ethanol. 13 In gener-

al, nitrous oxides emission increased over baseline conditions at full load,
remained fairly stable at 2/3 load, and decreased at light load. These emis-
sions were dependent on water, such that greater water concentrations led to
fewer emissions. Carbon monoxide emissions increased with additional alcohol
substitution at 1/3 and 2/3 load, but had little change at full load. Since
the amount of carbon monoxide emissions indicates completeness of combustion,
the high latent heats of vaporization for the alcohol may have required more
heat than could be supplied at lower load settings.

Table 3 gives particulate emissions for this fumigation experiment. 14

These data show a general decrease in particulate emissions with increasing
alcohol fumigation.

Two concerns not thoroughly analyzed but mentioned in the Heisey and
Lestz report are particulate biological activity and engine wear. Limited

testing showed increased biological activity of particulates, with potential
impact on public health not mentioned. Brief visual and physical measurements
of engine components showed no abnormal wear of the combustion chamber and
piston.

Shirvani evaluated various mixtures of alcohol and diesel fuel using

alcohol blends of No. 4 diesel oil (04) and heavy virgin distillate (HVD)

12j. B. Heisey and S. S. Lestz, p 6.
12J. B. Heisey and S. S. Lest-, p 7.

1 3J. B. Heisey and S. S. Lest', pp 7-8.
14 J. B. Heisey and S. S. Lest, p 9.
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Figure 4. Ignition delay as a function of fumigated ethanol at 2400
* rpm. (Source: J. B. lipisey and S. S. Lestz, "Aqueous

Alcohol Fumigation of a Single-Cylinder Dl Diesel Engine,"
Alternate Fuels forDiesel Eng Ines SP-503 [Tulsa, OK:
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Figure 5. Comparison of rate of pressure rise for ethanol and methanol

fumigants at 2400 rpm. (Source: J. B. Heisey and S. S.
Lestz, "Aqueous Alcohol Fumigation of a Single-Cylinder D1
Diesel Engine," Alternate Fuels for Diesel Engines SP-503

[Tulsa, OK: SAE, 19811 p 1.)
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Figure 6. Nitrous oxidei Pmi,;sion as a function of fumigated ethanol

at 2400 rpm. (Source: J. B. Heisey and S. S. [.estz, "Aqueous
Alcohol Fumigation of a Sin-gLe-Cylinder DI Diesel Engine,"
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Table 3

Summary of Particulate Data

RACK ]
2 )0 . 32643. 32643. 12641. 3 317. 43317. 4 3 31 .1

.0. 0. 20. 40. 0. 20. 40.

200 1.0, 2.b8 7.21 4.91 2.A 14.62 10.18 5.14

F', t ,I. 61.9 20.0 33.6 51.0 9.9 1.3 23.1
' .37 1 .6 -. 11 . 17 .77

* . 4. + .4 6.7 + .7 19.8 + 3.5 b.9 1.1 5.5 * 1.0 18.1 18.1 . 4.5

32643.
20.
5.01

Fr ha)in. I 28.1

21.7 + 3.6

32643.
20.
4 .69

S , 4 3S.9

10.1 + 1.25

32643.

0.

, .38

43.1

.',-',~~~ .: 1). ' rr .o.

,m..,at ?n I

3'-'; ,, (ine, " A . ernate F ie ls : r i 't e. xngir~ es
* P-nO)3 ;.Lia. Y : ;A .981). p 3.

" 2I 'ICle . Di p C Ire i ', IS 'ow.2. s:
" 'I. *';.~ 2Z r ' :r D; ' ? - 3t.; nr

-r n' [ " :4 iiei n , S ethianoi.

r

* 'Si ,  I ~ , : p ~ t ~

r . ...' ' ' J " ;" 7 I )4 " ~ln t q )D, t ! '; i~v & 0

4: .-



M I[ ar Io SAI- No. 2 di es;, I tu, I ;pec It Icat Ion;, Ilht vi SCOUS di 'i I I aLOs were
added in an attempt t1o upgra the alcohol tiiel. rable 4 gives the composi-

t ion ot experimental blends, and Table 5 lists properties ot the blends and

their components. rhese. compositions were derived ,mpirically to eliminate

mixing and cetane problems while staying within SAE specitications.

'ables 6 and 7 show requirements tor diesel fuel oil as suggested by SAE

and the American Society for resting and Materials (ASTM)1 7 based on

viscosity, heating value, mineral content, and pour point. Fuel viscosity

indicates resistance to flow, which affects the engine's injection system by

resisting division into a spray. Low-viscosity fuels promote lubrication

problems and may cause wear. High-viscosity fuels can cause major pump resis-

tance and damage to the filter. Heating value is the fuel flow rate required

to produce the desired output and is indicative of the energy potentially

available for combustion. Sijlfur, ash, water, and ediment contents are mini-

mized to avoid deposits that could abrade engine pir-s, accelerate corrosion,

and block injector systems. Pour point is the lowest fuel temperature at

which pumping can continue. This value can be crucial in cold climates. Syn-

thesis of appropriate blends must take these fuel properties into

consideration.

All tests were run at very high speed (1754 to 2193 rpm) on a four-cylin-

der, four-stroke, D[ diesel with a 96.8-mm (3.81-in.) bore, 104.8-mm (4.13-
in.) stroke, 16.5:1 CR, and rated at 31 kW (Bhp 41.57). All blends for this

Table 4

Volume Composition of Blended Fuels (Volume Z)

Fuel D2 D4 HVD Ethanol Butanol Cetane Improver

HVD blend 0.0 0.0 75 15 10 0.0

D4 blend w/CI 48.5 4.85 0.0 29.1 14.6 3.0

D4 blend w/o CI 50 5.0 0.0 30 15 0.0

Source: H. Shirvani, et al., Pertormance oit Alcohol Blends in Diesel Engines,
:;A Paper 810681 (SAE, 1981).

15If. Shirvani, Alternate Fuels for Diesel Engines, unpublished master's thesis

(University of Illinois, 1982), p 25.
1 6 H. Shirvani, C. E. Coering, and S. C. Sorenson, Performance of Alcohol

Blends in Diesel Engines, SAE Paper 810681 (Warrendale, PA: SAE, 1981).

7f{. Shirvani, et al.; C. E. Coerinv, et al., "Fuel Properties of Eleven Vege-
table Oils," Transactions ot the American Society of Agricultural Engineers

(ASAE), Vol 25, No. 6 (1982), p 1473.
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D t ail d Requiromen -; ,or I) iesel Fue[ Oils

Distillation

Flash Water and Ash Pemperatures Kinematic Sulfur
l)iese Point S;ediment Weight at 90% Point Viscosity Weight Cetane
Fuel (C) (vol- ) (%) ('C) (mm2/s) (%) No.

