| Experimental Investigation of Si
e | ENGine Performance Using

King Fahd University of Petroleum and Minerals,

Dhahran 31261, Saudi Arabia Oxvgenated Fu&l

A_- M. Al-Dawood The current experimental study aims to examine the effects of using oxygenates as a
Mechanical Technology Department, replacement of lead additives in gasoline on performance of a typical SI engine. The
College of Technology at Dammam, tested oxygenates are MTBE, methanol, and ethanol. These oxygenates were blended with

Dammam 31472, Saudia Arabia a base unleaded fuel in three ratios (10, 15, and 20 vol.%). The engine maximum output

and thermal efficiency were evaluated at a variety of engine operating conditions using an
engine dynamometer setup. The results of the oxygenated blends were compared to those

. P. G.an.dh'dasan of the base fuel and of a leaded fuel prepared by adding TEL to the base. When compared
. Mgchamoal Engineering Depalrtment, to the base and leaded fuels, the oxygenated blends improved the engine brake thermal
King Fand University of Petroleum and Minerals, efficiency. The leaded fuel performed better than the oxygenated blends in terms of the
Dhahran 31261, Saudi Arabia maximum output of the engine except in the case of 20 vol.% methanol and 15 vol.%

ethanol blends. Overall, the methanol blends performed better than the other oxygenated
blends in terms of engine output and thermal efficiefByOl: 10.1115/1.1615254

Introduction of 257 kW, a maximum torque of 1400 Nm, and a maximum
speed of 8000 rpm. The effects of blending the oxygenates with

The anti-knock quality of the gasoline fuel used in spark- . - ! )
ignition internal combustion engines can be enhanced by the (’jﬂeadEd gasoline on exhaust emissions of S| engines are pre

dition of lead alkyls but this results in the formation and emissio e?#ad |;{}j,2]_. The det.a”:fd description of the test equipment used
of toxic lead compounds. A recent practice is to enhance the ang-"'s study 1S given in3].
knock property of the fuel by using certain high-octane OXYO€Rrast Fuels
containing organic compounds called oxygenates. The use of oxy-
genates to replace the lead additives in gasoline is considered nov base fuel was prepared by mixing 20% of naphtha with 80%
as an alternative. The aim of this experimental work is to help i@f reformate on volumetric basis. A leaded fuel was prepared by
understanding the effect of the most popular oxygenates on t@ding tetra ethyl lea@EL) to the base fuel. The addition of TEL
performance of typical automotive engines. The most commorfiyought the lead concentration in the fuel to 0.4 g pbl/liter. The
used oxygenates are MTBHEmethyl tertiary butyl ether, tested oxygenates are the MTBEnethyl tertiary butyl ether
C4,Hy—O-CH,), methanol (CH-OH), and ethanol methanol, and ethanol. Each one of the three oxygenates is
(C,Hs—OH). MTBE is manufactured from isobutaneblended with the base fuel in three ratios: 10, 15, and 20 vol.%.
((CHs)3CH) and methanol, while methanol is manufactured fronlhhe MTBE/base blends were designated MTBEIO® vol.%
natural gas or synthesized from a variety of materials such as cddlfBE+90 vol.% basg MTBEL5, and MTBE20. The methanol/
municipal wastes, and biomass. Ethanol is derived from the dirdse blends were designated METH10, METH15, and METH20.
fermentation of sugars, fermentation of starches and cellulose &he ethanol/base blends were designated ETH10, ETH15, and
ter chemical or enzymatic pretreatment, or made from petroleunT H20.
sources. The purity of the MTBE was 98.71 wt.%, and the purity of
These three oxygenates have different chemical and physiozgthanol was 99.99 wt.%. The ethanol had a purity of 91.0 wt.%,
properties when compared to gasoline. These differences arel contains 7.8 wt.% of water. The presence of water is known to
expected to influence the performance and combustion produaftect the miscibility of alcohol in gasoline. A blend of alcohol
of gasoline-oxygenate blends. The study offers a comparis8nd gasoline tolerates the presence of water up to certain percent-
between the oxygenated and leaded fuels in terms of engige, then any additional water will cause the alcohol to separate

performance. from the gasoline. Ethanol is known to have appreciably more
tolerance to water than methanol. In the case of the ethanol/base
Experimental Setup blends prepared in the current study, the phase separation was

