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I- INTRODUCTION

The idea of using alcohol as a fuel for internal com-
bustion engines (ICE) is so o0ld that it seems that alcohol
was used for this purpose evern before gasoline.

Due to their inherent physical properties only few
members of the alcohol family are of interest as motor fu-
els: methanol, ethanol, isopropanol and tertiary-butyl
alcohol., |

Early in this century before an abundance of cheap
crude o0il swept aside all competition, pure or gasoline-
blended ethanol —— 2also called "power-alcohol", was se-
riously considered as a motor fuel since it could be ob-
tained relatively cheap by fermentation. Nuch data were
obtained during its use in the United States, England,
Germany and France. 3But since 1939 its usefulness has
been virtually lost except in France and some tropical
countries where vegetation for its production is plentiful
and supplies of petrcleum are difficult te obtain. But
even in the countries where vegetation is favorable one
muet keep in mind a much more serious crisis that will re-
guire =lmost all available soil: the food crisis.

Now, when petroleum supplies are dwindling and reach-
ing higher prices than ever before, methanol the first mem-
ter of the family is appearineg as a promising fuel. This
alcohol alone or in blends with ethancl has bteen widely
used as a racing fuel for automobiles since power cutput

ig increased., 1Its importance has been greatly enhanced



since methanol can nov. be made economically from natural
gas, coal, wood and garbage and can be turned with relative-
ly lower emissions,.

The purpose cf this work is to present a survey of
pure or blended methanol as a fuel for internal combustion
engines and study one of the most relevant problems that
could deter its wide normal use: the engine starting at
low temperatures. It should be seen as a first step of
methanol studies at KSU.

Also brief comments on energy use for transportation
and the place of the internal combustion engine among

other means of transportation are presented.

"fnergy Crisis": a forerunner to the ultimate exhaustion

of fossil-fuel.
bviously the actual world energy situation is not
surprising at all. When man began using petroleum pro-
ducts he was wondering if this energy source that seemed
abundant could hbe renewed. When he found out that it took
millicns of years to create the final products of decay
of prolific animal and vegetable life existing at that
time, and worse, that the conditions that created them no
longer exist, man kept searching for other energy sources,
On the other hand, vhen the forecasts indicated niore
geod years ahead due tc new well discoveries, oil consump-
tion inereased as never before and the shadow of the pecl-

lution ceused by its use followed the same trend. The bat~



tle against this actual cancer began but a real cure was
expected to appear in the future. Of course other energy
gources like nuclear or hydroeletric, with their own prob-
lems and liﬁited use, were economically developed during
the years, mainly due to technological level achieved with
cil-propelled tools. MNevertheless petroleum (oil and nat-
ural gas) is still responsible for nearly 3/4 of the USA
energy market (Figure 1).

Now the Mid East affair has brought the future menace
much closer, that is, the long-distant petroleum shortage
is right here. The price of the barrel went to USZ11.73
in February 74 from US33.%8 in September 73 without men-
tioning the possibility of no supplies at all again, for
sume countries due to political positions (1)*.

Even if the Arabian-Icsraeli question comes to an end
the price of the barrel in USA would never go back to the
September 7%'s according to the secretary of state Henry
Kiscinger, mainly zs a mctivation to the alternative energy
sources.

At any rate there is no doubt that now is-the time
to not only seriously talk ahout, hut really do something
like a efficient energy conservation, to look for new --~
or "old" energy sources, to improve all the energy-consuming
systems in use; but, of course, not forgetiing or putting
aside the question of clean environment. It is desirable

to do this rapidly, otherwise in the wvery near future the

#*numbers in parenthcses refer to references after Chapter X1



world is going to see a lack of energy not only to move
automobiles, but also to produce basic items like food,
even within the rich nations. In order to evidence how
energy has been used by these so-called rich nations,
consisting of 30% of the world's population, we can simply
verify that these countries consume 92% of the total energy
market; the USA alone is responsible for 36% of the world's
energy with 6% of the world's population (2).

Thus, innumerable things to smooth the whole energy
problem like using more thermal insulation and storm win-
dows in residences, making fewer processed foods and re-
ducing packaging costs would have to be done.

"All unnecessary use of energy would have to be
avoid". But the whole subject is not that simple to be
resumed in one phrase.

Basically the recent USA Project Independence com-
mitment to reduce energy consumption, utilize energy more
efficiently and move toward the use of domestic energy
resources looks like a good position (3) to begir solving
national energy problems and should be followed by other
nations vnder their cpecific situations.

Of the areas which show promise for modificaticns
leading to improverments of energy use, the transportation
area 1s the most visible one, particularly automobile
utilization. Several works about automobile fuel economy
have recently been completed in Universities, Government
Agencies, auto and Tuel-related indusiries and pgoocd resulis

were ohtaired. Various improvements on this subject were
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done on normal engines in the 1975 models but they were
partially masked by new emission devices,

On the other hand due to environmental cleanliness
the idea of using fuels other than gasoline for the com~
mon engines, or even new engines other than Otto and
Diesel, was recently investigated and some forecasts con-
cerning these changes were ventured after the recent so-

called "Energy-Crisis",.

Figure 1 - USA Energy Market

PETROLEUM
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Source - (14)



II- ENERGY USE AND TRANSPCRTATICN

In order to see where the energy was going tefore the
energy-crisis, flow patterns for the USA in 1970 are given
in Figure 2, Ve can easily point out that about half of the
energy consumed by the USA became waste heat and that the
most visible of the energy users, the transportation area,
only efficiently used a quarter of the energy supplied to
it. If we examine a forecast for 1985 in Figure 3 where
only about 40% cf the energy in the market would beconme
really useful and the petroleum imports would be increased
by 2n amount just large enough to take care of the energy
wasted by the transportation, one has to conclude that the
actual energy use trend is not efficient at all.

The encrmous rise in private ownership of automobiles
in the USA, with all its ease and convenience due to exten-
sive construction of roads and highways, led to declining
demand for mass transport causing among other problems fur-
ther hardship to physically handicapped, elder people and
to the poor (1). Analysing the energy efficiency for irans-
portation (Tables I and II) one can easily note that hicy-
cles and public transportation (busses and railroad) offer
advantages for inter-city and urban passenger traffic. A
good example of bieycles as urkan transportation is the
cace of the Netherlands where 76% of the population own bi-
cycles and special paths and traffic lipghts were constructed.

Bicycles are less widely used in the USA although there



Figure 2 - USA Energy Flow Patterns, 1970,
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are at least 80 million bicycles and its advantages of being
quiet,non-polluting,healthy,efficient,inexpensive,less neces-
sary space to park (beats 16:1 the automobile) and less cost
for path-way (6:1) are becoming more visible only on the Col-

lege campus (1).

Table I - Energy Efficiency for
Inter-City Passenger Traffic

Mode Energy Requirement
Btu/passenger-mile
Busses 1090
Railroads 1700
Automobiles ; 4250
Airplanes 9700

Table II - Energy Efficiency for
Urban Passenger Traffic

Mode Energy Requirement
Btu/passenger-mile
Bicycles 180
Walking 300
Busses 1240
Automobiles 5060
Source - (2)

On the other hand those figures in Tables I and II are
based on high-density traffic routes,thus if one happens to
have busses operating at low occupancy rates to serve new rou-

tes with relatively low densities of origins and destinations



it might lead to less efficient use of fuel: a typical subcom-
pact automobile with an average loading of 1.3 passengers is
comparable in Btu/passenger-mile to a diesel bus with an over-
all load factor of 18%,

Due to the proliferation of highway and airport construc-
tion encouraging a decentralized style of living,working and
recreation,radical shifts from this particular automobile sys-
tem are difficult because of the physical facilities now in
place,i.e.,it would require a transportation system capable of
moving a large number of people to a diversity of locations as
the housing arrangements place the employed in a widely scat-
tered array.But of course it would be a lot easier to solve
this problem in new cities where urban planning is considering
the present situation (4).

Several urban masc transportation systems were recently
opened in Prague,Seoul and Sao Pauloj;the last segment of the
automated BART system of San Francisco and a countless number
of projects were initiated in Warsaw,Belgrade,Bucharest,Sofia
and other places.The USA voters in the November '74 election
approved several proposed bond issues to support mass transit,

Despite all these projects,it is going to take a long
time before these subway systems really help to solve the ur-
ban transportation problem as they are built after the city is
settled;in actuality these systems are never completed —— they
are always behind the city growth.

Today the San Francisco rapid-transit system is only ex-

pected to absorb about 2% of the trips in its area;Toronto's
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new subway system has absorbed only 3-4% of Toronto's trips (2).
In conclusion we can say that these large-scale concepis
undoubtely have their place but in the long run,If we see how
energy consumption by the transportation industry was divided
in 1970 (Table III) we can stress the importance of the automo-
bile,responsible for more than a half of the whole consumption,
at least in a mid-term basis.Specially when we recall the num-
ber of men,tools and industries involved in the whole affair
we can conclude that the automobile is going to survive,Other
non-energy advantages pointed-out by Adam (5),like privacy or

weather conditions,could also help keep the automobile alive,

Table 1II -~ Energy Consumption by the
Transportation Industry in 1970

Mode ' Energy,% Principal Fuel
Cars 55 Gasoline
Trucks 21 Gasoline & Diesel
Aircraft 7.5 Jet Fuel
Railrozds&Other 16.5 Diesel

Source- (2)

Assuming that the automobile survives and continues being
even a long-run solution it is quite clear that its Otto engine
is going to be retired due to its low efficiency comparatively

with others internal and external combustion engines.A low ther-
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mal efficiency is incompatible to a wise use of energy.
A number of engines for this purpose have been studied
tc take the Otto's place but all of them seem to be still a

long range solution.(Figure 4 and Table IV)

Figure 4 - Range of Expected Market Penetration
of Future Engines for Transportation.
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Source - (26)

As a short-term solution the Ctto engine with stratified
charge (6) and a light Diesel (7) have no other cempetitor to
supplant them considering fuel and exhaust problems (8).

On the other hand most automobile trips are like local
delivery vehicles: 91% of auto trips are less than 20 miles
and represent 53% of vehicle miles.In this way a vehicle with
short autonomy could be viable.

Thus,assuming 3 or less 20-mile-trips per day (going to
work and coming back) a small.electric runavout could be a sat-
isfactory commuter vehicle,Fuel-cells,battery and electric ve-

hicle technology are making this means of transport a desirable



Table 1V - Technology Ferspective for
Future Automotive Engines

ICE Type OTTO OTTO WANKEL STRATD.
CHARGE
Avg.Life 50,000 50,000 50,000 50,000"
(miles)
1973 thermal .10 .10 .07 .10
efficliency
Fuel Economy 137 10 13 13
(mpg) _
Relative 1.0 1.6 1.2 1.5
Eng.Cost
Multifuel no no no ?
Driveability good worse good good
Capable of
Meeting '76 no prob.yes prob.yes yes
Emissions
Critical none reactors & reactors , —
Elements converters converters
& seals
ECE or Elec. BRAYTON RANKINE STIRLING WARREN
Motor Type (g.turb.) (turbo) (H,) (epe)
Avg.Life 50,000 100,000 50,000 50,000
(miles)
1973 thermal . 10 .10 .13 .16
efficiency
Fuel Economy 20 15 25 23
(rpg)
Relative 2.0 1.8 2.0 1.4
Eng.Cost
Multifuel yes yes yes yes
Driveability v.good v.good v.good good
Capable of
Meeting '76 prob.yes yes yes prob.yes
Emissions
Critical high temp. none w/ h.t.alloys h.t.
Elements materials & steam head,seals valve
regenerator new fluids &contrels material

DIESEL

100,000"
17
30
2.0

no
worse

prob.yes

none

BATTERY
(or eq.)

100,000
.16

(26)

yes

yes

high-
density
light-
weight
battery

Source- (26)

12
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one for light-duty vehicles,since there is virtually no local
pollution.If a clean fuel such as hydrogen is ultimately used
to fuel local power plants a non transportation-related pollu-
tion could be achieved with this kind of electrical vehicle.

In this way electromechanical way is a good energy carrier that
will have applications for short-trip vehicles but it does not
seem a short-term solution anyway.

For current vehicles,weight has the most influence on
fuel economy (9,10) but probadbly all kinds of devices and char-
acteristics to improve economy like larger axle ratios,radial
tires,tighter torque converters,lighter weight,electronic ig-
nition,overdrive transmission,smaller engines,vacuum gauges and
systems like kinetic energy storage (11),special transmission
systems designed for optimum fuel economy (12) will be used,in
a way that all of them combined will result in great improve-
ments in econom&.Some estimations of how much improvement would
result from the use of proposed modifications were done (13):

1- modifications in carburetion,injection,ignitien,air-
induction (with the same engine) :- 5-15%

2- use of an infinitely variable transmission (with the

same engine) :- 10-20%
3- use of a lean mixture engine :- 15=20%
4~ uge of radial ply tires :- 5-10%

5- make the car accessories be driven at constant speed (-

3-8 %

redesign to reduce aero drag (modest one) :- 3-5 %

(o)
|
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Several of these characteristics can already be seen
in the new 197% american models.

All the other means which are being used to conserve
energy in-transportation leads to good results: the use of
extensive car pooling can affect 20% of the transportation
energy use resulting in a 10% savings. A realistic view of
work-oriented traffic would expect 30% of the travel by
only one person per car, 40% in multiple occupancy auto and
40% by mass transit, causing an 11% fuel savings by 1990
(4). The use of a more economically sized car under way,
will be another great improvement in fuel economy leading
to 33% savings for auto use.

At any rate nobody can assure that gasoline would be
available in a way to keep it 2s we are now, even for a
short-period., Nevertheless, other fuels are becoming eco-
nomically available and can be used in the Otto engine and
future engines (Table IV) as well. Some of these fuels
can be used with the so-called gasoline-extender purpose:

as a gasoline blend,



III- ALTERNATIVE FUELS FOR TRANSPORTATION

The bésic energy resources in the future will be in
fact various (Table V) in order to not be so dependent on
a few again, with all the risks represented by the situa-
tion today.

Some form of nuclear and solar energy and contribu-
tions from geothermal, tides, etc, seem likely to be the
most important resources in the future. But before that,
coal will have to play an important part in the energy panel,
specially in the USA, while the full potential of nuclear
and solar energy is being developed (4, 14).

Coal is the only indigenous raw material available in
sufficient quantities to meet the near-future demands (Fi-
gure 3). It is abundant in the USA and other places, pre-
senting known reserves of about 3.2 trillion tons in USA
which at the current consumption rate of 600 million tons
a year, a 5000 year supply is theoretically available,
Although all this coal cannot be recovered at current coal
prices, some 5% is and this could supply the present mar-
ket for 250 years; if this coal is used as an alternate to
the imported crude o0il demand at projected 1985 levels,
even a 75 year extention is estimated. By that time the
remaining ccal could probably be economically recovered
with future technology.

On the other hand none of these future source is

15



Tab

Energy Sources

Coal

Shale oil

Tar sands
Uranium and tho
Nuclear fusion

16

le V - Future Fuels - Initial List
Auxiliary Material Potential Automot.
Scurces Fuels
Air (02,002,N2) Acetylene
Rock (limestone) Ammonia
Water Carbon monoxide
rium Land Coal

Distillate oils

Solid wastes (garbage) Ethanol

Animal wastes Gasoline (05-610)
Wind power Heavy oils

Tidal power Hydrazine
Hydropower Hydrogen

Geothermal heat

LPG (synthetic)

Solar radiation Methanol

Methyl amines
Natural gas (01-02)
Naphtas

Vegetable oils

Table VI - Future Fuels - Final List

1. Coal derived fuels:

L]

Gasoline

Middle Distillate
Methanol

Oxygenated Compounds
Hydrogen

2. Shale dezrived fuels

Gasoline
Middle Distillate

o Ethanol via fermentation

4., Hya

rogen from water by electrolysis

Source~(3)
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really suitable for direct use in transportation vehicles;

thus,many scientists have been examining numerous synthetic
fuels that could be made from abundant resources (like air
and water) and the energy available from those nuclear and

solar sources.{Table V and VI)

An ideal vehicle fuel should have certain basic cha-
racteristics which are not essential in a fuel for stati-
onary consumption purposes.The basic requirements for a
suitable fuel (not necessarily synthetic) for transportati-
on purpose could be listed as:

1-= high volumetric energy density.

2- high mass energy density.

3- high stability at normal conditions.

4~ ease of transference from stationary storage
to on-~-board storage.

5- long storage life.

6- relatively inert and non-toxic in handling
and use.

7= minimal pollution or health hazards from
exhaust products.

8- economical characteristics.

Present candidates do not meet all these requirements
but such a list can help direct the search.Hydrogen produces
the most energy on a weight basis,thus it is normally used
in rockets where volume and cost are secondary;gasoline

produces the most energy on a volume basis hence it is going
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to long be preferred for airplanes.Methanol produces the se-
cond highest amount cf energy on a volume basis of all 1liquid
fuels in Figure 5,which is one of the reasons for the proposed
use of this fuel.

Generally speaking,the desirable properties of an ideal
synthetic fuel (not necessarily for transportation) can te
sunmarized as:

1~ possible to be made from abundant resources.

2- "recyclable" characteristics: the fuel consumption
should return the components to their original
state.

3- the fuel consumption should produce minimum health
hazards (pollution,etc)

4- no sophisticated or dangerous handling should be
necessary.

5- energy,raw material and catalyst should be the
only necessary elements to manufacture the fuel
in a plant.

6~ stability at normal conditions.

