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ABSTRACT

: Usiﬁg a'spark igniiion!iﬁtérnal combustion engine, .dynamometer
tests were conducted to determine the Comparative.enginé performanée-
with (1) baseline unle&ded-gasdline, (2) a lQ% by volume 200 proof
anhydrousvethanol/90% baseiihe'unleéded gasoline blend and (3) straight
180 proof ethanol. Power output, forque and fuel consumption were -
measured for each fuel and statistically analyzed. The ethanol blend
- and baéeline gasoline were compared at'identiCal carburetor and spark
ignition timing settings. The Straight etﬁanol fuel réqhired an in—r
crease in main metering jet diameter and spark timing changes. The:
'effebt on‘research'octane numbef'by the addition of ethanol to the
béséiihe.gasoiine éléé was determined.

Engine'éxhaust‘was analyzed using an infrared analyzer. Sfeady
state.exhaust levels of carbon monoxide énd»hydrocarbons were measured
for each fuél.

When compared to thé baseline gasoline, thefethanol/gasoline :
blend showed no‘statisticallyAsiénifioant différence between powerrout—
put,rtOrque-aﬁd fuel»éonéumption.' However,'an'increase in thermal
efficiency was noted. The addition of ethanol to gasoliné increased thé
; researéh octane number.
 H‘Steady state,emissiOn feéults showéd;a‘reductionAof carbon
‘monokidé levels forvthe:blend fuel. There wés no significant change in

hydrocarbon exhaust emissions.
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The power output and torgue using straightrethanol Qere similar
to values obtained with the gasoline and ethanol/gaéoline blend fuels.
Thé fuél consuﬁption with straight ethanol was considerably greater
than with either gasoline or blend fuels. fEthanol emiSSion analysis
showed increased levels of hydrocarbon and reduced carbpn monoxide |

emissions.
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CHAPTER 1
' INTRODUCTION

Aléohols have been considered as an interﬁal éoﬁﬁﬁétion engine
vfuel sinée the early'l900'S'(Lucke énd.Wbodward 1907). ReSearchers in -
the léSO'S studied the effect of ethaﬁol and ethanol/gésoliné blends
on engine_performance_(Miller 1934, Teodoro 1935). Agricultural pro-
&uctsAwéfe'used as feedstocks for industrial alcohoi pro&uction of
fuels and synthetic rubber during World War II. Post war alcohol
distillation from farm Crops decfeééed as a less ekpensiVe:process
using'nafufal gés was developed (U.S. Dept. of Energy lQSC)., The use of
élcohol.aS'an engine fuei wasbalmost non—existent during the 1950's
and.l960's, Récent rising gasoline pricés, together with the-need for
new markets for_agricultural products,,is renewing interest in ethanol
as an engiﬁe fuel. |

"This study évaluated éngine'perforﬂence using'unleaded gasoline,
a lo%ranhy.drous ethanol /unleaded gasoline blend and.IIBO proof ethanol
as fuels. . Power output, torque_énd fuel consumption for eéch fuel
were determined and statistically compared. -Steady state engine exhaust
emigsions of carbon monoxide and hydrocarbpns also were measured and

statistically compared.

==



CHAPTER 2
LITERATURE REVIEW

Before making comparisons of unleaded gasoline aﬁd'gasohol (10%
ZOO proof ethanol,'QO% unleaded gasqline by volume} a review of engine
behaviorvand exhauét emiésions is necessary.
~ The three regulated exhaust emissions are:
1. Carbon Monoxide (CO)
2. Hydrocarbons (HC)
‘3. Oxides of Nitrogen (NOX)
: Thevrelative mixture of fuel and'éir‘metered to tﬁe engine is
a crucial‘faétor,in the forﬁation‘of tﬁese regulated-exhéust emissions.
Depending'ﬁpon the chemical compoéition'of the fuel, theré is a theo-
retically chemically correct or stoichiométric ratio of the fuel and
air metered‘to provide enough oxygen‘(o ) to. con?ert all the carbon in
~ the fuel to carbon d10x1de (CO ) and all of the hydrogen to water vapor
(H O) w1thout residual fuel or oxycen (Obert 1973, Taylor and Taylor
1961). Flgure 1 shows the relatlve amounts of exhaust constltuepts,
thermal efficiency and power as a function of fuel/air ratio (Ecklund
1978b, McCallum and Timbario 1978). |
The amount of carbon monox1de is hlghly dependent upon fuel/air
ratio. Mlxtures richer than st01ch;ometrlc lead directly to higher

carbon monoxide emissions. With a fuei_rich (or oxygen deficient)
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'-iﬁdkture; some céfbon atoms partielly oxidize to carbon monoxide'(Cd).
oThis partial'oxidatiOn process locreases ae‘the mixtore enrioheSE
v'Thefe'is always some carbon monoxlde (CO) present in the exhaust gas

' becauee of fuel/alr mixing proolemS-and'oylinder'to oylinder charge
| dlstrlbutlon (Loklund 19780, Ober+ 1973, Taylor and laylor 1961) How;
‘ever, carbon monox1de emissions’ can be held at a mlnlmum,w1th englne
operation at leaner than st01chlometrlc Condltlons.

.Hydrooarbon;(HCj exhaust'emissions are mosflylunburned fuel.