The experiments were conducted using a six-cylinder engine.
This engine is manufactured by Mercedes-Benz and has a swe

pItable 1 Properties of the oxygenates tested in this stud
volume of 2960 crii It has a bore of 88.5 mm, a stroke of 80.2 P v y

mm, a compression ratio of 9.2, and a maximum power of 132 k¥foperty MTBE Methanol Crude Ethanol
?t 5700frpr|n_. _Th(?[_ englnet is e_clltrj]lpped _Wlthhthe KE-lJettronl_c (.:GWeight percent oxygen 18 50 39
inuous fuel injection system. The engine has an electronic i9iziq vapor pressurékPa 61.2 371 175
tion system with an electronic spark timing adjustment. The terBoiling temperature, °C 53.3 63.5 75.6
peratures of cooling water and lubrication oil are controlled b$pecific ﬁrawty @ 15.26"(3 0-;‘121 1??-;954 123-816

; ine i search octane number
two fltieg heat excpangrek:_s. Tglg englnetlsd coupled tto an eoll wer heating valugMJ/kg) 35.0% 20 0% 24,77
current dynamometer. This eddy-current dynamometer is el§Ggent heat of vaporizatiofikJ/kg  340% 1160 OB 0
tronically controlled and water cooled. It has a maximum powestoichiometric A/F ratio 11.76 6.47 83

Contributed by the Internal Combustion Engine Division 6fETAMERICAN SO-  *Obtained from SAE handbod®] for pure MTBE, methanol, and ethanol.
CIETY OF MECHANICAL ENGINEERS for publication in the ASME QURNAL OF  ** Obtained from Ref[10].
ENGINEERING FORGAS TURBINES AND POWER. Manuscript received by the ICE *** Obtained from Ref[10] for ethanol and adjusted for the presence of water.
Division, Nov. 2002; final revision received May 2003. Associate Editor: D. Assani&*** Calculated for ethanol and adjusted for the presence of water.
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Table 2 Properties of the test fuel

Fuel Property Base Leaded MTBE10 MTBE15 MTBE20 METH10 METH15 METH20 ETH10 ETH15 ETH20
Specific gravity @ 15.56°C  0.7697 0.772 0.7638 0.7633 0.7628 0.7692 0.7697 0.7707 0.775 0.775  0.777
Rvp, kPa 35.0 33.6 41.0 41.6 42.4 57.4 61.6 66.5 59.5 58.1 54.6
Research octane number 84.7 92 87.9 89.8 91.7 88.2 91.6 94.4 88.4 91.5 93.4
Heat of vaporization, kJ/Kg 350 350 349 349 348 428 466 505 413 445 476
Weight percent oxygéen 0 0 1.77 2.66 3.55 5.15 7.71 10.27 4.08 6.10 8.11
Heating value, MJ/kY 44 44 43.144 42.715 42.283 41.528 40.298 39.073 41.97  40.97  39.97
Stoichiometric A/E 14.6 14.6 14.33 14.19 14.05 13.77 13.35 12.94 13.95 13.62 13.3
Hydrocarbon types, vol.%6
N-Paraffins 8.78 8.78 7.91 7.47 7.03 7.91 7.47 7.03 7.91 7.47 7.03
Iso-Paraffins 43.60 43.60 39.24 37.06 34.88 39.24 37.06 34.88 39.24  37.06 34.88
Naphthenes 3.83 3.83 3.45 3.26 3.07 3.45 3.26 3.07 3.45 3.26 3.07
Aromatics 42.54 4254 38.28 36.16 34.03 38.28 36.16 34.03 38.28 36.16  34.03

*Typical or calculated values and, if applicable, adjusted for the presence of added oxygenate.
** Analysis was conducted on reformate and naphtha then calculated and, if applicable, adjusted for the presence of oxygenates.