7- liquid and vapor phases should be relatively inert.

G.Hagey and A.J.Parker (3) and R.T.Johnson (4,15) discus-
sed some of the possibilities of non-petroleum fuel and predict-
ed future candidates,Data of various possible fuels are given
in Tables VII,VIII,IX,X and Figure 5.

The candidates can be separated into 3 categories:



MASS ENERGY DENSITY

FPigure 5 - Energy Density Characteristics of
various Transportation Fuels.

(8TU/LB  167)

80

40

8

~
=g

3 MASS ENEROY ]
DENSITY
25
- § VOLUME ENERGY
,-
N DENSITY ol
L -120 &
=
m - —
! :T
45 2 2
5 "
=z 2
w <«
= — []_GASOLINE REFERENCE w S
N 0z 2
1T 38
L
o
&\ s
\ T
A \, H [_] o
GASOUNE |PROPANE [METHANE [METHANOL| AMMONIA [HYDROGEN] METAL |ADVANCED
{ISO-OCTANE | (LPG LlQ  HCH30HM) | (LIQNH) | (LIG Hg) | HYDRIDE {BATTERYY
CgHig) C3Hg) CHy) MoNi-Hy[{Na-§,Li-5

@ INCLUDES ADJUSTMENT FOR DIFFERENT ENERGY CONVERSION EFFICIENCY

Source - (4)

19



20

(¢) =~ @0anog

FUTTPUEH

‘83238 pPIuoTY
JOJ SUOTAITDUOD

SUOCTITPUOD"JYCASOWL®

sed JH
A goje T TJUWOD *TIWwWod * TJIWwWod TefoIswlod
- Jaodo paepuesis 8TE0S TBTOISWWOT TETOIBUWLCD 81208
‘uMmoud  ‘PINDIT ~{Teus plepuess pIEpUEB}S - TTeWws
- U[}] *pezssalg pInbyT ptubtT oTueF0Lx) OTUsB0oLID
Jd0G, 3E
Tes uaj
-T0W SE
§33® JH00L 3® ‘ydsowse *ydsoune axaydsowiz 092~ CZy—-
-~ Jadp 7Ts8d QOg TewIoN TBULION oTUusFoLIn ofualofan
pITOS sen  pInbIT pINDTIT sep ses
TTRd JjuEl
*spunod -1{¢ Taat‘ssop STS00JIBU
- WOD XTI SWaIjXd JUBRTIXT gasneos
0F3sned §308 UT A[uo *I3UIJUOD
9TqQTss0od ‘OoTX0[ OTX0J 9ATREINUND BWaI}XT OTX03UON OTXO03UON
Jaute I0pO IOpo JI0pO OT2ST
-3U09d jusfund " oBIBYD -I890BIBYD SSaTI0pPO ssaTIopo
paIeas *§8ITO0) °*SSJATO) SSOTJIOTC) BSSaTIOTO) S5Sa[I0T0) SSOTJIOTOD
el 8¢ = ¢l Lie 092~ ¢er—
e 80L—- oLlL~ 29l- dbe~ Qe h-
(1704 (TTOoq 3B  (TIoQ
3B LL°0) ¥y 0) s LO°0)
- BE] 6L°0 69°0 . Se) sed
- Li 9¥ PLL 9l Z
S—-11
Io g-ey ‘an mo®mo 848, Vuo °y
£xaj3eg pInbTT  pInbin
poafoaxg BTUOWWY Toueyid TOUBYLISW OSUBYD00SI auUBULISl usdolply

TBWIOU 3E 53239

A1TO0IX05 Jodep

adUuerJaeaddy
d,‘3uTod sUITI0R
‘3uTto JuTrliew

T
=0

i009 T
A1TAEDH 211710848

IUSTsy IeTnoaloW

TIRWIC (eotwsyy

*uot3draoseg pue ssarjxadoag :sTeng uorzessodsuex] 97328U3ULS - ITA 9TARI



21

(¥) - edanog

0 ¢t B'¢ L™ L
ov 6 ¢ ol

€0 ¥°0 SL*0
mlorxmp.o 0 ——-
83°0 0 6’8l
L4 L L*9
6°6 0 991
éé 6°9 0°9

0'¢ 86° 1 c0° L
6¢ 9°L 8°L

L°0 Ge°0 L&"0
€Tl L™y 9L
gctt 0o'8 09 L1
=12/ ¢ vy ¢ oy
vl €6°S 09°9

Lxsyyeg

pesoafoad  “mN  HO%HSD

*S0T3}STJI9}0BIBYD Tong

0°8
L*cl
9970

¢t Ll
Lo L

09° 1
8¢

LE&XE

gL

Cg°8
¢ 6V
0979

¢

HO™HD

( TTc/TBOO wWoIJ)

g L/L"Y
AR
8°0/6"0
oL
9°02
0°L
29"t
0°9
¥L*0
6°L
28°0
Lol
00* 6L

o*¢v
GL*G

mrmmo

0" 5
6°6
S*0
9°0
L* gl
L°8
Lett
L*9
“ToNy"

0°8

\D U
- O

06°tLe
AT
¢s¢

Yun

LG {("FIF9'YsAaX* I8 UEBL)
*JJ8 WalsAs T=220]
QLX(n3g Huel/nig STanyMm)
c AOUSTIOTIIS® S[QTUSA
$*C *JEU MEI n3g/TIng nlg
*JJ9 suTaAnIdBInue

0 spm\pdm|orx
OH 3sNeUXy

0 ﬁpM\pﬁoeorx
00 3sneyXd

L9 svm\pﬂm:owx
Ox FEnBYXI

0 n3g/qr, _OLx
CO0 3SNEUKT

L g ng/at, _obx
UsdoI}TU 33n8UXT

ﬁpm\nﬁd|oﬁx
I23EM 33NBUXT

L*9 avm\pﬂwsorx
*bad a7y uUOTIZSafLc)

¢ 0l

YLl

€20 mpm\spm@oﬁx
0°¢ Te3/03d, 0L%
A3 T8U ASIaUT UNTTCA
0914 Qr/nid,.cux
X3 Tsueq Aodecy S50
Le ¥ c3+3/aT
6570 fe2/qxt
A3TEUSD OTa3euUnTOA
u

isTeng uojjejaodsueag oT3eoyjzuls - I[IIA °2TQ=l



22

(¢) - @danog

(6-0)
(L71)
056-008

§°0

L

8
8Ll
£6-98

LS

001
(8°tL)

00G‘¢lLlL
069°‘8l

(ost)
¢t=8
0]0}7

0cg
oLe

00t

*sBH* T0I133d

(st)
8L
et

5°¢
6l

68
S0l

¢yl
L6
0'6

000°9L
0G6G°LL

09¢
npvmm 0

¢Ll

"ESNTBA PO}BUTIFSS S33=dTput ( )
*TeT1USNDSBUOOUT BAEDP S93®OTPUT Yyseq
"BlBD 9TqBITSApP JO 20UasSqQe 83BOTPUT Huelg

(04)
9%
8L8
¥9°0

0°9
Le

b
90i
vi°L
1
g*9

0LS ‘LS
ov9‘s

YLy
9 v

6vL

TOUBYIH TOUBY3SH

d,89 @ (Q)
d,LL & (e) :a30N

0 0 *ON aueaa)
¥£0°0 gLt L'8 08s/3F°Toeds oustlg Xen

vozi ¥00L  G80L- Ia
‘T*ddal UCTIFUII ciny

68°0 =
mewJ.mH> O0T}BWaUTY

LY Sl 0°¢ by UTCA ‘dLamoT

00l T4 -Gl VL __%Toa ‘x3ddp
BITWIT aﬂJmEEMHm

Ye)" ZToLo%

0¢l o¢l yoaeasay
) ("PPV Ou)Tol sUe3o0

9L ¥ LG*¢ €66 8L'Z teng-top/ate: ToA

70l G*¢8 606 ¢r¢<8 dIS T ¢33/019

¢y 19 ¢ Ll 9 ¥¢ Hmznu\anr
, XTA OTJIloWOTUOTO%S

000°L9 000‘LE 000‘08 009°0¢ 123 /01e ﬁpmzw

¥62‘L  090°'8 00&‘Le 009°L6 a7/018 (38N

UOT3SOQWOS JO 329k

ovs L6G 6L2 ol JIN_T
QT/0ld "dBA FO 3Baj

(2)8¢°0  2ie 1sd ‘3,004

@*ssaIg ncnm>

- -- -- - dy 8 a4

= i e -- £, T @ %05

9¢c ge- 6G2~— Cor- 45 & @ %05

- - - dn 467
(3utog-3g) L3TTT3eT0A

ozIpAy eTuouwwy ’HQ ¢y £i3zedoxg Teng

*InOTABYSE UOFISNQUO) 03 PejeIed SOT}STI8}OBIRY) Tond - XI oTQBRI



(¢) - @daunosg *A Iejdeyp 83s (J)

*JUTZPUTL ‘unisauew’ssaueducsu‘peal

‘ucat sand‘xeddoofyTeqod pPIOAT (23)
*0H tumayoaged *Qutz pue sseaq‘asddod s9pOIICD (P)
uzyz g sssT - PT juBixIydse (o)
J98uep - (I dnd pesoTo (q)
wagqoxd ou - du :8pop dgN 3e (®) :a3oN
(¥) (@) (p) AGTATSOIIO]D
du du KytotaqnT
(mo1) MmO Mot "TH :wxm
(#07) *poy *pon ‘PO nOﬁvmwmnﬂ
3 MO *pPol * TH TH auou suou Jodea
(2%s) g! (2) (2) TT101xX0g
a P PT a 97Iel]) °T3E1S
‘SIATITPDE
® FUTUTFSI
InJFsxed £q
13U02 8g ued (du) (du) (du) AQUIpUS} UOTaInWy
200 44 00 w wdd‘q,89 @
I33EM J0J°*TOG
TN 00) QO Qo Legg %3M ‘do89 D
Xajem UT°TCC
Apv0¢| §9 A 9cit m—— - i L]
: (dno uado) 3uT6d USElq
0°ov- 6LL- A A N 9°4¢ 80L - 96¢- Gy~ do
*14 Inog JI0 FuTZesdy
0°9¥ ctev L° oV CAEA L°8¥ 6°Lc vy €3¥/41'do09 %
(®) (®) (&) ncﬂmwﬁﬁv FTsUs]
*sey*Tox3ad TouByzd Touey}a ‘9zaphAH ETUOCWWY qmo mm £rxsdoxg Tond

*8fez03g pue SUTTPUBY 0% poteTax safrgadoag Teng — ¥ 8TqQel



24

1- hydrocarbons (alcochols included)
2- hydrogen

3~ inorganic hydrogen compounds (primarily ammonia)

Hydrocarbons-

The light hydrocarbons (methane and propane) present bet-
ter emission characteristics but are considerably more difficult
to handle and store than gasoline-type fuels.The available pro-
cesases to convert coal to these gaseous fuels appear to have
thermal efficiencies of approximately 50%.Thus to obtain 1 Btu
of fuel to use in vehicles with the present conversion technolo-
gy requires 2 Btu of raw malerial;this is an inefficient way of
using coal but facing the time factor it might be a compulsory
solution.

Another more likely synthetic fuel that can be made from
coal to replace gasoline is methanol,with an overall thermal ef-
ficiency for the conversion between 60-70%.Methanol can be made
also from natural gas (methane) and other sources (see Chapter
IV).This fuel presents a volume energy density that is roughly
half that of gasoline but is liquid at normal conditions.Refer-
ences indicate that methanol is suitable to use directly or mix-
ed with gasoline in the present Otto engine,with reasonable econ
omy and emissions.In the 1970 Clean Air Race a methanol-fueled
Gremlin run by some Stanford students surpassed the 1976 CO and
NOx specifications.Its use as a source of hydrogen,as a fuel for
fuel-cells,as a fuel fer boilers with less NOx,as a source of

city gas,and as raw material for the synthesis of protein were



also studied with promising results.Methanol (also called
methyl-alcohol) will be discussed in detail later on this
work.(4,15,16,17)

Hydrogen-
During the last 10 years the enviromental pollution

problem has led to reexamining the use of hydrogen as a
vehicle fuel,which is not a new idea since before VWorld

War II it was being considered.Hydrogen likewise presents
interesting characteristics concerning its use as a full-
scale energy source not only for vehicles,but for home and
industry also.It can be produced from a wide variety of
other fuels by chemical means or can be generated by elec-—
trolysis of water,whiclh appears as the most feasible proce-
dure for the near future.Several projects like the one being
developed here ét KSU using wind power to obtain H2 use elec~
trolysis of water.(18,19)

However the problems of distribution of hydrogen and
carrying it on board have not been satisfactorily solved;
the cryogenical or interstitial ways are presenting some
problems concerning mass and volume energy density.The
technical ,economical and safety questions limit the direct
use of hydrogen as a fuel to a select few transportation me-
dia (or farm use) in the foreseable future.Some work has

been done about gasoline-enrichment with H2 tut it has also

been shown that this will not be & solution compatible with
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the time factor as it cannot be applied to normal engines
without great modifications.Nevertheless,as a 10% methanol-
gasoline blend by volume becomes 40% hydrogen,methanol blends
may be a simplest way of operating a car with a high propor-
tion of hydrogen.(4,15,16,20,21,22,23)

Inorganic hydrogen compounds-

Of the hydrides of non-carbons (NH3,81H4,etc) ammonia
is the most promising for a synthetic.Aithough it is toxic
and gaseous atstandard temperature and pressure it can be
easily liquefied and stored with standard eguipment and pro-
cedures,.The University of Tennessee's ammonia-fueled urban
vehicle competed in the 1972 Urban Vehicle Design Competi-
tion and finished 5th in 65 entries.

A good reason to study ammonias as a candidate is that
if energy and hydrogen are available,ammonia may prove to be
an important fuel for surface vehicles.The reason for this
is that ammonia can be dissociated into hydrogen and nitro-
gen,the hydrogen burned as a fuel with the nitrogen as a
diluent gas,i.e.,ammonia would be just a hydrogen carrier.

(4,15,24)

G.A.Hoffman (25) by dividing the "future" fuels in 3
major chronological eras predicted their period of utiliza-
tion based on the current technology.The 3 major eras:car-
bon-rich,hydrogen-rich and hydrogen era would b~ as shown

in Pigure 6;in this way the future cost of carbon-rich Tuels
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are predicted to be four times current prices by 1990,when
they would begin to be supplanted by hydrogen-rich fuels.
About 50 years later cryogenic hydrogen would become the
most economic fuel for transportation vehicles.Price esti-
mates of the carbon-rich and hydrogen-rich fuels and elec-

tricity are shown in Tables XI and XII.

Figure 6 - Cost of Fossil,Synthetic and Electrolytic
Automotive Fuels.
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Table XI - Current Price Estimates of Carbon-rich
Automotive Fuels for Heat Englnes

Fuel Source Price Reserves
($/GJ) (years)
Domestiec crude oil Deep wells 1.0 20
Domestic kerogen Shale o0ils 1.5 50
Imported oil 1973 suppliers 1.3 50
Imported oil All global sources 1.4 100
Liguefied coal Strip mines 2,0 50
Ligquefied coal Deep mines 2:5 150

Table XII - Current Price Estimates of Hydrogen-rich
Atutomotive Fuels and Electricity

Butane 0il or cozal 2.0-2.2 100
Propane 0il or coal 2.2-2.5 200
Ethane Coal 2.5-3.0 400
Ethanol Cellulose fibers 3.0-3.5 500
Methane Coal 3.0-4.0 600
Methanol H2 + CO 4.0-5.0 800

Ammonia Air,electricity 5.0-6.0 1,000's

Liguid H2 FElectrolysis 4.0-5.0 1,000 5
Electricity Geothermal 1:8 large
g;gli giliié Nuclear 2.6 large
plant) Coal 2.9 200
Gas and oil i 20

Source- (25)



IV~ METHANOL: USES AND FPRODUCTICHE

There is not much doubt that the use of synthetic or al-
ternate fuels will play a great role in the near fuiture. We
have selected some of the possible candidates for the major
position, but every day unexpected new technologies appear
and since social events, national and international politi-
cal positions are deeply involved, a precise forecast is
completely impractical.

"When and which fuel?" seems to be a difficult questi-
on. The most likely answer could be: several. Nevertheless
this may not be a vague answer at least for vehicle use: in-
stead of cheoosing between regular, premium, or unleaded one
would have to choose between methyl-fuel, ammonia, hydrogen
or even an electrical plug at the "gas" station.

At any rate methanol or methyl alcohol appears as the
nearest solution as not much modification in the normal gaso-
line engine and fuel distribution system would have to be
done, If a gasoline-methanol blend is used the engine will
not require great modification in the current practice.

Even a "methanol-economy" is nearly possible.

If higher alcohols are tolerated in the product of a
methanol production plant, its output can be increased by
50%. This final product contains more energy than pure me-
thanol and it is cheaper. "Methyl-fuel" a name given by

Vulcan-Cincinatti has been used to denote this product, and
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has been sometimes considered as synonymous of methanol (27).

Methanol can be made from natural gas (methane) for a
short term period, it is a good way to use coal and could be
made from wood and biomass forever (23). Also the resulting
emission in gasoline engines seems to be much lower than when
gasoline is used.

Back in 1925 an interesting article published in In-
dustrial and Engineering Chemistry (April issue) reported:
"... we publish an article from our French correspondent on
the subject of synthetic methanol, at a cost far below that
of the natural product ... We do not predict that it will
necessarily be the fuel to supplement our diminishing petro-
leum resocurces, but who shall say that synthesis will not
prove the kéy to our liguid fuel problem? Water gas may be
produced cheaply and it would seem that so long as we have
coal it may be possible ... The field is new and the op-
portunities are correspondingly great." --- This prediction
could really come true now.