MIn Max Max M1n Max Min Max Max Min

No. 1 38 0.05 0.01 -- 288 1.3 2.4 0.50 40

No. 2 52 0.05 0.01 282 388 1.9 4.1 0.5 40

No. 4 0.50 0.10 -- -- 5.5 24.0 2.0 30

Source: H. Shirvani, Alternate Fuels for Diesel Engines, unpublished master's

thesis (University of Illinois, 1962).

Table 7

'Tests and Limits for No. 2 Diesel Fuel Properties

Test ASTM Test No. ASTM Limits

Viscosity (mm2 /s) D445 1.9-4.1
Distillation temperature ('C) D86 282-338 @ 90% pt.
Cloud point (°C) D2500
Pour point ('C) D97
Flash point ('C) D93 52 min.
Water and sediment (% by vol) D1796 0.05% max.
Carbon residue @ 10% residium D524 0.35% max.

Ash by weight (%) D482 0.01% max.
Sulfur by weight (%) D129 0.5% max.
Sulfur, copper corrosion D130

Cetane no. D613 40 min.

Source: C. F. Coering, et al., "Fuel Properties of Eleven Vegetable Oils,"

rransactions of the American Society of Agricultural Engineers
(ASAE), Vol 25, No. 6 (1982), p 1473.

"Cloud point is not specified by ASTM. Satisfactory operation should be
achieved in most cases if the cloud point is 6°C above the tenth percentile
minimum temperature for the area where the fuel will be used.

,.Pour point is not specified by ASTM, but generally occurs at 4.4 to 5.5°C

below the cloud point (Lili'edahl, et al., 1979).
:"';'This test for active sulfur is interpreted by comparison of the immersed

strip with standard immersed strips. Corrosion shall not exceed that on a
No. 3 standard strip.

*. "



,ng ine 'Il Ar, prtm. xKd m1( in oct ed with the exist in,, tuei in ipc ion system,
since the engite Was riOt moditied. Various engine performance indicators were

pLotted ,1ga1st the quival ,nce ratio (ratio of the actual fuel/air ratio Lo

rho stoichi, me-ric 'uel/,air ratio) to compensate for the diflerence in

stoichiometric tuel.'air ratios.

Addiw ,,n ot ethanol to No. 2 diesel fuel degrades the fuiel by lowering

:ir heat ce'ntent. viscosity, CN, and stabil ity. Lower heat content reduces

power output and :ncreases fuel consumption per unit ot work. Figures 8 and*18
9 show trends in Bhp (see BMEP data) and BSFC.L 8  Highest performance was ob-

rained trom the blends at 2000 rpm. At the lower speeds (1754 rpm), BMEP and,

thus, power output were less than those tor the baseline tuel; at mid- and

high-range, BMEP and power were equal or slightly higher than the baseline

luel's. Also, power output for all fuels increased with a richer fuel mixture

(high equivalence ratio). BMEP was directly proportional to power output in

these tests because the speed was held constant.

Although data at varying speeds are not shown, the increase in BSFC was

more pronounced at lower speeds. Phase separation was a stability problem

with the ethanol and diesel fuel mixture attributed to water contamination or

structural ditterences between alcohols and hydrocarbons.

rhe ethanol blend's lower CN delayed combustion and increased noise.

Knocking in a CI engine results from a high rise in combustion chamber

pressure. if ignition is delayed too long and the fuel's self-ignition

remperature is too high, a comparatively large amount of fuel will be in the

Cy[inder. Fhis heavy fuel concentration can raise the pressure rapidly enough

o cause a pressure wave propagation and, thus, knock. Longer ignition delay

,ias detected in the fuel blends compared to baseline fuels, but this condition

improved as the equivalence ratio increased.

?'hermal efficiency of the ethanol-diesel blend is lower than that of neat

.ndiluted) diesel fuel at medium and light loads, but is mostly consistent

-with the diesel ftticiency at full Load. More complete combustion at high

loads is assumed to produce this better efficiency. Experimental results con-

tLrmed that BTE closely paralleled the baseline fuel at high speeds; at lower

speeds (1745 rpm), the BTE diminished no more than 10 percent.

Positive aspects of burning ethanol diesel blends instead of No. 2 diesel

toel include (1) less smoke and (2) lower exhaust temperature resulting from

ethanol's higher heat of vaporization and, thus, the greater energy require-

ment to vaporize the blend. This larger energy consumption leaves less energy

it. the exhaust and, hence, a lower exhaust temperature.

18 H. Shirvani, et al.
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19

Figure 10 shows the petroleum -avings with blended els 19 expected
results it the mixtures were burned with a thermal etticiencv equal to the
baseline fuel. These results show that the 14 blend can produce a 20 to 37
percent petroleum savings and the HVD blend can produce up to 18 percent

savings. The savings depend on engine load and speed.

Butanol-diesel blends are promising alternatives. Miller and Smith 20

tound little effect on Bhp with diesel-butanol blends. Butanol can also be
mixed in most concentrations w.thout phase separation.

To summarize these data, alcohol tuels tended to require high speeds and
pigh loads for satisfactory pertormance. Thermal efficiency reached or

exceeded diesel results at very hih speeds (above 1500 rpm) and medium or
heavy loads (2/3 and full loads, respectively) in blending and fumigation

rests. At low loads, fumigation techniques could not meet baseline diesel
fuel efficiency, nor could alcohol-oil blends at speeds relatively low for the
testing range (1754 rpm). Similar HSFC data between cetane-improved alcohol
and diesel tuel indicated comparable etficiencies for the two fuels. Speed
information to accompany Et-ficiency data was not included in Schaefer and
Hardenberg's rei.ort on improved alcohol.

Horsepower ratings for alcohol fueling techniques were included only in
Shirvani's findings on alcohol blends. These blends increased hp at high
speed, produced no change at medium speed, and decreased output at low
speed. Although Shirvani categorized these test speeds into high, medium, and
low, that entire test range is classified as very high-speed in this report.
Results on hp output were not included for cetane-improved alcohol testing,

but BMEP data were. BMEP for improved alcohols parallel diesel fuel values
and suggested a parallel in Bhp as well.

Knock apparently was no problem in the cetane-improved alcohol fuels.
Audible knock was detected during fumigation and blend trials, but was not

quantified. Descriptive observations mentioned increased knock with increased
alcohol fumigation and with decreased equivalence ratio in alcohol-diesel oil
blend runs.

Emission information was recorded to varying degrees for the three
technologies. With cetane-improved alcohol and alcohol-oil blends, less black

smoke was emitted than with baseline diesel fuels. However, black smoke
levels were not monitored during fumigation. Nitrous oxides emission was
greater with cetane-improved alcohols than for diesel fuel at less than 45

percent of some unknown speed capacity, but was less than diesel at higher
speeds. The nitrous oxide emissions during very-high-speed testing with fumi-
gation revealed fluctuation with load: quantities were higher than for diesel

19 H. Shirvani, et al.
20C. L. Miller and J. L. Smith, "Using Butanol Fuel Blends," ASAE Paper

80-15 24, presented at ASAE Winter Meeting, 2-5 December 1980 (St. Joseph,

MI: ASAE, 1980).
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Figure 10. Petroleum savings with blended fuels. (Source:

H. Shirvani, et aL., Performance of Alcohol Blends in

Diesel Engines, SAE Paper 810681 [Warrendale, PA: SAE,
~19811].

exhaust at tull load, mostly consistent at 2/3 load, and lower at 1/3 load.

