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Effects of Substitute Fuels on Automotive Engines

By Clarence 3. Bruce, Jessa T. Duck, and A. R. Pierce

Toeta were made to determine the operating chargctariatics of automative cogines with
respenat to ovlinder wear, sarbon deposits, life of aceessories, snd vapor foek. Fuelz cireu-
iating through standard t¥pe pumps for a pecicd eguivalent to 200,000 miles had oo visible
effect om pump diaphragme. Crlinder near with variona fusla was determined by an
optleal inatrument, the Me¥es woar gaga.  Wenr i determined from changes in lengihs
of indentations mede in cylinder walls with B precizely shaped diamond tool,  The wear
with aleah] waa about half that with Jeaded gasoline. Carbon deposits slso wers much
lower. There was no indication of dilntion of crankeass oil by &leshsl. The tempersturs
limits For operation without vapor Jook were eztablizhed for various hblends of aleahol with

ether and with acstone,

I. Introduction

During the early months of the war, tranaporta-
tion of essential pasoline supplies to our allies
became a serious problem. As enemy submarine
warfare became more and more aggressive, petro-
leum reserves in these countries dwindled, Opera-
tion of Butomotive equipment with substitute
fuels became commoen, However, equipment de-
signed for use with gasoline frequently required
modification before substitutes conld be sucecesa-
fully wsed, and many operational difficulties were
experienced.

In 1943 the National Bureau of Standards began
& comprehensive study of the problems involved
in the use of eubstitute motor fucls, This investi-
gation was carried out at the request of the Board
- of Economic Warfare (later the Foreign Economic
Administration) and ineluded studies of the follow-
ing special problems. (1} Effects of variations in
compression ratios, (2} knock ratings, {3) power
and fuel consymption with standard type auto-
motive engines, (4) engine teste of gaseous fucls,
{f) the effectz of mixture distribution on engine
performance, (&) starting characteristics at low
temperatures and at altitndes, (7) fuel-pump life,
cyhinder wear, and corrosion, and (8) vapor lock
with blends, The results of the first six studies
i1 to 6] listed above have been reported in the

1 Figures o igaekels Indiemle the libemiube relerénesa ot the otid of tbiy
RopeT,
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Journal of Research of the National Buresu of
Standards. This report is the last of the seriea
and includes ell phases of the work not covered by
the six earlier publications. The field to be
investigated 18 very large, and some parts of it
could not be completed in the time available,
Further study of the causes of cylinder wear and
methoeds of measuring it seem especially desirabla.
Thea test results support the widely accepted theory
that much eplinder wear is due to corrosion pceur-
ring in low-temperature operation. A brief sum-
mary of each of the preceding papers follows:

REiea Single cplinder engine leals of subsiitnie mtor
fuels.—Aingle-cyiinder engine testz of nonmhydroearbon
fuela and gasoline et fixed ootnpression ratio and at the
compression ratic for treee knock for each fuel show no
material differenes in perfortoanes other than those asao-
ciatedd with differetiees n heats of eombuation apd of
vaporization, Al of the noohydrocarbon fuels could be
ueed at compresgion ratios higher than was permissible with
gazoline, with corresponding inoresses in power and
thermal efficienoy.

RPi678 Knock rolings of gusoline subslifades.—Hnock
ratings of gasecus parafBos aod oleflos theough Cy and of
earibon monexide ware datermined by eurrent motor and
gviation test methods,  Auziliary apparatus aod modifios-
tions of tost engines neqcesasry to rate gases sre described.

Antiknock qualities of ethyl and normal butyl aleohal,
and acetone, both slone and in blends were determined by
current motor fuel reting procedures, Blanding chear-
acteriotios of these mmateriald with strelght-run gasolins
and naphthas were Investigated.

The teata indiested that blends containing up to 45-
percent diethyl ether in sleshol should give relatively
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knoek-free under econditiong ol speady
aperution.

REPagi The whilization of wonpetroleing Muels o ali-
modive enginen—A number of substitote fuels and blends
wisre fedbed o determing (heir relative efliclenelss e opers-
tion of common types of sogines,  The tests showed that
the maximmn power developed with aleahiol and with sorme
af the other fuels was slightly greater than with gasoling,
The speetie Moel comsumplion with the various facls was
approximately in ionverse proportion (o tho beat of eom-
bustion.  Annlysis showed fhoat the mixtorg disteibotion
waie lesa uniform with the substitute fuels than with
gnsaling,  Tests made with low-prool aleohals showed tliat
an hging enn b operntod on s blond ne low as T0-proal,
bt it i prdinarily impractiesl to vse s bleond mueh bolow
L-prood boenuse of tha eaecssive valumes reguinmd.

RPIG9E Engine tosd urith peodicer gos.—Beoel tosle with
a four-ovlinder statlonary combostion soging wore oo
using gasoling aod producer gas fromn olinreon] ns fueks.
The masimum power of an engine operating on prodieer
gas i abowd, 55 pereent of thel developed by the same
ungine whon gasoline |5 usod ok o fael.  Aboot 114 Lhs,
of eharponl is equivalent 1o 1 gallon of gesoline. Spork
siitting studies show that when operating on producer gas
the spark should be advadesd bivond phe setting for
i power with gasoline. :

REPrrre An analynis of the afects of fuel difeibudion on
etigine performance,—From an empirieal egoation Tased
of single eyvlinder eogine test data, and miating angine
powar o fuel conmimption, engiong perfarmsnen enrves are
dorived analytienly for typionl sxamples of poor disteibo-
tiom, Investignifon of the resalting bnformation shows
that the minimum spectfic Tuel consumpllon 15 8 antls-
fnetary eriterion of distribution quility,