encountered only with the ETH10 blerfd0 vol.% ethanot90 temperatures were closely examined in order to help in under-

vol.% basg at a room temperature of about 20°C. No signs dftanding the performance results and explaining the variations be-

phase separation were noticed beyond that temperature. In orgegen the fuels.

to emulsify ethanol with base blends during operation, a circula- . . .

tion pump was fitted in the fuel tank to ensure continuous mixing Variable-Speed Test. The engine maximum output and brake

of the fuel. ermal efficiency were evaluated as a function of engine speed.
The relevant physical and chemical properties of the test fudfiling the test, the spark timing was adjusted to maximum brake

were determined. Tables 1 and 2 list those properties for the oxgraue (MBT) timing and the mixture was set to stoichiometric.

genates and the test fuels, respectively. Some of the listed propt?!€ 3 shows the values of the MBT timing versus engine speed

ties were not measured but rather obtained from the citdef all the tested fuels. These values represent the MBT timing at
literature. wide-open throttle and stoichiometric mixture. The MBT timing is

given in terms of crankshaft degrees before the top cebtey.
Figures 1, 2, and 3 show the variation of exhaust gas tempera-
Test Conditions ture corresponding to the current test for all the tested fuels. These

All the performance tests were carried out with the spark timin h"’!”S‘ temperatures were measured near the outlet OT the exhaust
being manually adjusted to the maximum brake torgMBT) _anlfold. In general, the highest ex_haust temperature is obs_e_rved
timing, and the engine operating with a stoichiometric mixture.W'th the base fuel, and the lowest with the leaded fuel. In adQ|t[0n,

The temperatures of the cooling water and the lubrication cg]e exhaust temperature decreases as the oxygenate ratio in the
were controlled by two fitted heat exchangers. In all the tests, t ‘ff‘d Increases. These variations in e_xhaust temperatures can be
cooling water temperature was kept at@C. The temperature 2uibuted to the increase in thermal efficiency and/or the decrease
of the lubrication oil was kept at 802°C during the exhaust in the combustion temperatures. The increase in thermal efficiency
emission tests, and ranged from 80°C to 95°C during the perfép_eans that a larger portion of combustion heat has been converted
mance tests. The test room temperature was kept 2825 dur- into wo_r!< and therefore lower ex_haust temperatures are expc_ec_ted.
ing the exhaust emission tests and ranged from 20°C to 30Yg addition, the lower combustion temperatures characterizing
during the performance tests. The recorded atmospheric pres U?e oxygenated blends are expected to result in lower exhaust
in the test room ranged from 99.4 kPa to 100.9 kPa. The engi peratures.
performance results were corrected to the reference conditionsaximum Engine Output. The engine maximum output
(standard dry-air absolute pressef9 kPa, standard temperatureyas measured in terms of the maximum brake torque exerted by
=25°0). the engine at different engine speeds. The brake mean effective
pressure(bmep is usually used instead of the brake torque to
represent the engine output. The bmep is a more universal term
than the brake torque since it is independent of the engine.

The performance was evaluated in terms of the maximum out-The maximum brake torque and bmep results versus engine
put and the brake thermal efficiency of the engine. The maximuspeed for all the tested fuels are shown in Figs. 4, 5, and 6. The
output was measured in a wide-open throttle variable-speed tgxiints indicate the measured values while the lines indicate the
In the same test, the corresponding values for the brake therreast-squares polynomial fit. Consistent and persisting fluctuations
efficiency were evaluated. The brake thermal efficiency was algothe maximum torque measurements were observed. These fluc-
evaluated at a constant-speed constant-load test as a functiotuafions were closely examined and eventually linked to abnormal
the equivalence ratio. The MBT timing values and the exhaust gabrations in the test setup. To reduce the fluctuation error, the