' An engine ooeratlng at a richer than st01ohlomebrlo fuel/air mixture
: cannot oxidize all the fuel partloles completely, resultlno in
unburned hydrooarbons. . The most important mechanism for hydrooafbon
production is flame quenohing (Eoklund 1978b,Obeftfl973, Taylor and
'Taylor'l96l). Ae~the high temperature combustion flame front ap-
'fooaohes the ooOlef'oombustion’ohamber walls, heat flows from the
flame to the wall; >At some given point near thé’@all, enough heat is
removed to put out or guench the flame. This qﬁepch layer covers the
'rentlre combustlon chamber area and contalns a substantial volume of
hydrooarbons that never burn before the exheust valve opens.

| Hydrooérbon emissionsrdecfease as the mixture becomes leaoep
v(Fig. 1) until the lean misflre limit is reached where it then increases.
If the fuel/air ratios are so_leao that the oombustion‘flame cannot be
“sustained or propagated,'hvdrooarbohs as unburned fuel will eeoape.
fhrough the exhaust valve'(Eoklund'l978b;Obert'1973, Taylor and Taylor
1961). o

| Figure 1 showis toat hydrocafbon and carbon monoxide emlssions

reach minimum values at leaner than stoichiometric fuel/air ratios.



Fuel-economy and thermal efficiency are also near maximum at leaner
'Hﬁxtures. This is because the engine is burning the fuel as completely
as possible and extractlno the maximum amount of chemlcal energy from
the fuel (Ecklund l978b Obert 1973, Taylor and Taylor l961)

Oxide of nltrooen (NO ) emissions result when nltrooen (N )
reactS'with oxygen (02) at temperatures above 1093°C (2000 F). The
high temperatures necessary for oxide:of.nitrogen formation are easily
reacned_during combustion.r While high combustion temperatures help in
.redu01nc carbon monoxide and hydrocarbon em1s51ons, the amount of nitro-
_gen oxide increases (Ecklund 1978b, Obert 1973, Taylor and Taylor 1961).
o Power output is maximized at a sllghtly richer than st01ch10—

‘ cmetric fuel/air ratios. Thls results from high flame speeds and favor-
able combustion chamber env1ronment. Further enrichment drops power
due to 1ncomplete combustlon of the fuel (Ecklund l978tg0bert 1973
Taylor and Taylor 1961).

Since different fuels have different stoichiometric fuel/air
ratios, the raw value of fuel/air ratio does not give enough information
for-fuel comparisons. The parameter, equivalence ratio @ is defined as
the actual fuel/air ratio.to the stoichlometric fuel/air ratio (Brinkman
et al .1975’ Ecklund 1978b, Obert 1é73, Taylcr.and Taylor 1961). For a
stoichiometric mixture the equivalence ratio eQuals 1.0; for a fuel
rich mlxture the equlvalence ratio is greater than 1.0; for a fuel

lean mlxture the equlvalence ratio is less than 1.0.



Characteristics of Ethanol-Gasoline Blends

Beéause-éicdhols contain Qxygen they'haye~Véfy diffefent stoi-
Chiométric fuel/aif.ratios. When éthahol is added to.gasoline, ﬁhe
physical qualities of thé blend do not significantly differ from the
physical>qualities of gasoliné. A.carburetor wbuld meter the blend.
fuel.as it‘woﬁld'metervgasoline (Bfinkmah et al. 1975, Ecklund-l§78b,
NbCailum and Timbario 1978). However, a 10% by volume mixture of éthanol
and gasoline ddes,faise the stoichiometric fuel/ai{ ratio (seg Table 1).
If the cafburetor is calibrated for gasoline at an eguivalence ratio of
l.O;énd the etﬂanbl;gasoline blend'is'substituted,1tﬁe équivalence,v 

ratio is reduced (Eckiund 1978b). -

] 0.0677 (Actual F/A Ratio for Gasoline)- — 0.958

= 0.0707 (Stoichiometric F/A Ratio for Ethanol Blend

This is ‘called the blend leaningAeffect and causes the engine'tq fun
at slightly leaner mixtures. The exhaust emiééion reSponse tb the blend
leaning effect depénds upon how rich or lean the engine runs on straight
gasoiine. |

Thévaddition of 10% ethanol by volume to gasoline has the effect
of increasing the octane number of the blehd over fhat of the base gaso-
line (Allsup and Ecclestbn 1979, Cox_l979, Heitland et al. 1977? U.S.D.A.
1980, Univeréity of Nebraska Extension Servicé 1980). Howevef, the
pefcent increase in octane number is‘reduced as the quality of thé base
gascline is improved. | o

Researoﬁ oniethanol—gasoline blend water tolerance has shown

that a 10% ethanol-gasoline blend_will tolerate approximately 0.47%



Table 1. TFuel Properties

Fuel

Unleaded 10% Ethanol 180 Proof
Gasoline - Blend - - Ethanol
Chemical Formula CHE"' CQHSOH C6}8H14.100.26
Molecular Weight 14.03 - 46.07 99.8
Specific Gravity 0.7467 0.7515 0.7939
Stoichiometric 0.0677 0.07071 0.111
F/A Ratio : e
Heating Value 3 o o
I Wy BTU 1 BTU, = .o k] . BTU.,
H;gher 47070 1= (20240 == lb ) 45020 3= (19360 T ) 29700 o (12770 35=)
Lower 44110 &L (18970 7= BTU 41720 K] (17940 3 BTU 27000 XL (ll6lO BTy
kg kg - kg 1b
Heat of Vaporiza- g KT BTU KJ BTU ooy kI BTU
tion 349_kg (150 5= . 437 ke (188 TB; 921 el (396 TB;),
Research Octane No. 92.2 96.1 106

1. See Appendix A for Calculation of Stoichiometpic Fuel/Air Ratio.



Qater before separéti¢n~occﬁrsf A ZS%Iethanbl—gaSoline bleﬁd will,
tolerate about 1.0% (Cox 1979, McCallum and Timbario 1978). The use of
oosolvents for‘ethahol—gasoline blends is being investigatéd:(éox 1979).

The effect of.ethanolfgésoline blends under high altituﬁe.con—
ditions was studied using Federal Test‘Procedﬁfes by RichardSoﬁvi978;'
The results ihdicate deéreases in carbon mohbxide emissions wiﬁh slight'.
increases in oxides of»nitrogen._ Hydrocarbon emissions, although
erratic, decrease'slightly.f A slight reduction in fuel economy is noted.

| .~ Based on 1.9 million miles of-driviné experienoes, the Stéte of -
Nebraska with the ﬁnivérsity of Nebraska report redudtions eréo% in g
carbon anoxide'emissions with no significant change in hydrocarbon
and nitrogen oxide emissions (Scheller 1977).