REEET Cold-sbarting alailities of vardeus substitule fuels. —
Testa of varions nonhyvdroedrbon Toels in oo standured
eight-eylinder engine showed the starting abilities of some
ringle eonstituent fudls to b entber Hmdted, ot Pl adidi-
tion of snwmll poreontages of more volatile fosts lewered
thie mintmum sfarting tempernfure (o o very uwirked
g,

A limited nomber of tests under sltitude conditions also
shigwand n Further recuclion in minimmn starting tempers-
ture for sach of the fuals used.  This should eomponsss
to somi degreo for (e Jowdr nverage temparatures ggunlly
encountered at higher altitodes, so that for any onge nrea i
woaild be possible 1o obtain sslisfaetory staring with u
minimum number of Blend olungie

]'Jl-'l'rﬁ rinnnee

In the six papers previoushy submitted it is indi-
cated that several of the substitute fuels compare
favorably with gasoline in gpeneral performance.
However, most of the test data given relates 1o
poerformance doring comparntively short periods
of operation—not long enough to show definitely
the effecets of phvsical and chomical propertios of
the fuels on the engines and their operation,  In
this report these properties are consgidersd as they
affect (1) life of fuel pumps. (2) relative rate of
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evaporation of fuels, (3) eylinder wear and corro-
sion, (4) combustion chamber doposits, (5) crank-
cuse oil dilution, snd (B} temperatore limits for
nperation without vapor lock.

II. Life of Fuel Pumps

As it was belioved possible that parts of the fuel
pump might deteriorate through corrosive or
solvent action of some of the substitute fuels
used, a mumber of dinphragm type pumps of a
given make were set up to deliver & quantity of
fuel that would be comparable to normal life
aperation inan aotomobile,  Six fuel pumps were
mounted as shown in figure 1. The pumps wers

Fusl-pomp mownting for pumgp Wieand coapore-
lictn leata,

Frovms 1.

operited by an oscillating arm deiven by an electric
motor.  The stroke of cach pump was adjusted
so that the unrestricted flow was 600 ml per
minute, The outlet of each pump was then
throttled until the delivery was 300 ml per min-
ule, approximately the requirement for oporation
ut 70 mph on gasoline,  The test setup comprised
three I-gallon tanks with two pumps connected to
traw fuel from and return it to each tank through
Yein. copper tubes discharging 1% in. above a
designated foel lovel in the tanks. The open
enils of the discharge lines were conduetad toough
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14-n, lengths of %-in. copper tubing. By this
arrangement, & emall amount of aeration, as well
as o vent for hroathityg, was provided, Each tank
was filled to the designated level at the beginning
of the test. The pumps were equipped with
stendard valves and dinphragms, the latter being
of the paint-base drying-eil type. The pumps
operated without failure for 3,800 hr over a
period of 5 mo. Thiz i» aquivalent {0 mors than
200,000 miles of operation, and is considered
satisfactory performance g3 it 15 somewhat morc
than the life of the average avtomobile. Ia-
phragms impregnated with eynthetic rubber were
oot testad, but it is believed that they would show
&t lanst aqual resistance to these fuels and blends.

III. Relative Rate of Evaporation of Fuels

The fuel-pump endurance rons afforded an
opportunity to find the relative evaporation losses
of the test fuels a3 cotnpared with gascline. In
each test, gasoline was run in one nnit so that the
effect of amhient conditions might ba minimized
by correcting to gasoline evaporation. Figure 2
shows the evaporation of gasoline during a 24-hr
run. As each unit has n capacity of 3,100 ml of
fuel, the loss is about one-fourth of the total
voluma in 24 hr. All of the relative svaporation
losa valuea given in the following table are based
on the logs during & hr of operation of the endur-
ance run equipment. ‘This corresponds to an
wssumed tank loss of 10 percont with pascline, as
shown in figure 2.

Tanre 1. Relative eugporation loss of fuels
Foel Relative loos
Gl e cmecc s nz
AabHME oo -1
p-Butenel .. .. 1
Alonbeo] {LBY peoOdh - e 1
T moatnne, 29 190-procd sleabed . L]
1% ethier, 880 J0-prod Mleobe] ¥ s rn N

= Bland ta start st 15°F.

It is seen that the evaporation loss with each of
these fuelz is materially less than with gasoline.
The evaporation loss of the acetone-aleohol blend
is somewhnt higher than for either of the pure
fuels, The ASTM distillation eurves for the two

blenda are shown in figura 3.
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IV. Cylinder Wear and Corresion
1. Types of Cylinder Wear

Cylinder wear may be of three types: (1) Abra-
sion due to foreign particles in the oil filin or intake
air, (2} attrition cansed by metal-to-metal contact
of the pistons or rings and the eylinder bore, and
{3) corrosive action on the pistons, rihgs, or cylin-
der wall.

Air cleaners and oil filters and changes in engine
design have brought about a considerable redue-
tion in eylinder wear during racent years. Ii is
reasonable t0 aesnme that the grouter part of the

B3 B0 W
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risduetion in wear must be due to betler protection
from abrasion and attrtion. It is believed that
o large proportion of evlinder wesr ot present is
due to corrosion, bot no satisfactory method has
been developed to determine how much,  Opera-
tion of engines with varous substitute fuels and
with gasoline may offer a good basis for ovaluation
of corrosion wear, as all conditions that may affect
abrasion and crosion are equal. A substantial
reduction in eylinder wenr with a substitute fuel
wotld indieate more cortosion with gasoling snd
viee versu,  In this conneetion it haz bheen Tound
[7] that & lnrge proportion of the wear with leaded
pusodine is probably due to the presenee of the lead
o ponnd.