Results and Discussion

Table 3 MBT spark timing at wide-open throttle and ®=1.0

Speed,

RPM Base Leaded MTBE10 MTBE15 MTBE20 METH10 METH15 METH20  ETH10 ETH15  ETH20
1000 6 13 9 10 12 12 13 14 10 13 14
1500 13 20 15 16 20 18 19 20 17.5 22 23
2000 18 28 23 25 28 25 25 27 24 27 28
2500 21 31 26 28 31 28 29 30 26 31 32
3000 24 33 28 32.5 33 31 31 32 30 34 35
3500 25 35 31 32 35 33 33 33 32 35 36.5
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Fig. 1 Exhaust gas temperatures at wide-open throttle for the MTBE
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Fig. 2 Exhaust gas temperature at wide-open throttle for the
methanol blends
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Fig. 4 Brake torque and mean effective pressure at wide-open
throttle for the MTBE blends
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Fig. 5 Brake torqgue and mean effective pressure at wide-open
throttle for the methanol blends

average of three readings of each test condition is recorded. Thedter anti-knock behavior of these blends and the improvement in
confidence of torque measurement is found to be 95%. A possilelegine volumetric efficiency. The research octane num(BaesN)
cause of these abnormal vibrations is a misalignment of the shfaft the methanol blends are significantly higher than that of the
connecting the engine with the dynamometer. base fuel(Table 2. This improved anti-knock behavior allows a
The base fuel produced the lowest brake torque among all tire advanced MBT timing, as evident from Table 3, and thus a
tested fuels. The leaded fuel exhibited a substantial increase in tigher engine output. The improvement in engine volumetric ef-
brake torque with respect to the base fuel. This substantial ificiency is a result of the higher latent heat of vaporization char-
crease is a result of the improved anti-knock behavior due to theterizing the methanol blends. The latent heat of vaporization is
addition of TEL, which raised the octane number from 84.7 fahe amount of heat required to vaporize the liquid molecules of
the base fuel to 92 for the leaded fuel. The improved anti-knodke fuel prior to the combustion process. Most of this latent heat is
behavior allowed a more advanced MBT timing that results iprovided by the air accompanying the fuel in its way to the engine
higher combustion pressure and thus higher exerted tof@ue cylinder, particularly in the case of port fuel injection systems.
bmep. The absorption of heat from the air cools it and makes it denser.
Generally, the results of MTBE blendFig. 4) indicate an in- This allows more air mass to be admitted into the cylinder during
crease in brake torque with respect to the base fuel. The signifie induction process and thus increasing the volumetric effi-
cance of this increase varied with engine speed and MTBE ratiodiency. Alcohols in general are characterized by their higher latent
the blend. At lower speeds, increasing MTBE ratio in the blenldeat of vaporization when compared to the typical gasoline. In-
resulted in a gradually slight increase in the brake torque. Ateasing alcohol ratio in a gasoline-alcohol blend will increase the
higher speeds, however, a considerable increase in the brékent heat of vaporization of the blend and thus improve the en-
torque was obtained with the blend containing 10 vol.% of MTBIgine volumetric efficiency. Alcohols, on the other hand, have
(MTBEZ10), but further addition of MTBE eventually led to thelower heating values when compared to gasoline, which means a
decline of brake torque. The gain in brake torque obtained witbwer energy release during combustion and a lower work transfer
MTBE blends can be attributed to the improvement in anti-knoa#uring expansion process. However, the gain in brake torque due
behavior, which allows more advanced MBT timing and thut the improvement in anti-knock behavior and the volumetric
higher output. As the MTBE ratio in the blend increases, thefficiency seems to overweigh the losses due to the lower heating.
variation in the instantaneous oxygen/fuel equivalence ratio dueThbe gain in maximum brake power due to the addition of metha-
the change of fuel oxygen content in the combustion chamber amol was reported also by Tsao and Li&g.
decreasing heating value of the fuel tend to affect the combustioriThe results for the ethanol blendSig. 6) show that there is a
flame temperature which in turn offset the improvement in perfosignificant improvement in brake torque with the 10 vol.% ethanol
mance. The positive effect of MTBE on maximum brake powedslend (ETH10) when compared to the base fuel. At low engine
has been reported also by Wang et[4l. speeds, further increase of ethanol ratio had no effect on the brake
The results for the methanol blen@Sg. 5) indicate an increas- torque. At high speeds, the 15 vol.% ethanol bi¢Bd@H15 per-
ingly improving brake torque with the increasing methanol ratitormed slightly better but further addition of ethanol resulted in a
in the blend. The improvement in the brake torque persists ovégcline in the brake torque. Similar to the methanol blends, the
the whole range of the tested engine speed. This gain in brajan in brake torque can be attributed to the improvement in anti-
torque obtained with methanol blends can be attributed to tkaock behavior and volumetric efficiency. However, the improve-
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Table 4 MBT spark timing at 2000 rpm and bmep =680 kPa