The Uhiversity of Miami—(1978) compared steady state exhaust
emissions using indolene clear referénce fuel -and 20 volume percent
efﬁénol;indolene blend.'_The following .results wére obtained:

A, Tﬁe ethanol blehd reduces oxldes of nitrogén at neéfvstoichio—
metric equivalence ratios. » |

B. Hydrocérbon.leyels with the ethanol blend are reduced from
‘baseline indolene at any-equivalence ratio._

VC. Carbon monoxide emission levelé'show no significant differ-
ence between baseline and ethanol blend. |

D. The ethanol blend shows a slight increase in torque o?er the

baseline fuel.



Pure Ethanol asrén Automoti&e*Engine.Fuel
- Pure ethgnol'as an internal combustion engine fuel has charac-

tefistios that make it an étﬁfactive caﬁdidate as an automotive fuel.
~ Pure ethanol has a high octane rating without requiring the addition of
dctanevboosters; This featufe alicws the engine tQ be operated at
higher compressibn ratios and therefore, higher thermal efficiencies
(Obert 1973; Taylor and Téylor 1961). Volkswagén do Brasil'svresearch
and'development prbgram of pure‘ethanol énginéé has. led tTo increasing
the compreééion ratio from 7.2:1 to 11.1:1 with resulting increéses
in maximum power output and ﬁaximum torquevof 18;5% and 2076%,,reg_r'a
spectively (Heitland et al. 1977). .These increases in powef'ané ;orqué
rare‘a result of'better'iﬁternéi'cooling, increased volumetric ef-
ficiency énd-improved combustion at highef Compfession ratios (Eckiundv'
1978b). | |

The lean flamsbility limit of pure ethanol allows internal
Qombustioﬁ engines to'operate'at leaner equivalence ratios than gasoiine
" without misfire (Allsup 1979, Eckiund 1978b). Becadse ethanol cén be
- burned at lower equivalenée ratios than gasolihe,'ﬁhe effect upon regu—
léted exhaust emissions is significant. Reduction of carbon monoxidé
and oxides of nitrogen wiil occur (U.S. Department of Energy 1978).
Engines operated on straight ethanol have.shown recduced oxidesrof
nitrogen levels of 50% (Bechtold and Pullman 1979).

Thefe are, howevef, inherent problems associated witﬁ the use
of straight‘aloohols, iﬁcluding éthanol;' Pure ethanol-fueled engines
'are.difficqltbfo start cold.”>The reQuired richifuel/air'ratio needed

. for cold starting is difficult to attain. This is due to the-ldw



10
- vapor-liquid ratio of ethanol atvlow‘temperaturesf Attempts to solve
this problem havebshown the addition of C4 to:C7 hydrocarbons will lower
the flamability temperature (Ecklund 1978a), allowing for easier’startinc.
The addition of butane is effective but has adverse affects on volatility
‘(Ecklund l978a). ‘Adequate cold starting'can be»prov1ded by the addition
of from 5%,to.lé% gasoline (Ecklund 1978a, Heitland et al. 1977). rRe—
searchers at Volkswagen do'Brasil have developed a separate, 2.liter
casoline tank' electric fuel pump, 'solenoid‘valve an injection nozzle
and necessary hardware to inject stralght gasoline into the induction
system (Heitland et al. 1977).

The single boiling point characteristic of ethanol, which makes
it difficult to evaporate at low temperatures, causes the_additional
- problem of~Vapor lock at high temperatures by producing‘too much'vapor
in ‘the liquid“fuel_System. ;Thisvproblem can be resolved by design
cnanges such as insulation of fuel lines and larger fuel vapor return
lines. |

~ Due to the low calorific value of ethanol compared to'gasoline

(Bandel 1977,:Ecklund 1978b, Obert 1973, Taylor and'Taylor l96l), ethancl
fuel flow—through must be‘increased'by approximately 65% over gasoline
to maintain torque:and powerdlevels. This requires carburetor modifi-
cation which gives higner volumetric fuel consumption in terms of liters
of fuel per kilowaft output, ascompared with gasoline.

Experimental work performed at the University of Santa Clara
analyzed sreadj state and Federal Test Procedure simulation exhaust

emissions uSing straight ethanol compared to baseline 1ndolene values
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(Ecklund 1978a)._The following trends-were suggesteda;
AL Oxides:of nitrogen were reduceavfrom the baseline exhaust
emission Values,»except at Qery rich of;§§ny leanlequivalence'ratios°
B. . Unburned hydrccarbons with‘etnanol'wereAvery'close to baseline
values. | | '
-C. Carbcn,nonoxide emissionsfwithvstraight ethanol were reduced
By 60% when compared to indclene at stoichiometrlc fuel/air ratios.

- The results cited.in,the Literature Review demand'careful':v
1nterpretatlon, espe01ally'those results concernlng values detennlned
by dlfferent types of emission analyzer 1nstrumentatlon and sampllno
' procedures. For example, hydrocarbons analyzed with nondispersive
~infrared. analysis techniques tend to undenneasure hydrocarbon content.
Flame 1onlzatlon offers Greater sen81t1V1ty to hydrocarbons regardless
of hydrocarbon size or structure (Obert 1973) Steady - state part

throttle em1551on nurbers are not comparable to the Federal Test Pro-
>cedure (FTP) constant Volume sampllng (CVS) values, as the sampling

'technlques.are entirely different.