Improved-alcohoL exhaust had lower hydrocarbon concentrations and alcohol-oil

blends had lower temperatures. Carbon monoxide emissions during fumigation

were higher at light and medium loads, but not increased significantly over

baseline diesel fuel emissions at lull load. Table 8 summarizes experimental

results with the alcohol fuels.--,

*Table 8 also summarizes test results from water-oil emulsion fuels. However,

since these experiments show no significant fuel savings or emission improve-

. ment, no further space is devoted to this discussion.

31
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COALKFhe relative abundance ot U. S. coal reserves has raised hopes for the
.A possibility of coal-tueled diesels. Most experiments with raw coal have not

produced promising results; liquified coal fuels, however, are feasible
substitutes but will require substantial refinement.

Marshal et a, tueled a diesel engine with slurries ot No. 2 diesel

tuel and raw'coal.2 ' The test ngine was a single-cylinder, four-stroke,
14.75-hp (ll-kW) engine with a 11.43-cm (4.5-in.) bore, 13.34-cm (5.25-in.)
stroke, displacement o 1360 cc (82.99 cu in.), 15:1 CR, and 1800-rpm rated
speed. Three sample tuels containing 20, 32, and 40 percent by weight coal
weri examined with particles of average diameter equal to 30 microns (1.2 x
10- in.). Runs of straight No. 2 diesel fuel were conducted for baseline

values; Lower Freeport seam coal was used for the 20 and 40 percent slurries,
whereas the 32 percent slurry was made from Pittsburgh seam coal. Figure 11

shows compositions of these coals.
22

Power output, energy consumption, and emissions were monitored during the
test. Engine parts were measured befcre and after testing to determine
wear. All fuel types were run through the engine for 10 hr except for the 40
percent blend; trials with that mixture were stopped after 1 hr because of ex-

*tremely poor performance. For each test, engines were run at full rack and
1400 rpm.

Figures 12 and 13 depict the power output and BSFC of trial slurries and
baseline diesel fuel. 2 3  The power output declined rapidly as higher coal con-

centrations were used. Moreover, energy consumption increased with increased
coal concentration, thus requiring faster fuel flow rates. Mass and energy
calculations suggested that coal particles were practically inert. One theory
for the poor coal combustion suggests that the diesel fuel ignites first and
the coal is left to burn on the expansion stroke with depleted oxygen. These
tests were with a high-speed engine, however; slower engines might perform
better because they provide more time for combustion.

Figures 14 and 15 show emissions of sulfur and nitrogen oxides, respecti-
vely. 24  Substantially higher concentrations of these pollutants were detected

V for the slurries than for the diesel fuel. Emission problems, coupled with

increased wear, further dim the prospects for use of coal fuels in the near
future. For example, unreasonably high amounts of wear were reported for the

* rings, piston, and lining. The injection nozzle was lodged open with coal and

2Hi. P. Marshal, et at., "Performance of a Diesel Engine Operating on Raw
Coal-Diesel Fuel Slurries," Alternate Fuels SP-480 (SAE, 1981), pp 59-70.

S22 H. P. Marshal, et al., p 60.
H. P. Marshal, et al., p 62.
H. P. Marshal, et al., p 65.
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a thorough coating ot coal was discovered over the combustion chamber with the
high-concentration slurries.

Dunlay, et al., burned diesel oil-coal slurries in a large, slow-speed25
engine with somewhat better results.) Table 9 shows the composit-on ot their
blend, and Figure 16 gives specifics on coal particle sizes. F his tuel
was tested in an engine with a 760-mm (29.92-in.) bore, 1550-mm (61.02-in.)
stroke, 10.63:1 CR, 120-rpm rated speed, and 1471 kW (1972.6 hp).

Fuel could not be injected successfully with the standard Bosch-type in-

jection system. Pump seizure and blockage of the pump plunger and valve stem

Table 9

Coal/Oil Slurry Specifications

Ultimate Coal CoaL/Oil
Analysis (As Diesel Oil Slurry

(%) Received):' No. 2 (As Used)>

Lecithin - 1.42
Moisture 1.6 - 0.50
Hydrogen 4.4 13.3 10.30
Carbon 79.8 85.9 82.76
Nitrogen 1.4 0.02 0.46
Oxygen 3.3 - 1.04
Sulfur 1.0 0.78 0.84
Ash 8.5 - 2.68

Heating Value

(Btu/Lb)

HHV 14,013 19,410 17,432
LHV 13,585 18,258 16,524

Source: J. B. Dunlay, et al., Performance Tests of a Slow Speed, Two-Stroke
Diesel Engine Using Coal-Based Fuels, NTIS TE7905-267-80, Contract
No. EF-77-C-01-2647 (U.S. Department of Energy, June 1980), p 34.

:Coal type was Lower Freeport Pennsylvania Seam.
--Slurry was prepared by Union Process, inc., Akron, OH. Content by weight
was: 67.03% diesel oil, 35.55% coal, and 1.42% lecithin.

25J. B. DunLay, e: al., Performance 'rests of a Slow Speed, Two-Stroke Diesel
EnIVne Using Coal-Based Fuels, NTIS TE7905-267-80, Contract No. EF-77-C-
01-2647 (U.S. Department of Energy, June 1980).

276J. 3. Dunlay, et aL., p 34.
7J. B. [)inIay, et at., p 35.
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necessitated a replacement inject ion systi m. lhe sibst i tut-ed accunu I -ator
injection System performed satistactorilv. In this setup, a diaphragm pump
sends fuel to an accumulator, where it is lator metered by a hydraulically
operated injection valve.

Although unhampered engine startup and shutdown on coal/oil slurry were
demonstrated during the experiment, data taken before and after slurry tests
on diesel fuel revealed performance deterioration as evidenced by the diesel
fuel's increased BSRC. The slurry caused heavy wear on the injection nozzles
and wear and binding on piston rings. Lubrication scouring of the cylinder
i ner was predicted to cause future problems.

Even with hourly changes of the injection nozzle, the diesel fuel heat
rate increased. Therefore, ring condition was considered the major factor in
increased fuel consumption. The diesel fuel heat rate after the slurry test
.4as up 2.5 to 4.6 percent ot preslurry test values.

Figures 17 and 18 show experimental results of slurry and diesel
runs.2 8  BSFC, black smoke, and nitrous oxides emission for slurry tests was
,greater than for diesel runs. ignition lag was also greater, but no knocking
,jas reported. Dunlay's group did not suspect unreasonably delayed or incom-

Plete combustion as seen in the high-speed slurry test.