P Base Leaded MTBE10 MTBE15 MTBE20 METH10 METH15 METH20 ETH10 ETH15 ETH20
0.8 32 37.5 36 37 37.5 36 37 37.5 34 35 37
0.9 29 32 31 32 33 31 32 33 31 32 34
1.0 28 30 29 30 31 28 29 30 29 30 31
11 26 28 27 28 29 27 28 29 27 28 30
1.2 25 26 26 27 28 26 27 28 26 27 29

ments seem to be significant only with low ethanol rafigsto 15 becomes maximum then starts to decline as the speed increases.
vol.% in this casg As the ethanol ratio in the blend increases, thAmong all the tested fuels, the base fuel obtained the lowest brake
variation in the instantaneous oxygen/fuel equivalence ratio duettermal efficiency along the whole range of the test speed. The
the change of fuel oxygen content in the combustion chamber arults for the leaded fuel show a significant improvement in the
decreasing heating value of the fuel tend to affect the combustibrake thermal efficiency at lower speeds with respect to the base
flame temperature which in turn offset the improvement in perfofuel (about 10.7% As the speed increases, however, this im-
mance. In general, the three ethanol blends resulted in highgbvement continues to decline and eventually vanishes. This in-
brake torque than the base fuel. This result does not agree with gfi€ates that the effect of improved anti-knock behavior of the
results reported by Rajdi6]. Rajan reported a sharp decrease ifpaded fuel on the thermal efficiency lessens as the engine speed
engine output in the case of 20 vol.% hydrated eth&abbut 6% j,creases.
water in ethanol ) _ _ The results for the MTBE blends, shown in Fig. 8, indicate a
The results for the best performing blends in terms of the maxijynificant improvement in brake thermal efficiency. As the
mhum brake torquehcomp?red to thefbase and Ieac;jed fuels RFPBE ratio in the blend increases, the brake thermal efficiency
shown in Fig. 7. The performance of METH20 and ETHIS i3, inyes to improve achieving a maximum gain of about 12.5%
comparable with that of leaded fuel and represents a gain of ab respect to the base fuel at low spe¢t800 rpnm
5%f|n the b,r\;l_llggltzolr)(lquedwhir_] ﬁquharel\j_lfgéq% base fuel. The bes1’he improvement in the brake thermal efficiency with the three
periorming end, which s the » Shows a gain 0f\/ITBE blends persists over the whole range of test speed. This

only about 2%. improvement can be attributed to the more advanced MBT timing
Brake Thermal Efficiency. Brake thermal efficiency is de- allowed by the improved anti-knock behavior, and the lower heat
fined as the ratio between the engine brake power and the ratdasises due to the lower combustion temperatures. The MTBE
fuel energy input. blends have lower heating values than that of the base fuel and,
Figures 8, 9, and 10 show the brake thermal efficiency resuttserefore, their combustion temperatures are expected to be also
for the variable-speed test at wide-open throttle, stoichiometfimwer, [7]. The improvement in thermal efficiency observed here
mixture, and MBT timing. In general, the brake thermal efficiencggrees qualitatively with the results reported by Wang eft4al.
improves with increasing speed up to about 2500 rpm where itThe results for the methanol blends, Fig. 9, show a continuous
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improvement in brake thermal efficiency as the methanol ratio mtio on the brake thermal efficiency was evaluated at a constant
the blend increases. The improvement is maintained over the epeed2000 rpm, constant load680 kPa, and MBT timing. The