Methanol has many uses besides the use for ICE that

would support construction of new plants to produce methanol.

How to nse Methanol

Methanol has been in common use for many years. In
the mid-1800's it was burned in household lamps replacing
fish and whale cils before kerosene by its turn put metha-

nol aside, HNowadays it has been of limited use as an oc~
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casional fuel for chafing dish or a camp stove. In the US
industry methanol is consumed at the rate of about a billion
gallons per year as a raw material for chemical industries.

Nevertheless there are several other uses for methanol
justifying the construction of more plants for its production.
It can be used as:

1- A raw material for the production of hydrogen.

Methanol has already been used to produce hydrogen, al-

though at a small-scale production rate, but one which has

proven economical. The reaction is represented by:

CH3OH + H20 = 002 + 3H2
2~ A fuel for generating electricity in fuel-cells.

Fuel-cells are portable generators of electrical power
and have received much effort toward their development, mostly
due to the Apollo space ship program. The size of a fuel-cell
which generates several kilowatts of electricity is now the
same as a domestic refrigerator,

As the best efficiencies of actual ICE's are in the ran-
ge of 25-30% and fuel-cells can reach 70-80%, the use of the
cells is really advantageous for nowadays, especially to
generate electricity. From the point of view of cost and
efficiency the hydrogen-fueled cells with an agueous solution
of potassium hydroxide as electrolyte have been considered

the most practical. If the hydrogen is produced from methanol
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an overall efficiency of 50% or higher could he expected,
including H2 generation, fuel-cell efficiency and DC to AC
conversion., Virtually no pollution results and a small a-
mount of cooling water are likely to be required.

Studies to develop small-capacity fuel-cells to be ins-
talled in homes eliminating the transmission of electricity
or at least, as a means for peak-shaving, have been conducted
by United Aircraft Corporation, Pratt & Whitney Aircraft Di-~
vision, Tokyo Gas Co. and Osaka Gas Co.

%3- A fuel for steam boilers.

Since in some boilers a large part of the heat is trans-
ferred by radiation from flames (and from heated refractory
walls) and only a small portion is transferred by convection,
methanol is not suitable as a fuel for boilers that operate
in this way. This is due to the fact that about 50% of a
methanol molecule is formed of oxygen, thus carbon particles
deposited in the flame which are responsible for that radi-
ation would not be formed as they are when o0il fuels are
used.

On the other hand methanol is more easily used for the
operation of combustion units where a fluidized catalytic bed*
is employed.The use of methanol reduces the Nox emission from
this type of boiler.

*Fluidized catalytic bed is used to prevent the formation of
the boundary layer by the stapgnant gas located close to the
s§0lid wall; this layer constitutes the vrincipal resistance
to the transfer of heat to the wall of boilers. The use of

this kind of bed can reduce the combustion temperature to
inhibit the NOX formation in the furnace,
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4- A source of city gas

Methanol by itself cannot be used as substitute for ci-
ty gas, but it is easily converted to methane. lethane-rich
gas has been produced in US from naphta and steam for city
gas --- so-called SNG (synthetic natural gas), as a way to
substitute for the natural gas which is in short supply (31).
According to Cambridge Institute of Technology if the present
NG consumption rate is maintained a 30% shortage in 5 years
is estimated.

Methanol may also be converted to a methane-rich gas
by a similar process, with the advantage that it is not
necessary to use the desulfurization process, which is re-
gquired when naphta is used, to prevent decay of the catal-
yst. Predictions indicate that the utility market for metha
nol could bde so big that its demand in 1985 would be twice
as much the demand for the gasoline-extender purpose (10%
blending for Otto engine).

5- A source of reducing gas

The substitution of reducing gases for coke for the
purpose of reduction of metalic in the metallurgical and
steel industries has been suggested when the procurement
of coal become difficult as has happened in Japan. The ca-
talytic decomposition of methanol may be used to produce re-

ducing gas (synthesis gas):

CH,O0H = CO 4+ 2H

3 2



6- A raw material for the synthesis of protein.

It is predicted that the food shortage is going to in-

crease,

thus the production of synthetic protein from sources

of carbon may be a partial solution. Synthetic proteins are

prepared by cultivating micro-organisms which digest n-paraf-

fins as
used as
must be
is used

pulsory

a source of carbon.These micro-organism cells are

food or as a source of protein.The synthetic protein
economically competitive with degreased soybean (which
for food stuffs) to be used nowadays and may be com-

solution to help world hunger.

Methanol may be used as a substitute for n-paraffins

with several advantages:

1.

as methanol is soluble in water (n-paraffins are in-
soluble), less power is consumed for cultivation -
vessel agitation to form a uniform suspensiocn and
produce air bubbles.

as about 50% of the methanol molecule consists of
02, the oxygen concentration in the cultivation ves-
sel is easier to maintaine and very little air need
be supplied during the course of the cultivation

(the O, concentration controls the cell propagation

2
rate).
as less heat would be generated in the cultivation
vessel when using methanol, the control of the ves-
sel temperature is easier (optimum - 30 C),

no washing of the final product is needed when metha-

nol is used, which has to be done when using n-paraf-
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fins to remove unconsumed material.

Nowadays the price of methanol compared to n-paraffins
is not low enough to be feasible for the production of syn-
thetic protein. This can happen if "Jumbo" plants which are
already projected were constructed.

T- A means of sewage denitrification.

The Environmental Protection Agency (EPA) has told a
major company interested in methanol plants that if large
guantities of methanol become economocally available, a sig-
nificant demand for its use in municipal and industrial waste
water treatment is certain.

The reason is that methanol can be used in tertiary
treatment of waste waters for denitrification: methanol is
oxidized to carbon dioxide while it reduces nitrates to ni-
trogen.

8~ A fuel for internal combustion engines (ICE).

Otto engines are usually operated under conditions
where insufficient oxygen is present for the complete oxi-
dation of the usual fuel --- gasoline. The methanol mole-
cule presents about 50% of its weight of oxygen and its cal-
orific value is about 50% less than iso-octane, which is
commonly taken as representative of gasoline. However that
fact leads to the alcohol "leaning effect" when methanol is
added to gasoline, causing a reduction in CO emissions. Oth-
er information about emission will be given in Chapter V.

If we use pure metharol that lower heat wvalue is compensated

by the fact that the stoichiometriec ratio is half of the stoi-
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chiometric ratio of gasoline., In this way approximately the
same amount of energy would be burned per cycle.

Other. advantages of using pure or blended methanol as
ICE fuel are due to its high latent heat of vaporization
(higher volumetric efficiency), higher octane rating compared
to gasoline and some properties like less crank case oil dilu-
tion, cooler engine operation, less carbon deposit inside the
engine, and the fact that alcohol fire can be put out with
water sprays. Also a small amount of water could be added
to the fuel without reasonable loss in efficiency.

Some disadvantages like low mileage per gallon (though
not necessarily per dollar) and a bigger tank, difficulty in
cold starting (for pure methanol), vapor lock (for blends),
and stability of fuel at low temperatures will be discussed
later in this study.

The use of methanol for gas turbines for electricity
generation where clean combustion gives high efficiency is
also promising., This would provide the possibility to divert
the fuel cil and natural gas currently burned in these turbines
to other uses. If 100% alcohol is used a lower blade erosion
and deposit build-up are expected. Again the lower combustion
flame temperature leads to less NOX formation and some 40,000
hours of run between maintainance can be achieved. Conven-
tional jet fuels require 15,000 hours between regular main-
tainance.

More information about use of methanol can be found in

the following references: 14, 17, 28, 29 and 3%0.
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How To Produce Methanol.

The range of sources to produce methanol is great as
the basic reactions in its production are:

2H = CH,O0H + H,0

+ CO = CH,OH or 3H2 + 002 % >

2 3

Any combustible substance containing carbon and hydro-
gen will produce synthesis gas as well as ethanol and other
alcohols, ammonia and synthetie gascline. In such a way the
most likely sources within the present technology could be
selected as: natural gas (CH4 + H,0 = CO + 3H2), petrcleum
(not an answer to the problem), coal, o0il shale, wood, and
farm and municipal waste products.

Union Carbide now produces synthesis gas from waste at
a demonstratioﬁ plant in West Virginia. Seattle is studying
the production of alcohol from municipal waste and about Jan-
uary 1975, Maine energy officials proposed the use of some
timber threatened by disease to produce methanol. The produc-
tion of methanol from this Maine timber would be enough to be
used in state vehicles and to heat state bulldings.

Economic studies of methyl-fuel (crude methanol) vs,
ligquefied natural gas (LNG) conclude that the idea of con-
verting the currcntly flared natural gas in the Middle East
to crude methanol deserves serious consideration. Last year
federal energy officialas were discussing a methanol plant

using coal.
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In such a way the production of methanol is flexible as
it can be made from many sources depending on the situation.
As near-future sources, natural gas and coal are the most
probable ones but the major source for a long range answer
would be wagte materials as these would always be available:
"where the automobile are,the people are".

Nowadays the major source of methancl is natural gan,
despite the fact that natural gas itself is in great demand
for other purposes and it is in short supply in the USA (31).

The production sites of natural gas are usually far from
the sites where the gas is used, hence pipelines are usually
constructed on continents to transport natural gas. Recently
liquefied natural gas (LNG) has been chipped from the Middle
East in special refrigerated tankers. These tankers are a
really delicate matter as few shipyards have the necessary
technology and their cost is so high that even studies about
a pipeline under Mediterranean Sea were made.

Instead of shipping this LNG, the mentioned idea of con-
verting the natural gas to methanol on the Persian Golf and
North Africa, and then shipping it to the consumer country,
in ceommon tznkers, has been proved economical. The break-even
point for the distance between source and consumer is around
3,500 miles. T' s could be expected since a ton of LNG car-
ries roughly twif» g§ much energy as a ton of methanol, but
tanker cost per unit weight of LNG is 4 times as much. Cn

the other hand roughly twice the amount of methane is consum-—
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ed to produce 1 million BTU of methanol as to produce 1 mil-
lion of LNG.

Despite the fact that methanocl could be used as a sub-
stitute for natural gas a large portion could be directly
used as a fuel,

Farm wastes such as pig and chicken manure and sewage
can be used to biologically produce methane by the waste de-
composition. This also would help about 50% in the problem
of disposal of such wastes. The conversion of methane to
methanol 1s convenient despite the fact that methane coulad
be used as a fuel for internal combustion engines. This is
because methane-fueled vehicles would require too much space
and weight to carry compressed methane. Sore methanol plants
using natural gas as raw material have been constructed and
several studies about them were done by Davy Powergas Inc.,
Houston Natural Gas Corp., Vulcan-Cincinnati Inc., and M.V,
Kellogg (27,33%,34,35,3%6,37,%8,39).

Although coal is the most abundant fuel in the USA it
is also the most polluting one; but a relatively non-polluting
fuel can be made from coal by gasification or liqﬁefaction.
Methanol, as said before, is one of these fuels. However
some competing fuels such as methane, hydrogen and synthetic
gasoline can also be made from cozl.

As methane and hydrogen are gaseous fuels, the switch
toe them would involve the mentioned major changes in on-board

fuel storage, stationary storage, handling and consumption.
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Gasoline cannot be made more cheaply from coal than me-
thanol can and does not present good emissions compared to
methanol.

No new technology bveyond coal gasification is required
to produce methanol from coal, as the only difference compa-
red to the already commercial Lurgi process is the CO,"H2 ratio
in the shift reaction. The coal gasification development has
increased mostly because of the idea to produce SNG, and
many processes have been developed like the Lurgi's low pres-
sure methanol technology. This process will have its first
American tryout with natural gas as source of synthesis gas
at Celanese Chemical's Bishop, Texas complex --- a 1,000
ton day plant is scheduled for completation in late 1976
(32). |

The gasifier designs for the production of methanol would
probably be similar to those used on a commercial scale by
the US Bureau of Mines and major chemical companies to pro-
duce synthesis gas.

In the last century the principal energy source for the
USA was the capture of solar energy by the forests. Nowadays
not less than 23% of the area of this country is covered by
commercial forests. Even with an efficiency of 1% which can
be achieved by improved forest management, the USA present
annual energy needs would be provided by these "energy-

plantations". Between 5 and 20% of these commercial forests
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could supply all USA electrical demand and of course this is
a renewable source of energy.

Methanol can be seen also as a way to use hydrogen when
for example the coal supply becomes exhausted: methanol could
continue to be synthesized from nuclear-generated electrolytic
H2 and naturally occuring 002. In this way, in comparison
with hydrogen, methancl would present a much lower cost of
transpo-tation and all the advantages of being liquid fuel In
the normal automotive engine concept.

Further information about methanol production are avai-

lable in the references 14, 29, 40, 41 and 42.



V- METHANQL AS A FUEL FOR INTERNAL

COMBUSTION ENGINES.

Several authors defend methanol as a really good short
term solution fer an alternate fuel for internal combustion
engines. The reason for this is its suitability for Otto
engines and several other properties of methanol concerning
production, emission etc, some of them discussed in the prece-
dings chapters.

The term "short-term" means that the use of methanol
could begin in 5 years with significant impact within 10-12
years. Oil importation requirements would bte reduced by de-
veloping an automobile fuel derived from coal like methanol
requiring simpler and cheaper plants to meet the new demand.

The reason to wait a few years to begin using metharnol
as an normal ICE fuel (even in blends with gasoline) is that
although its price per gallon is lower than that of the gas-
oline, the total USA production is only about 1% of that of
gasoline, and it is used already for other purposes.

In this way the use of methanol to fuel automobiles can-
not be done as a drastic change but as methanol added to géso—
line as an additive. This would rnot reguire even a change in
carburetor jets with a 5% in volume blend gradually supplied.
Depending of the improvements in other energy sources a 10%
or 15% blend could be used, or even 100% methanol. However,

for the use of pure methanol some carburetor modifications

42
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have to be done, being USE 100.00 an estimative cost of the

conversion in December 1973 (27).

Historic.

Alcohols became a popular fuel for lighting in about
1830 replacing the bad-smelling oils derived from fish. Es-
pecially in France, where a partial methanol economy was ocur-
ring, alcohol use as fuel for various purposes was extremely
popular: wood was distilled in the provinces to give alcohol
to be burned in Paris for heating, lighting and cooking. It
was much more suitable to use alcohol than transport wood to
the capital.

But in their turn kerosene replaced the alcohols, espe-
cially for lighting purposes by 1880. By this time a great
invenction attributed to Otto was announced: a heat machine
that happened to be possible to run with alcohol as a fuel.
Some authors reported that alcohols were probably used in that
kind of engine even before gasoline (43).

In 1890 a high-compression tractor engine was designed
to use ethyl alcohol, considerably more efficient than contem -
porary engines operating on kerosene (43). Ernest Sorel in
his book "Carbureting and Combustion in Alcohol Engines",
translated from the French and published in 1907 by John Wiley
and Son, New York (44), discussed the use of alcohol in the
earlier engines, with brief comments on the work of Lebon in
1801, Lenoir in 1860 and Beau de Rochas (4 stroke). Sorel

commented also the old international competitions organized
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by the French Minister of Agriculture in 1902 as a means to
compare results of various fuels. Since those days the con-
troversy of alcohol use as a fuel for engines was extremely
rough with heated partisans and opponents (44),

Ethanol was of particuiar value then because of its
wide universal availability from several crops as shown in
Table XIII. But the low cost of gasoline put aside the alco-
hol use and a number of years elapsed before there was again
a reconsideration of it as a fuel for engines. This happened
during the World Wars I and II when gasoline shortages occur-

red, especially in Germany and France.

Table XIII - Alcohol Production From Various Crovs.

imperial gal/ton  imperial gal/acre

Molasses (beet) 66 S
Molasses (cane) 73 s
Sugar Mangolds 1 220
Sugar Cane ' 18 255
Sugar Beet 21 240
Artichokes 28 5C0
Mangolds 8 150
Potatoes 22 220
Grain 78 50
Grapes 18

Bananas 13

Wood {dry) up to 75

Source- (45,46,47)



45

Soon after the First World War an Empire Fuels Committee
in England was set up to investigate the use of alcohol, main-
ly ethanol 90-95% pure, in ICE and notable works were present-
ed by Ricardo, Tizard, Pye, Ormandy and others (48).

In 1920 the methanol production in the USA began but for
use as a solvent, for plastic manufacture and fuel injection
in piston aireraft. In 1921 a book written by Carleton Ellis
and Joseph V. Meigs called "Gasoline and Other Motor Fuels"
was pubished in New York (49), presenting a good survey of
alcohol as a fuel with 54 references. In London, 1922, "Power
Alcohol: Its Production and Utilization" by G.W. Monier-Williams
was published, treating yet more extensively the subject (45).