'CHAPTER -3
TESTING PROCEDURE AND ANALYSIS

Experimental'Procedures

- The SOCiety of Automotive En01neers Encine Test Code — Spark
Ignition and Diesel -~ SAE J8leb was followed for- the engine dynamometer o
testinO used in.fuel comparisons. The engine dynamometer testing was
done at Wide—open throttle w1th the Carburetor mixture needle adJusted
for maximum oower at 1500 RPM and the spark timing set for the highest
torque at 900 RPM.v The test engine was allowed to warm up until the-Oil
and cOolant temperatures.stabilized _ Fuel flow, duration of test number -
of revolutions beam load coolant inlet and outlet temperatures, oil
Dressure and temperature, inlet air manometer level 'barometric pressure,
wet and dry bulb temperatures were recorded for each indiVidual run.
Sample data and calculations .are shown,in Appendix B.

The 10% ethanol blend and the baseline unleaded gasoline were
compared at identical engine carburetor and spark ignition settings
The baseline unleaded gasoline and 200 proof anhydrous ethanol was used
for all fuel blending.
| » To'compensate for etnanolls lom volumetric energy content,lthe
carburetor main metering jet flow area had to be increased before any
dynamometer runs were made with 180 proof ethanol. The carburetor mix-—
ture needle and.spark ignition timinc were adjusted to give maximum power
at lSOO RPM and highest torque at 900 RPM respeCt ively before tests were

conducted.
' 12
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 The researchvoctane number for the baseline unleaded gasoline_;
'and ethanol blend was determined by ASTM D 2699—79 The'reSearch octane'
number for 180 proof ethanol was cited from references |
The procedure used to measure exhaust emissions. was not the same
as the-procedure used to determine power output. Steady state exhaust
emissions were measured at a fixed engine speed ofIIZOO RPM. Carbon
monOXide and hydrocarbons were each recorded at different carburetor
'fuel/air mixture settings and plotted VersuS’equivalencetratioi Carbon
monoxide was measured as a‘percent of total exhaust and hydrocarbons in

parts per million.

"Equipment

A four cylinder Case industrial,engine'connected to a General

vElectric direct current dynamometer was usef gall fuelAcOmparisons
All exhaust em1551ons were measured by a Sun Equipment 1nfrared exhaust

analyzer (see Appendix C for complete equipment description).

Statistical Analysis
l Different regression models Were fitted 'to the observed data.

Linear, quadratic and logarithmic transformation models were all teSted.
- The model that fit: the observed data and had the - simplest regression s
equation was}chosen as the regress1on model. Common model type was
selected for camparison of each characteristic, i.e. power, torque, etc.’
- To test.thenfit of the reéression model to the data, the sum of sduares
error was broken into two components (1) pure error component, and

(2) lack of fit component The pure error component was determined by

using replications of observations and degrees of freedom to calculate
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'the sﬁm of équarés pure'errorrand pure error mean square.’ Thé lack of
fit‘domponeﬁt is the éuﬁ of.squaiéé errorvminus'thebsum of squares pure
erfof. 'The F test étatisfiC-was_uééd to’detefminévfhe'fit'of thé re—
éreééion function}i Thié test-procedﬁre is épplicablé no.matter what
| fofm of fegression:function is'béing‘tested; |
The method uéed for testing‘the equality of two fegression
fﬁﬁctions consisted of theée baéic steps: |
,i. Fit the full, unrestriotéd model to obéérved data and obtain
,fhe sum ofvsquares error. SSE(F). | |
72.;Afit~the redﬁcedfmodel_and défermine thé:sum of squares error' 
.SSE(R).. | | | |
3. Calculate the F statistié and test whether the two regression
funcfions afe equal; | o
The full:modeivprbvides sepéféte'regressiéns for each‘daté
groﬁp to.be compared. The error sum of sqﬁares fbr fitting the fuil
model for'the,entiré set of data is: |

Sum of squares error

| >SSE(F) =-SSE(1) + SSE(2)  where SSE(l)

for‘data set 1

SSE(2) ‘Sum of squares error

for data set 2
Fitting the reduced model implies fitting a single regression
fﬁnbtioh to the combined data and determining the sum of-Squares error

SSE(R). The value of SSE(R) will be greater than SSE(F).
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The‘test for,equality.of'regression'funotions coﬁpareS‘SSE(Rj
'vand ssE(F). If'thetdlfference in SSE(R)lahd—SSE(F) is small, the vari-
atlon of the observatlons around the regress1on llne for the full model :
:1s almost -as great-as the varlatlon around the regress1on llne for the
N reduced model. In th;s_case the full model»does not s1cn1flcantly re-
‘ducedthe variation in the dependent variablé If SSE(R) - SSE(F) is
small the evidence suggests that the 1ntercepts and slopes of the
separate'regress1on functwons are equal. --IL'SSEfR) - SSE(F) 1s larve,
the full model helps to decrease the’ Varlatlon indicating that the
recress1on functlons are not the same (Neter and Wasserman 1974) Once
the_level of s1gn1flcance has been de01ded upon, the ; statlstlc is used
to test for equality. o | |

The statistical procedure used to determine the Fit of the re-
-gression model was firsticompleted before any other analjsls’Was done.
After flttlno the approprlate model, the regre581on functions were~
fonnally tested for equallty These procedures were followed for all
observed data before any conclusions were drawn

Regression equatlons and ANOVA tables for the performance-data
' and exhaust emissions are shown 1n Tables 2—16 The regres51on equa—-
tions for power, torque and fuel consumptlon are. valld for the 800—1600
RPM range. The regress1on equatlons for exhaust em1ss1ons are valid
for equivalence ratios lrom 1.0 to 1.7. Table 17 presents a sample lack
of fit test of a regression model. Table 18 comoares reoression models
-for power output obtalned w1th unleaded Gasollne w1th the model for power
bobtalned uslnglethanol;blendt Thls test determlnes whether the models

 are significantly different.
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Table 2. Reore551on Analy51s of Power Output Using Unleaded Gasoline.