2. Development of the Method

The mothod used for measuring wear in this in-
vestigalion was developed o few yvewrs ago ot the
National Bureau of Standards by S0 A MeKee at
tho suggestion of and with the eollaboration of
H. €. Dickinson.  The method wtilizes o form of
indonting tool similar to that developed by Frod-
erick Knoop, also of the Nationsl Boarean of Starnd-
urds, 8] for determining the hardness of materials,
The origingl wear test apparatius was desizned Tor
the measurement of wear in the eylinders of air-
eraft engines. A full deseription of the insteumend
and of the development of the method is given in
i paper by MeRee [9)].

Thie method 15 covered by U, 5. Patent 2,254 400,
eranted to Dickinson and MeRoe on March 4,
1941, and sssigned by them to the United States
Government.  The nstrument was modified for
usie with autemobile sngines and monalaetured by
the Ameriean Insterument Co., Silver Spring, M.,
under licenze izsued by the Seerctary of Commeree,

With the MeKee paee the weor is determined on
the evlinder wall by observing changes in length
of indentations made on the wall with a precisely
shuped indenting tool.  The length of the indenta-
tion is accurately measured by o special micro-
seope;, and its depth is computed from the length
moeasurad.  The amount of woenr ol sny given
point is considered to be the difference in the com-
piated depths of an indemtation before and after a
period of oporation,

Wenr olservations made under good eomditions
withi this wpparatos pre reproducible to 000002 i,
atd amounts gmaller than this can be deteeted,
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3. Description of Wear Test Instrument

The instrument is shown in detail in Hgure 4.
Therie ey three essentinl parts: (1) A precisely
shaped divwmond fndenting tool—The indenter con
be andjusted to make marks from 4% o 2 mm in
length.  In practice & mark about 1 mm long has
bisen found conveniott, When the dentations
are made in the eyhinder wall, the indenter is hoeld
seeurely moplace by (29 an indentation locater.
The eoris of the locater can be rototed within s

Frowne 4

Wellew tiwmr frghe.

L Udending tool; 2, indomintion loeutor: 3, wleroseopss

base 50 that marks can be made at 30-degree inter-
vils around the evlinder wall,  (3) A midroseape -
The mioroscope fits into the locater exactly in the
sme wiy a8 the indotter, s0 that when the locater
5 in the mdenting position the indentation iz in
the Reld of view, A calibeated sealo s superine-
posed on the image of the indentation so that the
length of the indentation is represented by o given
number of seale upits.  Kach seale unit represents
about (.01 mm of length. 1t has been dotermined
thivt the ereor of the seale docs not exeeosd 0.2
prsrenad
4. Analysis of the Indentation

As thie depth of the indentation is a funcetion

of it8 lengeth, the depth at any given time may b

computed from the loneth measured on the oplical

genle.  The wenr during any period ol operation
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is repregented by the difference in the dapths com-
puted before and after the operating period,

The indenter is & pyramid whose base has the
ghape of & thombus. The longitudinal axis of the
hase ia several times longer than the tranaverse
axiz, The indentation as seen in the mierozeope
is not visible in depth but is seen as an outline of
its base. ‘The four triangular faces of the pyramid
have squal apex angles.

The width of the indentation has no significance
in computations of depth. The depthia computed
from the lenpth of the image of the indentation
a3 seen on the optical scale of the microscope,
The computstions are baged on the imaginary
triangle formed by joining the ends of the in-
dentation with its apex. In figure 5 the line

g

ZA

Frouen 5. Schemalic drowing of {ndenfolion moade by
MeKee weer gage.

{a+>b) represents the length of the indentation,
which is divided into the segments @ and b by the
trangverse axis of tha rhombus that iz zean in the
visible image of the indentation., The significant
factors involved in the mathemetical gnalysia are
the relations of the depth of the indentation to
the lengths of the scgments ¢ and b and to the
sines snd tangents of the angles ¢ and 5. If the
indentation iz symmetrical, #=4§, and §=§=4°
17. (The angie at thc apex of the indenter is
by actual measurement 171° 26.)

=
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Therefore when the indentetion is symmetrical

d=§ tan 4°17*

du“—f tan 4°17"

a=0.0749 S0 —0.03745(0-+8)-

The graduated scale of the microscope used in
this weork is divided infe 100 divisions, each
0.0099 mm long. Using these values, we find that
d=0.0000146 {a+&) in. if g and ¥ are expressed in
McKee gage scale divisions.

If tha indentation is not symmetrical, there iz a
decrease in its dopth due to wsymmetry, This
type of indentation is shown in figure 5 by draw-
ingzs 2B, 3B, and 4B. The les2 in depth may
occagionally be as much as 5 percent, although
most ceses in actual practice are found to be nearly
symmeatrical. (In 949 of a typical group of
marks, the correciion for asymmetry was less
than 0.5%.)

Figure 6 shows the magnituda of the corraction

[ /
§
; /
.
:
5 r/
3 /
f, /
/
)
//
o/
Y Rt Y S T
RATIOS %.%

Fiavre 6. Correclion for gaymesley of ke indenlalion.
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necessary for various amounts of asymmetry.
The mathematical analysiz on which this chait is
based is given in the appendix.

As the indentations were made with the long
axis along the curved surface of the cylinder wall,
there is & cortection for curvature, This varies
from 2 to 8 percent, depending on the length of the
indentation and the size of the cylinder. The

value of the correction is closely approximated by

the expreasion (a¢+3)%/8,, where {e4P) is the
length of the mark, and r is the radiue of the
cylindet.

The indentation is somewhat distorted by
springback of metal after the indenter is removed.
Our data indicste that this springback will
average about 30 percent in cast-iron eylinders.
This will be discussed further below.