Prior to the Secend World War an American Chemical Foun-
dation was set up to discover means of utilizing farm surpluses.
Leo M, Christensen, author of "Power Alcohol and Farm Relief"
among other books and articles (50,51,52), appeared as the lead-
ing partisan of ethanol-gasoline tlends in the USA, as a way
to help farm industry, creating more jobs or briefly expanding
agriculture. Others publications like the Miscellaneous Publi-
cation No. 327 from the US Department of Agriculture in Decem-
ber 1938 ("Motor Fuels From Farm Products") presented further
studies about ethanol use as a fuel in a neutral position,

On the other side there was the "Anti-Alcohol School"
group leaded by G. EglofT, whd stressed the danger of phase
separation and other questions like the fact that the drink-

ing-kind alcohol --~ ethanocl, could be obtained from ethanol-
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gasoline blends by simply shaking the blend with the addition
of water,. In this way the "automobile bar" would have to be
prevented by denaturants as is usually done nowadays where eth-
anol is used. Egloff claimed that those blends led to blind-
ness and death if the denaturant separation was not done prop-
erly. In fact it is really difficult to remove a common dena-
turant at home --- methanol. Other denaturants like nitrogen-
base substances and oxidized petroleum distillates were easier
to separate (53).

France with a vast wine surpluses has also encouraged
alcohol fuels., However too high percentages of alcohol were
used (sometimes around 50% alcohol) causing unbalanced blends
giving alcohol a bad name in some places.

The use and production of alcohol all over the world was
briefly presented in a book pudblished in 1938 in England, writ-
ten by A.W. Nash and D.A. Howes, who presented also a good sur-
vey of alcohol fuel subject till that date (46).

During the Second World War with the loss of Malayan rub-
ber the necessity of synthetic rubber turned out to be snother
cause of ethanol production from grain. Books like "Food for
Trhought" by H.F. Willkie and P.J. Kolachov published by the
Indiana Farm Bureau in 1942 were defending utilization of farm
products for producing farm motor fuels to solve the agricul -
ture fuel problems (54).

In 1949 another major partisan of alcohol cause —--- S.J.
Pleeth wrote "Aleohol & Fuel Tor Internal Combustion Engines",

a good comprehensive work with up to date results and some re-
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search done by himself (43).

As a conclusion for this half of this century we can
gquote Pleeth: "unfavourable reports aprear to emanate consis-
tently from sources inimical to the production of =2lcohol.”
At that time countries with considerable o0il deposits or who

controlled oil deposits in other lands (like Holland, US4,

etc) tended to produce reports against the use of alternative
fuels to gasoline. On the other hand countries with little
"oil power" tended to produce favorable results of alcohol
use,

Of course some destructive criticism was constructive,
leading to solutions of the problem, like the o0ld problem of
tendency of gum formation when cracked gasoline was used.

In this way the alcohol opoonents could help solving the prob-
lems for alcohdl use which exist today.

In 1964 four separate SAE papers from the University of
Michigan, the University of California, the Nebraska Depart-
ment of Agriculture and Inspection, General lotors Cornoration
and from the Southwest Research Institute were grouped in a
special publicaticn, the so-called 5P-254 (55, 56; 5%, B8)
These papers brought the whole subject up to date once again,
with more emphasis on the relatively new importance of emis-
sions,i.e., EPA,

The farm-derived alcohol price was much higher than gas-
oline with some exceptions concerning locatierns, This is the
case of tropical countries with suitable climatic conditions

and so0il like Brazil. This country is the largest sugar pro-
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ducer after USSR, with sugar-cane derived alcochol surplus and
the necessity to import 75% of its oil consumption (1). Eth-
anol-gasoline blends up to 15% in volume have been used there
for a long time, but due to the diverse range of percentages
depending of the city and season some operating problems ap-
peared. This was the only problem and one that could be eas-
ily overcome with a fixed percentage. Other troubles concern-
ing vapor-lock also were encountered but only in certain makes
cars.

Thinking emission-wise, several studies in the USA on
straight methanol as a fuel were developed before the so-cal-
led energy-crisis, like one sponsored by EPA and conducted by
Consolidated Engineering Technology Corporation (CETEC) (59)
in a Dodge Dart model 19639. It has been claimed that a muni-
cipal vehicle converted to methanol has been satisfactorily
operated in Santa Clara, California (27). Other published
works about methanol as a fuel for ICE prior to the 1973 oil
embargo can be encountered such as one done at the Stanford
University (60). It consisted of modifying an American Fotor
Company Gremlin to be fueled by pure methanol) to enter the
1970 Clean Air Race, whose good emissions results will be dis-
cussed in the next section. Very interesting results with
blends of toluene, iso-octane, n-heptane and methanol as fuels
were obtained from experiments carried at Ford Motor Company
by J.S. Ninomyia, A.Golovoy and S$.S. Labana (61). Some theo-

retical predictions about performance with various fuels in-
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cluding methanol were developed at the University of Califor-
nia, Berkeley, by Starkman et al (62). Experiments in a CFR

engine were done by G.D, Ebersole and F.S. Manning from Phil-
lips Petroleum and the University of Tulsa (63), with an ob-

jective of comparing performance and emission characteristics
of methanol vs. iso-octane, which is usually considered as a

typical gasoline in most works. This particular work turned

out to be one "of the most thorough investigation" about the

subject (64).

When the search for additives to be used in un-leaded
gasolines instead of lead anti-knocks, alcohol was considered
and it was reported that 3% iso-propanol and 10% tertiary-
butyl alcohol have been used in few commercial gasolines (65)
for other purposes. A 25% tertiary-butyl alcohol, 3% water
and 72% gasoline blend has been reported as a successful mrix
by two Goodyear scientists (66).

However the main importance of alcohol fuel arose with
the energy crisis which caused the gasoline price to be higher
at the same time that new commercial methods of methanol pro-
duction were developed. In less industrialized countries the
other member of the family --- ethanol, may be still an attrac-
tive fuel as it can be produced forever from agricultural pro-
ducts by fermentation, as mentioned before. Actually, in the
USA ethanol has been studied again at the University of Nebraska
(81).

In a recent visit to Brazil, Dr. Melvin Kalvin, 1961

Nobel Prize in Chemistry declared (67) that that country is
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the.only one in the world with a capacity to develop an ener-
getic project of sugar-cane utilization leading to ethanol
production to be used as an additive to gasocline, or even in
the pure form, in 100 years., Evidently some improvements,
especially in extraction techniques, have to be dene to in-
crease the production gradually. This particular position is
due mainly to the fact that while the USA and the Philipines
have reached the maximum sugar production and Cuba has been
decreasing its production, Brazil has just begun to increase
its production and has enough land area available. As a re-
sult of the actual energy situation a work about optimization
of alcohol use for fueling automobile engines directed by
Umberto E. Stumpf (68) was initiated in the middle of 1974 by
the Centro Tecnico Aeroespacial, Brazil, with great results
(69). This research has been suported with funds from the
Secretaria de Tecnologia Industrial (STI-Ministerio da Indus-
tria e Comercio). The STI has also suported some research on
alcohol from manioc (70) which can be cultivated during the
whole year (86).

However the ethanol availability is not that easy in
other places and even in Brazil, ethanol alone would not be
available so soon, So the idea of producing methanol appears
as a good help to a mixture with ethanol to be used as an ad-
ditive for the short-term, or just using straight methanol as
an additive depending of the country.

In Germany a recent increasing interest in methanol as
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a fuel is felt (Volkswagen and German Ministry for Research)
and some work has been published (30,71,72,72), as well as in
other parts of the world (74).

Nowadays a similar situation to that described by Pleeth
25 years ago concerning the controversial alcohol use as a
fuel can also be seen., One of the most relevant partisans of
methanol as a gasoline-extender has been Thomas B, Reed from
Massachusets Institute of Technology, who has published seve-
ral articles about the subject (23,27,30). Reed's next step
will be collecting data from the use of methanol blends in
200 MIT vehicles., _

An article in the Wichita Eagle last January (82) in-
dicates several California scientists who believe that "meth-
anol is one of the most promising things to surface.,", Among
those scientists are J. Frautschy and W. Nieremberg (Scripps
Institution of Oceanography) and B. Golding (San Diego Univer-
sity).

There are other defendant groups, some of them interested
in the methanol production like the ones connected to Houston
Natural Gas Corporation, Davy Powergas Inc., Vulcan-Cincinat-
ti, M.W. Kellogg and Celanese, Corp. T.0. Wentworth from Vul-
can-Cincinatti, R.G. Jackson from Continental 0il Co., T. Yama-
moto from Catalysis and Chemical Industries Co.,Ltd., W.D. Har-

ris and R.R. Davison from Texas A&M University and G. Alex

Mills and B.M. Harvey from the US Bureau of Mines are among

the defendant people (14,17,79,33,34,%5,%6,37,3%8,39,40,42).
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In the anti-methanol group E.E. Wigg znd R.S. Lunt from
Exxon Research Company and J.C. Ingamells and R.H., Lindquist
from Chevron Research Company are among the major opronents
and according to Reed (30) "there are many in Detroit and in
the petroleum industry" (28,42,64,75,76).

In the following sections a tentative of showing the .
most relevant advantages and disadvantages claimed by the two
groups concerning methanol use as a fuel for ICE, straight or
in gasoline blends, will ge given.

Other unpublished papers like the SAE papers 750118,
750120, 750121 and 750124 (77,78,79,80) could give more infor-
mation on the matter but unfortunately they are not available

yet.

Use of Fure Methanol for ICEH,

There are several important aspects concerning the spe-
cific use of straight methanol as a fuel for internal combus-
tion engines, that could be summarized as follows.

1~ Exhaust Emissions.

HC and CO:- First considering the results of the Stanford Uni-
versity emission tests with an AMC Gremlin vehicle (60) as ta-
bulated in Table XIV. These tests were made at two different

Environmental Protection Agency laboratories: in Ypsilant, Mi-
chigan where methanol was used of unknown purity, and in Cineci-
natti, Ohio where technical grade alecohol (99.9%) was employed.
£11 these tests were a result of one contract awarded for fur-

ther testing of this vehicle, which was the only liguid-fuerled
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entry to surpass the then-proposed 1975 Federal Emissions

Standards at the 1970 Clean Air Race.

The experimental results show (Tgble XIV) that when a

catalytic muffler was used, the HC (hydrocarbons) and CO

emissions were below the 1975-76 Federal Standards.

But

when no catalyst for oxidation of unburned HC and CO was em-

ployed, these emissions were not always below such standards.

Table XIV - Emissions from Methanol-

Cars

18975-1976 Federal
Standards (before
revision)

Gremlin-Ypsilanti
Gremlin-Ypsiianti
Gremlin-Cincinnati
Gremlin~Cincinnati
Gremlin-Cincinnati
Gremlin-Cincinnati

Fueled Gremlin, g/mile.

HC
0.46

0.34
0.06
0.18
0.02
1.33
0.77

co

4.70

Sa 5
0.40
3.25
0.62
10.76
2.58

NOx

0.40

0.28
0.29
0.44
0.38
0.37
0.35

%NO

2

No.of
Tests

= = W W W

Comments
Cold Start

Cold Start
Hot Start
Cold Start
Hot Start
No Catalyst
No Catalyst

Source- (60)

Theoretically (62) the CO emissions when using methanol

would be less than for gasoline, assuming iso-octane as a good

representative, presenting even better behavior with richer

mixtures,

An air-injection system was used to provide extra oxygen

for oxidation of HC and CO in the catalytic muffler,

This
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system was standard on all 1966-68 AMC engines. It was neces-
sary especially on cold starts tests when a richer mixture was
used. In all other seven modes (Table XV), the low lean mis-
fire limit of methanol permitted succesfull operation at a
stoichiometric equivalence ratigiof 1.33. This lean operation
furnishes enough oxygen to reduce HC and CO emissions while
maintaining adequate performance.

Compared to gasoline, most authors agree that methanol
can go leaner (without operating problems), in order to lower
the CO levels. But as far as HC this is not so clear: Eber-
sole and Manning (63) examining methanol versus iso-octane in
a CFR single-cylinder, found that at the same power output
and equivalence ratios, the unburned fuel (included in the HC
emissions) was 10-30% of that with iso-octane. On the other
hand Ingamells (64) disagreed saying that methanol showed a
"slightly higher unburned fuel levels even in the lean regions
where cars will be operating.".

In another publication Ingamells (76) reported larger
concentrations of unburned fuel (as well as for CO levels)
when using methancl in relation of those of gasoline, if using
standard exhaust system. When using catalyst and air-injec-
tion, Ingamells recognized that methanol "performed better
relative to gasoline" with respect to CO levels, but the un-

burned fuel was about the same as gasoline,

*Equivalence Ratio is defined as the weight ratio of air to
fuel, with the stoichiometrically correct ratio set at 1.0.
Thus, fuel-rich carbureticn is typified by ecuivalence ra-
tios less than 1.0 and lean carburetion greater than 1.0.
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When the lean misfire limits of methanol (0.2 eguiva-
lence ratios leaner than with gasoline) was explored, better
results were obtained: from Table XVI the 14% lean methanol
vs. 5% gasoline showed clear advantages for methanol concern-
ing CO emissions and unburned fuel emissions in hot starts.
For cold starts, again, due to a longer period of warm-up,
the unburned fuel emission was higher. This was a result of
the poor vaporization of the fuel when the engine is cold.

The above results concerning emission tests from cold
starts were obtained in the Stanford experiments also. This
was attributed in the same manrer to the fact that when meth-
anol was employed it was necessary to use 3 minutes of choked
operation while only 25 seconds was necessary for gasoline.
This behavior was due to the utilization of exhaust-heated
intake manifold (necessary for methancl) for gasoline also.
Probably it took longer to reach the catalytiec operating tem-
perature when using methanol, causing the higher HC levels.
The CO levels for gasoline were higher despite the fact that
operating temperature could be reached in a shorter period of
time. Maybe an electric heater for the muffler and an improved

fuel vaporization in the carburetor could sclve the problem.

NOX:n Considering the same Stanford Gremlin tests, the authors
stressed that "while a catalyfic muffler was partly responsi-
ble for the low HC and CO emissions, no control devices were

used for KO, reduction, and it is guite surprising that such



Table XV - Air-Fuel Ratio for Typical Operating Conditions

as Deduced from 1970 Federal 7-Mode Cycle Test

Procedure.

Mode

Idle 7.4
0-25 mph 8.6
30 mph cruise 8.4
30-15 mph T+6
15 mph cruise 8.6
15-30 mph 8.8
50-20 mph T+6

¢ ... Equivalence Ratio

Table XVI

COLD START TESTS

C.S. Driveability Demerits
Cycling Thermal Efficiency,
Miles/10® BTU

Unburned Fuel,g/mile
Carbon Monoxide,g/mile
Nitrogen Oxides,g/mile

HOT START TESTS

Cruising Thermal Efficiency,
Miles/10°® RTU

Cycling Thermal Efficiency,
Miles/10° BTU

Unburned Fuel,g/mile

Carbon Fonoxide,g/mile
Nitrogen Oxides,g/mile

*

1/¢

0.88
0.75
0.76
0.85

- 0.75
0.73
0.85

Gasoline
5% Lean

138
5.0

20
8.3

236
146

*

¢

1,13
1.33
1.32
1.18
1.33
1.37
1.18

Source~ (60)

— Lean Cperation Comparisons.

Fethanol
14% Lean

157
4.2

14
3.1

Source- (76)

(actual AF/stoichiometric AF)

Methanol
18% lean

263

167
3.1

3.7
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low NOx emissions were observed,"

In actuality we should expect a little lower NOx for-
mation as a result of the lower theoretical peak temperature
for the Otto cycle when using methanol. Starkman et al. (62)
calculated the Figure 7, comparing these peak temperatures
with the one of iso-octane. This lower temperature slows the
rate of NO formation reducing NOx levels.

Ingamells (76) obtained the same good results (around
50% less NOX) for methanol against gasoline, even when the
leaner limit of methanol was not explored (Table XVI). The
same occurred in the tests reported by Ebersole and Manning
(63) in a CFR for equivalence ratios.

Methanol seemed to behave like gasoline with respect
to NOX emissions versus equivalence ratios and spark timing
(60), i.e., earlier spark yields more NO, and the behavior
described by Figure 8 concerning equivalence ratios. In
this way as the higher flame speed of methanol permits
spark retardation and if the leaner limit of methanol is
explored we could really expect low NOx levels.

As a conclusion te this brief resume of pure methanol
as a fuel for ICE with respect to emissions of HC, CO and
NOx we can partialy quote Gregory and Rosenberg (16): "the
non-polluting potential of methanol fuels has not been fully
explored". But it is possible to foresee even better emission
results for methanol in comparison to gasoline especially if
special devices to attain a better fuel vaporization in the

carburetor were employed. Thus, a shorter warming-up period



Figure 7 - Otto Cycle Peak Temperature Compared
To That For Iso-Octane.
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would be possible (this problem will be discussed later in
this study).

Aldehyde measurements are recommended since formaldehyde
may be formed in the methanol combustion. However, according
to Ingamells (76), these levels were the same as for gasoline

even when the standard exhaust system was used.

2- Fuel Economy and Power Output.

From the summarized physical properties of iso-octane
and methanol in Table XVII, methanol has less than half the
heating value of isoc-cctane and about half the stoichiome-
tric air-fuel ratio, Thus, approximately the same energy
per gaseous stoichiometric mixture. That means that the
same power output could be expected if the other physical
properties were similar. However, the methanol heat of va-
porization is more than four times higher than for iso-occtane.

In this way methanol cools the air entering the engine
much more than gasoline, i.e., better volumetric efficiency.
Moreover the octane number of methanol is higher than the 100
octane number of iso-octane. This means that a higher com-
pression ratio could be used for methanol, i.e., better ther-
mal efficiency. In such a way better power output and fuel
economy on an energy basis would be the result.

Neverthelegs, 75-100% more fuel in a volume basis would
be needed by the same car with the same engine. However me-
thanol would be less-polluting, thus it is possible to eli-

minate much of the equipment (not all) now employed to cope
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with the gasoline-related pollution, yielding an even lower
ratio of consumption increase.