),iniay, et aL., also investigated fuels derived from liquified coal, in-
1:dnd :har oil energy development (COED) fuel and solvent refined coal (SRC-

Fable 10 gives tuel analyses and compares them with diesel2)
.s .. amt, engine used in the diesel/coal slurry experiment was used.

-m::., 2diAr.-tOrs such as BSFC, smoke emissions, and ignition lag
.... .'riabli)e ,ngine loads, while timing, injection pressure,

, r !,,nd c:instant. COED fuel paralleled baseline diesel

:,,rlnfters (Fi,,re 19) . 30 BSFC decreased with increasing
iand 6a-i :no diesel. Sm ke emissions remained at a fairly

t hroughout test ing. Ignition lag decreased with in-

, :. ,iv .as longer tor the COED tuel than for the diesel, but
r r,* , ,tt iat , °vaiws were very slight. Knocking was not a

:OFI to,; c,mbst ion. Additional testing with COED showed r-
S rd *e I-I , s l w1ith v.,riabl e inject ion timing, inject ion pressure,

2 J. 3. Dunlay, et al., pp 41-42.

29j. B. Dunlay, et al ., p 22.
30J. B. Dunlay, et at., p 16.
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*--- DIESEL FUEL (REFERENCE)
LHV =18254 BTU/0
P 2 0 C =840 KG/M 3

x . DIESEL FUEL (AFTER SLURRY RUN)

BOSCH +SLURRY LHV =I6524 BTU/ LB
SMOKE P 20oC =965 KG/M3

50

SMOKE
30 ---

GR NO/KW H CONTENT OF NOx IN EXHAUST GASES

6 ~~~20 -- - - - - - -

BSFC __-BTU/LB

*GR/KWH . ~ BRAKE SPEC. FUEL CONSUMPTION +92000
230 - - LHV487 KJ/KG- ---

1I8000 BTU/ LB 9_000

220- --- ~8800

210----- --- -- ~- - 84 00

--- 8200

35 50 75 90 100 % LOAD

F igu re 17. TP st s wlLh coal oil Islurry. (Source: J. B. Dunlay, et aL.,

*Periorrnance TesLs- of-Slow Speed, Two-Stroke Diesel Engine

Using Coal-Based Fuels, NTIS TE7905-267-80, Contract No.

EF-II1-C-01l -2(6471U. S. [Depart men t of Energy, June 19801, p 41.)
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EXHAUST TEMPERATURE BEFORE TURBINE TEX

* DIESEL FUEL (REFERENCE)

LHV - IS 254 BTU/LB

p20 0 C = 840 KG/M 3

- DIESEL FUEL (AFTER SLURRY RUN)
+- SLURRY LHV = 16 524 BTU/LB

p200 C=965 KG/M 3

Figure 18. Tests with coal/oil slurry at constant speed 120 rpm.

(Source: J. B. Dunlay, et at., Performance Tests of Slow

Speed, Two-Stroke Diesel Engine Using Coal-Based Fuels,NTIS TE7905-267-80, Contract No. EF-ll-C-01-2647 [U.S.

Department of Energy, June 19801, p 42.)

Figure 20 shows emissions from the COED normalized to emissions of diesel

fuel at tull load. 3 1 Nitrous oxides and carbon monoxide emissions were

greater for COED, but hydrocarbon emissions were lower than for diesel ex-

haust. Overall, COED fuel imitated diesel performance reasonably well without

engine modification. Refinement costs to produce COED from coal were con-

sidered economically prohibitive in an earlier report by Dunlay, 3 2 with COED's

high hydrogen content cited as a major expense.

SRC-II fuel has a very low CN of 0.8. Trial runs with this fuel produced

severe knocking due to poor ignition quality. Various methods of improving

combustion were attempted, such as blending with diesel oil, elevating air and

cooling temperatures, preinjecting SRC-JI, and pilot injecting with diesel

oil. Combustion performance with the diesel pilot was superior to other

alternatives.

Although mixtures of SRC-[l and diesel oil produced satisfactory levels

of knock with an 80 percent SRC-II/20 percent diesel oil blend running at full

3 2j. B. Dunlay, et al., p 21.
J, B. Dunlay, et al., Economic and Technological Assessment of Diesel

Engines Using Coal-Based Fue, ror Electric Power Generation, NTIS

TE4234--37-80 (U. S. Department of Energy, September 1919).

4+.



S

Table 10

Comparison ot Fuel Analysis Data

Fue l
SRC-11 Diesel Fuel COED

Sample No. Sample No. Sample No.

Analysis 12082 12094 12041

Dec 78 Dec 77

Specific gravity at 20'C (g/cm 3 ) 0.975 0.842 0.935
Viscosity at 20'C (cSt) 5.41 5.55
Viscosity at 40'C 3.01 2.81/50' 6.78/50'

I Refractive index at 20'C 1.5450 - 1.529
Pour point ('C) -30 - +21
Flash point in closed cup ('C) 75 82 49
Caloric value (upper) (kJ/kg) 40153 45140 43482
Caloric value (lower) (kJ/kg) 38227 42460 40890

Content of:
- Carbon (M) 86.7 85.9 88.9
- Hydrogen (%) 8.95 13.3 10.5
- Sulfur (M) 0.21 0.78 0.13
- Oxygen and nitrogen (%) 4.14 0.02 0.47
- Ash (ppm) 10 80 20

- Water (Z) 0.1 <0.1
- Paraffins, naphthenes, aromatics (%) - - 39.8/25.8/34.4

Ratio - Hydrogen:carbon 1.229 1.8434 1.407
Conradson carbon residue (%) 0.02 0.04 0.64
Aniline point (C) <-15 72 50
Total acid number (mgKOH/g) 0.11 -

Diesel index 0.7 58 23
Cetane number 0.8 54 30
Boiling analysis at atmospheric
pressure ('C)

Initial boiling point 158 204 117
5 Vol. Z boiling up to 195 - 130

10 Vol. Z' boiling up to 202 )35 202

20 Vol ' boilinY up ro 208 0
30 Vni . " boI i 1l lip Lo.

40 Vol hoi I Iin9. .p o2 '6"

50 Vol 4 boi in 1 Ip o
60 Vol b i -

SIt) V' '.

" )0 VI.
6 V IV b , : . , .! " .. .'

No r" F I' ; 0 (, 2) , , 2.j I- ,

N,* S-7 C O - o ' a l'.;,r := "- ; ,r,' g . i ct ) , 3



Scavenrging air

pressure ps 1.8grlkWh•

230. "'% 1.6

?_20 - -Broke spec. fuel consumption
Sn BSFC (Hu= 41870 kJ/kg) 1.4

210-
Mei-. .2

75% 100%/

3 4 6 7 8 9 I0 11 bar

BMEP

Figure 19. COED tests--Variable load. (Source: J. B. Dunlay, et al.,

Performance Tests of Slow Speed, Two-Stroke Diesel Engine

Using Coal-Based Fuels, NTIS TE7905-267-80, Contract No.