B, Corrections in [nstrument Readings

Within eertain limits, metal pushed out of
position by an indenting ool will tend fo return
to ita origina} position, but after the limit of
elasticity ie reached at least part of the defor-
mation is permanent. The shape of the inden-
tation will therefore not be the same aa that of the
indenter, because some of the metgl hes a ten-
dency to spring back when the indeniing tool is
removed. The final impression may depend on
hardnesa, homogensity, and elasticity of the
metal, and the rate at which the load is applied.
Because of these factors, the relation between the
length of the mark (indentation} and its depth
varies. ‘This Telation may change as the mark
wears away. It 1= believed that in homogenecus
materials the depth of the mark eannot be mtore
than the theoreticel depth represented by the
shape of the indenter before its removal.

No satisfaetory method was developed to de-
tertnine accurately the depth of individual marks.
All correctione used in nnalysis of the test results
were based on averapes. However, the American
Inetrument Co. fumnished a chart in which the
corrections were based on the Knoop hardoess of
the material. In practice this chart could net he
nsed, hocause the Knoop hardnesa could net he
determined accurately in an engine cylinder.

The calibration for springback of metal in the
indentation is shown on figure 7. This plot was
derived as follows: Flat metal blocks bearing a
considerable number of indentations made with
a McKee indenter were lapped off in measured
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LEGEND
A--NO SPRINGBACK
B--SFECIMEN WITH MINIMUM
EFRINGBBACK
C-- AVERAGE OF ALL SPECIMENS] /
12 D-- SPECIMEN WITH MAXIMUM

SPRINGBAGK Vil

i

2

O

THICKNESS REMOVED FROM BLOCK, INCHES X 10000

20 40 a0 [
CHANGE IN LENGTH OF MARK, MM X 100

Ficure 7. Caltbration of weor page for cast sron and sieel
BPRCTIRENE,
A, Mo springlack: B, aperinen with minimum springback; €, sversga o
all spaclmena; I, speciidt wEth maxinwm springbaalk,

inerements, the length of each mark being meas-
ured with the McEee microscope after each
lapping. In this way & plot of the avernge loss in
length of the mark against loss in thirkness of the
block was obtained for representative samples of
cast iron of a wide range of hardness. Another
gimilar set of messurementd was made from a
section of steel eylinder liner of the type used in
test angine 5. The thickness of the blocks was
measured with a spesial type of gags accurate to
0.00001 in, The blocks were lapped paraliel to
within about 0.00001 in, Therefore, a thickness
measurement might be locally in error by 0.00002
in., although the error would normally be smaller.
Ans this locsl error would be a considergble part of
any measurcment that would normally be made
with the McKee gage, it was not known whether
variations in changes of length of individual
marks weore due to differences in the proportion of
springbaek or to slight local differences in the
amount of metal lapped off. It was therefore
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decided that the correction should ke applied to
a group of ecvera! indentationa.

It was expected that the smount of springhack
would vary with the hardness of the metal.
However in the work done in the investigation of
cast iron specitnens, no relation of springback to
herdness of the motal was found, The maximum
springback found was 25 percent, {fig. 7, curve 7}
the minimum 15 percent, {curve B) and the
average 18 percent, (curve (). The d¢orrection
found for the steel cylinder liner was 16.5 percent.
The prebable maximum error in the use of the
average value of 18 percent would therefore be
ahout 7 percent.

Skillod operators were able to agree on indi-
vidual measurementz with McKee microscope
within 0.01 of the length of the scale, usually
within 0.005. When the marka are coneidered ae
a group, the error of reading i not therefore
beliaved to De large enoupgh to be considered in
relation to the correction for springback. The
length of the scale represenis 0.00146 in. of dapth
before eorrections for springback are made.

The precizien of the method may be illustrated
by the following example, Assuming that errcrs
of reading the instrument are nearly eliminated
hy use of avernges, the average length of the
mavks on eylindsy Wo. 2 at the start of a wear
meaaurement is 85 acale divisions. After a period
of angine operation, the averaga langth of the same
marks is 75 scale divisions. The net average
chnoge in length is 10 geale divisions. The
average original depth of the marks allowing for
18 percent correction for springback is 0.00102 in.
The average depth at the and of the operating
period is 0.00080 in. The change in depth {wear}
iz 0.00012 in. The correction for springback is
believed to be precise within 7 percent. The
error in reading, 0.0001 in. of wear, ia therefore
believed t0 be less than 0.00001 in. when the
marks are eonsidered as a group.

6. Senszitivity of McEesa Wear Gage

The MecEee indenter is of greatest value in
megsurement of small increments of wear. The
limit to which inside micrometers may he used
with any degres of accuracy is probably about
0.0001 in. The accuracy of measurements made
with & micrometer iz affected to a considerakle
extent by the tempergtnres gt which mensure-
ments are taken. The expansion of metal over
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a 3- to 4-in. diameter may be a3 much as 0.0001
in, for a temperature difference of 3 deg C.
A further source of trouble when misrometers are
used is distoriion of the cylinder walls. With the
McKez wear gage, both difficulties are very nearly
eliminated. The change in depth of an indenia-
tionn due bo a temperatore change of 3 deg C is
iesa than one one-hundredih of 1 percent. With
wmicremeters, errors io tnessurement will vary in
proportion to the diameter of the cylinder. In
the use of the McEee wear gage, only the amount
of metal worn from the orlinder wall is measured.
Thea change in diameter of the eyiinder not being
a significant factor, distortion of the cylindera
may affect the wear at a given point, but the ac-
curacy of meazurements is not affected.