On the other hand, measurements with the same mentio-
ned Stanford Gremlin made mostly under high-speed cruise
(70 mph) indicated about 18 miles/gal for gasoline versus
9-10 miles/gal for methanol. This lowered methanol mileage
was attributed to the use of the catalytic muffler and air
pump that in this case were not employed when running with
gasoline, It is important also to stress that the compression
ratio was optimum for gasoline, i.e., too low for methanol.
In any event larger amounts of fuel must be employed, mea-
ning that straight methanol-fueled cars need larger fuel
tanks to keep the same autonomy as gasoline. However the
cost of filling up this larger tank with methanol could be

less than filling up the actual tank with gasoline.

Table XVII - Physical Properties of

Iso-octane and Methanol.

Property Iso-octane Methanol
Chemical Formula 08H18 CH3OH
Molecular weight & 114,22 32.02
Specific gravity (68°F) 0.692 0.792
Stoichiometric A/F 15 1 6.4
Latent heat of vaporization

at B.P., BTU/1b (NJ/kg) 117 (0.490) 502 (2.101)
Heating value, BTU/1b (MJ/kg) .

Higher 20,556 (86.047) 9770 (40.90)
Lower 19,065 (79.806) 8644 (36.18)
Octane No., Research 100 106
Octane No,, Motor 100 gp

Energy, BTU/ft3 of stoich.
mixture (1 atm,60°F, LHV,

gaseous fuel) (MJ/m>) 95.5 (3.559) 90.0 (3.354)

Source- (60)
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According to the Ebersole and Manning experiments (63),
the power output was the same for methanol as for iso-octane.
However, the experiments by Harris and Davison (40) and others
(4%3,55,76) show that methanol produces 10% more poweTr with the
same test conditions (displacement and compression ratio). The
increase in power is due to the higher volumetric efficiency
when methanol is used. Use of methanol as a fuel also allows
the use of higher compression ratio engines and therefore more
power, That was the reason for the use of methanol for auto-
mobile speed records (43). Of course, for this latter pur-
pose the race drivers used compression ratios as high as pos-
sible to get most of the fuel without considering emissions

or fuel economny.

3~ Carburetion and Intake Manifold.

According to Table XVII the stoichiometric ratio for
methanol is less than half for gasoline., Thus, it is neces-
sary to rejet stock carburetors. A factor averaging 2.5
proved to be a good ratio of increase of jet areas (idle
and mainjets) in order to obtain lowest emissions but still
enough power for good driveability.

Now, due to the mentioned higher latent heat of va-
porization a greater amount of heat should be vrovided to
methanol to keep enough vaporized after leaving the carbu-
retor. To have an idea of how much more heat is needed for

methanol, we can simply repeat that the latent heat of meth-
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anol is about 4 times higher than gasoline and as we have
about the double of fuel because the stoichiometric is
roughly half, about 8 times more heat will be necessary.
The Stanford tests indicated about 9 times more heat, de-
spite the fact that for an acceptable distribution and
good power at WOT (wide open throttle) significantly less
vaporization is necessary for methanol in comparisson with
gasoline,

We can summarize the methanol manifold characteristics
as follows:

- Vaporize all of the fuel at idle and low speed
where power is important and good distribution is critical
for low emissions.

- Vaporize an as yet undetermined portion of the
fuel at part throttle where both power and distribution are
desired.

- Vaporize the minimum percentage of fuel neces-

sary at full throttle to ensure good power,

These conditions have been approached in the manifold
described by Adelman (60).

A good intake manifold should also provide enough heat,
right after the starting, in order to attain a relatively
short warm up period. This warm up period is related to

emissions from cold start, cylinder wear and of course is
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another parameter that is commonly taken by ti.e average
driver to judge the fuel and the car. This is usually
considered as a fuel quality, but apparently methanol
cannot attain a short warm up period by itself (see Chap-
ter VI). Thus, special devices would have to be employed
to counter this disadvantage. The new Early Fuel Evapo-
ration System (EFE) that is already designed into the new
1975 Chevrolet engines (83%) to provide quicker engine

warm up with un-leaded gasoline could be recalibrated for
methanol use.

On the other hand methanol seems to present better
behavior when fuel injection systems are employed (60,64)
since less problems of manifold heating are encountered.

A new kind of carburetor —— Dresserator (84,85)
presents also great characteristics to be applyed for

methancl-fueled engines, due to its vavorization devices.

4- Cold Start
This particular aspect of methanol use seems to te
the major problem associated with the use of straight
methanol as a motor fuel according to most researchers.
Below 40-60°F the cars would not start unless special
additives or devices are employed. More details are given

in Chapters VI and VIITI.



64

Other advantages of straight methanol for ICE can be

listed:

1)

2)

3)

4)

5)

6)

Being immiscible with o0il, it will not dilute
the crankcase oil.

Being miscible with water, alcohol fires can
be put out by water sprays; this means a high-
er degree of safety and thus can minimize the
storage, handling and transport restrictions
which could affect insurance rates,

Due to its lower volatility methanol turrs out
to be a convenient fuel for hot climates since
it is free of vapor lock, while some kinds of
gasoline sometimes cannot be used. This lower
volatility is also responsible for better safe-
ty concerning inflamable vapors.

Due to its cooler-running, a longer life for
the methanol-fueled engines can be expected.
However a redesign of current cooling systems
is needed.

Its high solvent power would produce less gum
formation, longer life for spark plugs, less
need for decarbonization, or in brief, less
maintainance cost.

Since water can be added to methanol in certain
amounts without reducing power and efficiency

(40,41), the ecornomic consequences can be enor-
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mous, 4and of course this will give lower
combustion temperatures, leading to lower
NOx levels, permitting higher compression
ratios, i.e., wise energy use; and of course
without the need for Exhaust Gas Recircula-

tion systems (EGR).

The other methanol disadvantages are said to be:

1) Its vapors are somewhat more toxic than those
of gasoline but its low volatility prevents
high evaporation.

2) Since it does not mix with oil; it can cause
lubrication troubles in the upper parts of
the cylinder; thus special additives might
be necessary.

3) As it has a high solvent power, it can trans-
fer gum from the tank when used in old cers;
however it will then keep the system clean.

4) As formaldehyde is formed in the methanol com-
bustion, formic acid can appear and cause cor-
rosion of valves, etc.... However, this is a
result of running too cool. VWhen leaner mix-
tures are employed the aldehyde formation
would-be prevented, and in the case of rich
mixtures small amounts of basic volatile hodies,

concentrated ammonia, nicotine or others, can
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be used to neutralize the acid (47).

5) According to one reference (76) methanol is
said to cause troubles concerning for instance
terneplate lining corrosion in the convention-
al fuel tank, leading to the need of develop-
ing a low cost corrosion inhibitor. However,
all other references have not mentioned any
problem of that sort, even when straight or
blended methanol were used for more than
10,000 miles (23) or even 23,000 on unmodi-
fied cars (30),.

In such a way methanol-fueled automobiles might have
their place under the sun, especially when all the advantages
of such a fuel are fully explored. Methanol seems to behave
even better when fuel injection systems are employed (60,64)
allowing the use of even leaner mixtures. The reason is the
more precise control of fuel metering as well as the obvious-
ly great improvement concerning mixture distribution attained
by the injection system,.

The major drawback of the fuel injection system is the
high price tag carried with it, as a system similar to the
Volkswagen (VW) sells for approximately US3 125.00 (88). On
the other hand new kinds of fuel injection systems are avail-
able (87,82) at lower costs, allowing methanol to show its

better properties. It would also cover its disadvantages
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like the somewhat expensive intake manifold (that is not need
ed when injection is used) and problems with cold starts (see
Chapter VIII).

Another good reason for methanol use is that this will
be a way to fight automotive pollution at its main source:
imperfect combustion. From more complete combustion we should
expect better fuel economy, less pollution, and thus a wiser
use of energy in ICE, Nowadays most automotive anti-pollution
approaches (except CVCC and few others) are dealing with the
polilution after the combustion. This is leading te an increase
in waste of fuel. If we deal with the combustion itself, that
waste could not occur,

The majority of pollution problems could bhe solved in

this way (90) leading to an energy saving instead of a waste,

Use of Methanol-Gasoline Blends for ICE.

Here again we can summarize as follows the most imvpor-
tant aspects of methanol blends for the specific use of fuel-
ing internzl combustion engines, based on experiments carrie?
out recently in the USA. The notation suggested by Reed (23)
will be used: MNM-5 (for example) for 5% by volume methanol in
gasoline.

1~ Exhaust Emissions.
HC and CO:- Changes in the HC, CO and NOX emission levels
with methanol addition can be considered on the basis of the
change in equivalence ratio in the same way as for gasoline

(Figure 8}, As for example the M-5 fuel results in about
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10% increase in equivalince ratio @ relative to the base fuel
(Figure 9 —— the so-called "alcohol leaning effect"). The
Figure 8 can be used to show the influence of such an addition.
This leaning effect is explained by the fact that the
stoichiometric ratio of methanol is about half that of gas-
oline (Table XVII), around 50% in weight of its molecule being
formed by oxygen. In this way when methanol is added to gas-
oline and used in the original gasoline carburetor a lower
CO and HC concentration can be expected.
Experiments by Ninomyia et al. (61) in a laboratory sin-
gle cylinder engine with up to 25% methanol, maintaining the

Research Octane Number at 93, showed no influence of the per-

cent of methanol in CO levels., However several others tests
in vehicles indicated that CC levels do decrease with the in-
crease of methanol percentages as shown on Figure 10. It has
been reported (17) that these CO levels can even become rero
if M-30 is used, and a range of 14-72% for CO level reduction
has been claimed (27,30), depending on the year and make of
the car.

This wide range of variation can be explained by the
fact that the older cars, which usually operate on the base
fuel at an equivalence ratio of 0.9, would show substancial
decreases in CO levels. On the other hand a lean operating
car (as the new ones) which present an average eouivalence
ratio of 1.05 would show lesser effects on CO decrease,

Tests carried out by Wigeg (22) using M-15 on three rep-



Figure 8 - Relationship Between Equivalence
Ratio and Exhaust Emissions.

Relative emissions

100 =1 T T T T T

8a - NO -

50 |- 4

N
0 - -
/ €0

20 A

ol 1 1 1 L 1 L

ar 08 09 10 11 12 13
Rich o—— ———» Lean
Equivalence ratio

Source- (28)

Figure 9 - Chemical Leaning Produced By Addition

Of Methanol To Gasoline.

11

.O.

t /EQUIVALENCE RATIO, ¢!
(=]
w

o
o

o7

| l I | ] 1

10 20 30
PERCENT METHANOL

Source- (23)

€9



70

resentative V-8 vehicles, confirmed that behavior (Figure 11): .
a rich operating 1967 model (equivalence ratio of approximate-
ly 0.94) without any emission control obtained a 50% CO reduc-
tion, a 1973 model (equivalence ratio of approximately 1.06)
showed 40% CO reduction and a vrototype "1977" model somewhat
richer operating than the 1973 model, but employing an oxida-
tion catalyst, showed the same CO levels as for gasoline.

The CO levels for the latter were well below 3.4 grams per
mile, the most stringent standards proposed for this pollut-
ant.

In respect to HC emissions it has been predicted that
the amount of unburned hydrocarbons decreases in the automo-
bile exhaust with the addition of methanol (17). Those ex-
periments by Ninomiya et al. (61) showed no effect on the HC
emissions when methanol is added, except under fuel-rich con-
ditions when an increase in methanol concentration caused an
increase of unburned fuel. This was explained by the fact
that the presence of formaldehyde inhibits the combustion of
the hydrocarbons in the fuel.

Considering those F-15 tests by Wigg (28) with the three
representative cars, as shown in Figure 12, again good results
for HC levels were obtained for the 1967 car. The 1973 and
"1977" cars showed no difference in comparison to gasoline,

Here again, as more aldehydes may be formed with a meth-
anol blend use, these levels should be measured even though
they are not currently regulated by law. The need for that

is because aldehydes are about as vhotochemically reactive in



Figure 10 - CO Emissions with M-0/30.
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the atmosphere as olefius (the most reactive of HC emissions)
and formaldehyde is a known eye irritant. Results of M-15
on the three cars according to Figure 13 showed an increase
of aldehyde levels (up to 50%) for the 1967 and 1973 cars but

no difference for the "1977" car.

NOX:— Once more the high latent heat of vaporization of meth-
anol can play a big role: if a large portion of the methanol
is not vaporized, leaving droplets that will tend to vaporize
in the eylinders, a temperature decrease can be exvpected.
Methanol dissociation into CC + H2 y leading also to a tem-
perature drop at the end of compression, could occur too (23,
27). As NOX is greatly dependent on combustion temperatures
a NOx level decrease can be expected.

The mentioned tests conducted by Ninomiya et al. (61)
showed no difference in the NOX levels and in the ftemperature
of exhaust when upto 25% methanol was added. This may indi-
cate the occurrence of a good fuel vaporization in the car-
buretor and manifold and no change in the engine combustion
temperature in those tests.

On the other hand Reed and Lerner (27) experiments in-
dicated an exhaust temperature decrease of 1-9%. Wigg's rep-
resentative cars in Figure 14 indicated lower NOx emissions
for the 1973 and "1977" cars and a somewhat higher NOx level
for the 1967 car when M-15 was used in comparison with gasco-
line. Such results could not be expected on the basis of the

leaning effect of methanol using Figure 8 and were attributed
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to the cooling effect of methanol. Tests about changes in
spark timing as a way to decrease NOx levels for methanol

blends have not been reported,

As a conclusion of current emission experiments with
methanol blends we can say that no great improvements on
exhaust emissions can be expected with such a fuel in com-
parison with gasoline., However the pros and cons of this
.factor seem to balance and the final decision should be

based on other characteristics of the fuel.

2= Fuel Fconomy and Power OCutput.

Results of some fuel economy tests conducted by Reed
et al. (23) in a number of unmodified private cars (year
models 1966-1974) are shown on Figure 15 as a function of
methanol concentration. The conclusion was a fuel economy
increase of 5-13% on a volume basis,

Although two gallons of methanol would be recuired to
replace the energy of one gallon of gasoline, sometimes less
than one gallon of methanol was enough to replace the gallon
of gasoline that would be saved (Figure 16). In any event
the major economy will be on an energy basis, The better
efficiency can be seen, even if no modification were made
concerning compression ratios. In this way that improvement
was due just to the high latent heat of methanol yielding
better volumetric efficiency.

Fuel economy tests were also conducted by Wige (28,75)



Figure 15 - Fuel Economy
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with those three representative cars using M-15. The rela-
tionship betweén fuel economy and equivalence ratio for gas-
oline could be shown as in Figure 17, where optimum fuel eco-
nomy occurs at an equivalence ratio of 1.10. 1In such a way
a fair improvement in fuel savings on a volume basis would be
expected for the 1967 car (equivalence ratio of 0.94), a
small difference should be expected for the 1973 car (equiv-
alence ratio of 1.06) and an intermediate effect should occur
for the "1977" car as it operates in a slightly richer range
than the 1973 car. These were indeed found as shown in Table
XVIII, meaning that significant reductions in fuel consumpticn
with methanol blends would be expected only on an energy ba-
sis for vehicles operating at eguivalence ratios greater than
1.0. The leaning effect of methanol would cause a fuel eco-
nomy decrease on a volume basis for equivalence ratios great-
er than the unity. However for rich operating cars the eco-
nomy was up to 8% on an energy basis and 1% on a volume basis.

Other tests conducted by Ingamells and Lindguist (76)
using M-10 also showed no improvement on a volume basis, but
the improvement on an energy basis was up to 4.4% (Tables XIX
and XX).

As the M-10 has 5% less heat of combustion than the
base gasoline and the measured losses in fuel economy on a
volume basis were less than 5%, the improvement in thermal
efficiency with methanol is evident. The same occurred for
Wigg's tests with M-195.

Concerning power output, the time required to reach
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Car Make
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Car Size
Intermediate
Full
Intermediate
Full

Compact
Intermediate

Table XIX - Fuel Economy with M-O and M-10

on a Volume Basis.

Engine
V-8
V-8
V-8
V-8

6
V-8

Fuel Econony, mpg
M-10 Increase, %

M-0

14.82 -

12.99 12.44 -
14.99 14.87 b
10.84 10,41 -
120.37 19.95 -
15,49 14.71 -
14.94 14.46 -
( 5 cars)

Table XX - Fuel Economy with M-0 and ¥M-10
on an Energy Basis.,

Car Size
Intermediate
Full
Intermediate
Full

Compact
Intermediate

Engine
V-8
V-8
V-8
V-8

Fuel Economy, miles/10

M-0
130.0
113.9
131.5

9541
178.7
135.9

131.05

M~10 1Increase,
114.9 + 0.9
137.3 + 4.4
96.1 + 1.0
183,73 + 2.6
135.8 - 0.1
133.5 + 1.9

Source- (76)

7

6

8

c/
Fal

B

5



79

60 mph from O mph has decreased 7% (27). However the com-
pression ratio was the same as for gasoline, so that the
ability of methanol to "hoost" gasoline octane guality was
not fully explored.