EF-11-C-01-2647 [U.S. Department of Energy, June 19801, p 16.)

load, lower load settings intensified the knock to intolerabs levels. Lesser

concentrations of diesel oil had the same effect (Table 11). Through trial

and error, optimal ignition delay periods for this engine were set at 2.5 and

3.0 ms. It was noted that faster engines would need shorter delays for smooth

combustion and would thus require more diesel oil in the mixture.

Experiments with elevated temperatures were conducted with a blend of 10

percent diesel oil and a 75 percent load. Increasing air, fuel, and coolant

temperatures did not lower ignition deay times to an acceptable level. Table

12 shows the resulting delay periods. Full-load trials at elevated tempera-

*7 tures were not attempted.

Varied conditions when preinjecting a small amount of SRC-1I led to simi-

lar disappointment. The shortest delay achipved still produced significant

knocking.
6

injecting a small amount of diesel oil to pilot SRC-1l combustion produc-
ed quality (low-knock) burning at all load settings. On average, 3.5 percent

33 .
34 j. B. Dunlay, et al., 1979, p 25.
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NO x (as N02 %

110%-

.000

90 Engine: IRSA76

Power: 1470 kW/cyl.

80 Speed: 120 rpm

Nozzle: 1250 x 12 x 0,65 R

CO % Dote: 15.- 17 March 1978

150%-
. .. es -sse - s

100 -______

000

50
- - -- COED Oil

oDiesel Oil .

HC %

150%

100

* 50

25 50 Load7510
Figure 20. COED exhaust gas emission measurements. (Source: J. B.

Dunlay, et al., Performance Tests of Slow Speed, Two-Stroke
* Diesel Engine Using Coal-Based Fuels, NTIS TE7905-267-80,

Contract No. EF-1l-G-01-2647 [U.S. Department of Energy, June
19801, p 21.)
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Table 1i

Ignition Delay Time and Knocking Sound With
Fuel Mixing and Engine Load

(Room Temperature Fuel)

Engine Load Diesel Oil Content Ignition Delay
(%) (%) (ms) Knocking Sound

90 100 0.8 Normal
20 2.6 Normal
10 4.3 Hard
7 6.2 Very hard

75 10 8.7 Extremely hard

Source: J. B. DunLay, et al., Performance Tests of a Slow Speed, Two-Stroke
Diesel Engine Using CoaL-Based Fuels, NTIS TE7905-267-80, Contract
No. EF-77-C-01-2647 (U.S. Department of Energy, June 1980), p 34.

Table 12

Ignition Delay Time Improvements With Elevated
Temperatures and Preinjection
(10% Diesel Oil, 75% Load)

Ignition Delay
Test Condition (ms)

Normal
0 Air temp. 40'C

Cylinder cooling temp. 48/62°C (in/out) 8.7
Piston cooling temp. 36/45°C (in/out)
Fuel temp. 25'C

Air temp. increased to 70'C 5.8

Cylinder cooling temp. increased to 63/75°C (in/out) 5.5
Piston cooling temp. increased to 47/60'C (in/out)

Fuel temp. increased to 50'C (injection timing changed) 8.95

135 0 C 4.0
S 165°C 3.5

1950C 3.5

Preinjection 4.2

460 0



ot the total tuel inject ion was round to be an adequate fraction of pilot die-
sel oil, resulting in BSF and smoke values quite close to those of baseline

diesel fuel (Figure 21). 35  BSFC was slightly higher than for diesel fuel at

all loads, but not unreasonably so. Ignition tag was up to 1.5 ms higher, but
still within accepted limits. Piloted SRC-1I showed continued increases in
nitrous oxide exhaust, whereas diesel fuel output leveled off near 70 percent

load and decreased slightly at tull load (Figure 22). 6 The greatest separa-
tion of values occurred at 100 percent load; here, data differed by 5 g/kWh

(8.22 x JO- 3  lbm/hp-hr).

Even with the noted deviations of SRC-11 from diesel oil standards, quite

acceptable performance was demonstrated in a slow-speed diesel. Emission

standards and reinforcement cost would need to be reviewed before large-scale
use of this fuel, however. Also, SRC-II attacks rubber hoses and O-rings, a
tendency that may prevent long-term runs or necessitate retrofits with differ-

ent material rings and hoses.

To summarize, solid coal slurries and solvent-refined coal are not up to

par with expectations for tuel alternatives. Slurries caused wear problems at
all loads and speeds, and combustion performance deteriorated substantially
from diesel baselines. injection and pumping problems required special atten-

tion.

g/kWh
BTU/kWh 230 -

_

9000 - -! ---- 16

220 . " - - Brake spec. fuel consumption
- -BSFC (Hu 41870 KJ/kg)

Ct) _J O1

8000- L

4 5 6 7 8 9 1 0 if bar

35 50 75 90 100 %0

BMEP

- - - SRC -]IT with pilot injection of diesel fuel
Diesel fuel

Figure 21. Experimental results obtained with SCR-1I at constant speed
n = 120 rpm. (Source: J. B. Dunlay, et al., Performance

Tests of Slow Speed, lwo-Stroke Diesel Engine Using Coal-Based

Fuels, NTIS TE7905-267-80, Contract No. EF-11-C-01-2647 [U.S.
Department of Energy, June 1980), p 29.)

3 5J. B. Dunlay, et al., 1979, p 29.
J. B. Dunlay, et al., 1979, p 31.
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Experimental results obtained withSRC -HT, Constant speed n = 120 rev/min

Diesel fuel (reference)
Hu .4246OkJ/kg
o20oC= 8 4 0 kg/m3

A -.... SRC-II with pilot injection
of diesel fuel
Hu =38227kJ/kg

g/k Wh p20oC 975 kg/O 3

24 -- -- - i
NOx- Emission

.0 
-422 - _ - II-"

0
z 20 --

JA

16 V - -0

3 4 5 6 7 8 9 10 bmep (bar)
25 50 Load % 75 100

Figure 22. Tests ith coal-derived fuels. (Source: J. B. Dunlay, et al.,
Performance rests of Slow Speed, Two-Stroke Diesel Engine Using

Coal-Based Fuels, NTIS 'FE905-267-80, Contract No. EF-11-C-01-
2647 [U.S. Department ot Fnerey, June 19801, p 31.)
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SR(- I Va; tar S Luperior to l urrv rai , ; hut not as promising as COED.
Al though SRC-I[ pertormed simi !arty to ,iesel tuel in terms of combust ion, it
did require pilot i njection and monitoring for corrosion on rubber hoses and

ri ngs.