Regression Equatlon,- : HP 4.65 + 0.014 RPM
,Coefflolent of’ Determlnatlon 0.979" :
' ANOVA' TABLE

- Source of o . o B

. Variation - L SS . af. . 0 MS
Regression 437.311 ! 1 - 437.311
Error o . 9.277 -+ 33 . o.e81
TOTAL 44588 34 . 437.5%2

Table 3. Regre551on Analy51s of Power Output Using lO% by Volume
' Ethanol Blend. V

Regression Equation : HP = 4.56 + 0.014 RPM

Coefficient of Determination: 0.986

| ANOVA TABLE
“Source of : V o : ,
.Variation .. . 88 - R SMS
‘Regression - , 490.252 o . 490.252
Error © 6.936 33 i . 0.210
TOTAL - 497.118 34 ‘ 490.452

Table 4. Regre351on Analy51s of Power OutDut U51ng 180 Proof Ethanol '

| Regre551on Equatlon o : HP = 9.96 + 0.0399 RPM - O OOOOll RPM2
‘Coeff1c1ent of: Determlnatlon 0.984 : . _
ANOVA TABLE
Source of : o , _
Variation’ - ‘ 5SS : ' df S
Regression 535.276 2 . 267.638
Error 8.505 43 . . 0.198

CTOTAL ©s43.781 - 45 -~ 267.836
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. Table 5. Regre551on Analy51s of Endlne Torque U51ng Unleaded Gasollne

Regression Equat;on ¢ TQ = 114.25 - O. 016 RPM
Coefficient of Determination: 0.862 '
| __ANOVA TABLE
~ Source of . , S L
Variation N ' - SS - - df MS
 Regression. . = 571.436 1 571.436
Error | - 9l.501 33 2.773

- TOTAL : ' 662.937 . 34 574.209

7'Table'6. Regression Analy81s of Englne Torque U51ng 10% by VOlume;
' Ethanol Blend. : _

Regression Equation : VTQ = 114.17 - 0.015 RPM.
Coefficient of Determination: 0.866

, : ANOVA TABLE

- Source of o L ‘ RN :
“Variatiom - . - . SS . 4aF o 0 ‘MS
Regression -  577.924 1 577 .924

 Efror o 89.602 33 2.715

CTOTAL 667.526 - 34 - 580.639

" Table 7. Regression Analysis of Engine Torque Using 180 Proof Ethanol.

Regression Equation : TQ = 69.67 + 0.067 RPM - 0.000035 RPME
Coefficient of Determination: 0.851 .
| _ ANOVA TABLE
~ Source of - - : , ,
© Variation . = - _ S , af MS
Regression ~~ °  879.930 > | © 439.965
Error . 154.615 43 3.596

_ TOTAL . 1034.545 45 443.561
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Table 8" Recressidn Analysis of Fuel Consumption Using Unleaded Gasoline.

Regression Equation : FC = 1.94 — 0.0018 RPM + 0.C0000061 RPME
Coefficient of Determlnatlon 0.951
ANOVA TABLE
Souuce of : s
Variation ' o S3 , af A . MS
Regression’ ~ 0.19624 2  0.09812
- Error . ' 0.01010 32 . 0.00032

TOTAL . = : - 0.20634 34 - 0.09844

- Table ‘9. Regression Analysis‘of Fuel ConsumptionlUsing 10% by Volume
Ethanol Blend.

Regre551on Equation - v FC = 1.97 - 0.0018 RPM + 0.00000063 RPM2
Coefflclenu of Determlnatlon - 0.964 ' )

S - ANOVA TABLE
- Source of o ' _ v
Variation = ' 35 o df : . MS
Régression 0.19803 = 2 0.00901
Error 0.00736 32 0.00023

TOTAL A 0.20539 _ 34 . 0.09924

Table 10.. Regre551on Analy51s of Fuel Consumptlon U51nc 180 Proof

" Ethanol. -
Regression Equation ¢ FC = 3.40 - 0.0036 RPM + 0.00CCO14 RPM2
Coefficient of Determination: - 0.851
 ANOVA TABLE

Source of - '

Variation : SS A - df , MS
" Regression 0.30476 2  0.15238
- Error : 0.07228 a3 -~ 0.00168

TOTAL S 0.37704 . 45 1 0.15406
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Table 11. Reore851on Analy51s of Steady S tate Carbon MOnox1de Emis-
sions Using Unleaded Gasoline.

Regression Equation - '+ 00 =5.87 - 14.66 § + 8.760°
Coefficient of Determination: 0.998 o
- | ANOVA TABLE

Source of o ' o A
Variation o - SS . .daf MS

" Regression . 14,841 . 2 . 7.421
Error 0.021 -12 0.0017
TOTAL . © - l4.862 14 L 7.4227

. 'Téble 12. Regr6551on Analy51s of” Steady State Carbon Mbnox1de Emissions
’ o Using 10% by Volume Ethanol Blend

Regression Equation ' loglOCO 0.88 + 8.38 loglc)@
Coefficient of Determlnatlon 0.98 '
: ANOVA TABLE

Source of - - , '
Variation o ~ SS . darf - _ - MS
Regressiori- =~ © 5.040 » ) 1 .5.043
~ Error " 0 0.099 16 10.006
TOTAL ©5.139 17 5.046

Table 13. Regression Analysis of Steady State Carbon Monox1de nm1551ons
S ~ Using 180 Proof Ethanol. :

Recre581on mquatlon o oo = 10. Ol - 18 38 @ + 8.43 @
Coefficient of Determination: O 986
ANOVA TABLE
Source of ’ » _
Variation 55 ' af MS
‘Regression - 17.173 2 . 8.587
- Error 0 0.243 15 | 0.0162

TOTAL =~ - 1 .416 VA 8.6032




Table 14.. Regression Analysis of Steady State Hydrocarbon Emissions
L . U31nc Unleaded Gasoline.