Although methanol rates 106-120 octane number by the
Research Fethed and 88-92 by the Motor Method, when it is
added to gasoline its behavior is equivalent to a fuel of
130-135 octane number, This is due to its high blending
octane value (BCV) shown in Figure 18. This fact can be
explained (23%,27) by the methanol dissociation into GO + Hy,
causing a decrease in temperature after compression. The
presence of CO and H2 after ignition could increase the
burning velocity of the gasoline mixture when it ignites,
yielding better combustion and making leaner mixtures more
combustible,

0 - (14 -M)TF
BOV =

Where:

O ... observed octane number
F ... base octane of the fuel
M .., fraction of methanol in the blend

The use of supercharging is also recommended with al-
cohol fuels, since their cooling ability and high anti knock
values help the usual problems connected to the increase in
the inlet temperature. This usually increases the tendency

of a fuel to knock, Ricardo's racing fuels (43%) containing
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water in addition to alcohol, ensured large redi.ctions in
the charge temperature and high power output with super-

charging.

3- Phase Separation.

Cne of the most serious problems associated with the
use of methanol-gasoline mixtures is the phase separation
guestion, i.e.,, fuel stability. Methanol and water can bhe
mixed in all proportions but the mutual solubility of gaso-
line and methanol is lower. In this way an homogenous trans-
parent mixture of gasoline and methanol can easily separate
into two layers with water addition or decrease in temvera -
ture.

The reason for this low gasoline-methanol solubility
is methanol's polar character, explaining why its solubility
in non-polar gasoline is limited., This solubility would be
greater in fuels with higher conéentrations of aromatic
hydrocarbons, but for typical gasolines the maximum blending
concentration is about 15%, i.e., M-15, for anhydrous condi-
tions. At 32°F (0°C) even less than 10% could be the maxi-
mum for some gasolines, despite the fact that some additives
like the volatile constituents added to gasoline in winter
increases the solubility.

However the major problem is concerned to water ad-
dition which exists inside the tank and fuel lines of the
vehicle,

Yhen the air temperatiure in the tank becomes lower,
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water drops can be produced from the moist air and a water
layer forms in the botton of the tank. As gasoline dissol-~
ves only about 0.01% of water, the only problem related to
this fact is some corrosion or stoppage when running with
almost empty tank, if using 100% gasoline, BRBut as }M-10
will dissolve ten times as much water, proprietary gas-tank
drying agents generally contain methanol. However if the
solubility limit is exceeded, which can easily occur with
moderate quantities of water and with high-percentages of
methanol in gasoline, the alcohol will separate into the
water phase and settle to the botton of the tank. This
will require the use of a different AF , or driveability
troubles may occur.

In this way Reed (23) suggested the use of M-5 from
the first tank full, or the addition of some additives to
increase solubility when using methanol blends for the first
time or under low temperatures conditions.

Phase separation problems could be diminished by ad-
dition of substances like isopropanol and tertiary bdbutyl
alcohol since for example, at 70°F (21°C) the mixture of
5% t~b-alcohol, 15% methanol and 80% gasoline tolerates
4000 ppm water while a 15% methanol, 85% gasoline blend
tolerates only 1500 ppm water. Also a =small zmount of die-
thyl ether, butanol, acetone or cyclo hexanol decreases the
separation temperature of the water layer to reduce the ef-

fect caused by the water. Some of these compounds are
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too expensive to use as an additive to gasoline. More than
150 other additives have been tested without great success.

The effect of temperature on anhydrous methanol-gaso-
line blends is shown in Figure 19. The higher alcohol mix -
ture, the so-called methyl-fuel as mentioned in Chapter IV
page 29, presents much better solubility characteristics.
Even with addition of water its behavior is really better
than that of methanol as shown in Figure 20 where a mixture
of 10% methyl-fuel can dissolve ten times more water than a
mixture of 10% methanol.

Of course this is not an impossible problem to solve
but this particular aspect shows more need of improvement.

Several ideas, like using drier filters in the venting
of fuel tanks and carturetor bowls, can minimize moist air
intrusion but will cause obviously higher costs.

Undoubtely the best solution is to feed the cylinders
with two separate injections systems, resulting in no pro-
blems concerning solubility, and then ¥-80 could be used
with any water level desired. As was briefly said in pre-
vious pages the fuel injection system prices are getting lo-
wer and with large production and the need for new fuels this

idea may be a really useful one (17, 23, 28, 30,75).

4~ Vapor Lock

Methanol is less volatile than gasoline but a mixture
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Figure 20 - Water Solubility and Separation
with Methyl-Blend Fuel.
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of methanol and gasoline turns out to be more volatile than
either of its constituents. Volatility is related to star-
ting and vépor lock characteristics and is usually graded
by a distillation curve (% of evaporated vs. temperature)
and the Reid vapor pressure (pressure reading at a given
temperature in a special device after agitation), These
tests follow specific procedures: ASTM D 86 and ASTM D

323 respectively.

For good starting it is necessary to have a minimum
quantity of evaporated fuel in order to provide an ignita-
ble mixture, i.e., more volatile fuels would present better
startability. However a too volatile fuel would cause hot
start problems and vapor lock due to fuel boiling in the
fuel line or in the fuel pump inlet, limiting the flow to
the carburetor.

In such a way there should be a compromise between
starting and vapor lock characteristics of a given fuel ba-
sed on distillation curves and RVP., Fortunately most vapor
lock problems occur in summer while most starting problems
occur in winter. Thus, if different volatility blends were
used specifically for use in each season, as is usually done
for normal gasoclines, that problem can be minimized.

Innumerous attempts have been made since the early

days in order to define a precise relationship between data

from laboratory tests and the actual use in the vehicle.
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More details about this subject are presented on Chapter
VI, but we can say that nowadays a vapor lock index (VLI)
seems to reasonably correlate the actual and the laboratory

characteristiecs concerning vapor lock tendencies:
VLI = RVP + 0.13% distilled at 158°F (70°C)

Thus the higher the VLI the greater the high tempera-
ture driveability problems.

If methanol is added to a typical gasoline, a 2.5 psi
increase in RVP and a 22°F decrease in the 10% point of the
distillation curve would occcur. This is followed by the
fact that vapor lock would occur at 15-20°F lower ambient
temperatures relative to the base gasoline. In such a way
if methanol is'added to gasoline without regard to volati-
lity, vapor lock problems would be encountered. However if
the mixture were done ocn a less volatile gasoline, no pro-
blems at all would be encountered concerning vapor lock.

On the other hand the cold starting problems should be re-
viewed.

Tests conducted by Wigg and Lunt (75) on 4 different
fuels with matched VLI, matched RVP or no matching at all,
indicated aceleration vapor lock troubles, i.e., hesitations
or bucking which resulted in at least 25% longer accelerati-
on times, or stalling during accelerations.

On the other hand Reed (30) has not noticed any vapor
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lock problems on his tests.

In order to eliminate that difficulty completely, the
solution of'feeding separately each fuel by two injection
systems would be the best one.

Some tests with ethanol blends in the 250 CID Chevro-
let engine indicated that the use of an electric fuel pump
(not as close to the engine as the_original pump) would
solve the problem, even under high ambient temperatures.
However for M-40, currents of 40 microamperes have been me-
sured between the fuel pump and the gas tank leading to cases
where a new fuel tank could be effectively stripped of the
terneplate coating to the liguid level of the blend and se-
vere corrosion develop in the exposed sheet metal., This
would not occur when straight gasoline is used as it is an
effective isulator. Thus, leakage current from the fuel
pump's commutator to the ground fuel tank is not a preoblem
for gasoline (76). In the methanol blend case an insulation
of the tank may solve this electric pump problem if high con-
centrations of methanol are desired.

In this way vapor lock may be ancther serious problem
only if methanol would be added in high concentrations to
gacoline without any modification on the base gasoline or
in the engine (such as the fuel pump).

In this way the best solution would be to prepare a
less volatile base at the refinery, suited for later addi-

tion of methanol, by omitting light blending stocks. How-
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ever markets should be found for these light stocks to avoid

an inefficlent petroleum usage.

5- Carburetion and Driveability.

As it was pointed out a few pages before, new cars pre-
sent leanex> operating carburetors to give minimum exhaust
emissions with a still reasonable driveability. With the ad-
dition of methanol its leaning effect may lead to stalling,
to hesitation on opening the throttle and to surge under some
conditions. An unleaded gasoline and a M-10 on the same base
gasoline were tested by Ingamells and Lindquist (76) in 1971
cars with six different drivers. Every car showed 2z higher
driveability demerit level for M-10 in comparison with the
base gasoline, although driveability wzs still accevptable in
two cars. This indicates that the air-fuel ratio (LF) should
be modified in the newer cars to compensate for the leaning
effect of methanol: an enrichment of about 6% under all op-
erating conditions seems enough to provide good driveability
without considerable engine modifications. A carburetor tune
up would be enough.

Other tests conducted by Wigg (28) on M-15 using the
mentioned 1967, 1973 and "1977" cars, indicated that the 1967
richer car showed no driveability problems at any time. The
leaner operating 1973 and "1977" cars did experience stalling,
hesitation and backfire during the first few minutes of oper-

ation from a cold start for the same leaning reason, If the
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carburetor "were provided with a richer fuel-air mixture dur
ing start-up one would expect the performance problems asso-
ciated with cold start to be reduced.”

This enrichment in new cars could lead to an increase
in emissions but as some unburned fuel emissions were attri-
buted to misfires due to excess lean mixtures (76) maybe the
new levels would be still comparable to the base gasoline,

On the other hand these tests conducted by Reed and
Lerner (23,27) showed no problems concerning driveability even
with 1974 cars when using up to M-20. Some hesitation was
noted for }M-30 and [M-50 under idling conditions due to lean
misfire even with a rich operating 1969 car. It was also ob-
served that a 1971 Ford ceased to show "Diesel" operation
(continue to run after the ignition is turned off), when M-5

or more were used.

As a conclusion of the most important aspects of usine
methanol-gasoline blends for ICE based on recent experiments
carried out in the USA, we can say that the blends show less
advantage than straight methanol. This would be the caszse if
the idea of no modifications at all on engines is to be ap-
plied, These aspects are mostly related to "degree of cus-
tomer satisfaction" as mentioned by Wigeg (28), as driveabil-
ity problems may occur for newer cars if a modification of
the carburetor is not done. However, the price of this "new"
fuel could provide compensation, and if methanol really helps

to diminish the dependency on foreign oil the user might tol-
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erate few driveability problems. In any event, it would be
good to recall that these operating problems were not noticed
by some researchers.,

Anyway the use of these blends may cause such problems

but since methanol is not available yet to be used without
gasoline, it might be a solution for a transition period.

However, to assure the same levels of driveability as
provided by gasoline and with no problems of fuel stability
and vapor lock, from using cheaper fuel mixture of higher
methanol percentages, the idea of feeding methanol separately
is undoubtely a brilliant one. And as the cost of fuel in-
Jection systems is going down even for low production, it
may be the best solution of all for the transportation energ
problem.

The gasoline could be metered by conventional carbure-
tors, and methanol could be injected., After some decades
with gradual methanol percentages increase, a 100% methyl
fuel could be used and the carburetors abandoned. In this
case it will be necessary to have two fuel tanks. The in-
crease of volumetric efficiency due to the cooling cof the air
provided by methancl would not be so evident if direct in-
Jection would be used.

The other advantages and disadvantages of methanol use,
such as crankcase o0il dilution, solvent power and corrosion,
are similar to those resulting from use of straight methanol.
Vapor lock and starting characteristics are not similar as
volatility is completely different for blends and straight

methanol.



VI~ STARTABILITY

One of the most important properties of a fuel is the
ease with which it will enable a cold engine to start.This
is a common parameter for the average car driver to judge
the gasoline (or whatever fuel) he is using (91); parti-

" culary on cold early mornings or when he is late for any
schedule or even during an emergency.

Starting a cold engine on any fuel may be régarded
as consisting of two stages (92):

1) eranking the engine for a few revolutions
by external devices till the first expiosion.

?2) keeping the engine running after this by
itself in order to reach its operating temperature.

The first and most important stage representing the
readiness which a fuel will fire in a given engine is nor-
mally referred to as '"ease of starting".

The second stage, usually referred to as the "warming-
up period", ends at the moment that a wide open throttle
would not cause any backfire or stall., It essentially shows
the ease of acceleration of the fuel in a specified engine
under the worst temperature conditions.

"Ease of Starting" depends upon many factors besides
the fuel and temperature such as 1he several physical and
mechanical variables involved in an Internal Combustion En-

&ine. Some of these are bearing play, the relative tight-

O
—



ness of the piston within the cylinder, the viscosity of the
lubricating oil and the condition of the ignition system,
battery and- starting motor.

Since we are concerned with the fuel itself we will as-
sume all other factors have been eliminated apart from temper
ature, Thus the engine and battery will be assumed to be in
perfeect order, the spark plug and carburetor properly adjust-
ed and the lubricating oil of suitable viscosity and condition.

Experimental tests back in 1925 (81) established that
startability for a given engine, fuel and temperature depends
upon the actual number of engine revolutions and not upon its
speed, provided the same air-fuel ratio is supplied by the
carburetor in the speed range used. This is due to the fact
that initially the induction system is filled with air alone,
causing a dilution of the "convenient mixture" supplied ty
the carburetor (91). Since this dilution decreases with suc-
ceeding revolutions, regardless of cranking speed, it is ex-
pected that the number of revolutions required to obtain an
explosive mixture in the cylinder would be independent of the
speed, if the air-fuel ratio is constant.

Then after the first e¥plosion, if the conditions are
favorable for a reasonable warming-up, the engine could reach
its idle velocity and complete the warm-up period properly.

The number of revolutions considered to indicate a
good cold start is not fixed., However, Obert (93) assumed

less than 10 turns as a good start.
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The Figure 21 was obtained (91) for several fuels (non
alcohol) and various temperatures, showing how that "convi
nient" mixture performs. The abcissa, air-fuel ratio (AF)

given by the carburetor, is defined as follows:

mass air

AF

mass fuel

When the fuel is liquid the air-vapor ratio (AV) can
be more important than AF (60), particularly from the start-

ing ability point of view.

mass air AF x 100

mass vapor percent fuel vaporized

AV

This fact was verified (91) when no practical differ-
ence in the necessary number of revolutions to start was ob-
served, whether one or all spark plugs of the engine being
tested were connected to the ignition coil, It clearly in-
dicates that the distribution of the mixture under starting
conditions is extremely uniform, as would be the case if
only the vapor phase were effective in starting the engine.-
In order to confirm this statement a collector jar placed
between the carburetor and manifold to collect the unvapor-
ized fuel made no perceptible difference during a cold start.

For gasoline-powered vehicles 60% vaporization in the

manifold at wide open throttle (WOT) is assumed optimum for



Figure 21 - Startability Diagram
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acceptable distribution and good power (60), but for methanol
(not blended with gasoline) this situation may be significant
ly less than 60% (43).

To enable an engine to start with any fuel, a suffi-
cient amount must be converted into vapor to produce a "con-
venient mixture", i.e., an explosive mixture within the cyl-
inders. At low temperatures only a comparatively small
amount of fuel will vaporize under carburation conditions
and no heat due to combustion of the fuel is available to
assist in its vaporization. This is the reason for the very
rich air-fuel mixture at the carburetor in order to provide
an ignitable air-vapor mixture at the spark plug. Depend-
ing upon the fuel properties, an AF of 1:1 at the carburetor
is necessary to obtain an AV of 10:1 at the spark plug on a
weight/weight basis,

The fuel property called Volatility shows this ability
to pass from the ligquid to the vapor state. Volatility of a
given fuel is usually determined from its distillation curve,
vapor pressure, surface tension and heat of vaporization.

The first two parameters are normally the most imbortant ones.
Thus, in the next pages, we will see in brief what is commonly

understocd by them,

Distillation Curves.

A characteristic of every pure liquid is its boiling
point. Thus pure water, irrespective of its source will al-

ways boil at 212°F (100°C) as methanol will at 149°F (65°2)



96

under standard conditions. The boiling point is indeed one
means of identifying a pure substance.

When two liquids are mixed their respective boiling
points are obscured and a boiling range is obtained. Mix-
tures of some liquids give boiling range curves that vary
continuously from the boiling point of one to that of the
other, CQther mixtures will boil at a fixed temperature like
a pure substance, water and ethanol mixtures being an exam-
ple. Such mixtures are known as azeotropes, and it is some-
times hard to distinguish between an azeotrope and a pure
substance.

Complex mixtures such as petroleum yield on distilla-
tion 2 smoothly-flowing curve from the lowest temperature
at which the distillate can be collected to the highest tem-
perature at which products will distill,

Generally speaking such curves can be determined by
heating the fuel in a special device and consecutively remov -
ing the fractions that boil away within a definite tempera-
ture range.

This distillation range depends upon the method of de-
termination (43). 1In order to avoid confusion, the standard
method, ASTM D86-XX, was defined to which most of the petro-
leum and related industries adhere. "XX" is a notation mean-
ing the year of the latest modification or revision, e.g.,

DB6-67 of 1967 revision (94).
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Based on gasoline some points of the normal distil-
lation curve are usually taken as parameters of volatility
of the fuei. A typical graph is presented in Figure 22
and the points defining ranges of the curve which influ-
ence performance features are indicated.

Similar interpretations are encountered such as
some Canadian gasoline requirements (96) based on the
10%, 50% and 90% points and in a Russian reference (97):

1) The boil-away point of 10% describing the
starting properties of the fuel.

2) The 50% point showing how the gasoline is
adapted to a change in engine duty —
transition from low to full load without
drops in power and misfiring in engine
operation.

3) The 90% point delimiting the working fraction
— bulk of fuel which boils away between 10%
and 90%, ensuring the formation of the mixture
in a warmed-up engine.

4) The end of boiling away, characterizing the
poorly evaporating fractions of the gasoline
and their influence on the wear of elements
in the piston group.