7. Test Equipment and QOperating Conditions

Five 1942 model engines, of three different
makes, were used in the tests. The engines were
direct-connected to dynamometers or electric
generators and were operated 24 hr a day on a
commnen test cycle that included 20 min operating
{ime and a 10-min shut down in each half-hour.
The 20-min operating time consisted of four 5
min periods, during which the engine was operated

for 3% mio under conditions equivalent to read

operation at about 40 mph, then was idled for
1% min at 50 rpm. During the shut-down period
eold water was forced throvgh the cooling systems
of the engines and through special eooling coils in
the oil pan, in order to have normal starting condi-
tions gt the beginning of each operating period.
Throttle oparations of the engines were controlled
simultaneously by solenoids operated by an electtic
cdock. Speeds and temperatures were recorded
after 15 min of operation.

A recording vacoem gage was connected to the
intake meanifold of each engine. Az the manifold
pressurs ie a direct function of the throttle position
ai any given speed, an excellent record of evenia
of operation was obtained, A typical 24-he re-
cording s reproduced in fizure 8. Temperatura
and speed readings for a typical 30-min ¢ycle are
shown in figure 9.

Twelve indentations were made at each of four
levels (% in., ¥ in., 1 in, and 1% in. below the top
of the block in each cylinder), one mark on the
center line of the thrust face and the others spaced
30 degreea apart around the cylinder. 'The loangths
of the indentations were measured with the MeKes
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Foovre 8. Bristol wrowum charf afier 24 howrs of operaiion of feal engine.

gage belore the start of the test and alter 144 hr of
operation. The indentations were made with the
long axis perpendicular to the axis of the cylinder.

It was soon discovered that the temperature of
the water ecirculated through the engine during
the 10-min shut-down period had a significant
eifect on the cylinder wear. Thereafter the cir-
culated cocling water was drawn from two storage
tanks in which the femperature could be accu-
rately controlled at any desired level.
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8. Test Results

Thers waz much variation in wear at the varions
pointa. Some of thiz may be attributed to (1)
Slight local depressions and elevations of the
cylinder walls, (2) changes in contour of the eylin-
der walle resulting from unequal torque in fight-
ening of the eylinder head bolts, (3} location of
the marks with reference to the height on the
evlinder wall or to the cireumferance of the eylin-
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der, and (4] inhomogeneities in the composition
of tha metal,

The cylinder wear was somewhat greater when
the engines were operated on gasoline than when
soine of the substitute fuels were used. There
was, however, a considerable variation in the
amount of wesr from week to week. This varia-
tion could not slways be accounted for by knowm
factors, but was found to depend to aome extent
on the temperature of the ecoling water, eycle of
operation, and other factors, These factors will
be distussed further below.

The wear around the circumierence of the
eylinder did not always follow a consistent pat-
terti, The least amount of wear in nearly every
case appeared on the eide of the cylinder opposite
the one receiving the maximum thrust of the
piston. The maximum amount of wear was
usually ¢n the eides of the eylinder in lins with the
engine, although in & very fow cases the maximum
wear was on the thrust face of the eylinder. Table
2 shows the average wear of five engines with ref-

TanLe 2. Wear on circumgference of cylinder, amrage for
five engines
Fongint L, | Engite 2, Englne 3,) Engins 4, Engine 6,
Position on ﬂ]‘“ﬂdﬁr BYEFAFR | BVErMEE { AYRTAEE | WvCcPhp: | Bvirdge
wear wear WEAT wEear TR
i, In. in, . in.
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Antithrose ] L00M | - 000CRE [ OD00F] | (0002 - (N
Rear . ______] L0000 | 00GCLE | GDOGAT | 000004 - CENRE
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erence to the position of the marks on the cir
cumference of the eylinder.

An 18-perceant correction was made for metal
springback in the indentation, and an average
correction of 5 percent was used for curvature of
the cylinder wall. Most values are averages of

. 240 or more readings and represent at least 10

weaeka of engine operation.

A definite vertical pattern of cylinder wear wns
found to exist with all of the engines tested. This
is shown graphically in figure 10 and in tabla 3
below. This table is a general nverage of the
wear by levels in the ¢ylinder in a large number
of teats made with gasoline and aleohel. Each
value in the table is an average of the results of

WE AR WEAR
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Fioore 10. Verlicel weoar pailern in enging eylinder.

Units of wear at top of fipare are ten-{honsandibe of an inch,  Dotted lines
Indicsta wear with alcohol, slid Hoes gaodlne.
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TapLz 3. Wegr by cylinder leoela with alcokal and gasoline
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tests made on all engines. The corrections for
evlinder wall curvature and tmetal springhack are
the same as in tabla 2,

9. Factors Affecting Wenr

During the course of the inveatigation it was
observed that the amount of wear varied consider-
ably with chanpes in operating conditions. As
these variations did not always seem consistent,
anrveye of teet conditions were made for & com-
paratively long operating period, with particular
referenge to operating temperatures, humidity,
starting, ete. In regard to this survey, the follow-
ing conditions were considered significent. (1}
At low operating lesnperatures, wear appeared to be
greaily accelerated. In figure 11 the wear in all
tests made with five engines on gasoline is plotted
against the tempersture of the cooling water cir-
culated through the engine during the 10-wun,

atopping period of each half-hour cycle.  Although
o T
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there is a considerable seatter of the points, it is
zeen that there is & definite trend toward increased
wear- 28 the temperature was decreased below
about 50° F. The decrease in wear aa tha tam-
pergturs is inereased beyond this peint appears to
be amall, but it does seem o continue up to 1007
F, the highest temperaturc used in these tests
In two tests where the sngines were operated con-
tinucusly, without the usval 10-min. stop for
cooling in each half-hour, the wear was found to
be negligible. Presumably most of the wear in
the other testz must have ocewrred during the
engine warmup. (2} Puring storts made af very
g lemperatures, wesr was found fo e greaily
accelerated. Indentations of the wsval length
{about 1 mm}, made on the cylinder walls of an
engine nsed oniy in starting tests at low fcmpera-
tures, had completely disappeared after a total
operating time of a little more than 200 hr. Inm
thase tests the enpine wae started at atmospheric
temperatures ranging from +6#0° to —25% F and
was operated until the engine temperatures had
reached equilibrium.- The rate of wear in this
case was ab least six times as great as the maximum
found in the usuval tast ovele at 34° F or asbove,
(3} No defintte relufton of wear lo atmospheric
humidity could be establivhed. (4) Some fuels are
more corrorive to the engine than are others (sea
table 3). In thizs comnection, Williama [10}
showed that wear is much accelerated by high
sulfur content of the fuel.