Of the coal fuels, COED is the most feasible substitute. COED performed

similarly to diesel fuel with regard ro BSFC, smoke emissions, and ignition
i. lay. Knocking was not a problem at any load. Nitrous oxides and carbon

monoxide omissions were above those ot diesel exhaust, though, and a review of
ambient air Laws would be in order before sing this fuel. It must be noted
that COED was tested with a slow-speed diesel (120 rpm); faster engines may not

perform as wel. [abLe 8 summarizes experimental results from the coal fuels.

Il



14 Vt'Gl2' [',Bl, t0l,

Voolnl ;i I ,rP r-'aA"[ q""r - it tuel *with nut and soybean
oils especiali v popul ,ir ' A , i,>lo st ic :ailability. Their use in diesel en-

Uines has one npen in''st,:jitd. K: .. 9100, Dr. Rudolph Diesel powered one oi

his enginos with pe .nt ii! t ,' iris Exposition. Since then, numerous at-
tempts i'v' been ni. 'a idip n i: 'no i' ,'igine to attain satistactory combus-

t ion wirhi v 't ,ilb o ,. Sid1,' ' , i, winh vegetable oils has been rr i d

winh varyLng rsui . -, , : r , .... I , sualI y is introdt.::ed to assist in

ignition'; it may then be rp'laco'u ny rhe vegetable oil or may be present during
ai l combustion via a dual inject i n system or premixing.

Trias with single ruein;, by vegetable oil following a diesel tuel start
have been q !te "-iniourai i n e,, ,,xce' [ where power Output I5 Of prime
;mporanc'. Sinca nohese oilA nave i Lower enervy content than diesel fueL,
oiiUil tUel t low riLtes 4 i viei d a lower power output uniess the engine is
moditi,,d. ir *x-ampl', redesined injection equipment or moditied injection
;prays c, lid produce the desired results.

For4'ieL and Varde jnvestizated fueling the dirent injection diesel engine
with vegetable oils using various injection nozzles. 7 They evaluated engine

performance in terms of power output, brake thermal efficiency, and emissions,
Ind monitored the changes in these parameters with different nozzles. All
tests were conducted on i onp-cylinder, naturally aspirated, air-cooled engine

with a 95-mm (3.74-in.) bore, 95-mm (3.74-in.) stroke, 17:1 CR, and a rated

speed of 2800 rpm. The naturally aspirated or gine was chosen tor ir- increased
ignition delay and sensitivity to tool quali tv.

Thr,, dit're ro , l, ,r, sa hmnt--th standard in ect or

with four o, . ,,i, , A and C. wi h approxi-

nit ely 25 p.r0 , n! n r, Ind 2 '4 , 'r c : ) l Ir'a, -esPecti ;eiv

L - mad 100 *'orc'nt -anli' .. t') 't'1+':
and ot h r vPn,/,, - n* : 1 '7 o-

;hut.' ... . Al t M° wn

1i , w ,h i 'In, "M I'n rv r, PR . ] ;r " I , M 1; Ar:i I . Ix , . . ,' -{: ,,

' 'l] I.,'', : ,. '. . s. "arde, ': rimental lnv,,stigati,)n n! d 4-, , c ,

t ,-, i , Air,ct injec n Diesel Engine," Alternate Fun,:, t r

SEri .:, I'-'.03 ('arrondalp, ; SAE, 1981), pp 59-66.
R,. F,) r , i m d K. S. Varde, p 60.

39R. Fi,)r,;o a: K. S. Vard ', p 60; C. K:. (oering, et il., p .475.

I ° .



Fable 13

Nozzle Orifices Used in Experiment

Nozzle A Nozzle B Nozzle C

(OEM)

:4o. ot oritices 4 4 5

Orifice diameter (mm) 0.36 0.32 0.25

i/d 1.9 2.3 2.8

Source: R. Forgiel and K. S. Varde, "Experimental Investigation of Vegetable

Oils Utilization in a Direct Injection Diesel Engine," Alternate
Fuels for Diesel Engines SP-503 (Warrendale, PA: SAE, 1981), p 60.

Table 14

Properties of Fuels Used in Experiment

Diesel #2 Soybean Peanut

Density (g/cc) .825 .899 .900

Heating value (kJ/kg) 42580 37064 37282

Viscosity @ 24°C (CS) 2.8 39 40.5

@ 43°C (CS) 1.8 10.5 15.0

Cetane no. 46 33 35

Heat of vaporization (cal/g) 61 52 53

* Flash point (C) 60 332 326

Spec. heat (a 38.6°C (cal/g 0C) 0.44 0.469 0.490

Surface tension (dynes/cm @ 20'C) 28 33 35

4S

Source: R. Forgiel and K. S. Varde, "Experimental InvestiRation of Vegetable
Oils Utilization in a Direct Injection Diesel Engine," Alternate
Fuels for Diesel Engines SP-503 (Warrendale, PA: SAE, 1981), p 60.
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Pert ormanco ot the No. 2 diesel fue, wi tn nozzle B was used as the base-

Iine value. WiLn 100 percent load det ined as the maximum load at 2800 rpm.

Power Lutput was attected by khe nozzle and the tuel. The smaller than stan-

dard no ' Ie, C, could produce 100 perc.rL ot the basetir.e power when fueled

,4with1 No. 2 diesel. With the more viscous soybean oil, this smaller nozzle de-

livered 80 percent, and with the most viscous peanut oil, 90 percent baseline

power was achieved.

The !arger than standard no:zl e, A, delivered up to l0 percent baseline

power with diesel fuel. This setup yielded 100 percent power with both soy-

Dean and peanut oils. The higher mass flow rate accommodated by this nozzle

is thought to account tor the high power output. The standard nozzle, B,

reached 100 percent power with soybean oil but onLy 90 percent with peanut

For power output, the enlarged nozzle performed best. However, the stan-

dard nozzle lost only 10 percent of its maximal power output with the peanut
oil and none with the soybean oil. This 10 percent loss may be justified to

avoid retrofit costs.

BTE was plotted against the load in Figure 23.40 Under most conditions,

the standard equipment nozzle, B, produced the highest efficiency. Little

diff rence was noted between the fuels except when peanut oil was run through

nozzle A; here, a measurable increase in BTE was noted. Peanut oil achieved

an efficiency equal to or slightly greater than diesel fuel under most operat-

ing conditions.

Although the kinetics of smoke formation are not well understood, this

property has been correlated with atomization. Greater atomization yields

smaller droplet size and tends to reduce smoke production. Since orifice size

affects the droplet size, the largest nozzle, A, is predicted to have the

greatest amount of smoke formation; nozzle C, the smallest, should have the
41

lteast. These, in fact, are the effects shown in Figure 24. The standard

mnd the enlarged nozzles produced less smoke with vegetable oils than with

diesel fuel. Peanut oil produced the least smoke. For the smallest nozzLe,

th;e diesel performed better than the vegetable oiLs, with peanut oil still

producing less smoke than soybean oil. The reason for this inversion in the

smam est nozzle is not understood.