Sometimes the temperature at the beginning of distilla-
tion is also rated for some grades of petrol. Very light frac-

tions are not desirable in gasoline as despite yielding a
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Temperature,

Figure 22 - A Distillation Curve for
a Typical Gasoline.
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better start, they may evaporate in the fuel pipe causing
vapor lock.

Based upon normal gasolines an empirical relationship
between startability and the 10% evaporation temperature
has been obtained (43) when the fuel is distilled by the
standard ASTM method; in order to obtain a start this

temperature should be less than a figure expressed by:
(125 + 5/4(air temperature)) °F

The Figure 23 shows the relation between number
of revolutions to start and the 10% evaporated point
at 10°F air temperature.

Therefore, it is generally considered that front end
volatility is the most important from the point of view
of engine performance. The term "front end volatility"
used here is the level of the front end of the ASTM dis-
tillation curve,. namely up to one third evaporated.

Other attempts included even the 10% point slope
(98) but were criticized because of the argument that the
ASTM distillation test may be far out of date nowadays
(99).

Other processes to anticipate the behavior of the
fuel in such situations have appeared, such as the ASTM

distillation test, which despite being well-accepted is
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run under different conditions than those of the actual
engine manifold. Test apparatus were devised to simulate
engine conditions such as the process called Equilibrium
Air Distillation (EAD) (93) and many others (91).

Thus,additives such as alcohol affect the distillations
curves and startability, but that relationship cannot be
applied since it was obtained from normal gasolines(43),
No comparable attempts have been made for methanol such
as to find a relation between startability and the 10%
evaporated points.

In order to see how the addition of alcohols to gas-
oline affects the distillation curve, also called fraction-
nal distillation curve, some of them are given in Figures
24 and 25.

Observing these curves we conclude that when a me-
thanol or ethanol-containing fuel is distilled a conside-
rable gquantity of material is found to boil at low tempe-
ratures.

The characteristic "alcohol flat" may also be seen.
This flat is due to formation of a succession of low-bei -
ling azeotropes between the alcohol and a number of the
lower hydrocarbons present in the gasoline (46). These
constant boiling-point mixtures have vapor pressures
(see next pages) usually greater than either two consti-

tuents and thus boil at a lower temperature than either,



101

Particulary we can see from the 10% ethanol curve (II) that
the proportion of material boiling over at 140°F (60°C) has
increased from 6% to 10% in comparison with the 0% ethanol
curve (I), although pure ethyl-alcohol boils at 172°F
(78°C). Data concerning azeotropes of methanol and hydro-
carbons are given at Table XXI.

Some considerations about the future of gasoline (66)
predict that significant distillation range mogifications
——- not related with alcohol additions --- cannot be tole-
rated with the present foreseable energy supply, but the
90% point declining to approximately 300°F (150°C) from
the present 33%0°F (165°C). However it is reported, in
the same reference, that in a separate development XK.J.
French and J.J.Tazuma have combined alcohol with gasoline
to achieve brilliant results. They claim that the most
successful mix is a blend of 25% t-butyl alcohol, 3%

water and 72% gasoline.

Vapor Pressure

All substance, liquid or solid presents a characteris-
tic vapor pressure at any given temperature, representing
its tendency to escape to the gas phase.

Fuel vapor pressure is closely related to its starta-
bility, governing its ability to form eacily inflamable

air-vapor mixtures, its tendency to vapor lock and the
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Figure 23 - Effect of the 10 Percent ASTM
Temperature on Starting Effort.
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Figure 24 - Effect of Methanol on Fuel
Distillation Characteristics.
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Table XXI - Constant Boiling-Point Mixtures of
Methanol and Hydrocarbons.

Substances in the Mixture C

A

Methanol
Methanol
Methanol
Methanol
Methanol
Methanol

B

Isopentane
Trimethyl-ethylene
n-Hexane

Benzene
Cyclohexane
n-Heptane

Boiling Points,

A

64.7
64,7
64.7
64,7
64.7
64.7

B

?709
57.2
69.0
80,2
80.8
98.5

C

2445
31 .8
50.0
58.3
54.2
60.5

% by Weight

9% of Methanol
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Figure 25 - ASTM Distillation Curves for
Gasoline-Ethanol Mixtures.
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extent to which the loss of volatile fractions might be anti
cipated on storage.

Vapor pressure, associated with V/L ratio (volume of
vapor V per unit volume of liquid L flowing through the
fuel system) is more related (98) to vapor lock than star-
ting ability.

A vapor lock index (VLI) is now used to indicate the
vapor lock tendency of a given fuel, based on both vapor

pressure and distillation curve,

VLI = RVP + 0.13% distilled 2 158°F (70°0C)

when RVP ... Reid vapor pressure

The vapor pressures of pure substances can be deter-
mined with great accuracy and are tabulated as functions of
temperature as showed in Table XXII or given by an empirical

equation such as:

log p = A + B/T + C/T2
where: P ... Vapor pressure

T ... temperature
A,B,C ... particular values for each substance

Complex mixtures, such as motor spirits, do not require
the "tedious academic methods" (43) because "no great degree

of exactness is necessary for the startability purpose".
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The standardized method devised by Reid and given in detail
in ASTM D323-XX, followed by the petroleum industry, is ba-
sed on this assumption., It consists in agitating a given
volume of the fuel with 4 times its volume of air within a
closed bomb maintained at 100°F (37.8°C), and the maximum
pressure attained, This pressure is the result of the vari-
ous pressures of the spirit components, the enclosed air and
water,

The well-accepted standard Reid test procedure is run
with a fixed air to fuel ratio (AF), the air being complete-
ly saturated with fuel vapor at the test temperature. Hence,
a diverse condition of an actuazal cold induction pipe. Some
attempts, like the process by which Verdier and Hure (43)
vaporized the fuel in considerably excess air, were done to
get closer to the real condition,

The vapor pressure of z petroleum fraction is aproxima-
tely the weighted average of its components, with small per-
centages of the more volatile hydrocarbons affeéting the
final vapor pressure considerably (43).

There is considerable variation in opinion (66) consi-
dering the control of this Reid vapor pressure (RVP). Cali -
fornia has legislated a maximum so-called RVP limit of 9
psi in summer and New York City a limit of 7 psi but wil -
ling to settle for 9 psi on a-variance basis. When butanes
are in short supply it may be necessary to reduce RVP lea-

ding to poor vehicle startability and warm-up characteristics.
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The effect of methanol on gasoline RVP can better be
seen in Figure 26 where adding as little as ?% methanol gi-
ves a 3 psi increase in RVP although pure methanol is much

less volatile than gasoline,



Figure 26
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- Effect of Methanol on Gasoline
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Table XXII - Vapor Pressures of Some Fuels,

Temperature, °F

Subsiance -40 [ -W T 2a T - ] T W [T 3 |73 T 40 [ s [ & 1 70 L s T 9 T
Vapor P'reysure, paia
T

Methyl aleohol........... 0.025 | 0.0458 | 0075 | 012 018 0.25 1036 | 0.54 0.75 ] 1.03 | 1.41 1.94 2.64 | 3.47 | 4.55
Ethyl alcohol. ... .. 0.012 | 0.022 | 0.039 | 0.04 00% [0.15 ] 0.21 0.30 | 044 | 0,62 0.88 1.23 | 1.68 | 2,25
Propyl alcohol 0.004 | 0.02 }0.03 ! 0.06 010 ] 0.16 | 0.23 0.31 0.42 | 0.60 | 0.89
Butyl alcohol............, 0004 | 0.02 ] 0.03 | 0.05 0.07 0.14 | 0.21 10.33
Benzene ..., 0.022 | 0.035 | 0.064 | 0.11 0.18 | 0.29 | 0.44 0.64 | 0B | 1.18 1.57 2.04 { 2,63 | 3.29
2-Methyl butane 0.61 0.87 1.30 1.66 2.25 290 | 3.70 | 4.70 594 | 7.55 | 949 [11.75 | 1420
2-3-Dimethyl butane .. ... Q.12 0.20 0.30 0.41 0.58 0.79 [1.06 | 1.40 1.85 1 2.42 | 3.12 3.87 4.92 7.40
Isooctane ..., 0.01 0.02 0.04 0.00 0085 | 0.12 | 0.16 { 0.23 0.32 |, G.43 | 0.58 0.78 (103 1.72

Source—- (92)



VIi- STARTABILITY OF METHAKOL BLE..DS

Under equilibrium conditions the air-vapor ratio (&V)

can he written as:

(p"‘Pf)Na

pf Kf

where:
fuel vapor pressure at equilibrium

temperature

P ... manifold pressure

Mf ... molecular weight of fuel
M_ ... molecular weight of air

Using vapor pressures of iso-octane and methanol for

representatives Pp We can generate Table XXIII,

Table XXIII - Equilibrium AV and Percentage of Fuel
Vaporized versus Temperature,
(p=14.7 psia, WQT)

Temperature (°F) 0 20 30 40 50 60 70 R0
AV Iso-octane 43,0 272.8 15.9 11.4 8.4 6.2 _— -
Iso-octane at AF=14, % 32.0 61.0 88.0 122 - -

AV Fethanol 72.8 36,0 23,6 16.8 12,0 8.5 5.9 4.1

Methanol at AF=6.4, % 8.8 17.2 7.1 38,0 53,3 75.0 107 --

Source- (60)
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From experimental tests it has been found that combus-
tion may occcur for standard gasoline in mixtures varying from
8:1 to 20:1 AV, with the 13:1 AV value being optimum for
starting (9%). Based on methanol tests, run with other ob-
jectives, one can assume that the best starting for methanol
will be 4.5:1 AV (60).

According to Table XXIIT one can see that these values
cannot be reached under equilidbrium conditions until appro-
ximately 35°F (2°C) for isooctane and 77°F (25°C) for metha-
nol, Thus some improvements have to be made to enable the
engine to start with these fuels at low temperatures.

Actually gasoline does not contain only isocctane, dut
many more components not exactly in equilibrium in the mani -
fold as assumed. For use in colder climates it contains more
of the most volatile components to give an adeaquate AV at low
temperatures (60).

Startability tests on alcohol blends often showed dif -
ferent results, not always as good as expected, when analy-
sing the distillation curves and vapor pressures.

Pleeth (43) conducted engine tests on a Morris 1?2 HP,

4 cylinder engine at 22°F (0°C) where low volatility gaso-
line gave a start within 20 revolutions at 2:1 AF. 1Increa-
sing the volatility to that of a winter-grade gasoline

(20% casinghead) improved the startability so that a mix-
ture ratio of even 4:1 permitted a start in 20 revolutions.

viith 10% ethanol added 1o thé'basjc gasoline gtartability
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improved so that with a mixture of 2:1 only 15 revolutions
were required, the same happening for 20% ethanol.

With 10% casing head added to this 10% ethanol mixture
only 10 revolutions were needed and with 10% benzole on this
10% ethanol-10% casinghead mixture even better results were
obtained.

Nash (46) reported that blended fuels up to 30% of al
cohol exhibit very good engine starting characteristics and
the high latent heat of the alcohol does not appear to cause
any trouble at starting; but some effort had to be made du-
ring the warm-up period to keep the engine running. He
pointed out that this problem was particulary noticeable with
methanol blends.

Bowes (43) stated that a 10% ethanol addition impro-
ved the startability of gasoline at temperatures down to 0°F
(-17.8%C).

Below this temperature the reverse effect would aprly.
This critical temperature would increase with higher percen
tages of alcohol until a 40% blend showed difficulty to
start at temperatures below 60°F (15.6°C) (43).

Bridgeman (100) concluded from the use of gasoline and
the same gasolines with 10% ethanol, that startability was
easier with the blends at temperatures above OOF, but more
difficult than gasoline below -100F, with 1little difference

in the intermediate range, even if both fuels have the same
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vapor-locking tendency. Greater difficulties were encounte-
red with 20% or 40% ethanol blends.

Christensen et. al. (50) related that blends containing
up to 25% alcohol give as easy or easier starting than gaso -
line alone., They also reported that it is possible, by pro -
perly selection of the gasoline base, to prepare alcohol
blends of greater percentages without sacrificing easy star -
ting; even shorter warm-up periods than for gasoline were
claimed.

On the other hand, Egloff and Morrel (53) reported
harder starting when using alcohol-gasoline blends, with
both cold and warm engines. Brame and King (47) also re-
ported that 25% alcohol-blends caused difficulty in starting,
but they did not specify the temperature range.

Other results concerning startability of alcohol blends
were also reported by Formanek, Hoffert, Claxton, Eisinger,
Cragoe, etc...

Most recently, 4.M. Burns et.al. (65) reported that
addition of alcohol to gasoline increases the tendency for
hard starting in hot weather operation.

E.E.Wigg (28) carried out experiments concerning 15%
mcthanol blends with RVP corrected to keen the same wvalue
of the basic gasoline., This required removing all the bu -
tane and half the pentanes from the base blend before adding

methanol., Three types of cars --- 1867, 1973 and "1977",
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based on type of carburetion and anti-pollution devices, were
used, His objectives were fuel economy, pollution and per -
formance., Wigg reported that the older, rich-operating car
of 1967 showed no problems at any time, while the leaner-ope-
rating 1973 and "1977" cars did experience stalling, hesita -
tions and backfires during the first few minutes of operati -
on from a cold start., It was pointed out that if a richer

AF¥ was provided during start-up "one would expect the perfor -
mance problems associated with cold start to be reduced".

Reed (30) claims cold starting improvements with 10%
methanol in an article written by P.C.Hood in "The National
Observer" of Pebruary/15/1975.

Reed in another publication (23) also reported impro -
ved starting in a Toyota 1969 model. Another reference (76)
indicates that.ccld starting is not a problem with methanol-
gasoline blends containing up to 40% methanol.

In this way, we could expect an improvement in star-
tability when using methanol blended with gasoline, but
attention should be given to the vapor-lock problem due to
the increase in volatility. This could be adjusted at the
refinery and if markets were found for these light stocks
from gasoline, a good solution might be obtained for the
vapor-lock problem. Since vapor lock problems occur in
hot weather and startability problems occur in cold wea-

ther, a convenient value for volatility is likely to be
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encountered to compromise both questions. This would lead
to a summer and winter blendings, i.e., possibly different

alcohol percentages.



VIII- STARTABILITY OF PURE METHANCL,

Here again we could think about blending methanol
with some additive to improve cold starts.

Ingamells (76) found that the addition of volatile
gasoline components to the methanol would be impraticable
due to the very large quantities required: 10% butane or
20% isopentane.

Monier-wWilliams reported that starting an alcohol en
gine from cold is a "difficult matter", especially on metha
nol,unless special devices are employed. Of the devices enm
ployed by him, to overcome the starting difficulty when using
alcohol alone, the more important were:

1)} Heating of the carburetor and induction pipe
ﬁy means of a spirit lamp or flame.

2) Heating the jet locally by mechanical or
electrical means.

3) Starting the engine on gasoline and gradually
changing over to alcohol, involving a separate
gasoline tank and probably a more complex car-

buretor (45).

For whatever method, it is necessary to keep the mani-
fold warm while the engire is running to secure flexibility

under varying loads and quick acceleration.

Pl
¢t
)

Back in 1906 the United States Department of Agriculture

<
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(101) conducted a serie: of experiments at the Columbia Uni-
versity laboratories with commercial 94% grain alcohol as a
fuel in various types of internal combustion engines then in
extensive use, A 15 HP, 2-cylinder, 4-cycle Nash gasoline
engine was started with alcchol in the fuel chamber by inject
ing a few drops of gasoline into the air suction. After the
first explosion the engine would run perfectly on the alcohol.

However, the conclusions of the investigation gave start
ing and proper cardburetion (due to different stoichiometric
ratio) as the only difficulties likely to be encountered to
convert any gasclinre engine into alcohol fuel.

Some recent experiments with acetone (60), in an amount
equal to that of the methanol, injected into the fuel line at
the carburetor allowed easy starting, without choking, at 40-
SOOF ( 4—1000). However, with chokinz 2nd "not much more dif
ficulty" the engine would start without acetone at the same
temperature,

Aldeman et al. (60) has also installed an intake pre-
heater anéd an injection system to inject a small amount of
conmercial ether starting fluid into the intake manifold
prior to cranking. This has enabled starts below 20°F (-7°C)
and it was claimed that an 11 oz-ether can allowed 50 cold
starts. It was not necessary to use starting fluid above
50°F (10°C) or if the car had been run in the previous four
hours.,

On the other hand, ether atarting, based on Diesel en-

gine tests, has been reported (7) to be considered only in
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an emergency due to its inconvenience and possitility of in-
ternal damage to the engine.

Aldeman also suggests the use of fuel injection of
carburetion, addition of a volatile component to the fuel
and pre-vaporization with electric heating. |

Ingamells also found that starting is nearly impossible
at temperatures below 50°F (10°C) and even difficult at 70°F
(21°C). Using a 1971 Volvo automobile with fuel injection,
the same author claimed that no manifold heating was neces-
sary but the same problems with starting appeared again.

Even after tripling the fuel input for starting, using the
cold start valve of the Bosch injection system, "the engine
simply would not start below about SOOF“. Finally, the author
suggested that a different fuel be injected by the starting
system independently of the main system, once one is dealing
with fuel injection instead of usual carburetion, and conclud-
ed with "to sum up we feel that the major problem associsted
with the use of methanol as a motor fuel is starting."”