tire speed range and is maximufabout 12.5% at midrange values for MBT timing corresponding to this test are given in
speed(about 2500 rpm The improvement in brake thermal effi- Table 4. In general, the MBT timing retards towards the top center
ciency associated with the methanol blends is also due to the magethe mixture is enriched. This can be attributed to the effect of
advanced MBT timing and the lower heat losses. The heatikguivalence ratio on the burning rate and therefore on the time
values for the methanol blends are noticeably less than that of #eguired to complete the combustion. Usually, the maximum burn-
base fuel due to the extremely low heating value of methanqhg rate occurs at about 10% rich mixtutee., ®=1.1). Lean
which is less than 50% of that of typical gasolii8]. The im- mixtures and extremely rich mixtures have low burning rates, and
provement in brake thermal efficiency due to the addition aherefore, they need more advanced spark timing to attain the
methanol was also reported by Tsao and [eand Kowalewicsz  maximum brake torque. The results show also that the MBT tim-
[8]. ] ing advances as the oxygenate ratio in the blend increases. This is
~ The results for the three ethanol blends, Fig. 10, also show gfppably due to the improvement in anti-knock behavior of the
improvement in the brake thermal efficiency. A maximum gain gfjends due the addition of oxygenates.

about 9% is achieved at midrange speeds with the ETH20 blendhe exhaust gas temperatures, shown in Figs. 12, 13, and 14,
The improvement in brake thermal efficiency noticed here can Baa at about stoichiometri@=1.0) and sharply drop with lean
also explained by the improvement in anti-knock behavior thahq rich mixtures. This indicates that the flame temperature during
allows a more advanced MBT timing, and the expected lower heg§mpystion and the prevailing gas temperature at the end of the
losses due the lower combustion temperatures. Rajareported oy ansion process are higher in the case of stoichiometric than in

an improverr;%nt ri]n(;he tgernk]‘al ef;itc):iencyowith blends Cﬁmai?i”%an or rich mixtures. Consequently, for stoichiometric mixture at
up to 10 vol.% hydrated ethangéabout 4% water in ethanol o same exhaust flow rate, the heat loss is maximum. In general,

Beyond this Iimit,. however, .Rajan repprted a SUbSta.mial decrea[ 2 exhaust temperatures for the oxygenated blends were compa-
in the thermal efficiency. This contradicts the results in the curre ble to those of the base fuel in the case of rich mixtures but
zitggzy\l\mliﬂemg;feo? Z%Ot\;%?%zlitmagvggggai?h tzgrr]rtr;?rllseﬁﬁotipe.ably Iower.in the case of Igan mixtures. The Ieadedl fuel
about 7% of water in ethariol ) exhibited a consistent decrease in exhaust temperature with re-
Figureoll shows the results of brake thermal efficiency for thsé)ECt o the base fuel over the entire test range. The decreased
best performing blends compared to the base and leaded fugﬁg?ﬁf%ﬁgﬁ’;&ﬁﬂgn'fa?erf%ilijeltn2; lower combustion temperature
The highest efficiency was obtained with METH20 blend fol- Figures 15, 16, and 17 show tﬁe brake thermal efficiency at

lowed by MTBE20 then ETH20. At low speeds, the mprovemegﬁ erent equivalence ratios for all the test fuels. The results indi-

associated with the three blends is comparable to that of lea -~ AT -

fuel. As the speed increases, however, the brake thermal efficie e thqt thle brake t_hern&al eff!c!ency '3 S|gn|f|<|:|an(;ly |nf|uenced b%/
; ; in th he th | whil linithF equivalence ratio. The efficiency drastically deteriorates wit

continues to improve in the case the three blends e dec increasing richness of the mixtuf@>1.0). On the other hand,

in the case of leaded fuel. - . . -
the efficiency improves as the mixture is leaned out up to about
Variable Equivalence Ratio Test. The effect of equivalence ®=0.9 after which the improvement slows down.
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Fig. 16 Effect of equivalence ratio on brake thermal efficiency for
the methanol blends
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Fig. 17 Effect of equivalence ratio on brake thermal efficiency for
the ethanol blends