N rru,,en )xide emissions are depcndent on local mixture concentrations

r :.nporatures, b5oth ot which are affected by orifice size. Figure 25 sum-

Tari'+"+ :he nitro,"en emi ss: ts, revealing that the largest nozzle produced the

I w, .mi ; juns , Ih'+r as lh, .standard nozzle produced the highest
ri- in ra ion ft ,xhauirt ox:des.42 Apparent ly, nitrous oxides production

r I: and K. S. Vp 61
F-). :)r4, and K. S. Vatrde, p 62.

i nil K. :-. Varde, p 64.
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3 NOZZLE A

Diesel
Soybean Oil

2 Peanut Oil

./
7,

0 ,. -. .00

20 40 60 80 100 120

2
NOZZLE B

z

S 0 20 40 60 80 100 120

2
NOZZLE C

I-.-

0 20 40 60 80 100 120

% Load

Figure 24. Comparison of smoke levels (Source: R. Forgiel and K. S.
Varde. "Experimental Investigation of Vegetable Oils Utiliza-

tion in a Direct Injection Diesel Engine," Alternative Fuels
for Diesel Engines SP-503 [Warrendale, PA: SAE, 19811, p 62.)
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Figure 25. Variaon of nitrous oxides (NOx) emission with different

tu!ks. (Source: R. Forgiel and K. S. Varde, "Experimental

[nvesL[gation of Vegetable Oils Utilization in a Direct In-
0 jection Diesel Engine," Alternative Fuels for DieselEng ines

SP-503 [Warrendale, PA: SAE, 19811, p 64.)
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incres-,s with an initial decrease in nozzle size, then decreases with further
sie reduction.

In general, soybean oil produced the fewest nitrous oxides emissions over

the widest range with all nozzles. Peanut oil tended to be in the middle for

nitrogen production and diesel was at the top. Little sensitivity to fuel

type was detected in the standard and small nozzles. The larger nozzle

distributed nitrogen exhaust with the various fuels more than the others. Ni-

trous oxides emission increased for all fuel types as Load increased. For all

nozzles and fuels, highest emissions occurred during the most thermally effic-

ient periods.

Hydrocarbon concentrations are graphed against percentage load in Figure
26. Peanut oil emitted the fewest hydrocarbons, whereas diesel and soybeanS43
were the top producers, depending on nozzle size.

Noise production and carbon and gum deposits also were checked during

testing. For a given nozzle, fuel type did not affect noise levels. After
vegetable oil use, the engine was found to have gum deposits in the combustion

chamber and carbon buildup on the injection spray tip. Long-term effects of

depositions resulting from burning vegetable oils are unknown.

In terms of thermal efficiency and emissions, peanut and soybean oils ap-

pear to be viable replacements for diesel fuel during steady-state operation

with the standard nozzle. If power output is of prime concern, a larger

nozzle may be needed for peanut oil to produce the desired results. Stability

and engine wear are two concerns that must be examined before using these fuel

alternatives, however.

Fishinger, et al., tested engine durability and fuel-engine com atibility

in a study using a premixed blend of vegetable oil and diesel fuel. They

monitored a diesel school bus fueled with a 20-80 percent blend of waste vege-

table oil and No. I diesel fuel. After 4750 miles, results on smoke
emissions, fuel consumption, and engine wear were comparable to baseline

diesel No. I values. Although clouding became a problem at lower
temperatures, a toluene solvent alleviated the condition, leading to a strong

recommendation for this fuel option.

The test engine was a GM, 6V-71, two-cycle, 426 CID diesel with a 127-mm

(5-in.) stroke, a 108-mm (4.25-in.) bore, and a 17:1 CR. This engine powered

a bus that averaged 50 miles during 8 hours of continuous running each day.

4 3R. Forgiel and K. S. Varde, p 65.
4 4 M. K. Fishinger, et al., "Service Trial of Waste Vegetable Oil as a Diesel

Fuel Supplement," Alternate Fuels tor Diesel Engines SP-503 (Warrendale, PA:
SAE, October 1981).
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Figure 26. Variation of hydrocarbon emission for different fuels.

(Source: R. Forgiel and K. S. Varde,"Experimcntal
Investigation of Vegetable Oils Utilization in a Direct

Injection Diesel Engine," Alternative Fuels for Diesel
Engines SP-503 fWarrendale, PA: SAE, 1981], p 61.)
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Smoke rests revealed a slight increase in opacity for the 20-80 blend. Figure
27 shows an averag reading of 0.5 units over baseline diesel values on the
Bosch Smoke scale. This increase is assumed to be caused by changes in in-
),'ctor spray atomization that accompanied the higher viscosity of the blend.
I'his trend is also suggested by the higher smoke levels at lower temperatures.

Although many uncontrollable factors influenced the engine's fuel
ec()nomy, mean results for consumption of straight diesel fuel and the 20-80
')lend were approximately the same. Calculations for straight diesel averaged
.584 L/km (4.03 mi/gal) and those for the 20-80 blend averaged .581 L/km (4.05
mi/gal). This agreement in mileage is most surprising in light of the differ-

ent drivers, traffic, loading, and other variables.

After testing, the engine was disassembled and inspected. A carbon
buildup of 1.6 mm (1/16 in.) was discovered on the engine head, piston heads,
and injector tips. This accumulation was not considered excessive, consider-
ing the long idling times in the daily runs. Symmetrical firing patterns on
the piston heads indicated adequate fuel passage through injector tip holes.

Subsequent analysis of the injectors verified tolerable fuel hold time and
pressure. Cylinders, rings, and intake ports checked out in good condition
with no carbon or gum deposits.

Bosch
Interpretation

10 Interference
With
Visibility

8o , Disturbing
c DarknessC)

6 " 6 -- Clearly
E
c--- Visible

4 _ Faintly
Visible

20-80 Diesel I
K 2'0% Diesel TO

Eye

0 10 20 30 40 50 60 70 80 90 Temperature (F)II p I

-10 0 10 20 30 Temperature (OC)
Figure 27. Effect of temperature on smoke output. (Source: M. K.

Fishinger, et al., "Service Trials of Waste Vegetable
Oil as a Diesel Fuel Supplement," Alternate Fuels for Diesel

Engines SP 503 [Warrendale, PA: SAE, 19811, p 72.)

4 5 Cardis Fishinger, et al., p 72.
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he fuel blend solidified at -6.6°C (20'F). Waxing was so extensive in

the fuel filter that flow was completely blocked. Past remedies for similar
problems with No. 2 diesel have included fuel heaters and additives, but in
this instance, a wax solvent high in toluene cleared the blockage.

Aside from clouding in cold weather, the vegetable oil/diesel fuel blend

performed admirably. Satisfactory fuel efficiency, smoke emissions, and main-
tenance requirements were realized without engine modification. Noxious ex-
haust components were not moniLored, however, and should be considered before

ro large-scale use of this fuel. Also, no information was gathered on engine
knock and limiting amounts of diesel substitution with vegetable oils.