The cause of the increases in wear at low oper-
ating temperatures is not definitely known., Omne
theory advanced [I1, 12, 13, 14] is that there is n
defictency in lubrication during etarting and en-
gine wartnup, This raay be due te 4 delay in the
lubricant resehing the cylinder wrall or to loss in
viseosity of the lubricant through dilution. A
second theory holds that the wear at low engine
temperatures is doe to corresion [10, 13, 13].
Williams balisved that low temnperatures permitted
the condenzation of moisture on the cylinder walls,
thus favoring the formation of corrosive acids.
He pointed out that wear was greatly accelerated
when the temperature of the eylinder walls was
just below the dewpoint. Further support for
the corrosion theory ig found in the results shown
in tabla 3. The wear with gleohol fusls was found
to be about half that with gasoline in tests mada
under comparable conditiona. Tt is rensonable to
assame that the difference in wear may have been
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due to differences in the corrosive characters of
the fuels,

" Itis improbahle that much eorrosion occurs dur-
ing the actual stop. Studies have shown [16] that.
the corrosion film formed on iron tends to protect
the surface from further corrosion, unless this
film iz removed by mechanieal means as by piston
rings during operation of an engine. Further sup-
port for the theory that corrosion occnrs during
the warmup is found in the fact that the test en-
ginea were connected to heavy dynamometers or
generators, so that when awitehed off they rotated
a number of revolutions before stopping. In this
way the cylinders ware loft filled with a mixture
of fuel and air that was not particularly corresive.
Dhiring the warmup a considerable nember of ex-
plosions occur before the temperatire of the wails
is raised ahove the condensation point. The dew-
point temperature for exhaust gas [10] is about
12G° F at atmospheric pressure and about 300°
F at 500 lb/in.%, approximately the maximum pres-
sure reached in an automotive engine. It is seen
in figure 9 that with the circulated tap water at
52° F approximately 4 min of operation was re-
quired to raise the water jacket to 140° F, the
temperature generally secepted by the automo.-
tive industry as the minimuwm for satisfactory
operation.

Agsusring that 4 min of the cycle would be re-
quired for the engine to reach the dewpoint temp-
erature, there would be more than 2,500 cxplosions
in each ¢ylinder that might be followed by con-
densation of corrosive pases, and more than 10,000
strokes of the piston during which the piaton
rings would wipe 0il and corroded material from
the cylinder wall. In successive strokes of the
piston there would be further corrosion that would
in torn be wiped off s0 that more corrosion could
take place. '

It should he observed that these tests were run
in & laboratory where there was comparativo free-
dom from dust and other abrasive materials ordi-
narily picked up in read operation.

Sparrow and Scherger point out [11] that much
wear resulta from faulty distribution of cooling
water, Thik may result in condensstion frem too
low a wall temperature or in hot spots that causas
the oil to lose its viscosity. It was observed that
in some of the engines tested at the Nationzl
Burean of Standards the front eylinders (neareat

Substitute Fuals Automotive Engines

the water pump) always had a greater wear than
any of the other cylinders.

Further discussion of the cause of wear is given
by Williams, who made an extensive roview of the
literature [17 to 28] on the subject. In view of
the above avidenee, it 14 therefore believed that a
considerable part of cylinder wear may be due to
the corrosion occurring during the engine warmup
when condensation on the cylinder walls is possible.
The wear might be much reduced if the jacket
temperatures could be kept above the dewpoint
or if some method could be developed to make the
eplinders, pistons, and rings completely corrosien
resistant. -

V. Combustion Chamber Deposits

After each 144-hr run, the depositz of cachon
were careflully removed from the eylinder head,
valves, and engine block. The deposits were
weighed and extracted with naphths to remnove
traces of oil and moisture remeining and were
analyzed for iron and lead. The iron in & weighed
and dried sample is firast dissolved in & mixturs
{1:5} of nitric and sulfuric acids, then pracipitated
85 & hydroxide, dissolved in § N hydrochloric acid
and determined by titration with potassiom di-
chromate after reduvction with stennous chloride.
The total smount of noncombustible azh is deter-
mined by heating a weighed sample of the engine
deposita &t ahout 1,000° C to constant weight
The ramainder of the sampls is assumed to be ecar-
honaceous material.

A tote] of 49 samples wers weighed and analyzed.
The eamples represented 62 weeks of engine

operation. The aonlyses are summarized in
table 4,
Taere 4. Combusiton chamber deposita
Axe Average| ATorage
Totsl oty | oildree | ivam
aperating Fuels deqoelts | depeaits | deposits
Lims er per oL
wok wesl werk
Tarka '} r [}
Mo Ol ] IEGE 18, 67 i 268
Y| AMeprm gloohol ] 60 a1 . 152
.| 180-prowl alechol o] E 15 5 L
& .| Fuel bhend 1...._.._,._. I8 wee | _7es
2 .| Felhbkeod2__._,.._...| lILLH LN - S
- Foolblend 3. ... iy 5 B .G

It is shown that the combustion chamber de-
posits are considerably less with 190-proof and
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200-proof aleohols than with gasoline. Experi-
mental work has indicated that most engine de-
posita are due to incomplete combustion of the
lubricating oil [29]. It is therefore believed pos-
gible that the smaller carbon deposits occur with
aleohol and its blends because of the fact that
there ie no dilution of the oil such as occurs with
gasoline. When the lubricant is diluted with
gasoline it loses much of its viscosity, so that
presumably more of it can reach the cylinders,
making more engine deposits possible. The dif-
ferencea in iron deposits may be due to metal re-
moved from the cylinder head, ete., by the
sampling tools. Consequently the smount of
iron has no significance.