Regression Equation f' : HC = 200. 88 - 430.3 @ + 269. zm>@

20

'Coefflclent of Determlnatlon .0.982
’ " ANOVA TABLE
Source of : .
Variation - ss . . af R M3
- Regression o - 44160.912 . 2 .. 22080.456
Error - . 789.088 - 15 52.606
TOTAL | 44950.000 17  22133.062

‘Table 15. ,RegreSSion Anélyéis of Steady State Hydrocarbon Em1551ons
Using 10% by Volume Ethanol Blend.

Regression Equation ¢ HC = 238.88 + 294.4 § - 27. 83!@
Coefficient of Determination: 0.986
N ANOVA TABLE
- Source-of . o . -
Variation 5SS ar : - MS
.Regression . 14688.804 - 2 | 7344.402
~ Error | 204.529 12 | 1 .044
TOTAL - o 0 14893.333 14 7361 .446

.Table 16. Regression Analy51s of Steady Suate HydroCafbon Emissions

Us1n0 180 Proof Ethanol.

 Regression Equatlon . ¢ HC =1102.0 - 1 17.47 § + 588.46 @—2
Coefficient of Determination: 0.919 '
S ANOVA TABLE
Source of 7 .
Variation - SS af _ MS
‘Regression : 20355.931 2 ‘ . 10177.965
Error . 1794.069- - - 15 | 119.605

TOTAL R 22150.000 - 17 1029 .570.
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Table317;v Decomposition'of Error Component fér Power -Output Uéing fj

Unleaded-Gasoline.l
 Source of ' -
variation - e SS9 - df - - MS
Pure Error o.788 . 5  0.158
Lack of Fit . 8.488 - 28 . 0.308
ToTAL . 9.277 - . 33

To test the fit of the regression model, the appropriate test

statistic is:

£* _ MSLF

= SPF where' *,MSLF = Lack of fit mean square

MSPE. = Pure error mean square
The hypothesis tested is whether the régression model fits the

observed data. The comparative hypotheses are:

Hof Y = 0 + lx

: Y#B +B
Ha' _{ # ot PiX
- With the level of significance « =0.05, the decision rule is:
If F  F(0.95, 5, 28), conclude H_

*. .
If F )»'F(O.QS, 5, 28), conclude Ha

Calculations:

*
roo 0.303

0.158 - %

F(0.95, 5, 28).= 2.53

Since 5*4; F, conclude Ho’ that the linear regression model fits the

observed data.- FUrther regression analysisbis shown in Table 18.

1. See Table 2 for éompléte Regression Analysis and Anova Table.
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Table 18. Regression Analysis of Combined Power Outputs for Baseline
- Unleaded Gasoline and Ethanol Blend Fuels - Reduced Model. -

Regression Equation = " : Hp = 4.60 + 0.014 RPM

Coefficient of Determination: 0.982
_ANOVA TABLE
- SGurce of — —
Variation L3S daf - MS |
Regression | 1928.16 1 928.16
Error © 16.50 68 . 0.24
TOTAL - a4 69 928.40

“7 To test the equality of regression'models, the appropriate test
statistic is:

* ='SSE(R) — SSE(F)

where SSE(R) = Error sum of squares:for re-

F 2
.-——;EEEQEQ——— duced model
.nlr+ n2 - 4 : .

'SSE(F)«= Summation of error sum of
squéres for the two fitted'
regressibn functions'a

n = Nﬁmber oflobservationé for
Regression Model 1

n - Number'of observations for

Regreséion Model 2

2. See Tables 2 and 3 for coﬁplete Regression Analysis and
Anova Table.. o '



The hypothesis tested is whether or not the regression mOdels
are the same. The comparative hypotheses are: .

HO;. 31 = B2 ~and Bll ='B12 '»(chec_klng equallty of intercepts and

slopes respectively of each model)

H: B, #B

a 1 _

or both
2 -

ot By AP

With the level of significance « = 0.05, the decision rule is:

If F L F(0.95, 66), conclude HO

If F > F(0.95, 66), conclude Ha-

Calculations:

16.50 - 16.21
. 2 = 0.590
Fo= 16.21 = 0.

66

F(0.95, 2, 66) = 3.15
: * . . ) . .
Since F \< F, conclude HO, that the regression models are not signifi-

cantly different.-

~
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'CHAPTER 4
RESULTS AND CONCLUSIONS

}Using a spark ignition intermal combustién‘ehgine,Adynamometer‘
‘ tests Were conducted to determine the comparative’perfornence with un-
leaded-gaséliné ana a 10% by volume ethanol/90% unleaded gasoline and
léO proof ethanoif_'The'baseline uhleaded gaéoline and‘2OO proof anhy-
drousaethanol‘weré used for all fuel‘blending;‘ | |
;Engine'powervoutput, torque and fuel consumption wefe plotted 
Vefsus engine RPM for each fuel tested. Figures 2 and 3 show data
-scatter and fitted regression curves fbr the baééline unleaded géso—
"'liné“énd the.ethanoi/gasoliné blend fuel, fespectiVely. Figure 4 shows
fda%é;scatter and regression lines for 180 proof,ethanol.  |
| -The fuel Consumptién and lower heating valﬁe of the fuel are
uééd to calculate the enﬁhalpy thefmal efficiency'(see sample calcu-
iatioﬁs for example). FigureIS shows thermal efficiency vérsus_engine
RPM‘for each fuel. |
| | Exhaust’emission ievels‘are plotted againét‘equivalénce ratio
fqr éach fuel. Carbon monoxide emiséions are measured as a percent of
'tofal éxhauét. Hydrocarbon leveis‘afe measured in parts per million
of exhaust gas. Fi§ufe 6 shows défa scatter and fittéd regression
’cﬁfyés for carbon monoxide»emissién for‘ea¢h fuel. Figure 7 showé
data,scatter andlfitted_regression curves for hydrocarbon leyelé for
" each fuel tested.r‘i .
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Sfatistical Comparieons of the regression fuhctions at the;
‘A'C.OSAleVel;of significance show:

1. No statistical difference among fuels when comparing power
output,  torque and fuel'consumptions .

e 2;: The enthalpy thermal efflclency using the fuel's lower heatlng
‘value 1ncreased an average of 6.4% for the ethanol/gasollne blend fuel
-._COmpared,with gasoline (see Fig. 5). |

3. The ethanol/gasoeline blend fuel'emitted less carbon monoxide
than the~baseline gaeollne>fuel. The‘blend fuel showed a reduction -

"~ of upvtolSO% in carbon monoxide emiesione during steédy state emiseien
runs. Hewever, the blend.fuel demoﬁstrated no statistical difference_‘
in.hydreearbon eXhaust-emissione.rr )

4. The additiQn>of 200 proof ethancl to.unleaded'gasoline in-.
creased the research octane ﬁumber by 4 points, from 92.2 to 96.1.

5. The ethanol /unleaded gasollne blend fuel was Closely observed
over the testlng perlod for water tolerance " No phase separation
occurred during any OLfthe fuel testsfl

- Carburetor modifications and sperk ignition'fiming changes
were necessary when runnihg the engine on ethanol. Performance data
gatheredren the use of straight 180 proef ethanol és fuel shewedzr

1. . Engine t@rque}with efhahol ﬁas 3.0% greateb'and peaked at a -
higher RPM-when compared'to unleaded gasoline{ There was no significant

difference in power output with ethancl and unleaded gasoline.
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é, Becausé bf efhanol's lower enérgy content per unit voldme;
fuel-cohsumption was_66% greatér than the baseline unleaded gasoliﬁe;
‘;FB.ﬂgéharply reducédlievéis dfecarbonﬂmonpxide.Werefobtéined fér |
,ethahol‘when éompared ﬁo baséline unleaded gasoliﬁe.. Steady state'caf-
bon monoxide levels wefe_reduced up to 60% when compared to baseline
'unléaded gasoline. |

_:4,V-Increased levels of hydrocarbons were obtained for ethanol

when compared to. baseline unleaded gasoline.



CHAPTER 5
RECOMMENDATIONS

The engine's compression ratio has to be raisedvﬁo approxiﬁatély
11:1 to 1 to take advantage of ethanol}s high octane?number. This would
increésevpower output ahd.thermal efficiency.

‘Mbre research ié-needed Eefore a complete eQaluatidn of straigﬁt
180 proof ethanol as an‘éngine fuel can be made. PrbblemS”were en—
Counterédjwith fuel vaporization and inlet manifold,distribution. Be-
cause bf_the inlet manifold configuratibn, it was not possiblé to have
additional mixture heating to vaporize the ethanol. Some of thé ethanol

passed into the combustion chamber unvaporized and exited into the

eXhaust'és unburned fuel raising the hydrocarbon levels.
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APPENDTX A
. CALCULATION OF ‘STOICHIOMETRIC FUEL/ATR RATIO FOR BLEND FUEL

To determine the s+eichiometric fuel/air ratio for the blena;
fuel the number of gram/moles of e*hanol and casollne per liter of
mlxed fuel must be kriown. The blend fuel is a lC&:by'volume mixture of |
ethanol and gasoline. | | ‘

Fuel - . : Ethanol - 100% pure

Chemical formula: C,H.OH
Density : 0.7939 £
Molecular weloht 46,07
Temoerature 2 21.1% (70°F)

The muber of gm—moles of C H OH per 1C00cc of blend fuel is:
100ce C H.OH x 0.7939 &%

25 _ cC = 1.723 agemoles C SHZOH
46.07 é%iﬁiﬁ}E ' :
Fuel : : Unleaded gasoline'
Chemical formula: CH2‘ 7
Density " o.7467,§§
Molecular weight: 14.03
Temperature ~ : 21.1 °c (70°F)

The numpber of gm—moles of CH per lOOOco of blend fuel is

900ce: CH, x 0. 7467 UL
cC = 47.91 gm—moles CH

2
14.03 £—xnr
gm—=mnole.
,Total H, in gasoline = 47.91 gm~moles Hé
 Total C in casollne = 47.91 gm-atoms C
- 10QCcc blerd fuel . = .723 gm-mole C2 50H + 47.91 gm-atoms C

’+»47.91 gn-mole H,

34



35

The chemlcal formula for combustion of the blend fuel with dry

'J_atmospherlc air is as follows

'1.723 C2H50H + 47.91 H2 +47.91 C + A.02 + 3.76 A.N2 —_— >

X 002 + Y H2O + 7 N?
By balancing the npmber of carbon, hydrogen, oxygen and nitro-

gen atoms, the stoiohiométric fuel-air ratib3can.be'déterﬁined. - The

: ohemical_formula-for Stoichiometric.combustién of thebblend fuel with

,-air is: : _ _ »l o | |

'11.723AC2H50H +47.91 H, +47.91 C + 77.03 O, + 289.65 N, —>

51.36 C02 + 5?.08 H2O + 289.65 N2

For the stoichiometric combustion process for the blend fuel,

the,fuel/air'ratio is:

R moles air
77 .03 I7289.65 _ 366.68 5615‘?65I
Molal mass of air = 28.97 £
) o . gm-mole
. Molal mass of fuel = 751.37

_ om—mole
a0 .
F/A = 7PL-97 omoTe = 0.707 g“n—%}
moles air x 28.97

'366'68 moles fuel gm—mole



~ APPENDIX B
' SAMPLE CALCULATIONS

Shown below is actual data taken on March 21, 1980.

Dry Bulb Temperature -

Date 3/21/80
Data Sheet No. . 23
Time 9:40 AM.