Coering, et al., investigated the combustion of hybrid blends of
vegetable oil and alcohol in a diesel engine. They prepared

thermodynamically stable microemulsions of aqueous ethanol and soybean oil to

be used for testing. The soybean oil was chosen because of its abundance and
low cost; ethanol was chosen as a nonpetroleum organic solvent to reduce the

oil's viscosity. Blends were developed and compared with SAE s ecifications
for No. 2 diesel fuel, with results listed in Tables 16 and 17. V Both ionic

and nonionic emulsions were tested in an engine with the following specifica-
tions: three-cylinder, naturally aspirated diesel with 2491 L (147.6 cu in.)

displacement and rated at 26.3 kW (35.27 hp) at 2400 rpm. Tn addition, No. 2

diesel fuel was burned for baseline values.

Short-term performance tests showed promisin 8 results in terms of power

output, thermal efficiency, and knock (Table 18). Power output of the

hybrid fuels came within 5 percent of the baseline fuel. The nonionic blend
almost reproduced the peak power of the No. 2 diesel, despite a 6 percent de-
crease in injection energy. This additional power per unit energy was achiev-

ed with an increase in BTE. The hybrid fuels sustained leaner combustion
(smaller equivalence ratio) because of their oxygen content (Figure 28). 4 9

Although the hybrids' CN of 25 was substantially lower than the SAE
recommendation of 40, the audible diesel knock with the baseline fuel did not

increase with the hybrid blends.

Shortcomings of the hybrid fuels included increased BSFC and poor start-
ability. Higher fueling rates and thu,; increased BSFC were due to the greater

viscosity and lower heating values of the hybrids over the baseline fuel.
Difficulty with engine startups necessitated the use of No. 2 diesel or ether,

which were problem-free remedies.

46C. E. Goering, R. M. Campion, A. W. Schwab, and E. H. Pryde, "Evaluation of

Soyoil-EthanoL Microemulsions for Diesel Engines," Vegetable Oil Fuels, Pro-
ceedings of the International Conference on Plant and Vegetable Oils as

Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ. 4-82 (ASAE, 1982), pp 279-286.
4 7C. E. Goering, et al.
48C. E. Goering, et al.
4 9 C. E. Goering, et al.
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Table 16

Composition of the Hybrid Fuels

Fuel Chemical Fuel

Soybean oil -- 52.3 53.3
190-Proof ethanol C2H6 0 17.4 13.3
1-Butanol C4H 10 0 20.5 33.4
Linoteic acid C 18If3202 6.54 0
Triethyl amine C6 H1 5 N 3.27 0 0

Source: C. E. Coering, et al., "Evaluation of Soyoil-Ethanol Microemulsions
for Diesel Engines," Vegetable Oil Fuels, Proc. Int. Conf. on Plant
and Vegetable Oils as Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ.
4-82 (St. Joseph, MI: ASAE, 1982).

Table 17

Calculated Properties of Fuels

Fuel
Property Ionic Hybrid Nonionic Hybrid No. 2 Diesel

Higher heating value (kJ/kg) 36687 37045 45343*

Stoichiometric A/F ratio 11.60 11.57 14.55

-Measured.
Source: C. E. Goering, et al., "Evaluation of Soyoil-Ethanol Microemulsions

for Diesel Engines," Vegetable Oil Fuels, Proc. Int. Conf. on Plant

and Vegetable Oils as Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ.
4-82 (St. Joseph, MI: ASAE, 1982).

Table 18

Engine Performance at Maximum Power

0
Max Power Fuel Supplied Energy Supplied Brake Thermal

Test Fuel (kW) (mg/injection) (kJ/injection) Efficiency (%)

No. 2 diesel 24.1 86.1 3.91 30.5
Ionic hybrid 22.9 101.2 3.71 32.2
Nonionic hybrid 23.7 99.9 3.70 32.3
No. 2 diesel 23.9 86.9 3.94 30.3

Source: C. E. Goering, et al., "Evaluation of Soyoil-Ethanol Microemulsions
for Diesel Engines," Vegetable Oil Fuels, Proc. Int. Conf. on Plant
and Vegetable Oils as Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ.
4-82 (St. Joseph, MI: ASAE, 1982).
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Figure 28. Diesel engine pertormance on dies,,l and hybrid fuels.
(Source: C. F. Coering, et al., "Evaluation of Soyoil-
Ethanol Microemulsions for Diesel Engines," Vegetable Oil
Fuels, ASAF Publ. 4-82 [St. Joseph, Mf: ASAE, 19811.)
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Effects of the hybrids on engine wear and emissions were not examined but
possible safety and cost deterrents were mentioned. The hybrid fuels have a
flash point between 22 and 28'C (72 and 82.9°F), which is low, but the fuels
could be handled with methods suitable for straight ethanol with a flashpoint
at 14.4°C (58.2'F). Fhe hybrids' prohibitive costs were a concern, cost:ng
about 200 to 225 percent of the price of No. 2 diesel at the time of the
st id y.

Vegetable oils tested included undiluted oils and blends with diesel fuel
and alcohols. Undiluted soybean and peanut oil performed very well. Soybean
oil produced the same power output as diesel fuel with similar BTE and knock
and fewer emissions. Peanut oil could produce only 90 percent of baseline
power output, but its efficiency equaled or surpassed diesel values; moreover,
smoke emissions, nitrous oxides, and hydrocarbons were generally less than for
diesel fuel. Peanut oil combustion did not increase noise production over

diesel levels. Although these fuels' performance was excellent during warm-
run, steady-state conditions, startup, cold, and long running conditions may
present a problem. Startability with neat vegetable oils was not monitored,

but other experiments have suggested that starting may be difficult. Hence,
present systems may need to be retrofitted for a diesel or ether-assisted
start. In addition, vegetable oils' high solidification temperatures may pre-
vent cold-weather runs, and engine deposits may obstruct long-term operation.

The vegetable ilH/diesel blend was the only fuel reviewed in a long-term
field experiment, and results were encouraging. Apparently, normal operation

was achieved in terms of power output and fuel economy in nearly 5000 miles.
No retrofitting was done, but no knock or engine wear problems were report-
ed. Smoke was the only emission monitored; only a slight increase in exhaust
smoke opacity was detected.

The soy oil/ethanol blend performance was also acceptable, with engine
noise no more intense than standard diesel knock. Power output was within 5
percent ot *he diesel level and thermal efficiency was comparable. On the
Leyative side, raster fueling rates led to a BSFC greater than diesel's, and
initial startup required a diesel or ether assist. Information on emissions

Ind -rngint, wear was not reported; also, the low flash point of this blend was
noted as a possible satety hazard.

FI,'10 3 summariz,.s experimental results from the vegetable oil fuels.
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