VI. Analysis and Consumption of Lubri-
cating Oil

Twenty-eight samples of crankease oils from
engines aperating on gasoline and alcohol were
analyzed. Thero was no indication ¢f dilution of
the lubricant by an alcohol fuel. (iasoline shows
a dilution of 2 percent by weight, estimated by
ASTM method D-322-35. The ASTM method
employs steam distillation and is not applicable
to crankcase oils from engines operating on
aleohol and other water soluble fuels.

The percentage by weight dilution of the alco-
hols was based on the loss by evaporation upon
heating for two 1-hr periods at 1056° C, and the
results were compared with a sample of new oil.
This method was not satisfactory for paroline, as
it involved prolonged heating with an uncertain
endpoint. '

Five engines were in operation. over the period
during which the 0il consumption was taken, but
due to the fact that in most of the teats the engines

o
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were operated on gasoline, some of the dats on
the other fuels may not be representstive of aver-
age conditions. Figure 12 showa the average oil
consumption of one of the engines in which a
number of tests were made with each fuel. These
teats gave no indication that there was any signifi-
cant difference between the oil eonsumption in
operation with gasoline or aleohol fuels,

VII. Operating Temperature Limits of
Blends

The starting lines shown in figure 13 were taken
from data reported by R. E. Streeta [6]. It is
shown thab starting is possibla at temperatures
somewhat below normal winter temperatures in
thia ecuntry if ether is used in the alcohol blend,
but vapor lock results at fairly low temperaturse.
Acetone is not ue good Bs ether in lowering the
minimum starting temperature, hut it is nol as
likaly to cause vapor lock.

Vapor lock is partial or complete interruption of
fuel flow due to formation of vapors in the fual
lines or carburetor. The net result of vapor lock
is a considerable increase in the learnmeez of the
mixture tatio. This is usually indicated by one
or more of the following phenomens: {1} Loss of
power, {2} backfiring andjor surging, (3) sbnor-
mally high engine temperatures, (4} detonation and
{5) complete stoppage of the engine or failure to
start. Closely related to wapor lock is another
hot weather fuel trouble, earburetor percolation.
This is the result of the accumulation of excessive
quantities of vapor in the carburetor Lowl. It
yzually occurs during idling or during & stop with
iznition off after & hard run, and is evidenced by
stalling of the engine during idling or by diffieculty
in starting beeause of an over-rich mixture.

Unblended 190-proof aleohol is neot subject to
vapor lock at any stmospheric temperature likely
to bhe encountered. However, il cannot be used
for starting at temperatures much below 60° F
umless it is blended with & more volatile fucl. In
order to defermine the permissible fuel volatility
for edequate starting with reasonable freedom from
vapor loek, a series of testa was run with & 1842
model antomobile. The test car was equipped with
nickel resistance thermometers for measurement of
temperatures of outside nir, carburetor air, fuel in
the carburetor bowl, carburetor flange, fuel in
tank, water jacket, and erankcase oil. A gage was
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connected to the fuel line to indicate pump dis-
charge pressure. Fuel from the tank was sampled
at mitervals threugh & coil packed in dry ice 20
that no vapors would be lost in sampling. The
test procedure was to (1} charge the fuel tank with
alcohol to which a volatile Blending agent had been
added in proportions estimated tc cause vapor
lock; {2) drive the car at 50 mph for 1 hr, taking
readings of the temperatures in the fuel gyetem,
etc., at 15-min intervals; (3} stop the car focing
the wind and the engine idling; (4) read tempera-
tures of nickel resistors 4 min after stop and turn
off ignition 5 min after the stop; (5) take another
zct of readinge 14 min after the ignition was
gwitched off, restart the engine 1 min later; and
{6 get the car into high gear ns soon az possible
and attempt to accelerate with wide open throttle.
Cutting out of the engine due to lack of fuel waa
considered an indication of vapor lock. A forther
indication of vapor lock was a fall of the fuel-pump
Pressure to zero.

If the system did not vapor lock, more of the
volatile Blending agent was added to the fuel, the
car was drivén about 6 miles at 50 miles per hr,
and the ahove procedure was repeated. Further
additions of the hlending agent were mada until
vapor lock securred. Samples of each fuel blend
with which the engine waz operated were taken for
laboratery study, The Reid vapor pressure was
megsurad by ' ASTM method I 32341. The

refractive indices of the samples were determined
go that the composition of the blends conld be
estimated. -

Contro! teats were made to determine the operat-
ing characteristics of the test car using blends of gas-
oline and isopentane. Vapor lock occurred at an
atmospheric temperature of 100° F with a blend
having a Reid vapor pressure of 7.3 lbfin®. This
je eonsidared as a normal vapor-locking tendency.
As the earburetor uzed in the tests had a mixture
control, this carburetor was replaced with »
gtandard carhurctor after incipient vapor lock was
obtuined end the teet repeated with the ssme
tegult, indicating that the use of the specigl car-
buretor did not change the vapor-locking tendeney
of the car.