" Fuel . " Gasoline
Fuel Used 0.05 lbm
Duration of Run 135.2 sec’
Number of Revolutions 2263 -

Beam Loan 71.0 lbf
Coolant Inlet Temperature : 162°F
L;Cooléﬁt Outlet Temperéture: 170°F
' 0il Pressure = 20 psi
0il Temperatuié 170°F
.APAInlet'Air Manometer 2.9 in H20 o
Barcmetric Pressure 27.3 in Hg 3

‘weﬁ Bulb Temperature 61°F "

80°F

Observed brake power is calculated by the following equation:

r

g

X where ' bp = Observed brake power, Hp -

.bp': Kx t g
‘ : ' Beam load, 1b

-
]
i

T

Actual revolutions

Test time, min’

Dynamometer constant

VI o =
i

36
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‘Observed torque can be indirectly calculated from the horse—

' power eguation.

T =1.313 x F where = T -

Brake torque, ft-lb

'F = Beam load, 1b, .

. Engine performance is affected by barometric pressdre, tempera-
ture, and humidity of the ambient atmosphere. A correction factor is
-used to convert the observed data to specified standard atmospheric

conditions for comparison purposes.

. : 0.5
R
at t
‘Bdt =iB 4ve
where~ v CF = Correction factor
Byt = Observed dry barométr;q pfessqre,
 in.Hg - | ”
B = Observed bafometric pressure,
in‘Hg 
e = Water vapor bressuré in atmosphere,"
in Hg
By* Vzmstandard.dry barcmetric pressure,
29.00 in Hg
£ = Standard temperature, 85°F
,tt = Observedséir temperaturef OF

A = Absolute'temperature_éonstant, 46OOF



The exact mammer in which atmospherié'conditions’afféet fuel

consumption is not known, a correction factor is not applied, and

specific fuel consumption is.reported as observed (SAE Handbook 1979).

Specific fuel consumption is calculated by the following .

equation:
- Mg ’ - b
sfc = EE_E_E . :where sfc = Spec1flcafuel consumption, ﬁg:ﬁf
M. = Mass of fuel, 1lb
£ m
bp = Observed brake power, Hp

't = Test time, hr
' The enthalpy thermal effiéiency can be determined from the
specific fuel cdnéumption and heating value of the fuel. The lower

heating value of the fuel will Dbe used for all calculations.

K

Et = Sfe < 10V ~where Et . =.Enthalpy thermal efflclency
o ‘ | . : 1b
sf¢c = Specific fuel consumption, m
' ' Hp-hr
IHV = Lower heating value, %%Q
' m
K = Conversion constant, 2545 BTQ

Engine air flow was measured by a single orifice air box with

the pressure differential across the orifice measured by a water

- 38



39

manocmeter. ' The equation used to determine air flow is:

e , 0.5 -
. 520 B . -
R R T 2., F AP
where m = Air flow, 1bm
o : ' ©omin
£ty = Observed air temperature, O
B = Observed barometric pressure, in Hg
- AP = Inlet air manometer reading, in HEO
The fuel flow is calculated by the following equation:
M. | _
T i = -— . = M i
m fuel = T whgre : Mf Mass of fuel, 1bm
t = Test time, min
Calculations
71.0 lbf X 2263 Rev - '
bp = 1500 %< 335 tin = 17.85 Hp (23.9 kW)
T . =1.313 ft x,7l..Oylbf = 93.22 ft—lbf (126.4 N-m)
e = 0.383 in Hg (from Psychometric Chart)
Bdt = 27.30 in Hg - 0.383 in Hg = 25.92 in Heg
_ 0.~0+5
cF . - 29.00 in Hg | (80 + 460) R|  _ 1 g77
26.92 in Hg | (85 + 460) “R;

Corrected Power:

bp,, = 17.85 Hp x 1.077 = 19.22 Hp (25.8 ki)



Corrected Tofque:

100.4 ft-1b (136.1 N-m)

H

TC =,?3?22 ftflbf x 1.077 £ |
Specific Fuél Consumption:
‘ - 1b ib
0.5 "m - m Kg
= = 4 =2
SIC = 1785 wp x 0.007 oir - O/ Hprr \0-%? Widm
,Enthalpy'Thérmal Efficiency:
- 2545 BTU
E_ Hp-hr = 0.18
T O 745 lb x 18970 BTU T
Hp—hr by
Engine Air Flow;
o - ' 0.5
. N 520 "R 26.92 in Hg
M gip = 116 _[460+80 5% X 55.92 infg * 2 In Hz] ,

' lbm
= 1,74 —— (é.84 >
. min min

Engine Fuel Flow:

ib . : lb
- 0.05 m- Kg
fuel 2 25 min . 0.222 min Q? 49 min

‘The Resulting Fuel/Air Ratio:

lb :
rh 0.222 —= '
fuel min -
: F/A’:'m = 1.74 lbm = 0.127

- min



- APPENDIX C

TEST EQUIPMENT

|  Engine
- Manufacturer e Caée SE,»NO.~5109887 SF
Bore ' - 'S,S-in E
Stroke " : 4.01n
Compression Ratio :  6.0:14
- Number of Cylinders:  4.
Displacement ;154 inS'(2524 éc)
Dynamometer
'ManufaCtﬁrer R ﬁz{General Electric |
Modelr r' ' ‘ | ':r-Type‘TLC, Class 1, Direct Current
voltage: & 250 Volt ;
Amperage ‘:_:i22‘Ampere

Capacity” = ~: 45 Hp (60 KW)

Exhaust Analyzer

- Manufacturer .+ Sun Equipment

Model . :, APAu75, ATE 14709
Type » - : Infrared
" Testing Range .t 0.- 500 ppm Low Scale HC

0 - 2000 ppm High Scale HC
0 -2.5%  Low Scale CO
0 -10%  High Scale CO
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