Among all the tested fuels, the base fuel attained the lowdstthe brake thermal efficiency. The results here indicate, however,
brake thermal efficiency values in the whole test range. In generglss significant differences between the test fuels at part load than
the addition of oxygenates resulted in a noticeable improvementthe case of wide-open throttle tests.
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Fig. 18 Effect of equivalence ratio on brake thermal efficiency for the
best performing blends compared to the base and leaded fuels

The results for the MTBE blends, shown in Fig. 15, indicate €onclusions
continuous improvement in the efficiency as the MTBE ratio in- ) )
creases. This improvement is sustained over the entire tested The results from the variable-speed wide-open throttle
range of equivalence ratio. The maximum gain in efficiency withVOT) tests show that the leaded and oxygenated fuels performed
respect to the base fuel is observed at the rich Glte1.2) and is better than the base fuel in terms of maximum brake mean effec-
about 6%. The gain in efficiency decreases as the mixture tige pressurebbmep. The improvement in performance persists
leaned out reaching about 3.8% @t=0.8. In the case of the along the entire tested speed range. For leaded fuel, the average
methanol blends, the efficiency also continues to improve as tifgrease of maximum bmep with respect to the base fuel is about
methanol ratio increases in the blend at all equivalence ratios4%. The improvement due to the addition of oxygenates varies
shown in Fig. 16. However, the gain in efficiency in this case With the oxygenate type and ratio in the blend but generally is less
almost constant at all equivalence ratios and is about 6%. Difféhan that noticed with leaded fuel except in the case of the 20
ent from the MTBE and methanol blends, the ethanol blends &!.% methanol and 15 vol.% ethanol blends. The reduced knock
rich equivalence ratio§P>1.0) show a slight gain in efficiency propensity of the oxygenated fuel is significant in the engine per-
(about 1.5% with respect to the base fuéfig. 17). Furthermore, formance over the base fuel.
this slight gain in efficiency is not affected by the increase of * For lower ratios of oxygenatesip to 15 vol.%, the ethanol
ethanol ratio in the blend. As the mixture is leaned out, howevdiends perform better than methanol and MTBE blends. For
the gain in efficiency increases and the variation between the thfggher ratios, however, the methanol is the best oxygenate in
ethanol blends becomes more noticeable. A maximum gain in ¢&fms of maximum bmep of the engine.
ficiency of about 6% is observed for ETH20&t=0.8. » The results show that the oxygenated fuels resulted in higher
Similar to the previous test, the improvement in efficiency ndsrake thermal efficiency than the base fuel and than leaded fuel
ticed in this test can be attributed to the more advanced MBdrticularly at higher engine speeds. Although less than the oxy-
timing allowed by the improved anti-knock behavior, and/or thgenated fuels, the thermal efficiency improves with leaded fuel
lower heat losses due to the lower combustion temperatures. but this improvement declines as the engine speed increased until
The brake thermal efficiency values as a function of equivaventually vanishes at high speed of 3500 rpm.
lence ratio for the best performing blends compared to the base At midrange speed of 2500 rpm, the methanol blends are the
and leaded fuels are shown in Fig. 18. Again, the METH20 is theest performers followed by MTBE, then ethanol blends. Metha-
best performer at the whole test range. At the rich $fiz=1.0), nol blends result in maximum increase in thermal efficiency of
the results for the MTBE blends are comparable to those about 12.3% with respect to base fuel. The maximum increase in
METH20. At the lean sidé¢d<1.0), the METH20 outperforms all thermal efficiency is about 8.8% in the case of MTBE blends, and
other test fuels and is approached only by the ETH20 blend @bout 7.9% in the case of ethanol blends. Overall, the methanol
®=0.8. The performance of the leaded fuel at rich equivalenddends are the best performers in terms of brake thermal efficiency
ratios is comparable to the best performing blend, but fall behirad practical wide-open throttle conditions.
at the lean side. » The results from variable-equivalence ratio tests show that
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