The Reid vapor pressure of the alcohol blend
that gave vapor lock at 100° F is low as compared
with that of gasoline being 3.5 1bfin.? for the blend
and 7.3 1bfin.? for gasoline. Due to the fact that
the Keid method is desipned for a V/L ratio of 4
gnd the vapor hendling capacity of the car is
sghout 30, comparisons cannot ba mede of fuela
whose V'L ralations ara as different ss those of
aleohol and gasoline. The data on the alcohol
hlends are therefore presented in volume percent-
age of the blend rather than giving the Reid vapor
pressure,

The results of the tests are shown graphically
in figure 13. The useful operating range of a
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blend containing any given percentage of a blend-
ing agent is indicated on figure 13 hy the abscissoe
of the points at which the percentage line indicated
intersectz the lines for starting temperature and
vapor lock. The lines for minimum starting
temperature and vapor lock are the heavy lines
that cross the page diagonally. For example the
ordinate for 10-percent ether in aleohol srosses the
lines for starting and vapor lock at points that
indicate that starting is possible at 16° F, while
vapor lock will oceur at 107°F. It will be acen that
stall percetitage of ether will lower the atarting
temperature eomewhat more than the sama per-
centage of acetone. The useful range of a blend
containing 1{-percent ether in sleohol is from 16°
to 100° F, or 84 degreee, Sixty percent of acetons
must be ndded to alcohol hefore an engine can bha
atarted at 16° F, and the blend will cause vapor
lock at 88° F, a useful range of 72 degrees.  There-
fora, disregarding cost and availahility, ether is &
better blending agent for aleobol than iz acetone,

VIII. Conclusions

Thiz series of tests Indicates that 190-peoof
aleohol blended with ether for sterting at low
temperatures i8 & satisfactory substitute for guso-
Iina. In general, power and engine performance
are comparable for the two fuels. Fuel system
parts are not adversely affacted by aleohol or ether.

The relative rate of evaporation, eombustion
chamber deposits, and crankcease oil dilution are
less with gleohol than when operating on gasoline,

The disadvantages of using alcohol are that the
tange of atmospheric temperatures for operation
ia leza than with gasoline, and that larger quantities
of the more expensive fuel {alcobol) are required.
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X. Appendix
1, Mathematical Relatonships in the Indentation

The angla at the apeg of the diamond wsed in the teats
was 171°26°. The sum of the angles $ and & 1n both
triangles of figure 5 iz therefore 5°24°. In 34, L &= #
and the depth of the indentation may be determined by
the equation

__da
N fan 9

d,q =g, tan &
} {1

In the elwve equations, and those that follow, the sub-
soript A denotes a eymmetrical indentation anpd the
sutaeript B denotes an asymmetrical indemtation. The
amount of rotatlon of the indenter in indiosfed hiy the
angle p included between f aod

dp=ti—p
=14y +.P)‘ @
By tha law of aitas
a;_sin 4 +a) o
Is sin (4 —go)

gin (fa 1w
dgw=lg m' (1)
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The sine ratio,
810 (84 -k £ (5}

ein [i—p)
may be expressed as K, a0 ap=DbaR.
0=k, 26 byt bpR=ball + R} (8}

&in (84—p)

tamda gin &« 7

&g gin (al,q.—p} OB p (B}
B0 &

ba=bs LEE @

da=13 o8 o

and

2, by 1 +R}2mn a

ag ain (84 —p) cod p
da BN o (10)

P 3y LT tan 04
. 2

ap=byR,

dg_ 2R sin @4—p) con p (an
ds (4R} tan fyvin o

Bubatituting for R,

Bl (8 4-p) iD (f4-—p) G068 p
a5 - Bin {E.t —p) —
dy [ric (84—p)Faln (fat p)]tan i 60 o
sin #4—p)
_ 2aln (#+p) 2in (#u—p) con p ]
" [sin (g4 =0} +uin (84 +p}] tan 84 sin o

Expanding

gz 2(pin ¢4 ros o + 0o 64 Bin o) (Bin 9.4 006 p — 006 §4 6iN &) cOEp
da {BiD#, 008 p—coaR, Eing-AIN #4008 s o0g8 , nprtan #En a

az)

Bimplifying
d_;_._m‘n’ #a_cos! o—cosl 8,4 BiDd o
ay Ain @5 tan f, 510 o
But
o mdh—g,,
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and -
Fin o™ os 8,

=in ﬂj_
*

tan ﬂ‘“m PJ.

e 2ubetituting, we find that

dy_ sit? 84 ¢nf p—cotd 84 mind » )
E Fint 8

l!".'.lE'l ﬂj

= 0= o g,

Bind p=cosd g —oetnd 4, gin? pl (1
=1-gind p—ptrd 7, E0® p
=1—(1+etn? g4} sin? p

The difference between the depths of the symmetriosl
and asymamehrcal indeotations is expressed by the equetion

1—%— (14 ctnt 02) #in? . (14)
Ii 82 =471, ctr® 8, = 178.22 and 1-55= 179.22 aig? 5, (15)

Teing the equation above and the sine ratic from eq 5,
u correetion chart for aaymmetricsl Indentations mey be
get up, as ehown in table 5. As the sine ratio is the sama
as the ratio of the visible segmente of the mark, a and b,
the angle of rotetion, g, in determined from the ratio afb

Task b Correclion charf for asymmeirical fndenlations if
Lt S i
The earrection of seFmiisedy 1 found by cokperixen of echamnn 2 ang 3

Angle of rota-
thoof | Ratoof ajp | Correction for
indenter
Paresaf

a0 1000 0.0000
N1 1.048 i1
.2 1.0Md 18
.3 1150 40
4 1206 .7
5 1284 138
-8 1. K25 1.8
| 120 269
2 1. 486 3.4
] LAl A2
Lo 1808 54

* dlso Talln of sln taln 5.
WasHINGTON, June 12, 1047,
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