Mille and Harney (42) also suggested fuel injection, ad-
dition of volatile components and pre-vaporization by electrice
heating as possible solutions for the problem,

Thus, we could expect great problems in starting an en-
gine with pure methanol as a fuel, and the addition of addi-
tives seems impracticable due to the great quantities required,

One idea is to use additives only at starting when either

fuel injection or the carburetor is used. Electrie heating



and other Diesel starting systems like glow plugs (102)

could also be used.
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IX - TEST APPARATUS AND PRCCEDURE .

Previous Investigations.

Important tests on startability followed the request
for more information regarding the ease of engine starting
at the 1926 annual meeting of the American Petroleum Insti
tute. This request was just after the presentation of a
report on Fuel Characteristics and Engine Starting by Sligh
and Eisinger (103) which was then followed by several other

investigations by Brown (91,92), Bridgeman (48), Cragoe and
Eisinger again (104,105,106). But these investigations had
for their principal object the elucidation of a relation-
ship between ease of sterting and standard distillation tests
and, moreover, had been confined almost entirely to straight
gasoline,

In Eisinger's tests the standard updraft carburetor of
the engine employed was replaced by a single jet mounted ax-
ially in a pipe flanged at both ends and connected to the in
take manifold. A flat plate orifice was mounted on the upver
flange to serve as a throttle and another orifice was mounted
at the lower end of the pipe to serve as a choke, The jet
was supplied with fuel from a constant level float chamber
through flexible tubing. The flow of fuel to the jet was con
trolled by a quick-zcting valve located near the jet and the
rate of flow was altered by raising and lowering the float-
chamber, which was in turn connected to a burette for measur-

ing the fuel used. Eisinger's procedure consisted of driving
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the engine by a dynamometer at a constant speed, usually 200
rpm, with the fuel supply shut off. When engine conditions
had become constant fuel was turned on and the time required
to obtain an audible explosion was taken by a stop watch.
The fuel was shut off immediately and the total amount used
was determined. His results were firstly given in time-re-
quired-for-starting versus rate-of-fuel-flow-per-second
curves, but after a series of experiments it was found that
a single EAD-fuel-air-ratio versus number-of-revolutions-re
quired-to-start diagram was encugh to include all other vari
ables as "the time required to start varied with the fuel
used, the temperature, the mixture ratio supplied, the crank
ing speed, the type of engine and the 1like." (104). The fol
lowing equation for the curve was found to be revpresentative

of all the results:

Ta 2
log e
re N
where: N «+. Number of revolutions to start
T, e The EAD fuel-air ratio
EAD ... Equilibrium air distillation test
Te e The fuel-air ratio attained in en~

gine cylinders when firing begins.

EFisinger's conclusions were based entirely upon tests
made over a limited temperature range and with the special
set-up described adbove. However, Brown {(91) conducted in-

vestigations of the ease of atarting a cold engine when this
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was driven by the standard electric starter supvlied from
the standard battery and with the standard carburetor mount-
ed on the manifold instead of the special fuel system used
in other tests. 3Brown's results were presented in actual-
air-fuel-ratio-at-the-carburetor versus number-of-revolutions
to-start curves for each ambient temperature which could be
controlled as the tests were conducted in a cold room, The
rate of air-flow was measured by an orifice meter placed be-
fore two 5-gallon surge tanks in the zir-line to the carbu-
retor. The "actual-air-fuei-ratio-at-the-carbturetor" was
the quotient mass-rate of air-flow/mass-rate of fuel-flow.
The revolution counter was directly connected to the engine
and the total revolutions of the engine was recorded since
the engine continued to turn for a few moments after the
starter buttﬁn and ignition were turned off, In this way

it required extra care from the tester in order to record
the reading when the first explosion occured,

Cther works like the one conducted by Eoffert and
Claxton (107) in England were done to investigate ease of
starting with fuels others than gasoline or mixtures like
benzole-gasoline, Hoffert's tests were conducted with the
use of a special carburetor similar to Eisinger's but a
little bit more complex since the constant level was main-
tained without the use of a float chamber and small volumes
such as 0.5 cc were measured during the tests. The rate of

alr-flow was measured by an corifice-plate meter using a cy-
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lindrical tank for damping the pulsations due to the engi
ne, which was motored cver by means of its usual starting
motor operating on the flywheel. Hoffert's results were
presented in the same way as Brown's, except for the fact
that since the fuels did not present the same density, as
this varies with the proportion of the components in the
mixture (if the components have different densities), the
air-fuel ratio had been given in mass-of-air per volume-of-
fuel intead of the usual weight-per-weight basis. As the
size of the jet governs the volume of fuel supplied rather
than the weight, this idea of presenting the air-fuel ratio
in mass per volume was employed in this present werk also.
When the results are compared on this basis it is assumed
that the carburetor with a definite jet setting will suvpply
the same air-fuel ratio, in grams of air per cubic centime
ter of fuel, for example, irrespective of the nature of
the fuel. Actually, with different fuels, owing to dif-
ferences in their physical properties (specific gravity,
viscosity, surface tension, etc) the volume of liquid fuel
passed under otherwise identical conditions may vary some-~
what., But tests carried out by this author did not show
significant differences for 0-25% methanol-gasoline blends
in the 10-85°F range.

Anyway the idea of presenting the air-fuel ratios in
that manner (mass/volume) for mixtures is suitable since

even if the air-fuel ratio varies for a definite setting un
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der more precise instrumentation, if available, one would
see the results (e.g., number of revolutlons to start the
engine for a given mass/volume AF ratio for various fuels)
as the startability properties of such fuels for the same

carburetor setting.

Starting Test Zaguipment

The general arrangement of the test equipment is shown
diagramatically in Figure 27.
Engine: The engine used for the ease of starting tests at
KSU was an air-cooled, single-cylinder, 10 HP
Briggs & Stratton model 243434 with the follow-
ing specification:
bore covemiii 3 116 M
stroke cisewsnws 3 1A ®
Aispli sssinesa 23:94 ©ad.
HP teesssss 10,0 HP 2 3600 rpm
torque .s.cieae. 16,75 1b-ft @ 2400 rpm
idle speed .... 1000 rpm
starter speed . 660 rpm (12 volt supply)
Carburetor: The standard carburetor was maintained since a
wide range of air-fuel ratio could be easily at-
tained with it,.
Cold Box: A 2x2x4 ft Webber chamber was employed to obtain
a relatively wide range of temperatures for cold
starting.

Engine Cranking: The engine was provided with a standard
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gstarter and a 12-volt battery placed outside the
cold box to prevent temperature influence on the
battery. The starting switch was connected to 2

24—v01t solenoid which activates the starter.

Fuel Measurement: The fuel that was used was measured by a

burette (50 ml 20°C) connected to the fuel-line
outside the cold box. ZEnough tubing length was
provided to keep the fuel inside the cold box at

constant temperature,

Air Measurement: The amount of air that was supplied to

the carburetor was measured by a gas flowmeter
10-300 cubic feet/hour, manufactured by American
Meter Company, number 6400008, due to the required
compactness (it was not necessary to have surge
tanks as one can have an initial and final read-

ings rather than a reading "on the run".).

Instant of Starting: As it was discussed in Chapter VI the

Number of

instant of starting, i.e., ease of starting or
startability, is defined as the moment of the
first explosion, which was detected here by the
ear, In some Diesel engine test procedures, for
instance, this moment is verified by the change in
current consumption by the starter, but this was
not necessary for these tests.

Revolutions: The starting switch was arranged so
that on derression it simulteneously closed the

starting battery and ignition circuits and ener-
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gized the revolution counter working on the power
shaft by means of a magnetic relay. On releasing
the starting switch all three circuits were simul-
taneously broken allowing us to register the number
of revolutions to the first explosion even if the
engine continued to turn for few more revolutions
after the switch was turned off avoiding the prob-
lems encountered by Brown. As the counter required
a 24 volt supply an extra battery was employed.
This same battery was used a2lso to activate the
starter solenoid which also operates with 24 volt.
The complete circuit is shown schematically in

Figure 29,

Figure 29 - Starting Circuit
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Temperature Control: T:omperatures above 75°F were obtained
at ambient conditions being measured by means of a
Hg thermometer (ambient temperature) and a coprer-
constantan thermocouvle placed in the intake mani-
fold. Temperatures below 75°F were obtained by
testing the engine inside the cold box which was
provided with its own standard control and thermom
eter, but the thermocouple was used to check the

intake manifold temperature,.

FProcedure.

FPor each position of the calibrated needle in the main
jet the resultant air-fuel ratio was calculated from the ini
tial and final readings of the buretie and gés meter after
some 800 revelutions at 6€0 rpm (normal cranking sveed) with
the ignitien off (switch I). The results will be seen in the
next Chapter.

The starting tests were carried out by pushing the but
ton IV with switches I and III on, after resetting the count
er by means of switch II, until hearing the first exvlosion,
By releasing the button IV, right after this first explosicn,
the total number of revolutions to obtain the start was re-
gistered in the counter. The temperature reading at the ther
mecouple was recorded immediately before and after the test.
The same procedure wns repeated for each fuel and jet setting

under various temperatures. An average of eight readings
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were taken for each condition (jet =etting, fuel, tempera-
ture) and the range of results are indicated in the next
Chapter.

When changing mixtures the carburetor was wiped dry
by cranking the engine at high fuel-air ratio (e.g. 1:1)
until no fuel was coming out from the exhaust or being acu-
mulated in the manifold; afterwards the engine was cranked
up for about 20C0 revolutions with no fuel in the carburetor
(same procedure of Brown) and the float chamber was filled
up with the next fuel and the same procedure to dry the car-
buretor was repeated to insure that the tests would not be
influenced by the fuel used previously. The burette and
fuel-line were also cleaned by filling up the burette and
tubing with the next fuel after having emptied it of the
previous fuel. The same action was taken twice.

Enough time was allowed between tests for cooling the
engine down and replacing the fuel vapor in the manifold by
air --- about 30 minutes. All tests were made at fixed eclosged

throttle and with the same lubrificating o0il in the crankcase.



X~ EXPERIMENTAL RESULTS

Fuels

Following the procedure indicated in Chapter IX the
Startability Tests were conducted for M-0, M-5,M-10, V-15,
M-20, F-25 and M-100*. For these mixtures the base gasoline
was un-leaded regular (spring) and the methanol was of the
reagent kind (99.9% methyl alcohol).

The experimental resulis for blends and straight gaso
line showed that when the engine did not start in less than
12-14 revolutions it would not start at all for any jet set
ting, temperature or blend. One reason could be the fact
that the engine employed was provided with an updraft cardbu
retor and after these 12 revolutions too much fuel was accu
mulated in the‘intake tube (before carburetor) causing the
engine to "flood".

On the other hand,when using straight methanol the num
ber of revolutions to start reached easily 40 or more.This
was probably due to the wider flamability limits of methanol
in comparison to gasoline.

The minimum number of revolutions to start the engine
in the 10-85°F range was 2-3 for blends and straight gaso-
line and 3-4 for straight methanol. These values could de-=

pend also upon the particular tester.

*
Using Reed's notation (see Chapter V): M-¥XX for XX% by
volume methanol in gasoline.
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Since the values for the number of revolutions to start
varied around 2 or even more revolutions for each condition,
an average was taken for some 8 readings at the same condi-
tion. These mean values and the range of results can be
seen in Table XXIV for each engine situation (fuel, jet set
ting, temperature).

As indicated in Chapter IX the resultant air-fuel ra-
tio (mass/volume) was measured for each needle position,
fuel and temperature and plotted in Figure 30. As mentio-
ned before, the air-fuel ratio in mass/volume did not vary
for the fuels and temperature range used for these experi-

ments.

Data Presentation.

Keeping the same needle position and varying the ambi-
ent temperature, the number of reveolutions to obtain a stert
was measured (Table XXIV) and curves such as in Figures 31
and 32 (ambient temperature versus number of revolutions)
were obtained. This procedure was repeated for various jet
settings to see the influence of mixture strensth.

From these data the curves in Figures 33 and 34 (number
of revolutions versus air-fuel ratio) could be plotted to
present the results in the so-called "Startability Diapgram"
of a given fuel,

In order to compare the relative ease of starting for

various methanol blends, curves such as in Figure 35
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Table XX1V - Startability Experimental Results.
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(ambient temperature versus number of revolutio:.s for various
fuels) were plotted for the same jet setting. From Figure 34
one can easily notice that little difference concerning ease
of starting would be expected between methanol blends and the
base gasoline except for K-25, With this fuel the engine
would not start below 24°F while M-15 would require only 6
revolutions to start at the same needle position.

This bad behavior of M-25, and slightly less for N-20,
is explained if one recalls that at that temperature 25% meth-
anol in gasoline would easily turn to a 2?-phase mixture if
any appreciable moisture was encountered in the fuel-line,
Then, as methanol and water would accumulate at the bottom
of the float chamber, we would have after some time almost
pure methanol at the chamber, since its level would be in-
creasingly higher with continuous fuel flow. Since methanol
tends to be a hard-starting fuel in comparison with gasoline
for the same air-fuel ratio (Figure 34) that behavior is ex-
plained.

The phase separation problem is really a serious one
for methanol blends unless one happens to use methyl-fuel
(methanol plus higher alcohols) whose solubility character-
istics would be better (Chapter V). This problem was even
encountered with F-5 using reagent methanol as a component,
when the fuel was left overnight with the upper end of the
burette open to the ambient air. The next morning one could
easily see drops of methanol-water solution at the lower part

of the fuel-line tubing under low temverature conditions (300F).
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The ease of starting of this mixture was much worse than in
the previous day as we can see in Figure 35, VWhile 7 revo-
lutions were necessary to start the engine at 32°F with M-5
left overnight, the same 7 revolutions would be required to
start it at 2?°F with "dry" M-5.

From Figure 36 one can see how a straight methanol-
fueled engine is very hard to start as expected (Chapter VIII)
in comparison, for instance, with M-10, While a mixture of
4:1 (grams/cmB) would start an M-10 fueled engine at 60°F in
about 3 revolutions, this same Jjet setting would require
around 6,5 revolutions to start a straight methanol fueled
engine at the same 60°F. This comparison is not really fair
as the methanol stoichiometric ratio is roughly half of the
gasoline ratio. Thus, comparing each fuel (M-10 and M-100)
at their stoichiometric ratios, we can see that for N-10
(11:1 grams/cm3), about the same 6.5 revolutions were neces-
sary to start the engine at 60°F, i.e., same startability as
methanol (4:1 grams/cmB).

However for lower temperatures methanol startability
gets worse., It will not provide a start at all below 40°F,
even at 1:1 which is approximately the richest condition the
usual carburetor can provide. 1In order to compare it with
- M-10, we can see in Figure 3¢ that this fuel provides a start,
at 40°F and same setting, in less than 4 revolutions.

Therefore, it would be necessary to employ special de-

vices or additives at the moment of starting straight metha-

nol-fueled engines as pointed out in Chapter VIII, if one is



1473

using normal carburetors. VWhen using methanol wlends the
great improvement expected in startability was not veri-
fied, at least for the 10—85°F range; but no drawback was
encountered concerning starting qualities when phase sepa-

ration did not occur,



XI- CONCLUSICN

The Startability tests conducted in a single cylinder
engine confirmed the starting problems when using straight
methanol below 40°F: it simply would not start with usual
carburetor without additives. Thus, the special devices men
tioned in Chapter VIII would have to be employed.

For methanol blends the differences among gasoline and
blends for the 10-85°F temperature range were negligible for
practical use (less than 2 revolutions) except when phase
separation occured (M-20 up, or under excess moisture in the
fuel line).

Concerning the future use of straight methanol, or
blends with gasoline, the use of systems like Dresserator
(84, 85) and fuel injection seem to be the most promising
aspects to be studied, since these systems would help solve
starting, emissions, fuel economy, driveability and vhase
separation problems as mentioned in Chapter V (the latter in
the case of individual feed systems).

Individual feed systems would also provide the pos-
sibility of higher percentages of methanol in the blends,
regardless of moisture and temperature, and even the use of
methanol-water blends which promises great results concer-

ning energy use efficiency (see Chapter V).
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Scope and Method of Study: Problems concerning the starting
of a cold engine, when using straight methanol or gas-
oline-methanol blends as a fuel, have been discussed
lately as one advantage (or disadvantage) of the use
of methancl as a transportation fuel, Use of this al-
cohol as a fuel has recently become controversial due
to the so-called "Energy Crisis", but the important
aspects of its use as a fuel for internal combustion
engines remain obscure, the resulis varying from re-
searcher to researcher,

This study involves the basic reasons for using

this fuel and presents a survey about the'subject.
It also includes brief comments about the place of
the automobile in the present transportation system,
future automotive engines, other uses of methanol,
several sources to produce this alcchol and a review
of the most important a;pects concerning the use of
methanol to fuel the present internal combustion en-
gine (spark ignition).

The startability study was carried out by ob-



serving the numbe. of revolutions to start an engine,
under a given air-fuel ratio and temperature, using

several fuels and a special starting test apparatus,.

Findings and Conclusions: The startability tests confirmed
the expected hard-starting of straight methanol, when
using normal carburetion below 40°F (even at richest
conditions), but showed no substantial difference
between blends of 0-25% (by volume methanol in gaso-
line) for 10-85°F temperature range.

The review of most important references in this
study indicated that methanol as a fuel for transpor -
tation will have its place in the near future., The
reasons for that are its availability, physical
properties and its advantages of being a liquid fuel.
Another aspect which encourages further studies is
the fact that its properties would be enhanced if
fuel injection systems or new types of carburetors
(Jike the "Dresserator" —— which provides better

fuel vaporization) could be employed,
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